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Abstract

INTRODUCTION:Brain glucosehypometabolism is a preclinical featureofAlzheimer’s

disease (AD). Dietary omega-3 fatty acids promote brain glucose metabolism, but

clinical research is incipient. Circulating omega-3s objectively reflect their dietary

intake.

METHODS: This was a cross-sectional study in 320 cognitively unimpaired partic-

ipants at increased risk of AD dementia. Using lipidomics, we determined blood

docosahexaenoic (DHA) and alpha-linolenic (ALA) acid levels (omega-3s from marine

and plant origin, respectively). We assessed brain glucose metabolism using [18-F]-

fluorodeoxyglucose (FDG) positron emission tomography (PET).

RESULTS: Blood ALA directly related to FDG uptake in brain areas known to be

affected in AD. Stronger associations were observed in apolipoprotein E ε4 carriers

and homozygotes. For DHA, significant direct associations were restricted to amyloid

beta–positive tau-positive participants.

DISCUSSION: Blood omega-3 directly relate to preserved glucose metabolism in AD-

vulnerable brain regions in individuals at increased risk of AD dementia. This adds to

the benefits of omega-3 supplementation in the preclinical stage of AD dementia.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.
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Highlights

∙ Blood omega-3s were related to brain glucose uptake in participants at risk of

Alzheimer’s disease (AD) dementia.

∙ Complementary associations were observed for omega-3 from marine and plant

sources.

∙ Foods rich in omega-3might be useful in early features of AD.

1 BACKGROUND

In sporadic Alzheimer’s disease (AD), brain changes take place

much before the onset of clinical symptomatology.1 Brain glucose

hypometabolism is a feature of AD forerunning clinical symptoms.2

Positron emission tomography with fluorine-18 fluorodeoxyglucose

([18-F]-FDG PET) has been instrumental for better mapping patterns

of alteredbrain glucosemetabolismwithin theADcontinuum.Reduced

uptake of [18-F]-FDG in the so-called Landau signature (comprising

right and left angular gyri, right and left inferior temporal gyri, and

bilateral posterior cingulate) is widely regarded as a predictor of AD

dementia.3

Preventive nutritional interventions during mid-life might con-

tribute to prevent or ameliorate cerebral bioenergetic dysfunction

associated to AD dementia.2 Docosahexaenoic acid (C22:6n-3, DHA)

is an omega-3 fatty acid naturally found in fatty fish, and highly

enriched in the brain membranes.4 DHA plays a key role in many brain

functions.5 There is a large body of experimental research on the role

of DHA and other omega-3s in promoting brain glucose metabolism at

the molecular, mitochondrial, cellular, and whole brain levels.6 How-

ever, the gap between experimental and clinical research focused on

AD on the topic persists, as the effect of dietary omega-3 on brain glu-

cose has only been tested with FDG PET before and after 3 weeks of

omega-3 supplementation in healthy young and elderly adults.7

In contrast tomarine-derivedomega-3 fatty acids, the plant-derived

omega-3 alpha-linolenic acid (C18:3n-3, ALA) has been largely unex-

plored in relation to AD. Although ALA has been long believed to

merely act indirectly viamarginal conversion toDHA,8 there is increas-

ing evidence that ALA intake might promote brain health on its

own.9 Research on ALA and cognition is highly relevant because plant

omega-3 sources are sustainable, widely available, and inexpensive,

and because ALA may be particularly important to populations with

poor access to seafood and to vegan and vegetarian individuals.

In the present observational study, we hypothesized that in a

middle-aged cognitively unimpaired population at increased risk of AD

dementia, dietary intake of omega-3 fatty acids from either marine

(DHA) or plant (ALA) originwould relate to a preserved glucose uptake

in AD-vulnerable brain regions. To test our hypothesis, we deter-

mined the proportions of DHA and ALA in red blood cells (RBCs) by

gas chromatography (an objective and valid surrogate biomarker of

omega-3 dietary intake, absorption, and metabolism, not affected by

the inaccuracy of methods based on self-reported data10), and exam-

ined their association with [18-F]-FDG uptake in the Landau signature

and, exploratorily, in the whole brain.

2 METHODS

2.1 Study participants

The present study was performed in the ALFA+ cohort, a nested lon-

gitudinal study to the ALFA (for Alzheimer’s and Families) study.11

The ALFA+ study (ALFA-FPM-0311) was approved by the Indepen-

dent Ethics Committee “Parc de Salut Mar,” Barcelona, and registered

at ClinicalTrials.gov (identifier: NCT02485730). All participants signed

the study’s informed consent form that had also been approved by the

same independent ethics committee. The ALFA+ study includes 419

middle-aged (45–65) individuals, who were invited to participate on

the basis of their specific high AD risk profile, determined by an algo-

rithm considering participants’ AD parental history, apolipoprotein E

(APOE) status, verbal episodic memory score, and CAIDE (cardiovas-

cular risk factors, aging and dementia) score. ALFA+ exclusion criteria

were (1) cognitive impairment (Clinical Dementia Rating score > 0,

Mini-Mental State Examination score < 27, or semantic fluency < 12),

(2) any significant systemic illness or unstable medical condition that

could lead to difficulty complying with the protocol, (3) any contraindi-

cation to any test or procedure, and (4) family history ofmonogenicAD.

At baseline, besides reporting sociodemographic, clinical, and lifestyle

data,11 ALFA+ participants underwent an extended cognitive testing

and magnetic resonance imaging (MRI) protocol, a lumbar puncture

to obtain cerebrospinal fluid (CSF), as well as [18-F]-FDG PET. We

excluded APOE ε2 carriers (n = 28) due to the low sample size and

because this allele promotes brain glucosemetabolism.12 Therefore, in

this substudy, we included 320 participants with available RBC omega-

3 data and [18-F]-FDG PET scans. The time interval between blood

sampling and [18-F]-FDGPET acquisition ranged from31 to 1151 days

(median = 154 days; interquartile range [IQR] = 106 and 276 days). A

subset of participants (n= 304) also had available CSF biomarker data.
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The time interval between blood sampling and CSF sampling ranged

from 0 to 815 days (median= 35 days; IQR= 20 and 72 days).

