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A B S T R A C T

Background: Research in the emerging field of nutritional cognitive neuroscience demonstrates that many aspects of nutrition—from entire
diets to specific nutrients—affect cognitive performance and brain health.
Objectives: Although previous research has primarily examined the bivariate relationship between nutrition and cognition or nutrition and
brain health, this study sought to investigate the joint relationship between these essential and interactive elements of human health.
Methods: We applied a state-of-the-art data fusion method, coupled matrix tensor factorization, to characterize the joint association be-
tween measures of nutrition (52 nutrient biomarkers), cognition (Wechsler Abbreviated Test of Intelligence and Wechsler Memory Scale),
and brain health (high-resolution MRI measures of structural brain volume) within a cross-sectional sample of 111 healthy older adults, with
an average age of 69.1 y, 62% being female, and an average body mass index of 26.0 kg/m2.
Results: Data fusion uncovered latent factors that capture the joint association between specific nutrient profiles, cognitive measures, and
cortical volumes, demonstrating the respects in which these health domains are coupled. A hierarchical cluster analysis further revealed
systematic differences between a subset of variables contributing to the underlying latent factors, providing evidence for multivariate
phenotypes that represent high and low levels of performance across multiple health domains. The primary features that distinguish be-
tween each phenotype were as follows: 1) nutrient biomarkers for monounsaturated and polyunsaturated fatty acids; 2) cognitive measures
of immediate, auditory, and delayed memory; and 3) brain volumes within frontal, temporal, and parietal cortexes.
Conclusions: By incorporating innovations in nutritional epidemiology (nutrient biomarker analysis), cognitive neuroscience (high-reso-
lution structural brain imaging), and statistics (data fusion), this study provides an interdisciplinary synthesis of methods that elucidate how
nutrition, cognition, and brain health are integrated through lifestyle choices that affect healthy aging.
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Introduction

One of the greatest scientific challenges of our time is to
reduce the incidence of age-related neurologic disease and the
burden of associated cognitive impairments on health decisions,
social function, and quality of life [1]. A central aim of this effort
is to examine modifiable risk factors and lifestyle choices, such as
diet and nutrition, which may have beneficial effects on brain
health and serve to guide public policy recommendations
regarding dietary choices that promote healthy brain aging.
Abbreviations used: CMTF, coupled matrix tensor factorization; NVCHi, nutrition,
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Despite the importance of this goal and promising evidence in
favor of specific nutrients for the promotion of brain health,
clinical trials examining nutritional supplementation have been
predominately unsuccessful [2–9].

Accumulating evidence suggests that this disconnect may be
explained by a focus on single nutrients and a failure to consider
the interactive action and metabolism of nutrient combinations
[10,11]. Historically, research in nutritional epidemiology has
investigated the beneficial effects of specific nutrients on human
health, aging, and disease. However, this single nutrient
approach is known to have several limitations [12]: 1) the failure
volume, cognition high group; NVCLo, nutrition, volume, cognition low group.
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TABLE 1
Participant demographics1

Demographic Values

Age (y) 69.1 � 3.18
Body mass index (kg/m2) 25.9 � 3.62
Females 62
Education
Some high school 1
High school degree 10
Some college 17
College degree 72

Income ($)
<15,000 1
15,001–25,000 4
25,001–$50,000 19
50,001–$75,000 22
75,001–$100,000 23
>100,000 31

Values are given as mean � SD or percentages.
1 Sample size is 111. Averages and percentages are

computed from the total sample size.
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to capture the interactive or synergistic effects among nutrients
found in dietary patterns; 2) the high level of intercorrelation
among nutrients (such as potassium and magnesium), which
may limit the ability to examine nutrients in isolation; 3) the
small effect sizes of single nutrients relative to the cumulative
effects of multiple nutrients in a dietary pattern; and 4) the as-
sociation of single nutrients with specific dietary patterns, which
may significantly influence health outcomes. These consider-
ations have led to an increasing emphasis in nutritional epide-
miology on characterizing dietary patterns and broadening the
scope of standard single nutrient approaches. Therefore, this
study sought to assess dietary intake based on a wide range of
nutrient biomarkers measured in blood plasma, such as carot-
enoids, vitamins, saturated and trans-fatty acids, and mono-
unsaturated and polyunsaturated fatty acids.

