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ASSOCIATIONS OF DIETARY CHOLINE, LUTEIN AND ZEAXANTHIN WITH
COGNITIVE FUNCTION IN THE FRAMINGHAM OFFSPRING STUDY
YIFEI CAl
ABSTRACT

Background: With the rapid aging of populations worldwide, cognitive impairment—
including mild cognitive impairment (MCI) and dementia—has emerged as a significant
public health concern. Nutritional factors such as choline, lutein, and zeaxanthin have
been suggested to play a role in cognitive aging, but their long-term effects remain

underexplored.

Objectives: This study aimed to investigate the prospective associations between dietary
intake of choline, lutein, and zeaxanthin and cognitive functioning, including measures of
verbal and visual memory, verbal learning, attention and concentration, executive
function, abstract reasoning, language, reading, visual-perceptual skills, and global
cognitive function among women and men in the Framingham Offspring Study (FOS). In
secondary analyses, we also evaluated prospective associations of dietary choline, lutein
and zeaxanthin with repeated measures of cognitive function in the FOS. Lastly, we
evaluated prospective associations of dietary choline, lutein and zeaxanthin with risk of

incident dementia in the FOS.

Vi



Methods: In this prospective cohort study, | analyzed dietary intake data obtained from
three-day diet records and neuropsychological test scores in the FOS. Multivariable
analysis of covariance models was employed to evaluate the associations between
categories of nutrient intake and cognitive performance while adjusting for confounders.
The median score value within three categories of choline and lutein and zeaxanthin was
used in linear regression models to test for linear trend. We also use linear mixed models
to test repeated measures of cognitive outcomes associated with choline, lutein and
zeaxanthin. Lastly, logistic regression models were used to estimate relative odds of
developing dementia. All models were adjusted for age and sex. Potential confounders
were evaluated based on their impact on the age- and sex- adjusted parameter estimates.
We retained those variables in the model that changed the parameter estimates by

approximately 10% or more.

Results: Higher dietary intake of choline, lutein, and zeaxanthin were associated with
better overall cognitive performance using a global cognitive function score. In addition,
choline, lutein and zeaxanthin were positively associated with better visual memory and
abstract reasoning. Lutein and zeaxanthin intake were more modestly associated with
better attention and concentration, language, visuo-perceptual organization and
premorbid educational achievement. Participants with moderate or higher intakes of
choline, lutein and zeaxanthin (vs. lower) retained better global cognitive function over
time. Lastly, higher dietary (vs. lower) choline intake was associated with lower odds of

incident dementia.
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Conclusion: The findings support the hypothesis that higher dietary intake of choline,
lutein, and zeaxanthin may contribute to better cognitive function in aging populations.
These results highlight the importance of dietary interventions in mitigating cognitive

decline and suggest the need for further randomized trials to confirm these associations.
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INTRODUCTION

Spectrum of cognitive deterioration
With rapid aging of populations worldwide, cognitive impairment, especially Mild
Cognitive Impairment (MCI) and dementia, have emerged as major public health®. In the
United States, Alzheimer's dementia (AD) affects around 6.5 million Americans aged 65
and older. Globally, based on the World Health Organization (WHO, 2021)? by the year
2050, dementia is projected to impact approximately 152 million individuals worldwide,
creating significant socioeconomic and healthcare challenges. In addition to the high
prevalence and public health impact of dementia, approximately 12% to 18% of people age
60 or older are living with MCI® Combined, these conditions represent a growing public

health concern as the U.S. population continues to age.

Types of cognitive decline
Aging-related cognitive decline, MCI, dementia, and AD are interconnected in a
continuum of cognitive health. While aging-related cognitive decline represents the
baseline changes expected with aging*, MCI is a preclinical, transitional stage between
healthy aging and dementia®. Dementia signifies a later stage of cognitive decline, with

AD being the most common type.

Some cognitive functions, such as certain numerical skills and general knowledge,
experience little decline with age. However, other mental abilities begin to deteriorate
from middle age or even earlier®. These include memory, executive functions, processing

speed, and reasoning—abilities collectively referred to as 'fluid’ cognitive skills. Fluid



intelligence refers to the capacity for abstract thinking, rapid reasoning, and problem-
solving without relying on prior knowledge’. These fluid abilities are crucial for

performing daily tasks, maintaining independence, and leading a fulfilling life.
Mild cognitive impairment

The National Institute on Aging describes MCI as a condition in which individuals
experience greater memory or thinking problems than is typical for their age, but these
issues do not substantially interfere with daily life. Symptoms may include losing things
often, missing appointments, or struggling to recall words. The National Institute on
Aging emphasizes that MCI can increase the risk of developing AD or other forms of
dementia, though it does not always lead to these conditions®. About 15% of MCI cases
may proceed to dementia after two years °, while one-third of cases proceed to dementia
after five years'®. As a result, not all individuals with MCI develop dementia; some may
even regain normal cognitive function. For example, one study found that 15% of MCI

patients recovered normal cognition after a follow-up of 11 years'?.
Dementia

Dementia is a neurological disorder that leads to deterioration across various cognitive
domains, accompanied by functional impairments. Over time, individuals affected by
dementia gradually lose their independence and become unable to conduct routine
activities of daily living. The WHO describes dementia as a syndrome marked by

cognitive decline exceeding the typical effects of aging. This decline affects memory,



reasoning, orientation, comprehension, calculation, learning ability, language, and

judgment, while consciousness remains unaffected*?,

Adopting a healthy lifestyle can help slow the progression of MCI to dementia. Aerobic
exercise is particularly beneficial, as it enhances neuroplasticity and improves vascular
health, thereby supporting cognitive function®. Consuming a nutrient-rich diet, for
example, Mediterranean or DASH diet, which emphasizes whole grains, fruits,
vegetables, and healthy fats, is also linked to a reduced rate of cognitive decline*1°,
Additionally, engaging in intellectually stimulating pursuits like solving puzzles, reading,
or acquiring new skills fosters cognitive resilience!®, a concept that refers to the brain’s
ability to resist the adverse effects of cognitive decline’. Those individuals with higher
cognitive resilience may not progress to dementia despite the presence of cognitive
impairment. Social interaction contributes significantly to cognitive resilience, as active
participation in community activities promotes emotional stability and mental well-being,
highlighting the significance of comprehensive lifestyle changes in preserving cognitive
health'®°, Nutrition has also been shown to benefit cognition and it is possible that it

may play a role in promoting resilience®.
Alzheimer's disease (AD)

AD is the most common form of dementia linked to aging and is classified as a
degenerative disorder?t. The key pathological features of AD involve the accumulation of
amyloid in certain regions of the brain, forming amyloid plaques, along with the presence

of extracellular amyloid plaques and intracellular misfolded tau proteins, which lead to



the formation of neurofibrillary tangles?®?3. As the lesions expand to other parts of the
brain, the symptoms progress beyond simple forgetfulness to impair additional cognitive

domains.

The National Institute on Aging and the Alzheimer’s Association in 2024 defined the
condition through its biological markers, emphasizing the use of blood-based biomarkers,
imaging techniques like PET scans, and cerebrospinal fluid analysis to identify amyloid
beta and tau proteins. The framework adopts a comprehensive staging system that
combines biomarker findings with clinical evaluations and accounts for factors such as
comorbidities, cognitive resilience, and individual variability, offering a thorough

approach to diagnosing and managing AD?,
Aging-related cognitive function decline

Aging process in the human brain

In humans, the aging process is characterized by distinct structural and
neurophysiological modifications in the brain, coupled with differing degrees of
cognitive decline?® Advances in functional brain imaging have offered a detailed
perspective on neural activity and its transformation over time (Figurel). These studies
have demonstrated that the interaction between distinct brain regions involved in higher-
order cognitive functions becomes less coordinated as people age, leading to a global
decline in integrative functioning?®. Notably, this decreased synchronization of brain

activity is linked to poorer performance across multiple cognitive domains?. Moreover,



neural activity in certain brain areas, particularly the prefrontal cortex, becomes less
localized in older adults when engaging in tasks that require executive functioning®?’. In
contrast, younger adults tend to engage more specific brain parts for the identical tasks
and show stronger integration between these regions. Interestingly, older adults who
exhibit more diffuse brain activity tend to perform better cognitively compared to those
with more localized activity, suggesting that this delocalization may serve as a
compensatory mechanism?®, These findings indicate that the brain’s systems-level

functioning undergoes significant changes during normal aging, even without disease.