2.2 Sample collection and biomarker
measurements

Whole blood was drawn with a 20G or 21G needle gauge into a

10-mL ethylenediaminetetraacetic acid (EDTA) tube (BD Hemogard,

10mL, K2EDTA, catalog no. 367525). Tubes were gently inverted 5

to 10 times and stored at −80 ◦C until the fatty acid analysis, which

was conducted at Hospital del Mar Research Institute (Barcelona,

Spain). Forty microliters of EDTA-collected whole blood was spiked

with 10 µg of the internal standard (ISTD) 1,2-dinonadecanoyl-sn-

glycero-3-phosphocholine (Avanti, Merck) into a chloroform-resistant

Eppendorf containing 700 µL of distilled water. Once cells were

hemolyzed, they were spun for 5 minutes at 4◦C at 2800 g in a micro-

centrifuge (Hermle Z 233 MK-2; Midwest Scientific). The supernatant

(containing hemoglobin and serum lipids) was discarded, and the pel-

let (consisting of > 99.5% of RBC membranes) was extracted with

chloroform–methanol (2:1, v/v) containing butylated hydroxytoluene

(50 mg/mL) and evaporated to dryness under N2, at 37
◦C. The lipid

extract was redissolved in 1 mL boron trifluoride–methanol and trans-

ferred to a screw-cap test tube, which was heated for 10 minutes at

100◦C to hydrolyze andmethylate themembrane glycerophospholipid

fatty acids. The extracts were cooled at 25◦C, and fatty acid methyl

esters (FAMEs)were isolatedby adding300µLof n-hexane.After shak-

ing for 1 minute, 1 mL of a saturated NaCl solution was added, and the

tubes were centrifuged for 10 minutes at 2200 g at room temperature

to separate the layers. The upper (hexane) layer was removed and a

50 µL aliquot was transferred into an automatic injector vial equipped

with a volume adapter of 300 µL. FAMEs were analyzed by gas chro-

matography/electron ionization mass spectrometry (GC-MS), using an

Agilent 6890N GC equipped with an Agilent 7683 autosampler, and

anAgilent 5973Nmass spectrometry detector. FAMEswere separated

with a J&WDB-FastFAME capillary column (30 m × 0.2 mm × 0.25 µm

film thickness; Agilent) and detected using the selected ion monitor-

ing (SIM)mode. Based on thework of Thurnhofer and Vetter,13 several

m/z ions common to saturated,monounsaturated, andpolyunsaturated

FAMEsweremonitored. Twelvemixtures of FAME external calibration

standards, spiked with C19:0-methyl ester in an equivalent amount to

that included in samples as phospholipid, were prepared by diluting

FAME mix certified reference material (Supelco 37 Component FAME

Mix, Merck) in hexane. The concentrations of FAMEs in the samples

were calculated by linear regression of the peak area ratio relative to

that of the internal standard. The amount of each omega-3 of interest

is expressed as a percentage of the total amount of 24determined fatty

acids.

CSF sample collection and processing followed standard

procedures14 and have been described previously.15 CSF levels of

amyloid beta (Aβ)4216 and Aβ40 were measured with the prototype

NeuroToolKit (Roche Diagnostics International Ltd.) on a cobas e

411 instrument. Phosphorylated tau at threonine 181 (p-tau)17 was

RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the litera-

ture using traditional (e.g., PubMed), preprinted (e.g.,

medRxiv), as well as presentations and posters from

the annual Alzheimer’s Association International Con-

ference. Experimental research supports the view that

dietary omega-3 fatty acids, in particular docosahex-

aenoic acid (DHA, the main marine omega-3) promotes

brain glucose metabolism at a molecular, mitochondrial,

cellular, and whole brain level.

2. Interpretation: Red blood cell proportion of alpha-

linolenic acid (ALA, the main plant-derived omega-3),

which objectively reflects its dietary intake, was associ-

ated with more preserved glucose uptake in brain areas

vulnerable to hypometabolism in Alzheimer’s disease

(AD), in particular in individuals with higher apolipopro-

tein E ε4 allele load. Red blood cell proportion of DHA

related to glucose uptake in amyloid beta–positive tau-

positive participants, suggesting thatDHAmight increase

brain resistance to AD pathology.

3. Future directions: This study encourages further clini-

cal investigations on the potential effect of omega-3–rich

foods in early features of AD.

measured using Elecsys electrochemiluminescence immunoassays

on a fully automated cobas e 601 instrument (Roche Diagnostics

International Ltd.). Individuals were classified into amyloid/tau (AT)

groups18 using cutoffs of CSF Aβ42/40 ratio (A+: < 0.071) and p-tau

(T+: > 24 pg/mL), which have been previously validated for research

purposes.15 All CSF biomarker measurements were analyzed at the

Clinical Neurochemistry Laboratory at the University of Gothenburg,

Sweden.

2.3 Image data acquisition and preprocessing

A high-resolution 3D T1 weightedMRI sequence was acquired in a 3 T

Philips Ingenia CX scanner (echo time/repetition time= 4.6/9.9ms, flip

angle= 8◦; voxel size= 0.75×0.75×0.75mm3). [18-F]-FDGPET scans

were acquired for 20 minutes (4 frames of 5 minutes each) 45 min-

utes (mean ± standard deviation [SD] 45.69 ± 4.67 minutes) after

the administration of 185 MBq (range 181.3–222 MBq; mean ± SD,

200.83 ± 12.83MBq) of [18-F]-FDG in a Siemens BiographmCT scan-

ner. PET images were reconstructed using the 3-dimensional ordered

subset expectation maximization algorithm by incorporating time of

flight and point spread function modeling. Quantification of FDG

uptake in Landau’s signature was performed by calculating the stan-

dardized uptake value ratio (SUVR) within a metaregion of interest

(meta-ROI composite) including right and left angular gyri, right and
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left middle/inferior temporal gyrus, and bilateral posterior cingulate

gyrus.3 To this end, [18-F]-FDG PET scans were first co-registered

to the corresponding T1-weighted MRI scans at the MRI subject

space, and then were normalized into standard Montreal Neurolog-

ical Institute (MNI) space with SPM12 (https://www.fil.ion.ucl.ac.uk/

spm/software/spm12/).19 SUVR values were calculated as the ratio

between the average FDG uptake in the meta-ROI voxels and those

of the cerebellar vermis, as the reference region. Unsmoothed images

were used to calculate Landau’s meta-ROI SUVR, whereas paramet-

ric SUVR images were calculated with the smoothed images (Gaussian

kernel of 8mm full-width half maximum) for voxel-wise analyses.

2.4 Self-reported dietary intake

Participants were asked to provide dietary data by completing a web-

based self-administered food frequency questionnaire. This validated

questionnaire has a closed list of 166 items representing typical foods

in northeastern Spain.20 For each food item, participants were asked

to indicate their usual consumption from nine frequency categories,

ranging from never or less than once per month to ≥ 6 times/day. The

questionnaire also contained an open section to admit additions to the

food list for foods, beverages, andnutritional supplements not included

in the closed list of food items. Intakes were converted to mean grams

per day using standard reference portion sizes, defined by natural (e.g.,

1 orange, 1 slice of bread) or household units (e.g., 1 spoon, 1 cup, 1

glass).We computed intakes of energy using Spanish food composition

tables and the Medisystem 2000 software (Conaycite). After further

excluding participants with incomplete dietary data (n = 49) and those

who reported total energy intake outside predefined limits (> 4000

or< 800 kcal/d inmen and> 3500 or< 500 kcal/d inwomen,21 n= 22),

249 participants remained in the present analyses.

2.5 Statistical analyses

We expressed categorical variables as frequencies and percentages,

whereas quantitative variables following a normal distribution were

expressed asmean (95% confidence interval [CI]). The normal distribu-

tion of continuous variableswas assessed by theKolmogorov–Smirnov

test. Skewed variables, which are reported as medians and IQRs, were

rank-transformed for further parametric analyses.