To investigate the role of nutrition on cognitive performance
and brain health, this study administered well-validated neuro-
psychologic tests of general intelligence and memory [13], in
addition to high-resolution MRI measures of structural brain
volume [14]. Although previous research has primarily exam-
ined bivariate associations between nutrition and cognitive
performance or nutrition and brain health [15], this study sought
to investigate the joint relationship between all 3 health do-
mains, enabling new insights into how nutrition, cognition, and
brain health are integrated through lifestyle decisions that affect
healthy aging. This novel approach is motivated by research in
the emerging field of nutritional cognitive neuroscience, which
seeks to understand nutrition’s effect on cognitive performance
and brain health across the lifespan [16].

Research in this burgeoning field demonstrates that nutrition
has pervasive effects on both cognition and brain health [10,11,
17], setting the stage for new methods to uncover multivariate
phenotypes of healthy brain aging derived from the joint analysis
of nutrient biomarkers, cognitive performance, and MRI mea-
sures of brain health. Motivated by these considerations, this
study sought to build multivariate phenotypes of healthy aging
through the application of a state-of-the-art data fusion method,
coupled matrix tensor factorization (CMTF [18]), within a large
sample of neurologically healthy older adults (n ¼ 111). By
incorporating innovations in nutritional epidemiology (nutrient
biomarker analysis), cognitive neuroscience (high-resolution
structural brain imaging), and statistics (data fusion), this study
enables an interdisciplinary synthesis of methods that elucidate
how nutrition, cognition, and brain health are integrated
through lifestyle choices that affect healthy aging.

Methods

Study participants
In total, 111 healthy older adults were recruited from the

Carle Foundation Hospital as study participants. Participant de-
mographics are reported in Table 1. This cross-sectional study
enrolled healthy elderly adults from the Illinois Brain Aging
Study cohort, a sample of community-dwelling Caucasian men
and women aged 65–75 y. The mean age of participants was 69 y
and 63% were women. Participants were neurologically healthy
and did not have evidence of cognitive impairment, as deter-
mined by a score of <26 on the mini-mental state examination.
Participants with mild cognitive impairment, dementia, a
2

psychiatric illness within the past 3 y, a stroke within the past 12
mo, cancer in the past 3 y, an inability to complete study activ-
ities, previous involvement in cognitive training or dietary
intervention studies, or contraindications for MRI examination
were excluded. All participants were right-handed with normal,
or corrected to normal, vision.

Protocol approval and participant consent
This study was approved by the University of Illinois Insti-

tutional Review Board and the Carle Hospital Institutional Re-
view Board, and in accordance with the stated guidelines, all
participants read and signed informed consent documents.

Nutrient biomarkers
Complete blood-based biomarker data were available for 52

dietary nutrients, which included carotenoids, vitamins, satu-
rated and trans-fatty acids, monounsaturated and poly-
unsaturated fatty acids. Plasma lipid concentrations were
measured with gas chromatography using flame ionization and
peaks of interest identified by comparison with authentic fatty
acid standards (the methods are detailed in [19], under the
Plasma Phospholipid Polyunsaturated Fatty Acid Acquisition
section). Ethylenediaminetetraacetic acid–treated plasma carot-
enoid and vitamin concentrations were analyzed using
high-performance liquid chromatography with a photodiode
array detector using ultraviolet detection [20]. Table 2 lists all 52
nutrients alongwith their samplemeans and standard deviations.

Cognitive assessment
Two well-validated cognitive batteries were administered to

assess cognitive performance: the Wechsler Abbreviated Scale of
Intelligence and the Wechsler Memory Scale. Descriptive statis-
tics for these tests are reported in Table 3. Moreover, a descrip-
tion of the types of items included in these test batteries is
presented in Supplemental Methods 1.

Structural MRI
Structural MRI data were acquired using a Siemens Magne-

tom 3 Tesla Trio scanner with a 32-channel head coil in the MRI



TABLE 2
Average plasma concentration for 52 nutrient biomarkers of 111
participants

Nutrient class Nutrient biomarker Mean � SD

Monounsaturated fatty acids
(μmol/L)

cis-7 Hexadecenoic acid
(16:1n-9)

4.08 � 1.05

Palmitoleic acid (16:1n-7) 16.2 � 7.35
Oleic acid (18:1n-9) 247 � 62.7
cis-Vaccenic acid (18:1n-
7)

36.1 � 8.73

Eicosenoic acid (20:1n-9) 3.65 � 1.02
Euricic acid (22:1n-9) 0.436 �

0.269
Nervonic acid (24:1n-9) 28.0 � 6.91

Polyunsaturated fatty acids
(μmol/L)