The deterioration of higher-order brain systems with age may be partially attributed to the
breakdown of myelinated fibers, which play a crucial role in enabling communication
between neurons across various cortical regions?®. While neuronal loss remains minimal
in most cortical regions of a typically aging brain, alterations in synaptic physiology
may contribute to impaired connectivity and reduced integrative function. Research on
the prefrontal cortex of both humans and rhesus macaques shows a marked age-related
downregulation of genes involved in GABA (y-aminobutyric acid)-mediated inhibitory
neurotransmission®C. This alteration could disrupt the equilibrium between inhibitory and
excitatory signals, potentially leading to heightened neural activity in the prefrontal
cortex of older individuals®. Although this increase in activity may initially serve as a
compensatory mechanism, it could also predispose individuals to excitotoxicity and

neurodegenerative diseases over time*.
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Figurel: Altered functional activation of brain systems during brain ageing?®2%,

a Top: Functional magnetic resonance imaging (fMRI) scans illustrate that in young
adults, the medial prefrontal cortex (mPFC), posterior cingulate (pC), and lateral parietal
cortex (LP) exhibit synchronized activation. However, this temporal coordination is
significantly diminished in older individuals?®. Bottom: Theoretical models suggest that
strong connectivity between the mPFC, pC, and LP facilitates coordinated activation in
younger brains. In contrast, reduced connectivity between these regions may contribute to
the disrupted coordination observed in aging brains. (Images courtesy of C. Koch,
California Institute of Technology, Pasadena.) b, Positron emission tomography (PET)
scans indicate that younger individuals performing a memory task predominantly show
right-lateralized activation in the prefrontal cortex (PFC). Among older adults, those with
lower task performance also exhibit right-lateralized activation. However, older
individuals with better performance display bilateral activation, suggesting that recruiting
additional brain regions may serve as a compensatory mechanism for age-related
functional decline in primary cognitive processing areas?®.(Figure and legend adapted
from Roberto,2002 and Andrews, 2007).

Genetic contributions to cognitive aging

Research on heritability, based on twin studies and data from families with adopted
children, suggests that approximately 50% of general cognitive ability is influenced by

genetic factors. This heritability appears to increase from childhood through adulthood



and continues into old age. Evidence suggests that genetics contribute not only to overall

intelligence across the lifespan but also to cognitive decline associated with aging®-%.

Research on candidate genes has explored the links between specific genetic variations
and cognitive decline with aging. These genes include those previously linked to
cognitive function and longevity®2. Although numerous associations between candidate
genes and cognitive aging have been identified, the gene encoding apolipoprotein E
(APOE) stands out as one of the few consistently replicated across multiple studies3.
Among individuals experiencing normal cognitive aging, those who carry the E4 allele of

the APOE gene tend to exhibit slightly worse performance in overall cognitive ability®*.
Cardiovascular disease and cognitive decline

The brain and circulatory system share a delicate relationship that, when disrupted by
vascular disease, can impair normal brain function®®. Various neurological symptoms can
arise from either temporary or permanent interruptions in blood flow to the brain. After
an acute ischemic stroke, often resulting from large-artery atherosclerosis, long-term
sensorimotor and behavioral disabilities are commonly observed®. A single large brain
infarct, or multiple infarcts, increases the likelihood of cognitive decline, a condition
known as multi-infarct dementia. Even without developing dementia, stroke survivors

typically perform worse on cognitive tests compared to healthy individuals®”.



Inflammation and cognitive aging

Neuroinflammation refers to a multifaceted series of cellular and molecular events within
the brain, where immune cells play a pivotal role in both its initiation and
progression®®*%4° Cognitive aging is a complex process, involving several key biological
mechanisms. In this context, Tangestani Fard et al. have identified three primary
processes that potentially elucidate cognitive aging: immunosenescence, vascular aging,
and brain aging*!. This model highlights how these processes share common pathological

features (Figure 2)*.

Immunoscenecence ———> Vascularaging —————> Brain aging ——> C:gnll_tive
ecline
Oxidative stress Oxidative stress Oxidative stress
Inflamm-aging Vascular inflammation Neuroinflammation
v v Jr
POCD Vascular dementia Alzheimer’s disease
Pathophysiology sequence

~
>

Figure 2: Immunosenescence, vascular aging, brain aging in association with cognitive
decline, a suggested model of underlying mechanism. (Figure from Tangestani, 2019) ** .



Pharmacotherapy

There are limited pharmacological options available for reducing amyloid levels and
alleviating symptoms in individuals with dementia. For example, Aducanumab has been
shown to reduce amyloid plaques and slightly improve symptoms, while Donepezil is
used to treat memory and cognitive difficulties in moderate-to-severe dementia®>*,
However, its clinical benefits remain a topic of debate. Notably, aducanumab has been
associated with significant adverse effects, including amyloid-related imaging
abnormalities, which encompass brain swelling and microhemorrhages. Patients may also
experience headaches and an increased risk of falls** . Given these limitations, there has
been a growing interest in alternative strategies, particularly lifestyle changes*>“. Among
these, dietary supplements have gained considerable attention for their potential to not
only slow the progression from MCI to dementia but also delay the onset of Alzheimer’s

disease?’ .
Modifiable risk factors for cognitive decline

The influence of diet and lifestyle factors on brain aging has become an area of
increasing interest within scientific research. According to the World Dementia Council,
there is enough data to suggest a relationship between many modifiable risk factors and a
lower chance of cognitive decline®®. Specifically, the influence of diet and lifestyle
factors on brain aging has become an area of increasing interest within scientific research.
Emerging evidence indicates that dietary improvements in older adults may contribute to

delaying the onset or mitigating the progression of cognitive decline associated with
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aging. For example, a calorie-restricted diet for three months was found to significantly
improve memory performance in a prospective interventional study of healthy, normal-
to-overweight senior participants*®. This enhancement in memory may be attributed to
increased insulin sensitivity resulting from calorie restriction, which in turn enhances

insulin signaling in the brain®°.

Additionally, current investigations primarily emphasize the impact of specific nutrients
and overall dietary patterns in this context. Several studies highlight the significance of a
diet rich in B-vitamins, antioxidants, and omega-3 fatty acids in maintaining cognitive
health. B-vitamins, especially B12, B6, and folate (B9), are necessary for maintaining
normal brain functions and memory. Epidemiological evidence suggests that these
vitamins have a protective effect on cognitive performance®. Cross-sectional studies
have provided evidence of a positive relationship between antioxidant levels and
cognitive performance in older adults®. Beyond antioxidant vitamins, certain fruits and
vegetables, such as berries, are rich in plant polyphenols—Dbioactive compounds believed
to have positive impacts by changing neural transmission and stress signaling, thereby
enhancing their functional capacity during the aging process®>*. Omega-3 fatty acids,
particularly docosahexaenoic acid (DHA), are abundant in the brain. Regular
consumption of oily fish rich in omega-3s in older adults has been linked with a reduced

risk of cognitive impairment and dementia®®.

The complexity of nutrient interactions must be acknowledged, as dietary intake is

influenced by both macronutrients and micronutrients®*. Consequently, some research has
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shifted toward examining the impact of overall dietary patterns. The Mediterranean diet
is distinguished by a high intake of unrefined cereals, fruits, vegetables, legumes, and
olive oil, moderate consumption of dairy products and alcohol, and a low intake of
meat®®. Following a Mediterranean-style diet has been linked to a lower risk of
developing various chronic diseases®’. Its protective effects are thought to arise from the
combined benefits of monounsaturated fatty acids and polyphenols in olive oil,
polyunsaturated fatty acids from fish, and antioxidants from fruits, vegetables, and
wine®. In contrast, diets high in added-sugar, cholesterol, and trans fats have been

associated with worse cognitive performances in aging populations®®.

In addition to diet, other lifestyle factors such as smoking and alcohol consumption play a
role in cognitive aging®®®. Evidence increasingly suggests that light-to-moderate alcohol
intake in adults is associated with better cognitive outcome compared to both abstinence
and heavy drinking ,and may provide a protective effect against cognitive decline®.,
Conversely, smoking is a major risk factor for cognitive impairment, primarily through

its harmful impact on vascular health. A dose-response relationship has been observed
between the amount of cigarettes smoked through a lifetime and the degree of cognitive

decline®.
Choline, lutein and zeaxanthin

Among dietary factors, another area of interest relates to egg consumption and its
possible influence on cognitive outcomes among adults. Several studies found that eating

more eggs was related with improved performance on some cognitive tests and a lower
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risk of dementia®®%. Eggs are the main source of choline, lutein and zeaxanthin, all of
which have been linked with alterations in human cognitive performance®-%. As the role
of these nutrients in cognitive function became evident, researchers began focusing on
dietary sources of these compounds, prompting investigations into the impact of egg
consumption on cognitive health. This growing body of evidence underscores the
significance of further exploring the association between egg intake and cognitive
outcomes, with focuses on choline, lutein and zeaxanthin, which are the primary nutrients

of interest in this study.
Recommended intake values for choline, lutein and zeaxanthin

In 1998, the U.S. Institute of Medicine's Food and Nutrition Board set both an Adequate
Intake (Al) and a tolerable Upper Limit (UL) for choline . The recommended Al is 425
mg per day for women and 550 mg per day for men, with higher amounts suggested for
pregnant and breastfeeding women. For infants, the Al is based on estimated choline
intake from breast milk. While there are no official recommended dietary intake levels
for lutein and zeaxanthin’, a study published in 1994 proposed an intake of 6 mg per day

as a potential dietary target to help lower the risk of age-related macular degeneration’.
Sources of choline, lutein, and zeaxanthin

Choline and its esters are prevalent across various food sources, though animal-based
products generally provide higher concentrations per unit weight compared to plant-based

foods. Excellent dietary sources of choline include eggs, meat, fish, and milk, alongside
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certain plant foods like cruciferous vegetables and some legumes, all of which offer at
least 10% of the daily recommended intake per serving’. Dietary choline intake varies
significantly, with national surveys indicating that only 11% of U.S. adults meet the Al
level for choline”. Additionally, foods often contain the choline metabolite betaine’?,
while not convertible into choline, functions as a methyl donor and can reduce the body's
need for choline. Plant-based foods, particularly grains, are rich in betaine.
Furthermore, many processed foods include lecithin (phosphatidylcholine), which boosts
overall choline consumption’. However, most commercially available multivitamin
supplements, including those for prenatal use, either lack choline or include it in minimal

amounts (25-50 mg)’4.