We constructed regression models to search for associations

between RBC DHA (predictor 1) and RBC ALA (predictor 2) and

Landau’s meta-ROI [18-F]-FDG SUVR (outcome). For each predictor,

Model 1 was adjusted for age, sex, years of education, days between

blood sampling and [18-F]-FDG PET acquisition, and APOE ε4 carrier-

ship.We tested the distinct models of APOE ε4 penetrance, namely the

dominant (ε4 carriers vs. non-carriers—Model 1A), additive (0 vs. 1 vs.

2 ε4 alleles—Model 1B), and recessive effects (non-carriers and ε4 het-
erozygotes vs. ε4 homozygotes—Model 1C). Model 2 further included

variables related to cardiovascular risk, such as bodymass index (BMI),

ever smoker (yes vs. no), hypertension (self-reported diagnosis and/or

current use of antihypertensive medication vs. none of them), dys-

lipidemia (self-reported diagnosis and/or use of cholesterol-lowering

medications and/or fasting plasma total cholesterol ≥ 200 mg/dL,

and/or fasting plasma triglycerides ≥ 150mg/dL vs. none of them), and

diabetes (self-reported diagnosis and/or use of antidiabetic medica-

tions and/or blood hemoglobin A1c ≥ 6.5% vs. none of them). Model

3 further included reciprocal adjustment for the two types of omega-3

examined.

We constructed additional models after stratifying for APOE ε4
(dominant, recessive, and additive; with age, sex, years of education,

and days between blood sampling and [18-F]-FDG PET acquisition as

covariates), for sex (with age, years of education, APOE ε4 carriership,

and days between blood sampling and [18-F]-FDG PET acquisition as

covariates), and for AT status (A−T− vs. A+T− vs. A+T+; with age,

sex, years of education, APOE ε4 carriership, and days between blood

sampling and [18-F]-FDG PET acquisition as covariates). We excluded

A−T+ participants (n = 12) from the latter due to the low sample

size and because this profile is suggestive of non-AD pathology.18 In

each case, we stratified and further searched for group-specific asso-

ciations by determining the Pearson correlation coefficients between

the omega-3 of interest and standardized residuals outputted from the

general linear model including the covariates. For all regression analy-

ses, standard diagnostic checks on the residuals from the fittedmodels

showed no evidence of any failure of the assumptions of normality and

homogeneity of the residual variance.

We also explored for the relationship between ALA blood status

and self-reported consumption of walnuts and olive oil. To this end,

we determined the Pearson correlation coefficients betweenRBCALA

and: (1) servings per week of walnuts; (2) tablespoons per day of olive

oil, regardless of the type (extra-virgin olive oil, virgin olive oil, refined

olive oil, pure olive oil, olive pomace oil). We also assessed differences

in RBC ALA between categories of self-reported consumption of wal-

nuts (less than once permonth vs. 1 permonth to less than 1 per day vs.

daily) by one-factor analysis of variance.

Statistical significance was set at the P < 0.05 level in all cases.

Analyses were performed using SPSS software, release 22.0 (SPSS

Inc.). Figures were built using R software (R Foundation for Statistical

Computing; http://www.r-project.org/).

In addition to the hypothesis-driven approach (association between

selected RBC omega-3 and [18-F]-FDG uptake in the Landau signa-

ture), we also performed an unbiased voxel-wise approach. We used

SPM12 to create a general linear model (GLM) for each predictor of

interest, including age, sex, years of education,APOE ε4 carriership, and
total intracranial volume as confounders in both sets of analyses. The

statistical significance was set as P < 0.001 uncorrected for multiple

comparisons with a cluster size of k > 100 voxels, further applying a

correction formultiple testing using a family-wise error rate (FWE) and

false discovery rate (FDR) approaches.

3 RESULTS

Table 1 displays demographic and clinical data of the study population

by APOE genotype.

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
http://www.r-project.org/
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TABLE 1 Characteristics of the study population by APOE genotype.

Variable All (n= 320) ε3/ε3 (n= 134) ε3/ε4 (n= 156) ε4/ε4 (n= 30)

Women—no. (%) 199 (62.2) 92 (68.7) 88 (56.4) 19 (62.2)

Age—y 61.0 (60.5; 61.5) 61.5 (60.6; 62.3) 61.6 (61.0; 62.2) 55.9 (54.5; 57.4)

Education—y 13.5 (13.1; 13.9) 13.6 (13.0; 14.2) 13.4 (12.9; 14.0) 13.7 (12.4; 15.0)

BMI—kg/m2 26.9 (26.5; 27.4) 27.1 (26.4; 27.8) 27.0 (25.3; 28.6) 26.9 (26.5; 27.4)

Smoking—no. (%)

Never smoker 135 (42.2) 58 (43.0) 65 (41.7) 12 (40.0)

Current smoker 44 (13.8) 14 (10.4) 19 (12.2) 11 (36.7)

Former smoker 141 (44.1) 62 (46.3) 72 (46.2) 7 (23.3)

Hypertension—no. (%) 93 (29.1) 43 (32.1) 41 (26.3) 9 (30.0)

Hypercholesterolemia—no. (%) 246 (76.9) 91 (67.9) 130 (83.3) 25 (83.3)

Diabetes—no. (%) 14 (4.4) 5 (3.7) 5 (3.2) 4 (13.3)

AT status—no. (%)

A−T− 182 (62.3) 97 (79.5) 74 (51.7) 11 (40.7)

A+T− 86 (29.5) 15 (12.3) 56 (39.2) 15 (55.6)

A+T+ 24 (8.2) 10 (8.2) 13 (9.1) 1 (3.7)

RBC omega-3−%

DHA 3.98 (3.84; 4.12) 3.90 (3.66; 4.13) 4.07 (3.88; 4.26) 3.86 (3.33; 4.39)

ALA 0.14 (0.14; 0.15) 0.14 (0.13; 0.16) 0.15 (0.14; 0.16) 0.13 (0.10; 0.16)

[18-F]-FDG uptake−SUVR 1.30 (1.25, 1.37) 1.31 (1.24; 1.39) 1.29 (1.24; 1.36) 1.31 (1.26; 1.41)

Note: Data are mean (95% confidence interval), except for categorical variables (expressed as N and %) and [18-F]-FDG SUVR (expressed as median and

interquartile range). For AT status, data from n= 292 participants (exclusion of n= 12 A−T+).
Abbreviations: [18-F]-FDG, positron emission tomography with fluorine-18 fluorodeoxyglucose; AD, Alzheimer’s disease; ALA, alpha-linolenic acid; A+T−,
amyloid beta–positive tau-negative; A−T−, amyloid beta–negative tau-negative; A+T+, amyloid beta–positive tau-positive; APOE, apolipoprotein E; BMI,

bodymass index; C18:3n-3; C22:6n-3; DHA, docosahexaenoic acid; RBC, red blood cell; SUVR, standardized uptake value ratio.