Linoleic acid (18:2n-6) 623 � 162
γ-Linolenic acid (18:3n-6) 2.80 � 1.61
Dihomolinoleic acid
(20:2n-6)

9.32 � 2.68

Dihomo-γ-linolenic
(20:3n-6)

73.1 � 26.1

Arachidonic acid (20:4n-
6)

311 � 78.5

Docosadienoic acid
(22:2n-6)

0.298 �
0.118

Adrenic acid (22:4n-6) 10.9 � 3.67
Docosapentanoic acid
(22:5n-6)

6.56 � 2.65

α-Linolenic acid (18:3n-3) 5.47 � 2.68
Stearidonic acid (18:4n-3) 2.41 �

0.881
Sciadonic acid (20:3n-3) 1.32 �

0.564
Eicosapentaenoic acid
(20:5n-3)

25.5 � 17.0

Docosapentaenoic acid
(22:5n-3)

23.5 � 7.10

Docosahexaenoic acid
(22:6n-3)

81.8 � 33.2

Saturated fatty acids (μmol/
L)

Capric acid (10:0) 0.128 �
0.132

Lauric acid (12:0) 1.33 �
0.957

Myristic acid (14:0) 12.8 � 4.73
Pentadecyclic acid (15:0) 6.45 � 1.71
Palmitic acid (16:0) 770 � 181
Stearic acid (18:0) 414 � 89.4
Arachidic acid (20:0) 10.3 � 2.16
Behenic acid (22:0) 30.7 � 7.34
Lignoceric acid (24:0) 20.3 � 5.48

Trans-fatty acids (μmol/L) trans-Palmiteloleic acid
(16:1n-9)

0.492 �
0.377

trans-Palmitoleate acid
(16:1n-7)

4.34 � 1.80

trans-Vaccenic acid
(18:1n-7)

5.07 � 2.44

trans-Eladidic acid (18:1n-
9)

4.38 � 2.27

Petroselaidic acid (18:1n-
12)

0.214 �
0.366

Linoelaidic (18:2T) 1.07 �
0.739

Conjugated linoleic acid
(18:2)

0.360 �
0.220

Carotenoids (nmol/L) α-Carotene 193 � 174
cis-13-β-Carotene 50.2 � 26.4
trans-β-Carotene 780 � 625
Cryptoxanthin 181 � 141
trans-Lutein 379 � 244
cis-Lutein 60.1 � 40.5

TABLE 2 (continued )

Nutrient class Nutrient biomarker Mean � SD

Zeaxanthin 86.3 � 68.9
Lycopene-9-cis 215 � 106
Lycopene-13-cis 423 � 219
trans-Lycopene 843 � 413

Vitamins (nmol/L) A1 (Retinol) 2870 � 902
K1 (Phylloquinone) 3.14 � 3.86
E (α-tocopherol) 44,400 �

18,500
E (γ-tocopherol) 5140 �

2800

TABLE 3
Average cognitive test scores for WASI and WMS of 111 participants

Test Score � SD

Verbal comprehension (WASI) 115 � 15
Perceptual reasoning (WASI) 113 � 13
Full scale IQ (WASI) 116 � 13
Auditory memory index (WMS) 49 � 9
Visual memory index (WMS) 24 � 4
Immediate memory index (WMS) 37 � 5
Delayed memory index (WMS) 36 � 6
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Laboratory of the Beckman Institute Biomedical Imaging Center
at the University of Illinois. A high-resolution multiecho T1-
weighted magnetization-prepared gradient-echo structural
image was acquired for each participant (0.9-mm isotropic;
repetition time: 1900 ms; inversion time: 900 ms; time to echo:
2.32 milliseconds, with generalized autocalibrating partially
parallel acquisitions and an acceleration factor of 2). A volu-
metric analysis involved cortical reconstruction with the Free-
Surfer image analysis suite (http://surfer.nmr.mgh.harvar
d.edu/). Volumes were estimated for the 68 gray matter re-
gions defined by the FreeSurfer Desikan-Killiany atlas [21]. Each
gray matter volume was also adjusted for the total intracranial
volume size to consider differences in head size. Table 4 iden-
tifies the 68 gray matter regions and corresponding sample
volumetric means and standard deviations.
Statistical methods
Data fusion: integrating nutritional, cognitive, and structural
MRI data

The common factor structure explaining variability in
nutrient biomarkers, cognitive performance, and structural brain
volume was determined using the CMTF data fusion method
[17]. CMTF was applied to derive the component factor matrices
for each mode [22]. The obtained factor matrices capture com-
mon sources of variation within the coupled data set and are
representative of the observed data in a low dimensional space.
Supplemental Methods 2 provides further detail regarding the
data fusion analysis.