Lutein and zeaxanthin are the most abundant xanthophylls found in green leafy
vegetables such as kale, spinach, and broccoli, as well as in egg yolks™. The lutein-to-
zeaxanthin ratio in green vegetables typically ranges from 12 to 63, with kale having the
highest ratio, while in yellow-orange fruits and vegetables, this ratio ranges between 0.1
and 1.4, Egg yolks are a superior source of these nutrients compared to fruits and
vegetables due to their enhanced bioavailability, attributed to the digestible lipid matrix
of the yolk””. Egg yolks contain approximately 292 + 117 g if lutein and 213 + 85 pg if
zeaxanthin in an average yolk weighing 17-19 g®. These levels are likely influenced by

the chicken’s feed and are mainly present in non-esterified form?®,
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Choline, lutein and zeaxanthin and cognitive function decline

Accumulating evidence shows that oxidative and inflammatory damage contribute to the
progress of AD and age-related cognitive decline’®®. In our knowledge, if increases in
sensitivity to oxidative stress and inflammation in the aging brain cause cognitive
deficits, interventions with antioxidants and anti-inflammatory agents may delay the
extent of oxidative damage to neural tissues, potentially slowing cognitive decline and

the development of neurologic diseases®.

Lutein and zeaxanthin are among the most abundant carotenoids in human brain tissue®®.
Previous studies demonstrate that the xanthophyll carotenoids act as both antioxidants
and anti-inflammatory agents®?, consuming these nutrients may benefit cognitive health.
One double-blind, randomized, placebo-controlled trial conducted by Hammona et al.
8concludes that older adults receiving the active lutein and zeaxanthin supplement had
statistically significant improvements in attention and cognitive flexibility domains (p <
0.05), relative to participants taking the placebo. Although the molecular basis of lutein
and zeaxanthin's neuroprotective effects is unknown, several mechanisms have been
discussed, including reduced oxidative stress, activation of anti-inflammatory
pathways®®, and modulation of synaptic membrane functional properties, as well as

changes in their structural features®.

Additionally, choline is a vital nutrient affects brain functions in early life. However,
there is limited data supporting its possible neuroprotective effects in later 1ife®®. Some

investigators offer a prospective analysis in middle- and older-aged men with a follow-up
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of more than two decades, demonstrating that dietary intake of choline was related with
improved function in cognitive tests assessing verbal fluency and memory®’. One
proposed explanation by Blusztajn et al. for the effect of contemporaneous choline intake
on adult cognition is that it acts as a precursor to the phospholipid phosphatidylcholine ,
which is a major component of all biological membranes, including those in neurons
cells®® However, another more recent study in a sample of older adults 60 years + from
the National Health and Nutrition Examination Survey shows neither the total choline
intake nor the average daily dietary intake was associated with changes in cognitive test

scores®®,

Data from the Framingham Offspring Cohort (FOS) in 2011 revealed positive cross-
sectional associations between dietary choline intake and both visual and verbal memory,
as assessed through Food Frequency Questionnaire (FFQ). In this study, We proposed to
use food records since food records often provide more accurate nutrient intake data®®
and take advantages of the repeated measures of cognitive function over the follow-up of
FOS. Also, in our prospective study, researchers were allowed to observe the temporal

sequence between exposure (e.g., nutrient intake) and outcome (e.g., cognitive decline).
Purpose and aims of this study

Since aging-related cognitive decline has been linked with oxidative stress and
inflammation, it is possible that dietary choline, lutein, and zeaxanthin may benefit
cognitive function during the aging process. Overall, given the gaps in evidence and

inconsistent results from previous studies, here, we aimed to prospectively evaluate
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associations between intakes of dietary choline as well as lutein and zeaxanthin and
cognitive function, including measures of verbal and visual memory, verbal learning,
attention and concentration, executive function, abstract reasoning, language, reading,

visual-perceptual skills and global cognitive function among women and men in the FOS.

METHODS

Study population and timeframe

The Framingham Offspring Cohort, established in 1971 with 5,124 participants, has been
monitored for over 40 years. Participants attended clinic visits every four years, where
data on demographics, lifestyle, physical measurements, blood pressure, and medical
history updates were collected. Dietary data was recorded using three-day diet record
during exams 3 and 5, setting exam 5 as the baseline for dietary analyses.
Neuropsychological (NP) testing was introduced in exam 5, with most participants
completing their initial tests by exam 7. Testing intervals were generally 4-6 years but

individuals with potential cognitive impairment were tested every 1-2 years.

As shown in Figure 3 the NP testing and the cohort examination cycles were not
conducted concurrently, therefore, we included individuals who had their first NP testing
within 2 SD (1 SD=8.34) years away from the time of the final dietary assessment at
exam 5. In this study, we excluded participants with dietary data or extremes of energy
intake (<1,000 kcals/day or >3,500 kcals/day for females; <1,200 kcals/day or >4,000

kcals/day for males) as has been previously done in this cohort. We excluded those who
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had missing NP testing data, which included participants who died before the first NP
testing date (n=80), those who dropped out at or before exam 7 (n=393), and those who
did not complete any NP testing (n=344). We also excluded 2 persons who had no NP
test data at >45 years of age. Then we excluded those participants with prevalent
dementia (n=1), stroke (n=17), or mild cognitive impairment (n=5) before or at exam 5.
Dementia was adjudicated throughout the follow-up of the FOS as shown in Figure 4.
The criteria used in FHS to diagnose dementia were comparable to the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition®. Lastly, we also excluded those
with missing any tests in the global cognitive score (n=64), those with missing any
potential confounders: education level (n=28), cigarette pack-years (n=37), waist/height
ratio (n=6), and those with daily intake of choline >=1000 mg/d or lutein and zeaxanthin
>=20,000 mcg/day (n=3). After all exclusions, a total of 1,991 participants remained
eligible in this study. Additionally, for dementia analyses, we excluded individuals who
had missed dementia review data, yielding a sample size of 2,928. Details and sample

sizes for individual exclusion criteria are shown in Figure 5.
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Year: 1971-75 1979-83 1983-87 1987-91 1991-95 1995-98 1998-2001 2005-08 2011-14 2019-2022
Exam: 1 2 3 4 5 6 7 8 9 10
| I I |
| l I |
Diet from food 1% NP testing
records (1992-2005)

2" NP testing
(1996-2022)

3 NP testing
(1997-2022)

4 NP testing
(1999-2022)

Figure 3. Timeframe of diet and cognition assessment in Offspring Cohort.

Year: 1971-75 1979-83 1983-87 1987-91 1991-95 1995-98 1998-2001 2005-08 2011-14 2019-2022

2 3 4 5 6 7 8 9

| |
1 |

Exam:

1 10
| |
| |

Diet from food

Dementia cases
records

Figure 4. Timeframe of diet and dementia assessment in the Offspring Cohort.
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Framingham Offspring Cohort at exam 1
(n=5,124)

Participants who provided dietary data between
visit 3to 5 (n=3,284)

Excluding participants with extremes of energy intake (<1,000 kcals/day or >3,500
kcals/day for females; <1,200 kcals/day or >4,000 kcals/day for males) (n=205).

Participants with diet data between visit 3to 5

(n=3,079)
Excluding participants who had missing NP testing data: - . -
«  Excluding participants died before the 1st possiole NP E>_<clpd|n3 participants W'gh
date(09/02/1992) (n=80) g e review data
» Excluding participants dropped out before or at exam?. (n=393) atexam 5 (n=151)
*  Excluding participants didn't complete their first NP testing.
(n=344)
Excluding participants who had no NP testing data at age >45 years
v
v Participants incluled in the
Participants with at least 1 NP testing at baseline dementia analysis (n=2,928)
(n=2,260)

» Excluding participants with >2SD years difference between time of
the end of the dietary assessment and baseline NP testing (n=108).

» Excluding participants with dementia before or at exam 5 (n=1).

« Excluding participants with stroke before or at exam 5 (n=17).

» Excluding participants with MCI before or exam 5 (n=5).

A 4
Eligible study sample n =2,129

» Excluding those with missing any tests in the global cognitive score (n=64).