3.1 Associations between selected RBC omega-3
and [18F]-FDG uptake in the Landau signature

As reported in Table 2, we observed a statistically significant direct

association between DHA and glucose uptake (Model 1A to 1C, P from

0.035 to 0.042), which blunted after the inclusion of variables related

to cardiovascular risk (Model 2, P = 0.281), and RBC ALA (Model 3,

P = 0.314). Regarding ALA, we observed a direct association with [18-

F]-FDGuptake in thismetaROIof interest (Model 1,P=0.004).Ofnote,

such association survived in models that further included cardiovascu-

lar risk factors (Model 2,P=0.032), andRBCDHA (Model 3,P=0.037).

For both exposures, adjustment for APOE ε4 allele load as either dom-

inant (Model 1A), additive (Model 1B), or recessive (Model 1C) did not

affect the sense or themagnitude of the associations.

3.2 Effect modification by APOE ε4 status, sex,
and AT grouping

ForDHA, a stronger associationwas observed inAPOE ε4 carriers com-

pared to non-carriers (P= 0.016 and P= 0.614, respectively), although

statistical significance blunted after the inclusion of cardiovascular risk

factors (P = 0.125 and P = 0.930, respectively; Figure S1, panels A and

B in supporting information). A similar pattern was observed for those

carrying one APOE ε4 allele (Figure S1, panels C and D), and for APOE

ε4 non-homozygotes (Figure S1, panels E and F). No relevant associ-

ations were observed for men and women when analyzed separately

(P= 0.766 forwomen, P= 0.206 formen; Figure S2 in supporting infor-

mation). Interestingly, AT status modified the association between

RBC DHA and [18-F]-FDG uptake in the Landau signature, with a

much stronger, direct association in the A+T+ group than in the other

two groups, even after the inclusion of cardiovascular risk factors

into the model (P = 0.031 for A+T+; P > 0.6 in the other two groups;

Figure 1).

In relation to ALA, a stronger association was observed in APOE ε4
carriers compared to non-carriers, and in APOE ε4 homozygotes com-

pared to non-homozygotes, even after the inclusion of cardiovascular

risk factors (P = 0.025 for APOE ε4 carriership; P = 0.031 for APOE ε4
homozygosis; Figure 2).We observed a statistically significant associa-

tion in women (P = 0.010), but not in men, although it weakened after

the inclusion of cardiovascular risk factors into the model (P = 0.085;

Figure S3 in supporting information). When exploring the effect of the

AT group, statistically significant direct associations were limited to

A−T− participants (P= 0.046; Figure S4 in supporting information).
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TABLE 2 Associations between selected RBC omega-3 and [18-F]-FDG uptake in the Landau signature (n= 320).

Omega-3 Model APOE ε4 in themodel Estimate (95%CI) P R2

DHA 1A Carrier/non-carrier 0.009 (0.001; 0.017) 0.035 0.041

1B Number of alleles 0.009 (0.001; 0.017) 0.037 0.040

1C Homozygote/non-homozygote 0.009 (0.000; 0.017) 0.042 0.039

2 Carrier/non-carrier 0.005 (−0.004; 0.013) 0.281 0.119

3 Carrier/non-carrier 0.004 (−0.004; 0.013) 0.314 0.129

ALA 1A Carrier/non-carrier 0.182 (0.058; 0.306) 0.004 0.051

1B Number of alleles 0.181 (0.057; 0.305) 0.004 0.050

1C Homozygote/non-homozygote 0.184 (0.059; 0.308) 0.004 0.049

2 Carrier/non-carrier 0.134 (0.011; 0.254) 0.032 0.126

3 Carrier/non-carrier 0.131 (0.008; 0.254) 0.037 0.129

Note: Data are presented for 1% of RBC omega-3, obtained by multiple linear regression analyses, being [18-F]-FDG SUVR rank-transformed. Model 1 was

adjusted for age, sex, years of education, days between blood sampling and [18-F]-FDG PET acquisition, and APOE ε4 carriership. Model 2 further included

BMI, ever smoker, hypertension, dyslipidemia, and diabetes. Model 3 further included reciprocal adjustment for the two types of omega-3 examined.

Abbreviations: [18-F]-FDG, positron emission tomographywith fluorine-18 fluorodeoxyglucose; ALA, alpha-linolenic acid;APOE, apolipoprotein E; BMI, body

mass index; CI, confidence interval; DHA, docosahexaenoic acid; PET, positron emission tomography; RBC, red blood cell; SUVR, standardized uptake value

ratio.

F IGURE 1 Association of DHAwith [18-F]-FDG uptake by AT status. Scatterplots of the association between RBCDHA and standardized
residuals of FDG uptake (SUVR), outputted from a general linear model including age, sex, years of education, days between blood sampling and
[18-F]-FDG PET acquisition, and APOE ε4 carriership (A), and further inclusion of BMI, ever smoking, hypertension, dyslipidemia, and diabetes (B).
Each point depicts the value of an individual, and the solid lines indicate the regression line for each of the groups. Data include Pearson correlation
coefficients and P values for each subgroup of interest. APOE, apolipoprotein E; AT, amyloid/tau; BMI, bodymass index; DHA, docosahexaenoic
acid; FDG, fluorodeoxyglucose; PET, positron emission tomography; RBC, red blood cell; SUVR, standardized uptake value ratio.

3.3 Voxel-wise analyses

We used a hypothesis-free voxel-wise approach to identify which spe-

cific cerebral regions showed increased [18-F]-FDG uptake with expo-

sures of interest. FWE-corrected statistical parametric maps showed

that increasing ALA correlatedwith preserved [18-F]-FDGuptake pre-

dominantly in areas of the frontal and parietal regions (Figure 3; Table

S1 in supporting information). No other significant associations were

observed.

3.4 Associations with self-reported dietary data

We observed no significant associations between self-reported daily

tablespoons of olive oil (regardless of type) and RBC ALA (Figure S5,

panel A in supporting information). However, statistical significance

(P = 0.001) was observed for weekly servings of walnuts (Figure S5,

panel B). In addition, RBC ALA increased across categories of walnut

consumption (Figure S5, panel C).
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F IGURE 2 Association of ALAwith [18-F]-FDG uptake by APOE ε4 status. Scatterplots of the association between RBCALA and standardized
residuals of FDG uptake (SUVR), outputted from a general linear model including age, sex, years of education, and days between blood sampling
and [18-F]-FDGPET acquisition (A, C, and E), and further inclusion of BMI, ever smoking, hypertension, dyslipidemia, and diabetes (B, D, and F).
Each point depicts the value of an individual, and the solid lines indicate the regression line for each of the groups. Data include Pearson correlation
coefficients and P values for each subgroup of interest. ALA, alpha-linolenic acid; APOE, apolipoprotein E; BMI, bodymass index; FDG,
fluorodeoxyglucose; PET, positron emission tomography; RBC, red blood cell; SUVR, standardized uptake value ratio.