Hierarchical clustering of fused data to identify population
subgroups

Hierarchical clustering of the CMTF results enabled the dis-
covery of statistical regularities among participants based on the
joint modeling of nutrition, cognition, and structural brain vol-
ume. A dissimilarity matrix based on Euclidean distance was
generated from the observed data for the subset of variables
contributing to the underlying latent factors obtained from

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/


TABLE 4
Average gray matter volumes (mm3) in the left and right hemispheres
of 111 participants

Region of interest (ROI) Left hemisphere �
SD

Right hemisphere �
SD

Bank superior temporal 2240 � 452 2170 � 393
Caudal anterior
cingulate

1770 � 431 2000 � 450

Caudal middle frontal 5800 � 1010 5410 � 975
Cuneus 2670 � 410 2820 � 483
Entorhinal 1790 � 380 1710 � 359
Frontal pole 801 � 177 1080 � 232
Fusiform 9240 � 1410 8950 � 140
Inferior parietal 11,300 � 1690 13,400 � 1680
Inferior temporal 10,100 � 1660 9710 � 1560
Insula 6410 � 687 6540 � 764
Isthmus cingulate 2460 � 424 2290 � 455
Lateral occipital 10,900 � 1540 10,800 � 1430
Lateral orbitofrontal 6810 � 798 6740 � 775
Lingual 6110 � 990 6160 � 837
Medial orbitofrontal 4690 � 679 4750 � 642
Middle temporal 9470 � 1470 10,800 � 1470
Paracentral 3150 � 521 3590 � 527
Parahippocampal 2060 � 336 1920 � 269
Pars opercularis 4260 � 649 3620 � 567
Pars orbitalis 2050 � 269 2430 � 335
Pars triangularis 3250 � 468 3790 � 674
Pericalcarine 1920 � 360 2140 � 378
Postcentral 9310 � 1160 8850 � 1140
Posterior cingulate 2840 � 455 2850 � 423
Precentral 12,400 � 1380 12,100 � 1330
Precuneus 8740 � 1090 9100 � 1100
Rostral anterior
cingulate

2600 � 480 2100 � 418

Rostral middle frontal 14,200 � 1830 14,600 � 2010
Superior frontal 20,000 � 2110 19,300 � 2180
Superior parietal 12,300 � 1360 12,500 � 1600
Superior temporal 10,800 � 1560 10,700 � 1420
Supramarginal 10,700 � 1500 9430 � 1440
Temporal pole 2430 � 382 2220 � 334
Transverse temporal 1080 � 213 827 � 167

TABLE 5
Cohen’s d effect sizes between groups for nutrients, ordered from the
largest to the smallest

Nutrient Nutrient category Cohen d

cis-7 Hexadecenoic acid Monounsaturated fatty acid 1.29
Stearic acid Saturated fatty acid 1.07
Oleic acid Monounsaturated fatty acid 1.04
Dihomo-γ-linolenic Polyunsaturated fatty acid 0.97
cis-Vaccenic acid Monounsaturated fatty acid 0.96
Eicosenoic acid Monounsaturated fatty acid 0.90
Palmitic acid Saturated fatty acid 0.88
Dihomolinoleic acid Polyunsaturated fatty acid 0.85
γ-Linolenic acid Polyunsaturated fatty acid 0.84
Stearidonic acid Polyunsaturated fatty acid 0.74
Linoleic acid Polyunsaturated fatty acid 0.74
Myristic acid Saturated fatty acid 0.70
Conjugated linoleic acid Trans-fatty acids 0.70
Palmitoleic acid Monounsaturated fatty acid 0.69
Docosapentaenoic acid Polyunsaturated fatty acid 0.68
Pentadecyclic acid Saturated fatty acid 0.66
Arachidonic acid Polyunsaturated fatty acid 0.61
trans-Palmitoleate acid Trans-fatty acids 0.60
Behenic acid Saturated fatty acid 0.57
Methyl linoelaidate Trans-fatty acids 0.54
trans-Vaccenic acid Trans-fatty acids 0.53
Lignoceric acid Saturated fatty acid 0.51
E (α-tocopherol) Vitamin 0.46
cis-Lutein Carotenoid 0.45
Eicosapentaenoic acid Polyunsaturated fatty acid 0.41
Docosadienoic acid Polyunsaturated fatty acid 0.40
Arachidic acid Saturated fatty acid 0.40
α-Linolenic acid Polyunsaturated fatty acid 0.40
Docosahexaenoic acid Polyunsaturated fatty acid 0.33
Sciadonic acid Polyunsaturated fatty acid 0.31
trans-Lutein Carotenoid 0.28
trans-Lycopene Carotenoid 0.26
Lycopene-9-cis Carotenoid 0.24
Zeaxanthin Carotenoid 0.21
Nervonic acid Monounsaturated fatty acid 0.16
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CMTF. Agglomerative hierarchical clustering, with complete
linkage, was applied to the dissimilarity matrix to identify pop-
ulation subgroups.