» Excluding those with missing any potential confounders: education level (n=28),
cigarette pack-years (n=37), or waist/height ratio(n=6).

» Excluding participants with daily intake of choline >=1000 mg/d or lutein and
zeaxanthin >=20000 mcg/day (n=3).

A4

Analyses at baseline NP testing n=1,991

Figure 5: Flowchart of study participants for the analyses related the NP testing in the
Offspring Cohort.

Abbreviations: n, sample size; NP, Neuropsychology; MCI, Moderate Cognitive
Impairment”
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Dietary exposure

In the FOS, diet was assessed using three-day diet records, collected during the exam 3
and exam 5 cycles. Approximately 70% of the participants were compliant with the
dietary data collection, thereby yielding approximately 16,000 days of diet records that
were entered into the Nutrition Data System for Research (NDSR) to calculate
individual’s daily intake of nutrients. Food intake in each of the USDA (United States
Department of Agriculture) food groups and subgroups were calculated by the applicants
(since the NDSR software did not provide any food group data at that time). In addition,
at the time the dietary records were collected in the FOS, the NDSR did not include data
on dietary choline or lutein and zeaxanthin. Therefore, the estimation of daily intakes for
dietary choline (mg), lutein (mcg), and zeaxanthin (mcg) involved matching food and
ingredient codes obtained from their corresponding USDA food codes. This approach

facilitates precise calculation of intakes of dietary choline, lutein and zeaxanthin per day.

Neuropsychological (NP) testing

The neuropsychological test battery used in Framingham is shown in table 1. In this way,
cognitive performance was evaluated using a formal NP test battery by a trained
technician starting in 1999. The test battery consisted of several individual NP tests that
were combined to determine different cognitive domains, such as memory (verbal and
visual), attention and concentration, abstract reasoning, language, reading, visual-
perceptual skills, and executive function. Verbal memory (i.e., Logical Memory-

Immediate Recall, LMI and Logical Memory-Delayed Recall, LMD) was assessed by
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asking the participant to recall the details of a story presented to them (immediately and
after a delay) as part of the Wechsler Memory Scale, Logical Memory Test. Visual
memory was assessed by asking the participant to look at a geometric shape and then
draw it from memory. Once again, there were two components (i.e., Visual Memory-
Immediate Recall, VRI, and Visual Memory-Delayed Recall, VRD] as part of the
Wechsler Memory Scale-Visual Reproduction Test. A common test of verbal memory
was used in Framingham — the Wechsler Memory Scale-Paired Associates test. In this,
the individual is asked to recall pairs of words that had been presented to them [Paired
Associates—Immediate Recall, PASI, and Paired Associates—Delayed Recall, PASD].
To assess cognitive performance on attention and concentration, we used the Trail-
making test (parts A [TrA] and B [TrB]). For this test, participants were asked to connect
a series of numbered circles in order (part A) and then to alternate between numbers and
letters in sequence (part B) as quickly as possible. For the assessment of abstract
reasoning, Framingham investigators used the Wechsler Memory Scale Similarities
subtest [SIM]. In this test, participants are given pairs of words and asked to identify the
similarity between them. The Boston Naming Test [BNT] was used to measure language
abilities, in which an individual’s ability to retrieve and articulate the names of objects
was assessed. To test visual-perceptual organization skills (which relate to the ability to
organize visual stimuli), the Hooper Visual Organization Test [HVOT] was used. In this,
the individual is required to evaluate fragments of an image (some of which may be
rotated) and put them together to identify the object in the picture. Lastly, to assess

premorbid educational achievement, the Wide Range Achievement Test (reading subtest)



22

[WRAT] was used. In this, participants were asked to read aloud a list of words of

increasing difficulty.

Higher scores on all domains indicate superior performance, apart from the Trail-making
Test, where higher scores indicate slower task completion. To normalize skewed
distributions, performance on the Trail-making Test (A and B), Wechsler Memory Scale
Similarities subtest, Boston naming test, Hooper Visual Organization Test and Wide
Range Achievement Test were normalized using natural logarithms. The directionality of
Trail-making Test scores was reversed, so that higher scores on all tests indicated better
performance. The Trail-making Test B-A difference [TrBA] score was calculated to
isolate the executive functions required to complete Trail-making Test B. This score is
derived by subtracting the time taken for Trail Making Test A, which primarily assesses
simple sequencing and psychomotor speed, from the time taken for Trail-making Test B,
which includes additional demands on executive abilities such as cognitive flexibility and
task switching. By removing the shared components of sequencing and psychomotor
demands, the difference score provides a more focused measure of the executive
processes unique to Trail-making Test®. To address any missing or extreme NP subtest
score at baseline, we substitute it with its first possible follow-up score, at the same time
we follow the principle that individuals who had their first possible NP test score within 2
SD (1 SD=8.34) years away from the time of the final dietary assessment at exam 5 can

be substituted.



23

Table 1. Neuropsychological test battery

Score .
. . . ) . . . Higher score
Cognitive domain Description Primary cognitive domain NP test range (min- i%ldicates
max)
Participants are presented T!’HS t(_ast assesses verbal WMlS-III Iogwal memory- 0-23 Better
with a story and are episodic memory, language immediate recall performance
. . processing, and narrative recall, ’
immediately asked to recall ) . WMS-IIl logical memory- Better
Verbal memory as many details as possible relyllng °'T the Ieft»hgmlsphere delayed recall 0-23 performance
and then asked to recall again brain regions, particularly the
. hippocampus and temporal WMS-IIl logical memory- Better
after a time delay. " 0-11
lobes. recognition recall performance
This test assesses visual-  WMS-Ill visual reproductions- 0-14 Better
Participants are shown a spatial memory, perceptual immediate recall a performance
drawing for 10s and are then organization, and constructional WMS-Il visual ducti Bett
Visual memory asked to draw the items and ability, relying on right- : dwlsua Jepro "uc fons- 0-14 " etter
then asked to draw them hemisphere brain regions, elayed reca periormance
again after a time delay. particularly the occipital and WMS-Il visual memory- 0-4 Better
parietal lobes. recognition recall performance
Participants are presented This test assesses :/erba_tl WMS-lll paired associates- 021 Better
with a list of words and asked assog|§t|ve memory, learnlng immediate recall performance
Verbal learning to recall the word pairs and S?gge?gg' :el:d. ;Etgﬁ\:ﬁ‘la
then asked to recall again ) gies, relying . .
. hippocampus, medial temporal WMS-Ill paired associates- Better
after a time delay 0-10
lobes, and prefrontal cortex. delayed recall performance
Paruapant; are asked to Tests relies on the prefrontal Trail-making test A 0.10-7.0 Poorer
connect a series of numbered cortex. parietal lobes. and performance
Attention and circles in order (Part A) and - P L
. motor pathways and is sensitive
concentration alternate between numbers to executive dysfunction and Poorer
and letters in sequence (Part - yz i Trail-making test B 0.32-10.0
B) as quickly as possible cognitive decline. performance
This test reflects a purer
measure of the executive
abilities required to com plete
. . the Trail Making Test B by Trail-making B — Trail- Poorer
Executive function / . : . /
subtracting the simple making A performance
sequencing and psychomotor
demands common to both Trail.
Making Test A and B
Participants are given pairs of This I?St assesses abstract
words and are asked to reasoning, semantic memory, Better
Abstract reasoning . . PR and verbal intelligence, relying ~ WAIS-Ill similarities subset 0-26
identify the similarity between performance
them on the prefrontal cortex and left
temporal lobe.
The test assesses language
Participants are asked to processing, lexical access, and
Language name a series of line-drawn semantic memory, felying on Boston naming test 0-30 Better
images of obiects the left temporal lobe, performance
9 ! particularly the inferior temporal
gyrus.
Participants are shown This test measures visual-
Visual-perceptual fragmented line drawings of spatilr?tlepr;i;snmgga%ebr_ce ecpt)tual Hooper visual organization 0-30 Better
organization objects and are asked to _9 " ! . test performance
identify what each object is recognition, relying on the right
parietal and occipital lobes.
The WRAT Reading subtest
Premorbid Participants are asked to measures basic rggdmg ability, . .
. h word recognition, and Wide Range Achievement Better
educational read aloud a list of words of phonological processing Test-reading (WRAT) 15-57 performance
achievement increasing difficulty !

relying on the left temporal and
parietal lobes.