4 DISCUSSION

In the present study conducted in a cohort of middle-aged cogni-

tively unimpaired individuals at increased risk of AD dementia, we

determined cross-sectional associations between blood biomarkers

of omega-3 (from either marine or plant origin) and brain glucose

metabolism, as assessed by [18-F]-FDG PET imaging. Average val-

ues for both fatty acids were lower than those described in many

populations from around the world, in which fatty acids were mea-

sured in RBCs by a shared reference method.22 We found that

blood status of ALA (the main plant-derived omega-3) directly related

to preserved glucose uptake in brain regions vulnerable to AD-

related hypometabolism (Landau’s signature), in particular in those

at increased genetic risk (i.e., APOE ε4 load). An unbiased voxel-wise

approach also uncovered significant direct bilateral associations for

ALA. Regarding DHA, an omega-3 that is readily incorporated in our
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F IGURE 3 Three-dimensional brain statistical parametric maps highlighting in red areas the positive associations between red blood cell ALA
and preserved [18-F]-FDG uptake.

brainmembranes even before birth, statistically significant direct asso-

ciations were limited to those in the preclinical stage of AD pathology

(A+T+).
Methodologically, the importance of our study relies on three

aspects. The first one is the use of blood biomarkers of dietary intake,

the use of which is encouraged by the Nutrition for Dementia Pre-

vention Working Group.23 While many epidemiologic studies have

strengthened the association of dietary omega-3 with AD dementia,24

most studies rely on assessments of omega-3 intake by methods

that require participants to record or recall their food and beverage

consumption over a fixed period of time based (i.e., 24-hour recalls

or food frequency questionnaires). However, these techniques have

several limitations that affect both the accuracy and precision of

the measurement. Given the marginal de novo synthesis of omega-3

(absent for ALA), direct chemical measurement of circulating omega-

3 has emerged as an objective and valid surrogate of their dietary

intake and metabolism.10 The use of an objective biomarker of dietary

intake might be particularly relevant in aging populations or those at

increased risk of dementia who may be more prone to memory bias

due to incipient memory deficits. Although blood omega-3 status is

mostly drivenbydietary omega-3 fatty acid intake, it also reflects other

aspects related to metabolism, including rates of omega-3 absorption,

which might be affected by concomitant use of lipid-lowering drugs.25

The second one relates to the exposures: we also examined associa-

tions for the plant-derived ALA, which has been largely overlooked in

relation to cognition, but may be particularly important to populations

not consuming seafood. Finally, the third one relates to the outcome:

most clinical research focused on circulating omega-3 and cognitive

performance or brain structure, in particular on alterations related to

vascular damage (includingwhitematter hyperintensities, microbleed-

ings, and enlargement of perivascular spaces) and cortical volume.26,27

In contrast, research on omega-3 and other relevant key aspects of AD

(e.g., brain glucose uptake) has received little attention to date. Brain

glucose hypometabolism is widely regarded as a marker of neurode-

generation in AD28 with strong diagnostic power.29 Albeit decreases

of [18-F]-FDG can be observed in other neurodegenerative disorders,

the regional patternof hypometabolism in the temporal-parietal region

is highly specific for AD.30 The most well-established way to quantita-

tively measure hypometabolism in specific AD regions is the so-called

“Landau signature.”3

In terms of clinical relevance, the main finding is the complemen-

tary associations observed for the two analyzed omega-3 fatty acids.

On the one hand, we first examined associations for DHA, an omega-

3 fatty acid abundant in fatty fish and fish oil that has been largely

explored in relation to AD and its features, including brain glucose

metabolism.6 While a statistically significant association was observed

in a model including age, sex, years of education, and APOE ε4 carrier-

ship, it weakened after further inclusion of classical cardiovascular risk

factors. Given that cardiovascular risk factors (and subclinical carotid

atherosclerosis) in asymptomatic middle-aged people are associated

with impaired cerebral metabolism in key brain areas,31 is it plausi-

ble that the neuroprotective role of DHA could be mediated through

modification of these risk factors, as already suggested a while ago.32

Of note, stratified analyses uncovered a direct, robust association in

participants with preclinical AD (i.e., with altered core AD biomarkers

[Aβ and tau], yet cognitively unimpaired). Besides adding to the notion

that early DHA supplementation may be beneficial during the preclini-

cal or early symptomatic stages of AD as previously suggested,33 such
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finding argues for the need of ADbiomarkers in better selecting partic-

ipants for preclinical studies on omega-3 and AD, in alignment with the

“precisionmedicine” era.23

On the other hand, we report a direct, significant, and indepen-

dent association for ALA and preserved brain glucose uptake, being

stronger in those with higher APOE ε4 allele load. Such findings sup-

port the benefits of the sustained consumption of foods rich in this

fatty acid, in particular in those at increased genetic risk of AD demen-

tia. The figure concurs with a longitudinal study conducted in 915

older individuals,wherein associationbetweenALA intake (as assessed

by self-reported data) and 5-year decline in cognitive performance

was weaker in APOE ε4 carriers than in non-carriers.34 After stratify-

ing, in contrast to DHA, slightly stronger significant associations were

observed in A−T− participants than in those of other AT groups. Over-

all, significant associations for ALA were not observed for DHA, and

vice versa.Models including reciprocal adjustment for the two types of

omega-3 (Table 2, Model 3) showed no changes in sense or magnitude

of associations. This supports the view that marine and plant omega-3

fatty acids might display complementary benefits, acting as partners in

promoting brain glucose uptake across the AD continuum.

There are three possible mechanisms to explain the putative effect

of ALA in promoting brain glucose uptake. First, there is the possibil-

ity that ALA was marginally converted to DHA. Given that blood DHA

was unrelated to brain glucose uptake in our study, thismechanism can

be discounted. Second, ALAmight display an effect on its own. This is a

likely possibility, which is consistent with the increasing body of exper-

imental evidence on the benefits of ALA in AD pathophysiology.35–37

Third, another conceivable event is that blood enrichment with ALA is

a mere marker of intake of bioactive compounds in healthy foods con-

taining the fatty acid. InMediterranean areas, themain sources of ALA

in the diet are walnuts (the nuts most consumed in Spain38) and, to a

lesser extent, olive oil,39 because other ALA-rich vegetables, such as

soy and flaxseed-derived products, are as yet uncommon staples. We

observed significant associations between RBC ALA and self-reported

walnut consumption in our population. Therefore, bioactive molecules

other than ALA present in walnuts cannot be ruled out as being the

active agents, ALA then being just a contributor rather than the main

driver in promoting brain glucose uptake. Further research is war-

ranted to disentangle the exact contribution of ALA in itself in brain

glucosemetabolism.