Cohen’s d effect sizes for phenotypes
Cohen’s d effect sizes of mean differences were computed

from the 2 groups determined by hierarchical clustering. The
Cohen’s d statistic is computed by taking the difference between
the means of each group and expressing it in standard deviation
units, with larger values reflecting a larger difference between
the 2 groups. The Cohen’s d effect sizes of 0.2 are small; 0.5
moderate; and >0.8 large. Cohen’s d effect sizes were computed
for nutrient levels and cognitive test scores, and volumetric
measures was conducted using the Cohen’s d measure [23].
Then, nutrients, cognitive tests, and structural brain volumes
that exhibited large effect size differences between clustered
groups were identified as distinct phenotypes.

Results

Data fusion
The fusion of nutritional, cognitive, and structural MRI data

using CMTF revealed underlying latent factors capturing
4

common patterns of variability for the 3 data domains. The
CMTFmodel fit was 91.2%with respect to the first component of
the derived latent factors and improved only slightly to 92.6%
and 93.5% for the second and third components, respectively.
Therefore, we selected the first latent component that accounted
for the largest variance within the fused data set to estimate
nutrient biomarkers, cognitive test scores, and volumetric mea-
sures. a Column-wise correlation was then performed between
the estimated and observed measures within each data domain
in order to identify the subset of nutrient biomarkers, cognitive
tests, and structural brain volumes, which contributed largely to
the first latent component (variable names in Tables 5–7).
Hierarchical clustering
Having identified the subset of nutrient biomarkers, cognitive

tests, and structural brain volumes (see step 7 in Supplemental
Methods 2), we then investigated whether these variables
differentiated the sample population into distinct subgroups
using hierarchical clustering. Two subgroups were identified
(Figure 1). One group demonstrated larger average nutrient
levels, cognitive scores, and brain volumes (labeled NVCHi for
nutrition, volume, cognition high group), whereas the other was



TABLE 6
Cohen’s d effect sizes between groups for brain volumes, ordered from
the largest to the smallest

Region of interest (ROI) Lobe Cohen d

Left precuneus Parietal 1.03
Right precuneus Parietal 0.98
Left paracentral Frontal/Parietal 0.97
Right superior temporal Temporal 0.96
Left superior parietal Parietal 0.90
Left rostral middle frontal Frontal 0.89
Right caudal anterior cingulate Frontal 0.88
Right insula Insular 0.87
Left caudal anterior cingulate Frontal 0.85
Left superior temporal Temporal 0.83
Left medial orbitofrontal Frontal 0.75
Right posterior cingulate Parietal 0.74
Left caudal anterior cingulate Frontal 0.73
Right pars opercularis Frontal 0.72
Right supramarginal Parietal 0.72
Left pars opercularis Frontal 0.71
Right superior parietal Parietal 0.70
Right inferior temporal Temporal 0.70
Left lateral orbitofrontal Frontal 0.70
Right middle temporal Temporal 0.69
Left inferior temporal Temporal 0.68
Left supramarginal Parietal 0.66
Right paracentral Frontal/Parietal 0.63
Right isthmus cingulate Parietal 0.62
Left insula Insular 0.62
Left precentral Frontal 0.61
Left transverse temporal Frontal 0.56
Right rostral middle frontal Frontal 0.56
Right caudal middle frontal Frontal 0.56
Left entorhinal Temporal 0.56
Left parahippocampal Temporal 0.56
Left caudal middle frontal Frontal 0.55
Right precentral Frontal 0.55
Left pars orbitalis Frontal 0.54
Right cuneus Parietal 0.54
Right superior frontal Frontal 0.53
Left lateral occipital Occipital 0.52
Left inferior parietal Parietal 0.52
Right lateral orbitofrontal Frontal 0.50
Left frontal pole Frontal 0.48
Right pars orbitalis Frontal 0.46
Left superior frontal Frontal 0.41
Right medial orbitofrontal Frontal 0.40
Right temporal pole Temporal 0.35
Right frontal pole Frontal 0.32
Left posterior cingulate Parietal 0.30
Right inferior parietal Parietal 0.29
Left temporal pole Temporal 0.24
Right parahippocampal Temporal 0.24