Abbreviations : NP, Neuropsychology.
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Raw NP test Transformed NP
. . Raw NP ) Transformed . .
Cognitive domain NP test measure mean (min, . . test mean (min, Z_score (min, max)
test code manipulation
max) max)
WMS-III logical
Verbal memory memory-immediate LMI 11.27 (0, 22) \ \ -0.081 (-3.387, 3.065)
recall
WMS-HIl logical LMD  10.34(0, 22) \ \ -0.085 (-3.023, 3.227)
memory-delayed recall
WMS-III logical
memory-recognition LMR 9.45 (3, 11) \ \ -0.061 (-5.344, 1.213)
recall
Average Z_score of M \ \ \ -0.076 (-3.820, 2.502)
verbal memory
WMS-III visual
Visual memory reproductions- VRI 8.86 (0, 14) \ \ -0.113 (-2.952, 1.535)
immediate recall
WMS-II1 visual
reproductions-delayed VRD 7.97 (0, 14) \ \ -0.115 (-2.530, 1.712)
recall
WMS-Il visual memory-—pe 3000, 4) \ \ -0.087 (3121, 0.919)
recognition recall
Average Z_score of VR \ \ \ -0.105 (-2.868, 1.389)
visual memory
WMS- 11 paired
Verbal learning associates-immediate PASI 13.71 (0, 21) \ \ -0.083 (-4.252, 2.131)
recall
WMS-III paired
associates-delayed PASD 8.21 (0, 10) \ \ -0.100 (-5.839, 1.154)
recall
Average Z_score of PAS \ \ \ -0.091 (-5.046, 1.642)
verbal learning
Trail-making test A LTrAc=-LOG  -3.40 (-5.84, -
Attention and (s¢0) TrA  30.0 (12, 346) (TrA) 2.48) -0.145 (-7.334, 2.726)
concentration
[median (min-max)] ~ Trail-making test B TIB 73.0(25,600) LTrB=-L0G (TrB) 22 (640~ 4 165 (.4.923, 2.468)
(sec) 3.22)
. . TrBA=TrB-TrA
E fi il-maki _ Trail-
Executive function_ - Trail-making B =Trail- 00 4> (67 5g2)  LTrBA=LOG(2+Tr -4.70 (-6.47,0)  -0.156 (-5.912, 15.858)
median (min-max) making A
BA)
Abstract reasoning WA'S"S'L;'Sre"t"a”"eS SIM 1666 (0, 25) \ 17.01 (3, 25) -0.089 (-4.794, 2.268)
Language [median . LBNT=-LOG(31-
min-max Boston naming test BNT 28 (3, 30) BNT) -1.10 (-3.43,0)  -0.094 (-3.500, 1.422)
Visual-perceptual ' _
organization [median Hooper vistal HVOT  255(3,30) HVOT=-LOGGL ;70 333.0) -0.092(-3.338, 3.196)
- organization test HVOT)
(min-max)
Premorbid Wide Range
- i
educational . =
T Achievement Test- WRAT 49 (15, 57) LWRAT -2.20 (-3.76, 0) -0.052 (-2.636, 3.060)
achievement [median . LOG(58-WRAT)
; reading (WRAT)
(min-max)

Global cognitive
function score

-0.102 (-3.526, 1.460)

Abbreviations: NP, Neuropsychology.
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Global Cognitive Function Scores

The composite subtests summary score was developed to standardize and aggregate
cognitive performance across multiple neuropsychological tests. This score was
calculated using Z-scores by subtracting the sample mean ( it) from a participant’s mean
score (x) and then dividing by the overall SD(c): [Z-score =(x—u )/c.]. Once a Z-score
was calculated for each subtest, the average of the Z-scores was calculated to obtain the
composite subtests summary score. Individual test’s raw score and Z-score range are also

shown in table 2%

Assessment of potential confounding

We evaluated a broad range of potential confounders measured at baseline (exam 5)
including demographic and lifestyle factors such as age, physical activity, smoking status,
alcohol consumption, total energy intake, dietary components, cardiometabolic risk
factors, and the use of lipid lowing, blood pressure lowering, or glucose-lowering
medications. The dietary variables encompassed food groups (whole grains, eggs, fruits,
vegetables, dairy, legumes, nuts and seeds, meats, poultry, fish, and sweets), as well as
nutrient intakes (carbohydrates, protein, animal and plant protein, total fat, saturated fat,
polyunsaturated fat, monounsaturated fat, omega-3 fat, fiber, betaine, vitamin B6, vitamin
B12, folate, and alcohol). Additionally, we considered total energy expenditure (TEE) as
a confounder and explore the use of the Healthy Eating Index (HEI) as a marker of diet

quality.
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Education level was self-reported during the first NP examination in the Offspring
Cohort. Self-reported education was used to classify participants into one of two
educational groups: (1) high school or less, and (2) some college or more. Cigarette
smoking was evaluated using questionnaires at exam 5. The questionnaire inquired about
participants' smoking history, as well as the frequency and quantity of current smoking.
The amount smoked was then characterized. The calculation of pack-years of cigarette
smoking was derived from an individual's smoking history recorded up to and at the time
of dietary assessment. Cigarette pack-years of smoking was defined as a continuous
variable. In these cohorts, most individuals were non-smokers at the time, reporting no

daily cigarette consumption and a pack-year smoking history of zero.

Physical activity in Framingham was also measured using questionnaires that ask for the
number of hours spent each day sleeping or engaging in sedentary, light, moderate, or
strenuous activity (including occupationally linked activity)®. A moderate/vigorous
index of physical activity was calculated by multiplying the number of hours spent in
each type of activity by the anticipated energy expenditure for that activity®*. TEE was
determined as a mean from exams 3 and 5 and was based on each participant’s sex, age,
weight, and physical activity level, using the following equations: (a) for males: 864 —
(9.72 x AGE) + PA x (14.2 x Weight + 503 x Height); (b) for females: 387 — (7.31 x
AGE) + PA x (10.9 x Weight + 660.7 x Height). In these equations, PA represents the
physical activity coefficient corresponding to the participant's physical activity index

(PAI) category. The PAI cutoffs and their respective PA coefficients were defined as
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follows: (a) Sedentary (0 < PAI <32.3) with PA = 1.0; (b) Low activity (32.3 <PAI<
35.7) with PA = 1.12; (c) Active (35.7 <PAI <41.6) with PA = 1.27; and (d) Very
Active (PAI > 41.6) with PA = 1.45. Typically, physical activity level (PAL) cutoffs are
established using the doubly labeled water technique, which derives PAL from the sum of
activity time multiplied by the basal metabolic rate for each activity. However, because
the Framingham Heart Study (FHS) does not have basal metabolic rate data, this study
instead used quartiles of the physical activity index from Exam 3 and 5 to define PAL

cutoffs.

For weight and height measurements, participants were requested to don a hospital gown,
take off their shoes, and stand on a standard beam balance. Average height before age 60
was used to address possible measurement errors or any height loss that may occur when
aging. BMI was determined as weight (kg) divided by average height squared (m?). A
participant's waist circumference was measured using tape put at the level of the
umbilicus. Waist circumference (cm) was measured in inches and converted to
centimeters. The waist-to-height ratio (WHtR) was calculated by dividing waist

circumference by average adult height.

Participants were asked to fast for 12 hours before undergoing laboratory assessments. At
the time of testing, they reported the last instance of food consumption, allowing for the
calculation of total fasting duration. Only individuals who fasted for at least eight hours
were included in the analysis, while those with shorter fasting periods were excluded.

Blood samples were drawn from the antecubital vein and stored in aliquots at -80°C to
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maintain sample integrity. Measurements included high-density lipoprotein cholesterol
(HDL), low-density lipoprotein cholesterol (LDL), triglycerides (TG), and blood glucose,

with quality control procedures implemented to ensure precise and reliable data.

Various laboratory values were assessed for blood pressure and lipid levels. Blood
pressure, including systolic and diastolic readings, was measured at each examination
visit using a standard mercury sphygmomanometer (Baumanometer). Two measurements
were taken on the participant’s left arm while seated, ensuring that the cuff's midpoint
was aligned with heart level. A minimum rest period of 30 seconds was observed
between measurements, and the average of the two readings was recorded. Hypertension
was classified according to modified criteria from the Seventh Report of the Joint
National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood
Pressure® (JNC 7) as follows: (1) a single visit with an average systolic blood pressure of
at least 160 mm Hg or a diastolic pressure of 95 mm Hg or higher; (2) an initial visit with
a systolic pressure between 140-159 mm Hg or a diastolic pressure of 90-94 mm Hg,
followed by a subsequent visit where systolic pressure was at least 140 mm Hg or
diastolic pressure was at least 90 mm Hg; or (3) the first visit in which the participant
reported newly starting antihypertensive medication.

Statistical analysis

Statistical analyses were done using SAS statistical software (version 9.4; SAS). The
overall goal of this thesis was to examine the prospective association between intakes of

dietary choline as well as lutein and zeaxanthin and cognitive function in the FOS. The



29

dietary choline intake (grams per day) was adjusted for the individuals’ body weight at
exam 5 (during the dietary assessment) by adding the residuals from linear regression
models to the overall mean intake values. In the main analyses, choline intake and lutein
and zeaxanthin intake (micrograms per day) were initially divided into quintiles. To
reduce variability, a three-category grouping was created: the 1st quintile remained as a
separate category, the 2nd and 3rd quintiles were combined into a second category, and
the 4th and 5th quintiles were grouped into a third category. To assess global cognitive
function, we standardized each cognitive domain score using z-scores, as these measures
are on different scales. The overall cognitive function score was derived by computing

the mean of the standardized cognitive domain scores.