Our study is not free of limitations. First, its cross-sectional nature

precluded us from exploring whether selected blood omega-3 related

to longitudinal changes in brain glucose uptake. Second, our cohort

showed a low prevalence of common comorbidities and is enriched by

family history of sporadic AD and APOE ε4 carriership,11 which may

limit the generalizability of the findings to other age groups or popula-

tions. In contrast, the strengths of the present study include the precise

clinical characterization of the participants, the use of blood biomark-

ers of dietary omega-3, the large number ofAPOE ε4 homozygotes, and

adjustment for a wide array of potential confounders in multivariable

analyses.

In conclusion, in a cohort of cognitively unimpaired participants at

higher risk of AD dementia, blood enrichment in omega-3 fatty acids,

objectively reflecting their dietary intake, related to preserved glucose

intake in AD-vulnerable brain regions. Of note, we report complemen-

tary associations for omega-3 from plant origin (ALA: in whole studied

population; in APOE ε4 carriers; in APOE ε4 homozygotes; in A−T−
participants) and from marine origin (DHA: in A+T+ participants).

Results add to the increasing evidence that sustained consumption

of foods rich in ALA and DHA might provide benefits in the AD

continuum.

AUTHOR CONTRIBUTIONS

Collaborators of theALFAStudy are: Annabella Beteta, AnnaBrugulat-

Serrat, Raffaele Cacciaglia, Lidia Canals, Alba Cañas, Irene Cumplido-

Mayoral, Marta del Campo, Carme Deulofeu, Ruth Dominguez, Maria

Emilio, Ana Fernández-Arcos, Sherezade Fuentes, Patricia Genius,

Laura Hernandez, Núria Tort-Colet, Paula Marne, Tania Menchón,

Wiesje Pelkmans, Albina Polo, Sandra Pradas, Blanca Rodríguez-

Fernández, Anna Soteras, Laura Stankeviciute, Marc Vilanova, and

Natalia Vilor-Tejedor.

ACKNOWLEDGMENTS

This publication is part of the ALFA study (Alzheimer and Fami-

lies). The authors would like to express their most sincere gratitude

to the ALFA project participants and relatives without whom this

research would have not been possible. The authors thank Roche

Diagnostics International Ltd for providing the kits to measure CSF

biomarkers. We thank Henrik Zetterberg and Kaj Blennow of the

Clinical Neurochemistry Lab in Mölndal, Sweden, for providing the

CSF biomarkers measurements. COBAS and ELECSYS are trademarks

of Roche. The Roche NeuroToolKit is a panel of exploratory prototype

assays designed to robustly evaluate biomarkers associated with

key pathologic events characteristic of AD and other neurological

disorders, used for research purposes only and not approved for

clinical use. The research leading to these results has received fund-

ing from “la Caixa” Foundation (ID 100010434), under agreement

LCF/PR/GN17/50300004 and the Alzheimer’s Association and an

international anonymous charity foundation through the TriBEKa

Imaging Platform project (TriBEKa-17-519007). Additional support

has been received from the Universities and Research Secretariat,

Ministry of Business andKnowledge of the CatalanGovernment under

the grant no. 2021 SGR 00913. OG-R is supported by the Spanish

Ministry of Science and Innovation –State Research Agency (IJC2020-

043417-I/MCIN/AEI/10.13039/501100011033) and the European

Union laquoNextGenerationEUraquo/PRTR. MSC receives funding

from the European Research Council (ERC) under the European

Unionʼs Horizon 2020 research and innovation programme (Grant

agreement No. 948677), Project “PI19/00155,” funded by Instituto

de Salud Carlos III (ISCIII) and co-funded by the European Union, and

from a fellowship from “la Caixa” Foundation (ID 100010434) and

from the European Unionʼs Horizon 2020 research and innovation

programme under the Marie Skłodowska-Curie grant agreement

No 847648(LCF/BQ/PR21/11840004). This work was supported by

funding from Instituto de Salud Carlos III (PI22/00071) and by a grant

from the California Walnut Commission, Folsom, CA, US (to AS-V).



10 of 11 LÁZARO ET AL.

The funding agencies had no input in the study design, data collection,

analyses, or writing and submission of themanuscript.

CONFLICT OF INTEREST STATEMENT

MSC has given lectures in symposia sponsored by Roche Diagnostics,

S.L.U. Roche Farma, S.A., and Amirall;and he has served as a con-

sultant and at advisory boards for Roche Diagnostics International

Ltd and Grifols S.L. He was granted with a project funded by Roche

Diagnostics International Ltd; payments were made to the institution

(BBRC). He received in-kind support for research (to the institution)

from Roche Diagnostics International Ltd, Avid Radiopharmaceuticals,

Inc., Eli Lilly, and Janssen Research & Development. JLM is currently

a full‑time employee of H. Lundbeck A/S and previously served as

a consultant or on advisory boards for the following for‑profit com-

panies or has given lectures in symposia sponsored by the following

for‑profit companies: Roche Diagnostics, Genentech, Novartis, Lund-

beck, Oryzon, Biogen, Lilly, Janssen, Green Valley, MSD, Eisai, Alector,

BioCross, GE Healthcare, and ProMIS Neurosciences. JDG receives

research funding from Roche Diagnostics and GE Healthcare and has

given lectures at symposia sponsored by Biogen and Philips. AS-V has

received research grant funding through his institution and support to

attend professional meetings from the CaliforniaWalnut Commission.

Other authors report no conflicts of interest. Disclosures are available

in the supporting information.

ORCID

Juan-DomingoGispert https://orcid.org/0000-0002-6155-0642

Aleix Sala-Vila https://orcid.org/0000-0002-5038-2794

REFERENCES

1. JackCRJr. Advances inAlzheimer’s disease researchover thepast two

decades. Lancet Neurol. 2022;21(10):866-869. doi:10.1016/S1474-
4422(22)00298-8

2. Yassine HN, Self W, Kerman BE, et al. Nutritional metabolism and

cerebral bioenergetics in Alzheimer’s disease and related dementias.

Alzheimers Dement. 2022;19(3):1041-1066. doi:10.1002/alz.12845
3. Landau SM,HarveyD,MadisonCM, et al. Associations between cogni-

tive, functional, andFDG-PETmeasures of decline inADandMCI.Neu-
robiol Aging. 2011;32(7):1207-1218. doi:10.1016/j.neurobiolaging.

2009.07.002

4. Carver JD, Benford VJ, Han B, Cantor AB. The relationship between

age and the fatty acid composition of cerebral cortex and erythro-

cytes in human subjects. Brain Res Bull. 2001;56(2):79-85. doi:10.
1016/s0361-9230(01)00551-2

5. Janssen CI, Kiliaan AJ. Long-chain polyunsaturated fatty acids (LCP-

UFA) from genesis to senescence: the influence of LCPUFA on neural

development, aging, andneurodegeneration.Prog LipidRes. 2014;53:1-
17. doi:10.1016/j.plipres.2013.10.002

6. Pifferi F, Cunnane SC, Guesnet P. Evidence of the role of omega-

3 polyunsaturated fatty acids in brain glucose metabolism. Nutrients.
2020;12(5):1382. doi:10.3390/nu12051382

7. Nugent S, Croteau E, Pifferi F, et al. Brain and systemic glucose

metabolism in the healthy elderly following fish oil supplementation.