TABLE 7
Cohen’s d effect sizes between groups for cognitive scores, ordered
from the largest to the smallest

Cognitive test Domain Cohen d

Immediate memory index Immediate memory 0.92
Auditory memory index Auditory memory 0.85
Delayed memory index Delayed memory 0.83
Perceptual reasoning Fluid intelligence 0.65
Full scale IQ General intelligence 0.63
Visual memory index Visual memory 0.61
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lower on an average for the corresponding measures (labeled
NVCLo for nutrition, volume, cognition low group). Effect size
differences between the group means for nutrient levels, cogni-
tive test scores, and volumetric measures were computed using
Cohen’s d (Tables 5–7).

Large effect size differences (Cohen’s d > 0.8) were observed
for several nutrients. These nutrients fell into 3 categories,
namely, monounsaturated fatty acids (eicoenoic acid, cis-vac-
cenic acid, oleic acid, and cis-7 hexadecenoic acid), poly-
unsaturated fatty acids (γ-linolenic acid, dihomolinoleic acid,
and dihomo-γ-linolenic acid), and saturated fatty acids (palmitic
and stearic acids). The nutrient demonstrating the largest dif-
ference between the 2 groups was cis-7 hexadecenoic acid.

Regarding cognitive test scores, large effect size difference
was found for several measures of the Wechsler Memory Scale,
including the immediate, auditory, and delayed tests of memory
(Table 7). The analysis of structural MRI measures revealed large
effect size differences for 10 volumetric measures computed for
regions within the frontal (left rostral anterior cingulate, right
caudal anterior cingulate, and left rostral middle frontal), tem-
poral (left and right superior temporal gyri), parietal (left para-
central and left and right precuneus), and insular (right insula)
cortexes (Table 6). The largest difference in volumetric measure
between the 2 groups was found in the left precuneus. Figure 2
displays a surface brain map illustrating the effect size differ-
ences in volumetric measures across the different cortical re-
gions, with large differences colored in red.

Discussion

Accumulating evidence in the emerging field of nutritional
cognitive neuroscience demonstrates that many aspects of
nutrition—from entire diets to specific nutrients—affect cogni-
tive performance and brain health [16]. Although prior research
has primarily focused on the bivariate relationship between
nutrition and cognition or nutrition and brain health [15], this
study sought to investigate the joint relationship between these
essential and interactive elements of human health.

We used a state-of-the-art data fusion method, CMTF, which
has been previously used and validated on multimodal data sets
[15]. In this study, we characterized the joint association be-
tween measures of nutrition (52 nutrient biomarkers), cognition
(Wechsler Abbreviated Test of Intelligence and Wechsler Mem-
ory Scale), and brain health (high-resolution MRI measures of
structural brain volume) within a sample of 111 healthy older
adults. Data fusion uncovered latent factors that capture the joint
association between specific nutrient profiles, cognitive mea-
sures, and cortical volumes, demonstrating the respects in which
these data domains are coupled. A hierarchical cluster analysis
further revealed systematic differences between the subset of
variables contributing largely to the first latent constuct derived
from CMTF, providing evidence for multivariate phenotypes that
represent high and low levels of performance across multiple
health domains. The primary features that distinguish between
each phenotype were as follows: 1) nutrient biomarkers for
monounsaturated and polyunsaturated fatty acids; 2) cognitive
measures of immediate, auditory, and delayed memory; and 3)
brain volumes within frontal, temporal, and parietal cortexes.
We review each phenotypic pattern in detail further.



FIGURE 1. Hierarchical clustering reveals 2 subgroups: NVCLo stands for nutrient, volume, cognition, low group (red, left side of dendrogram)
and NVCHi stands for nutrient, volume, cognition high group (blue, right side of dendrogram).