To evaluate cognitive decline at baseline NP testing, we employed analysis of covariance
(ANCOVA) to estimate adjusted mean values both global cognitive function and
individual cognitive domain scores according to categories of choline and lutein and
zeaxanthin intake. The median score value within each score category for choline and
lutein and zeaxanthin was used in linear regression models to test p-values for linear
trends. All models were adjusted for age and sex. Additional potential confounders were
evaluated based on their impact on the age- and sex- adjusted parameter estimates;
confounding factors that were included in the final models were those that changed the
parameter estimates by approximately 10% or more. Multivariable logistic regression
model was also to assess associations between choline, L&Z intake and odds of

dementia.
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To evaluate cognitive function at baseline for each NP test, we substituted for all the
missing values by substituting the value for the first non-missing NP test score from
subsequent NP testing. To evaluate cognitive changes between baseline and 1st follow-up
NP test, we substituted for missing data by taking the mean of the adjacent non-missing
NP test scores. In these analyses, missing data for body weight, waist, hip, BMI,
moderate to vigorous physical activity index, pack-years of cigarette smoking, fasting
blood glucose, systolic blood pressure, diastolic blood pressure, fasting triglycerides, total
cholesterol, and HDL cholesterol were imputed using available information from
adjacent examination cycles. For instance, if data were unavailable at exam 5 in the FOS,
the non-missing mean value from exams 4 and 6 was used as a substitute. In cases where
physical activity data were missing at exam 5, values from exams 4 and 7 were averaged,
as this measure was not collected during exam 6. We adjusted for WHtR instead of BMI
in the models for choline, as it showed lower collinearity with body weight-adjusted

choline intakes.

RESULTS

Baseline characteristics

Table 3 and table 4 show the sex-specific baseline characteristics of Offspring cohort
participants stratified by body weight—adjusted choline intake categories. Participants in
the highest choline intake group (315.2-691.8mg/day) were, on average, slightly younger
(62.2 £ 0.32 years) than those in the lowest category (57.7-271.7 mg/day; 63.1 £+ 0.46

years). In addition, higher choline intake was associated with a more favorable
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anthropometric profile, including lower BMI (26.2 £ 0.16 kg/m2 vs. 29.4 £+ 0.23 kg/m?),
lower waist-to-height ratios, as well as lower systolic blood pressure levels. Lipid profiles
also improved with increasing choline intake, with HDL cholesterol rising and
triglyceride levels falling. There were fewer comorbidities associated with higher choline
intakes (e.g., lower prevalence of hypertension, diabetes, and dyslipidemia). Dietary
assessments revealed that self-reported energy intake but not TEE increased across
choline categories, with higher consumption of whole grains, fruits and vegetables, dairy,

red meats, poultry, fish, and eggs also increasing (Table 4).

Table 5 and table 6 present the sex-specific baseline characteristics of participants across
categories of lutein and zeaxanthin intake in the Offspring cohort. Participants in the
highest category of lutein and zeaxanthin intake were slightly older and had a lower BMI
than those in the lowest category. Participants with higher intakes of these nutrients also
had better lipid profiles (i.e., higher HDL cholesterol and lower triglyceride levels)
compared to those in the lowest intake category. Smoking status varied by intake level,
with the lowest prevalence of current smokers (10.9%) in the highest category of lutein
and zeaxanthin intake compared with the lowest category (23.3%) of intake. Higher
intakes were also associated with fewer pack-years of cigarette smoking (13.5 + 0.69
pack-years) compared with the lowest category (17.8 + 0.99 pack-years). The highest
category also had a greater proportion of individuals with a college degree or higher,
indicating a better education level. Food-based dietary intakes differed substantially

across lutein and zeaxanthin intake categories, with those in the highest category
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consuming more whole grains, fruits and vegetables, poultry, fish, and eggs, while also
having higher self-reported energy intake from food diaries compared with the lowest
category. As expected, higher lutein and zeaxanthin intakes were linked to better diet

quality (HEI) and increased consumption of plant-based foods (Table 6).
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Table 3. Sex-specific baseline characteristics of the participants included in all analyses
across body weight adjusted choline intake categories in the Offspring cohort.

Choline (mg/day)

Low (57.7- Mod. (232.7- High (315.2-
271.7) 379.6) 691.8)
(n=397) (n=797) (n=797)
Mean (SE)*
Age (years) 63.1 (0.46) 63.3 (0.32) 62.2 (0.32)
BMI (kg/m?) 29.4 (0.23) 26.9 (0.16) 26.2 (0.16)
Waist to hip ratio 0.912 (0.003) 0.896 (0.002) 0.891 (0.002)
Waist to height ratio 0.577 (0.004) 0.543 (0.003) 0.532 (0.003)
Systolic blood pressure (mmHg) 128.5 (0.83) 124.5 (0.58) 124.2 (0.58)
Fasting blood glucose (mg/dL) 103.7 (1.17) 98.0 (0.83) 98.1 (0.83)
Total cholesterol (mg/dL) 206.5 (1.7) 205.2 (1.2) 201.3 (1.2)
HDL cholesterol (mg/dL) 46.6 (0.67) 49.7 (0.48) 52.0 (0.48)
Triglycerides (mg/DlI) 170.3 (5.1) 149.0 (3.6) 134.7 (3.7)
foh%’f’éf]a' activity index-moderate 9.9 (0.44) 10.9 (0.31) 10.8 (0.31)
Pack-years of cigarette smoking 14.6 (0.98) 12.5 (0.69) 16.4 (0.69)
Energy intake (kcals/day) 1587.0 (19.3) 1844.6 (13.7) 2241.0 (13.7)
Total Energy Expenditure (TEE) 2328.3 (21.6) 2253.3 (15.2) 2242.8 (15.2)
Column %

Females 53.4 53.3 53.3
Current smoker 15.2 114 16.5
High school or less 38.0 35.4 35.1
>=College 62.0 64.6 64.9
Employment: full time 38.3 38.2 38.9
Employment: part-time 14.9 14.2 144
Retired 35 2.3 3.8
Unemployed 43.3 45.2 42.7
Volunteer 0.0 0.1 0.1
Hypertension 35.0 27.4 23.3
Treated hypertension 20.5 15.7 13.8
Treated diabetes 5.1 19 1.9
Treated dyslipidemia 121 6.8 4.7

*Adjusted for age and sex, except age adjusted for sex only, and TEE & age not adjusted

at all.
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Table 4. Sex-specific baseline dietary characteristics of the participants included in all
analyses across body weight adjusted choline intake categories in the Offspring cohort.

Choline (mg/day)

Low (57.7- Mod. (232.7- High (315.2-
271.7) 379.6) 691.8)
(n=397) (n=797) (n=797)
Mean (SE)*

Daily foods intake, servings per day
Whole grains 0.50 (0.04) 0.67 (0.03) 0.65 (0.03)
Fruits 1.1 (0.05) 1.3 (0.04) 1.4 (0.04)
Vegetables 1.4 (0.04) 1.8 (0.03) 2.2 (0.03)
Total fruits and vegetables 2.5 (0.07) 3.1 (0.05) 3.5 (0.05)
Dairy 1.1 (0.04) 1.3 (0.03) 1.7 (0.03)
Legumes, nuts and seeds 0.04 (0.005) 0.04 (0.004) 0.04 (0.004)
Red Meat 1.7 (0.08) 2.1 (0.06) 3.1 (0.06)
Poultry 1.1 (0.06) 1.3 (0.04) 1.6 (0.04)
Fish 1.0 (0.06) 1.2 (0.05) 1.5 (0.05)
Red Meat + poultry +fish 3.9 (0.09) 4.8 (0.07) 6.4 (0.07)
Egg (ozeg/wk) 1.2 (0.11) 2.3 (0.08) 4.0 (0.08)
Daily body weight adjusted nutrients intake
Choline(mg) 214.0 (2.40) 300.9 (1.69) 422.5 (1.69)
Lutein + zeaxanthin (mcg) 1304.5 (73.4) 1813.3 (51.8) 2101.7 (51.8)
Carbohydrates(g) 185.1 (3.2) 216.4 (2.2) 247.7 (2.24)
Protein(g/kg/day) 0.76 (0.01) 0.99 (0.01) 1.29 (0.01)
Protein(g) 59.4 (0.74) 75.4 (0.52) 96.2 (0.52)
Animal protein(g) 40.0 (0.68) 52.6 (0.48) 70.0 (0.48)
Plant protein(g) 18.7 (0.37) 21.9 (0.26) 24.8 (0.26)
Total fat (g) 57.9 (1.10) 71.3 (0.78) 90.5 (0.78)
Saturated fat (g) 19.7 (0.45) 24.3 (0.32) 31.4(0.32)
Poly fat(g) 12.5 (0.29) 15.0 (0.21) 17.8 (0.21)
Mono fat (g) 21.4 (0.44) 26.5 (0.31) 34.0 (0.31)
Omega3 fat (g) 1.2 (0.03) 1.5 (0.02) 1.8 (0.02)
Dietary cholesterol (mg) 158.0 (4.1) 2319 (2.9) 347.1(2.9)
Added sugars(g) 11.2 (0.39) 12.4 (0.27) 13.4 (0.27)
Total Fiber (g) 13.4 (0.30) 16.1 (0.21) 18.3 (0.21)

Vitamin B-6 (mg) 1.3 (0.03) 1.8 (0.02) 2.2 (0.02)



Vitamin B-12 (mcg) 4.4 (0.48) 6.0 (0.34) 9.3(0.34)
Folate (mcg) 209.9 (5.8) 267.0 (4.1) 322.5 (4.1)
Methionine (gm) 1.4 (0.02) 1.7 (0.01) 2.2 (0.01)
Alcohol (g) 6.8 (0.72) 9.0 (0.52) 14.1 (0.51)
Caffeine (mg) 238.0 (11.0) 254.2 (7.8) 301.8 (7.8)
TOTAL HEI-2015 SCORE 53.7 (0.55) 57.3 (0.39) 57.2 (0.39)

*Adjusted for age and sex.
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Table 5. Sex-specific baseline characteristics of the participants included in all analyses
across lutein & zeaxanthin intake categories in the Offspring cohort.