Prostaglandins Leukot Essent Fatty Acids. 2011;85(5):287-291. doi:10.
1016/j.plefa.2011.04.008

8. DomenichielloAF,KitsonAP,BazinetRP. Is docosahexaenoic acid syn-

thesis from α-linolenic acid sufficient to supply the adult brain? Prog
Lipid Res. 2015;59:54-66. doi:10.1016/j.plipres.2015.04.002

9. Sala-Vila A, Fleming J, Kris-Etherton P, Ros E. Impact of α-linolenic
acid, the vegetable ω-3 fatty acid, on cardiovascular disease and

cognition. Adv Nutr. 2022;13(5):1584-1602. doi:10.1093/advances/
nmac016

10. Hodson L, Skeaff CM, Fielding BA. Fatty acid composition of adipose

tissue and blood in humans and its use as a biomarker of dietary intake.

Prog Lipid Res. 2008;47(5):348-380. doi:10.1016/j.plipres.2008.03.
003

11. Molinuevo JL, Gramunt N, Gispert JD, et al. The ALFA project:

a research platform to identify early pathophysiological features

of Alzheimer’s disease. Alzheimers Dement. 2016;2(2):82-92. doi:10.
1016/j.trci.2016.02.003

12. Venzi M, Tóth M, Häggkvist J, et al. Differential effect of APOE Alle-

les on brain glucose metabolism in targeted replacement mice: an

[18F]FDG-μPET study. J Alzheimers Dis Rep. 2017;1(1):169-180. doi:10.
3233/ADR-170006

13. Thurnhofer S, Vetter W. A gas chromatography/electron ionization-

mass spectrometry-selected ion monitoring method for determining

the fatty acid pattern in food after formation of fatty acid methyl

esters. J Agric Food Chem. 2005;53(23):8896-8903. doi:10.1021/

jf051468u

14. Teunissen CE, Tumani H, Engelborghs S, Mollenhauer B. Biobanking

of CSF: international standardization to optimize biomarker develop-

ment.ClinBiochem. 2014;47(4-5):288-292. doi:10.1016/j.clinbiochem.

2013.12.024

15. Milà-AlomàM, SalvadóG,Gispert JD, et al. Amyloid beta, tau, synaptic,

neurodegeneration, and glial biomarkers in the preclinical stage of the

Alzheimer’s continuum. Alzheimers Dement. 2020;16(10):1358-1371.
doi:10.1002/alz.12131

16. Bittner T, Zetterberg H, Teunissen CE, et al. Technical performance

of a novel, fully automated electrochemiluminescence immunoassay

for the quantitation of β-amyloid (1-42) in human cerebrospinal fluid.

Alzheimers Dement. 2016;12(5):517-526. doi:10.1016/j.jalz.2015.09.
009

17. Lifke V, Kollmorgen G, Manuilova E, et al. Elecsys® Total-Tau and

Phospho-Tau (181P) CSF assays: analytical performance of the novel,

fully automated immunoassays for quantification of tau proteins in

human cerebrospinal fluid. Clin Biochem. 2019;72:30-38. doi:10.1016/
j.clinbiochem.2019.05.005

18. Jack CR Jr, Bennett DA, Blennow K, et al. A/T/N: an unbiased descrip-

tive classification scheme for Alzheimer disease biomarkers. Neurol-
ogy. 2016;87(5):539-547. doi:10.1212/WNL.0000000000002923

19. Ashburner J. A fast diffeomorphic image registration algorithm. Neu-
roimage. 2007;38(1):95-113. doi:10.1016/j.neuroimage.2007.07.007

20. Schröder H, Covas MI, Marrugat J, et al. Use of a three-day estimated

food record, a 72-hour recall and a food-frequency questionnaire for

dietary assessment in a Mediterranean Spanish population. Clin Nutr.
2001;20(5):429-437. doi:10.1054/clnu.2001.0460

21. Willett W. Nutritional Epidemiology. 3rd ed. Oxford University Press;

2013.

22. Schuchardt JP, Cerrato M, Ceseri M, et al. Red blood cell fatty acid

patterns from 7 countries: focus on the Omega-3 index. Prostaglandins
Leukot Essent Fatty Acids. 2022;179:102418. doi:10.1016/j.plefa.2022.
102418

23. Yassine HN, Samieri C, Livingston G, et al. Nutrition state of sci-

ence and dementia prevention: recommendations of the Nutrition

for Dementia Prevention Working Group. Lancet Healthy Longev.
2022;3(7):e501-e512. doi:10.1016/s2666-7568(22)00120-9

24. Wei BZ, Li L, Dong CW, Tan CC, Xu W. The Relationship of omega-

3 fatty acids with dementia and cognitive decline: evidence from

prospective cohort studies of supplementation, dietary intake, and

blood markers. Am J Clin Nutr. 2023;117(6):1096-1109. doi:10.1016/
j.ajcnut.2023.04.001

25. Blackwood DP, LaVallée RK, Al Busaidi A, Jassal DS, Pierce GN. A ran-

domized trial of the effects of ezetimibe on the absorption of omega-3

https://orcid.org/0000-0002-6155-0642
https://orcid.org/0000-0002-6155-0642
https://orcid.org/0000-0002-5038-2794
https://orcid.org/0000-0002-5038-2794
https://doi.org/10.1016/S1474-4422(22)00298-8
https://doi.org/10.1016/S1474-4422(22)00298-8
https://doi.org/10.1002/alz.12845
https://doi.org/10.1016/j.neurobiolaging.2009.07.002
https://doi.org/10.1016/j.neurobiolaging.2009.07.002
https://doi.org/10.1016/s0361-9230(01)00551-2
https://doi.org/10.1016/s0361-9230(01)00551-2
https://doi.org/10.1016/j.plipres.2013.10.002
https://doi.org/10.3390/nu12051382
https://doi.org/10.1016/j.plefa.2011.04.008
https://doi.org/10.1016/j.plefa.2011.04.008
https://doi.org/10.1016/j.plipres.2015.04.002
https://doi.org/10.1093/advances/nmac016
https://doi.org/10.1093/advances/nmac016
https://doi.org/10.1016/j.plipres.2008.03.003
https://doi.org/10.1016/j.plipres.2008.03.003
https://doi.org/10.1016/j.trci.2016.02.003
https://doi.org/10.1016/j.trci.2016.02.003
https://doi.org/10.3233/ADR-170006
https://doi.org/10.3233/ADR-170006
https://doi.org/10.1021/jf051468u
https://doi.org/10.1021/jf051468u
https://doi.org/10.1016/j.clinbiochem.2013.12.024
https://doi.org/10.1016/j.clinbiochem.2013.12.024
https://doi.org/10.1002/alz.12131
https://doi.org/10.1016/j.jalz.2015.09.009
https://doi.org/10.1016/j.jalz.2015.09.009
https://doi.org/10.1016/j.clinbiochem.2019.05.005
https://doi.org/10.1016/j.clinbiochem.2019.05.005
https://doi.org/10.1212/WNL.0000000000002923
https://doi.org/10.1016/j.neuroimage.2007.07.007
https://doi.org/10.1054/clnu.2001.0460
https://doi.org/10.1016/j.plefa.2022.102418
https://doi.org/10.1016/j.plefa.2022.102418
https://doi.org/10.1016/s2666-7568(22)00120-9
https://doi.org/10.1016/j.ajcnut.2023.04.001
https://doi.org/10.1016/j.ajcnut.2023.04.001