FIGURE 2. A cortical surface map showing Cohen’s d effect size differences in structural brain volumetric measures between the 2 groups, NVCLo

and NVCHi. (A) The left hemisphere medial view; (B) the left hemisphere lateral view; (C) the right hemisphere medial view; and (D) the right
hemisphere lateral view. The color map shows the effect size ranging from 0 (blue) to 1 (red). NVCHi, nutrition, volume, cognition high group;
NVCLo, nutrition, volume, cognition low group; RH, right hemisphere.
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Phenotypic patterns revealed from the nutrient
biomarker analysis

Multiple nutrients from the monounsaturated and poly-
unsaturated fatty acid categories displayed large effects size
differences between each phenotype. Among the mono-
unsaturated fatty acids, cis-7 hexadecenoic acid, oleic acid, cis-
6

vaccenic acid, and eicosenoic acid concentrations were higher in
the NVCHi group than those in the NVCLo group. These nutrients
belong to the ω-9 (n-9; cis-7 hexadecenoic acid, oleic acid, and
eicosenoic acid) and the ω-7 (cis-vaccenic acid) mono-
unsaturated fatty acid class. ω-9 Fatty acids have been shown to
exert neuroprotective properties and reduce age-related
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cognitive decline [24,25]. Previous research in animals indicated
that ω-9 fatty acids can inhibit development of Аβ peptides and
amyloid plaques implicated in Alzheimer disease [26]. On the
contrary, ω-7 fatty acids confer beneficial effect on brain function
through regulation of brain glucose metabolism [27,28].

The NVCHi group also demonstrated higher concentrations
of several polyunsaturated fatty acids than the NVCLo group
(γ-linolenic acid, dihomolinoleic acid, and dihomo-γ-linolenic).
These nutrients belong to the ω-6 polyunsaturated fatty acid
category, which play an important role in neurotransmission
and synaptogenesis [29]. Recent studies have linked ω-6 fatty
acids to memory function in older adults [30] and the ratio of
ω-6:ω-3 fatty acids with working memory and executive func-
tions (e.g., planning and problem-solving skills in young chil-
dren [31]).

Two saturated fatty acids (palmitic and stearic acids) were
also found to be higher in concentration in the NVCHi group than
those in the NVCLo group. Although saturated fatty acids have
been generally linked to poor brain health and cognitive func-
tions [32–34], recent studies have shown that these nutrients in
appropriate quantities are beneficial for brain health. For
example, Martin et al. [35] observed that membrane structures
associated with cell signaling in the human prefrontal cortex
comprised largely palmitic and stearic acids. In addition, stearic
acid is involved in the biosynthesis of oleic acid, which is known
to promote axonogenesis in the striatum during brain develop-
ment [36].

Phenotypic patterns revealed from cognitive
assessments

Multiple cognitive measures demonstrated large effect size
differences between each phenotype, such as performance on the
immediate, auditory, and delayed tests of memory from the
Wechsler Memory Scale. The NVCHi group showed higher scores
on all 3 tests of memory. Previous studies have indicated that
memory function is significantly affected by age-related cogni-
tive decline [37,38]. In particular, working memory and episodic
memory functions can decline owing to normal aging [39,40].
The large effect size differences between the NVCLo and NVCHi
groups on the tests of memory motivates further research to
examine their role as predictors of intervention efficacy in
studies designed to enhance nutrition, cognition, and brain
health.

Phenotypic patterns revealed from structural brain
imaging

Multiple brain areas demonstrated large effect size differ-
ences between each phenotype, such as regions in frontal, tem-
poral, parietal, and insular cortexes. These regions are known to
play central roles in executive function (frontal cortex), memory
(frontal and temporal cortexes), attention (frontal and parietal
cortexes), and emotion (insular cortex). In particular, frontal
lobe regions, such as the left rostral and caudal anterior cingulate
cortex, showed higher volumetric measures in the NVCHi group
than those in the NVCLo group (Figure 1). The anterior cingulate
cortex has been implicated in executive control processes such as
conflict detection, performance monitoring, and response selec-
tion [41,42]. Moreover, this region is known to support mech-
anisms of attention and reward-based learning [43,44]. The
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NVCHi group also demonstrated a higher volumetric measure in
the rostral middle frontal gyrus than the NVCLo group. This re-
gion is part of the dorsolateral prefrontal cortex and is critical for
executive function, such as cognitive control and working
memory [45,46].

Temporal lobe structures, such as left and right superior
temporal gyri, were larger in volume for the NVCHi group than
that in the NVCLo group. The left superior temporal gyrus is
involved in language processing and auditory short-term mem-
ory, whereas the right superior temporal gyrus in known to
contribute to spatial attention [47–49].