Lutein + Zeaxanthin (mcg/day)

Low (51.8- Mod. (759.4-  High (1637.8-
759.6) 1696.4) 8833.5)
(n=397) (n=797) (n=797)
Mean (SE)*
Age (years) 61.1 (0.46) 63.1 (0.32) 63.5 (0.32)
BMI (kg/m?) 27.8 (0.24) 27.1(0.17) 26.7 (0.17)
Waist to hip ratio 0.903 (0.003) 0.895(0.002) 0.896 (0.002)
Waist to height ratio 0.558 (0.004) 0.545 (0.003) 0.540 (0.003)
Systolic blood pressure (mmHQ) 126.7 (0.83) 124.2(0.59) 125.4(0.59)
Fasting (>= 8 hours) blood glucose
iy dE)( ) g 101.3(1.18)  99.2(0.83)  98.2(0.83)
Total cholesterol (mg/dL) 205.8 (1.74)  204.1(1.22) 202.8 (1.22)
HDL cholesterol (mg/dL) 49.5 (0.68) 49.4 (0.48) 50.9 (0.48)
Triglycerides (mg/DlI) 158.1 (5.23) 147.5(3.66)  142.6 (3.67)
foh%’f’é‘;]a' activity index-moderate 447 644y 108(031) 105 (0.31)
Pack-years of cigarette smoking 17.8 (0.99) 13.8 (0.69) 13.5(0.69)
Energy intake (kcals/day) (12728;';) (119é (7)33; (21063?3217)
Total Energy Expenditure (TEE) (223192'97) (21255.2'35) (21255.3'39)
Column %

Females 53.4 53.3 53.3
Current smoker 23.3 13.0 10.9
High school or less 42.8 37.3 30.9
>=College 57.9 62.7 69.1
Employment: full time 42.2 39.0 36.1
Employment: part-time 12.9 144 15.2
Retired 2.3 2.9 3.8
Unemployed 42.7 43.7 445
Volunteer 0 0 0.25
Hypertension 27.1 26.5 28.1
Treated hypertension 134 155 17.6
Treated diabetes 3.1 25 2.3
Treated dyslipidemia 5.4 7.8 7.1

*Adjusted for age and sex, except age adjusted for sex only, and TEE & age not adjusted

at all.



Table 6. Sex-specific baseline dietary characteristics of the participants included in all

analyses across lutein & zeaxanthin intake categories in the Offspring cohort.

Lutein + Zeaxanthin (mcg/day)

Daily foods intake, servings per day

Whole grains
Fruits
Vegetables

Total fruits and vegetables

Dairy

Legumes nuts and seeds
Red Meat

Poultry

Fish

Red Meat + poultry +fish
Egg (ozeg/wk)

Daily body weight adjusted nutrients intake

Choline(mg)

Lutein + zeaxanthin (mcg)

Carbohydrates(g)
Protein(g/kg/day)
Protein(g)
Animal protein(g)
Plant protein(g)
Total fat (g)
Saturated fat (g)
Poly fat(g)

Mono fat (g)
Omega3 fat (g)
Dietary cholesterol (mg)
Added sugars(g)
Total Fiber (g)
Vitamin B-6 (mg)

Low (51.8-759.6) Mol%g(g ‘:’8'4 H'98h8g13§§’)7 8
(n=397) (n=797) (n=797)
Mean (SE)*

0.42 (0.04) 0.57 (0.02) 0.79 (0.02)
0.81 (0.05) 1.28 (0.03) 1.56 (0.03)
1.2 (0.04) 1.7 (0.03) 2.3(0.03)
2.0 (0.06) 3.0 (0.04) 3.9 (0.04)
1.3 (0.05) 1.4 (0.03) 1.5 (0.03)
0.05 (0.005) 0.04 (0.004) 0.04 (0.004)
2.5 (0.08) 2.4 (0.06) 2.3 (0.06)
1.0 (0.06) 1.4 (0.04) 1.5 (0.04)
1.2 (0.07) 1.2 (0.05) 1.4 (0.05)
4.9 (0.12) 5.2 (0.07) 5.4 (0.07)
2.3(0.12) 3.0 (0.09) 2.8 (0.09)
288.1 (4.5) 330.0 (3.2) 356.4 (3.2)
5175(51.5)  1186.2(36.3)  3121.4 (36.3)
195.5 (3.3) 2206 (2.3) 238.4 (2.3)
0.94 (0.01) 1.06 (0.01) 1.13 (0.01)
72.0 (0.99) 80.0 (0.70) 85.4 (0.70)
52.5 (0.89) 57.0 (0.62) 59.3 (0.63)
18.4 (0.37) 21.9 (0.26) 24.9 (0.26)
71.2 (1.26) 77.4 (0.89) 77.7 (0.89)
25.4 (0.50) 26.5 (0.35) 26.4 (0.35)
13.7 (0.31) 15.8 (0.22) 16.4 (0.22)
26.6 (0.50) 29.2 (0.35) 28.8 (0.35)
1.4 (0.03) 1.6 (0.02) 1.7 (0.02)
237.3 (5.5) 270.2 (3.9) 269.4 (3.9)
12.8 (0.39) 12.6 (0.28) 12.4(0.28)
12.3(0.28) 15.6 (0.20) 19.4 (0.20)
1.4 (0.03) 1.8 (0.02) 2.1(0.02)



Vitamin B-12 (mcg)
Folate (mcg)
Methionine (gm)
Alcohol (g)

Caffeine (mg)

TOTAL HEI-2015
SCORE

7.4.(0.49)

197.7 (5.7)

1.7 (0.02)

10.2 (0.74)
296.3 (11.1)

49.6 (0.52)
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6.6 (0.35)
262.6 (4.0)
1.9 (0.02)
10.2 (0.52)
261.9 (7.8)

55.7 (0.37)

7.2 (0.35)
333.1 (4.0)
2.0 (0.02)
11.2 (0.52)
265.0 (7.8)

60.8 (0.37)

*Adjusted for age and sex.
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Association between daily weight-adjusted choline intakes and NP test results

The association between daily weight-adjusted choline and mean age- and sex-adjusted
scores on various NP tests are shown in Table 7. Overall, higher choline intake was
positively associated with global cognitive function and several cognitive domains,
particularly visual memory and abstract reasoning, when adjusted only for age and sex.
However, these associations were attenuated and no longer statistically significant after
additional adjustments for education level, cigarette pack-years of smoking, waist-to-

height ratio, and alcohol intake (Table 8).

In these cross-sectional analyses, no statistically significant associations were found
between dietary choline intake and several other cognitive domains, such as the verbal
memory (immediate, delayed, and recognition recall) tests, attention and concentration
(assessed by the Trail-Making Test A and B), executive functioning (measured by Trail-

Making Test B-A), language skills, and visuo-perceptual organization).

After further adjustments for education level, cigarette pack-years, waist-to-height ratio,
and alcohol intake (Table 8), previously significant associations for visual memory
(recognition recall) and abstract reasoning were weakened and no longer statistically
significant in the fully adjusted model. Similarly, the association between choline intake
and global cognitive function, which was significant in the age- and sex-adjusted model,

was attenuated and no longer significant (P-trend = 0.228) after full adjustment.



Table 7. Age- and sex-adjusted mean NP test scores associated with three categories of

dietary choline intake.