LÁZARO ET AL. 11 of 11

fatty acids in cardiac disease patients: a pilot study. Clin Nutr ESPEN.
2015;10(5):e155-e159. doi:10.1016/j.clnesp.2015.07.002

26. Hooper C, De Souto Barreto P, PahorM,WeinerM, Vellas B. The rela-

tionship of omega 3 polyunsaturated fatty acids in red blood cell mem-

branes with cognitive function and brain structure: a review focussed

on Alzheimer’s disease. J Prev Alzheimers Dis. 2018;5(1):78-84. 10.
14283/jpad.2017.19

27. Macaron T, Giudici KV, Bowman GL, et al. Associations of Omega-3

fatty acids with brain morphology and volume in cognitively healthy

older adults: a narrative review. Ageing Res Rev. 2021;67:101300.
doi:10.1016/j.arr.2021.101300

28. Jack CR Jr, Bennett DA, Blennow K, et al. NIA-AA Research Frame-

work: toward a biological definition of Alzheimer’s disease. Alzheimers
Dement. 2018;14(4):535-562. doi:10.1016/j.jalz.2018.02.018

29. Chételat G, Arbizu J, Barthel H, et al. Amyloid-PET and 18F-FDG-

PET in the diagnostic investigation of Alzheimer’s disease and other

dementias. Lancet Neurol. 2020;19(11):951-962. doi:10.1016/S1474-
4422(20)30314-8

30. Minoshima S, Cross D, Thientunyakit T, Foster NL, Drzezga A. 18F-

FDGPET Imaging in neurodegenerative dementing disorders: insights

into subtype classification, emerging disease categories, and mixed

dementia with copathologies. J Nucl Med. 2022;63(Suppl 1):2S-12S.
doi:10.2967/jnumed.121.263194

31. Cortes-Canteli M, Gispert JD, Salvadó G, et al. Subclinical atheroscle-

rosis andbrainmetabolism inmiddle-aged individuals: thePESAStudy.

JAmColl Cardiol. 2021;77(7):888-898. doi:10.1016/j.jacc.2020.12.027
32. Fotuhi M, Mohassel P, Yaffe K. Fish consumption, long-chain omega-

3 fatty acids and risk of cognitive decline or Alzheimer disease: a

complex association. Nat Clin Pract Neurol. 2009;5(3):140-152. doi:10.
1038/ncpneuro1044

33. Yassine HN, Feng Q, Azizkhanian I, et al. Association of serum

docosahexaenoic acid with cerebral amyloidosis. JAMA Neurol.
2016;73(10):1208-1216. doi:10.1001/jamaneurol.2016.1924

34. van de Rest O, Wang Y, Barnes LL, Tangney C, Bennett DA, Morris

MC. APOE ε4 and the associations of seafood and long-chain omega-3

fatty acids with cognitive decline.Neurology. 2016;86(22):2063-2070.
doi:10.1212/WNL.0000000000002719

35. Ali W, Ikram M, Park HY, et al. Oral administration of alpha linoleic

acid rescues Aβ-induced glia-mediated neuroinflammation and cogni-

tive dysfunction in C57BL/6Nmice.Cells. 2020;9(3):667. doi:10.3390/
cells9030667

36. Desale SE, Dubey T, Chinnathambi S. α-Linolenic acid inhibits Tau

aggregation and modulates Tau conformation. Int J Biol Macromol.
2021;166:687-693. doi:10.1016/j.ijbiomac.2020.10.226

37. Leikin-FrenkelA, SchnaiderBeeriM,Cooper I.Howalpha linolenic acid

may sustain blood-brain barrier integrity and boost brain resilience

against Alzheimer’s disease. Nutrients. 2022;14(23):5091. doi:10.

3390/nu14235091

38. Aranceta J, Pérez Rodrigo C, Naska A, Vadillo VR, Trichopoulou A. Nut

consumption in Spain and other countries. Br J Nutr. 2006;96(Suppl
2):S3-S11. doi:10.1017/bjn20061858

39. Sala-Vila A, Guasch-Ferré M, Hu FB, et al. Dietary α-linolenic acid,

marine ω-3 fatty acids, and mortality in a population with high fish

consumption: findings from the PREvención con DIeta MEDiterránea

(PREDIMED) Study. J Am Heart Assoc. 2016;5(1):e002543. doi:10.
1161/JAHA.115.002543

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Lázaro I, Grau-Rivera O,

Suárez-CalvetM, et al. Omega-3 blood biomarkers relate to

brain glucose uptake in individuals at risk of Alzheimer’s

disease dementia. Alzheimer’s Dement. 2024;16:e12596.

https://doi.org/10.1002/dad2.12596

https://doi.org/10.1016/j.clnesp.2015.07.002
https://doi.org/10.14283/jpad.2017.19
https://doi.org/10.14283/jpad.2017.19
https://doi.org/10.1016/j.arr.2021.101300
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/S1474-4422(20)30314-8
https://doi.org/10.1016/S1474-4422(20)30314-8
https://doi.org/10.2967/jnumed.121.263194
https://doi.org/10.1016/j.jacc.2020.12.027
https://doi.org/10.1038/ncpneuro1044
https://doi.org/10.1038/ncpneuro1044
https://doi.org/10.1001/jamaneurol.2016.1924
https://doi.org/10.1212/WNL.0000000000002719
https://doi.org/10.3390/cells9030667
https://doi.org/10.3390/cells9030667
https://doi.org/10.1016/j.ijbiomac.2020.10.226
https://doi.org/10.3390/nu14235091
https://doi.org/10.3390/nu14235091
https://doi.org/10.1017/bjn20061858
https://doi.org/10.1161/JAHA.115.002543
https://doi.org/10.1161/JAHA.115.002543
https://doi.org/10.1002/dad2.12596

	Omega-3 blood biomarkers relate to brain glucose uptake in individuals at risk of Alzheimer’s disease dementia
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Study participants
	2.2 | Sample collection and biomarker measurements
	2.3 | Image data acquisition and preprocessing
	2.4 | Self-reported dietary intake
	2.5 | Statistical analyses

	3 | RESULTS
	3.1 | Associations between selected RBC omega-3 and [18F]-FDG uptake in the Landau signature
	3.2 | Effect modification by APOE &#x03B5;4 status, sex, and AT grouping
	3.3 | Voxel-wise analyses
	3.4 | Associations with self-reported dietary data

	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