In the case of the parietal lobe, the left superior parietal
lobule, the left and right precuneus, and the left paracentral
lobule were larger in volume for the NVCHi group than those in
the NVCLo group. The superior parietal lobule is known to play
an important role in visuospatial and attentional processing [50].
This region has been also linked to manipulating information in
working memory [51]. On the contrary, the precuneus is known
to support memory (e.g., episodic memory retrieval) and atten-
tion (e.g., orientation and shifting), in addition to core visual
processes [52,53]. The paracentral lobule is known to support
somatosensory function but is also implicated in attention [54].
Regarding the insular cortex, the NVCHi group recorded a larger
volumetric measure in this region than the NVCLo group. The
insula is a cortical center of visceral information processing and
interoception and plays a crucial role in emotional experience
and subjective feelings [55].

Importantly, several of the brain regions identified in this work
are known to exhibit significant age-related cortical atrophy. Gray
matter loss with age has been observed in regions such as the
anterior cingulate cortex and the rostral middle frontal gyrus [56,
57]. Additional studies have reported age-related decline in vol-
umes within the superior temporal gyrus, inferior parietal lobule,
and precuneus [58,59]. Hence, in this study, the brain regions
demonstrating large differences in cortical volume between phe-
notypes included areas that demonstrate significant age-related
cortical atrophy—providing evidence to support the relevance
of this work to the study of healthy cognitive and brain aging.

We focused on plasma nutrients because of the need to un-
derstand MRI measures of brain health. Blood-based nutritional
biomarkers were selected for the analysis in this study because it
is necessary for nutrients to pass through the blood–brain barrier
[60]. Moreover, several fatty acids and vitamins included in this
analysis are known to cross the blood–brain barrier and affect
brain and cognitive function [61]. Studies have shown a close
correspondence between nutrients measured from diet history
questionnaires and blood biomarkers [62]. Nonetheless, future
research should examine the role of the fatty acids and vitamins
selected in our study in the context of diet and nutritional rec-
ommendations. To this end, Tables 5–7 provide Cohen's d effect
size estimates, which can be used for sample size calculations in
future nutritional cognitive neuroscience studies.

Limitations

Although this study represents one of the largest and most
comprehensive investigations of nutrient biomarkers, cognitive
function, and structural brain volumes in older adults, it is
important to present our findings in the light of several
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limitations. First, the novel application of data fusion methods in
this study (CMTF) should be further tested and validated within
the field of nutritional cognitive neuroscience. Further research
to examine the generalizability of our findings should be con-
ducted, applying similar methods in the context of more
comprehensive nutrient biomarker assays and in more diverse
populations. Second, the nutrient biomarkers in this study were
selected from previous research providing evidence of their
favorable effects on brain and cognition [16]. However, the se-
lection of nutrients is not comprehensive and, therefore, may
omit important elements that contribute to healthy brain aging.
Third, these findings do not permit inferences about the causal
role of nutrient biomarkers on cognitive performance and brain
health. Future studies should investigate intervention effects on
the nutrient phenotypes from this study for the promotion of
cognitive performance and brain health. Fourth, our sample
population represents relatively high performing, well-educated,
neurologically healthy older adults. Therefore, these character-
istics may limit the generalizability of findings to different, more
diverse study populations. Thus, it is important for future
research to further test and validate the novel methods used in
this study, applying a broader range of nutrient biomarkers,
cognitive measures, and neuroscience methods within more
diverse populations. Finally, some of the nutrient biomarkers
measured in Table 2 showed lower serum concentrations. Future
research will need to determine the significance of these bio-
markers for brain and cognitive functioning.

In conclusion, this study identified novel multivariate phe-
notypes that are associated with healthy cognitive aging,
contributing to the burgeoning literature in nutritional epide-
miology and network neuroscience that aims to advance the
development of novel nutritional therapies for the targeted
treatment and clinical management of cognitive and neuro-
logical impairments in the aging brain. Our findings demon-
strate that multivariate phenotypes comprised nutrient
biomarkers, cognitive performance measures, and structural
brain volumes account for a significant proportion of variance
in healthy aging and motivate an interdisciplinary approach
that applies methods from nutritional epidemiology (nutrient
biomarker analysis), cognitive neuroscience (high-resolution
structural brain imaging), and statistics (data fusion) to char-
acterize the effect of nutrition on human health, aging, and
disease.
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