Verbal memory
Immediate recall

Delayed recall
Recognition
recall

Verbal memory
(overall Z-score)
Visual memory

Immediate recall

Delayed recall

Recognition
recall

Visual memory
(overall Z-score)

Verbal learning
Immediate recall

Delayed recall

Verbal learning
(overall Z-score)
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Choline (mg/day)

Low Mod. High
(57.7-271.7) (232.7-379.6) (315.2-691.8)
(n=397) (n=797) (n=797)

Mean (95%ClI)

P trend*

11.1 (10.8, 11.4)
10.1 (9.7, 10.5)

9.4 (9.3,9.5)

-0.13 (-0.22, -0.04)

8.6 (8.3,8.9)
7.6(7.3,7.9)

2.9 (2.8, 3.0)

-0.19 (-0.27, -0.11)

13.5(13.2, 13.8)
8.1(7.9,8.2)

-4.78 (-4.81, -4.74)

Attention and concentration’
Trail-making test
A

Trail-making test
B

Executive function®
Trail-making B —

A

Abstract reasoning
WAIS-11I
similarities

subset

Language’

Boston naming

test
Visuo-perceptual organization®

-3.47 (-3.50, -3.44)

4.39 (-4.43, -4.34)

-4.78 (-4.81, -4.74)

16.2 (15.9, 16.6)

-1.09 (-1.15, -1.02)

11.2 (11.0, 11.5)
10.3 (10.1, 10.6)

9.4 (9.4, 9.5)

-0.08 (-0.15, -0.02)
9.0 (8.8,9.2)

8.1(7.9,8.4)
3.0(2.9,3.1)

-0.08 (-0.14, -0.02)

13.6 (13.4, 13.8)
8.2(8.1,8.3)

-4.77 (-4.79, -4.74)

-3.44 (-3.46, -3.42)

4.36 (-4.39, -4.32)

-4.77 (-4.79, -4.74)

16.8 (16.5, 17.0)

-1.06 (-1.11, -1.02)

11.4 (11.1, 11.6)
10.4 (10.2, 10.7)

9.5 (9.4, 9.5)

-0.06 (-0.12, 0.00)
8.9 (8.7,9.1)

8.0(7.8,8.2)
3.1(3.0,3.1)

-0.08 (-0.14, -0.03)

13.8 (13.6, 14.0)
8.2(8.1,8.3)

-4.76 (-4.78, -4.74)

-3.44 (-3.46, -3.42)

4.36 (-4.39, -4.33)

-4.76 (-4.78, -4.74)

16.8 (16.6, 17.0)

-1.02 (-1.07, -0.98)

0.185
0.161

0.466

0.187

0.228

0.251
0.040

0.085

0.062
0.232

0.102

0.196

0.582

0.633

0.023

0.101
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Hooper visual -167(-1.72,-1.63)  -1.68(-1.72,-1.65)  -1.68 (-1.71, -1.64) 0.958
organlzatlon test

Premorbid educational achievement?
Wide Range

Achievement
Test-reading -2.13 (-2.20,-2.07)  -2.04 (-2.08, -1.99) -2.04 (-2.08, -1.99) 0.052

(WRAT)

3
fG—g—'Ob"?" coanitive 517 (.022,-0.11) -0.10(-0.14,-0.06)  -0.08(-0.12,-0.04)  0.038
unction score:

* Model 1 adjusted for age and sex.
1 Based on log-transformed data.
1 Based on Z-score data.
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Table 8. Fully adjusted mean NP scores associated with three categories of dietary

choline intake.

Verbal memory
Immediate recall
Delayed recall

Recognition recall

Verbal memory
(overall Z-score)

Visual memory
Immediate recall
Delayed recall

Recognition recall

Visual memory
(overall Z-score)

Verbal learning
Immediate recall

Delayed recall

Verbal learning
(overall Z-score)

Choline (mg/day)

Low
(57.7-271.7)
(n=397)

Mod.
(232.7-379.6)
(n=797)

High
(315.2-691.8)
(n=797)

Mean (95%Cl)

P trend*

10.8 (10.5, 11.2)
9.9 (9.5,10.2)
9.3(9.2,9.5)

-0.12 (-0.21, -0.04)

8.5(8.2,8.8)
7.5(7.2,7.8)
2.9 (2.8,3.0)

-0.16 (-0.24, -0.08)

13.4 (13.0, 13.7)
8.0(7.9,8.2)

-0.16 (-0.25, -0.07)

Attention and concentration®

Trail-making test
A
Trail-making test
B

Executive functionf

Trail-making B —
A

Abstract reasoning

WAIS-I1I1
similarities subset
Language’

Boston naming
test

-3.47 (-3.50, -3.43)

-4.39 (-4.44, -4.35)

-4.78 (-4.81, -4.75)

16.0 (15.6, 16.3)

-1.12 (-1.19, -1.05)

Visuo-perceptual organization®

Hooper visual
organization test

-1.68 (-1.73, -1.63)

Premorbid educational achievement®

10.9 (10.7, 11.2)
10.0 (9.8, 10.3)
9.4 (9.3, 9.5)

-0.08 (-0.14, -0.03)

8.8 (8.6, 9.0)
7.9(7.7,8.1)
2.9(2.9,3.0)
-0.08 (-0.14, -0.03)
13.5(13.2, 13.7)

8.2 (8.1,8.3)
-0.10 (-0.16, -0.04)

-3.45 (-3.47, -3.42)

-4.38 (-4.41, -4.35)

-4.78 (-4.81, -4.76)

16.4 (16.1, 16.6)

-1.12 (-1.17, -1.08)

-1.70 (-1.73, -1.66)

11.1 (10.8, 11.3)
10.1 (9.9, 10.4)
9.4 (9.3,9.5)

-0.06 (-0.13, 0.00)

8.7 (8.5, 8.9)
7.7 (7.5,8.0)
3.0 (2.9, 3.1)

-0.10 (-0.15, -0.04)

13.6 (13.4, 13.8)

8.1(8.0,8.2)
-0.08 (-0.15, -0.02)

-3.45 (-3.48, -3.43)

-4.39 (-4.43, -4.36)

-4.78 (-4.81, -4.76)

16.4 (16.2, 16.7)

-1.09 (-1.14, -1.05)

-1.69 (-1.73, -1.66)

0.231
0.281
0.691

0.305

0.668
0.629
0.188
0.376
0.146
0.486
0.252

0.489

0.794

0.824

0.076

0.419

0.761
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Wide Range

Achievement
Test-reading

(WRAT)

Global cognitive
function score*

* Model 2 adjusted for age, sex, education level, cigarette pack-years, waist/height ratio
and alcohol intake.

1 Based on log-transformed data.

1 Based on Z-score data.

217 (-2.22,-211)  -2.13(-2.17,-2.09)  -2.14 (-2.18,-2.10)  0.680

-0.20 (-0.26,-0.15)  -0.16 (-0.20, -0.12)  -0.15(-0.19,-0.11)  0.228




44

Association between daily intakes of lutein and zeaxanthin and NP test results

Table 9 presents the age- and sex-adjusted mean neuropsychological test scores across
categories of lutein and zeaxanthin intake in the FOS. Overall, higher lutein and
zeaxanthin intake was positively associated with global cognitive function and several
cognitive domains, including visual memory, attention and concentration, abstract
reasoning, language, visuo-perceptual organization, and premorbid educational

achievement.

Individuals in the highest category of lutein and zeaxanthin intake had significantly
higher scores in visual memory immediate recall (P-trend = 0.0003), delayed recall (P-
trend = 0.002), and recall recognition (P-trend = 0.004) compared to those in the lowest
intake category. Notably, those with the highest lutein and zeaxanthin intake exhibited
significantly better overall visual memory recall ability (P-trend = 0.0002). Additionally,
higher lutein and zeaxanthin intake was positively associated with premorbid educational

achievement.

Unlike dietary choline intake, lutein and zeaxanthin intake was statistically significantly
associated with improved attention and concentration (Trail-Making Test b, P-trend =
0.012), language (P-trend < 0.001), and visuo-perceptual organization (P-trend = 0.004).
Global cognitive function scores were also statistically significantly associated with
lutein and zeaxanthin intake (P-trend < 0.0001), indicating a potential overall cognitive

benefit.
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After additional adjustments for education level, cigarette pack-years, and waist-to-height
ratio (Table 10), associations remained for global cognitive function (P-trend = 0.01),
overall visual memory ability (P-trend = 0.017), visual memory immediate recall (P-trend
=0.016), visual memory recognition recall (P-trend = 0.05), abstract reasoning (P-trend =
0.002), visuo-perceptual organization (P-trend = 0.018), and premorbid educational
achievement (P-trend = 0.001). However, some other associations (i.e., attention and

concentration, and executive functioning) were attenuated in the fully adjusted model.
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Table 9. Age- and sex-adjusted means association between NP test scores and three
categories of lutein & zeaxanthin intake

Verbal memory
Immediate recall
Delayed recall

Recognition recall

Verbal memory
(overall Z-score)

Visual memory
Immediate recall
Delayed recall

Recognition recall

Visual memory
(overall Z-score)

Verbal learning
Immediate recall

Delayed recall

Verbal learning
(overall Z-score)

Lutein + Zeaxanthin (mcg/day)

Low
(51.8-759.6)

(n=397)

Mod.
(759.4-1696.4)

(n=797)

High
(1637.8-8833.5)
(n=797)

Mean (95%CIl)

P trend*

10.9 (10.6, 11.3)
9.9 (9.6, 10.3)
9.4 (9.3,9.5)

-0.17 (-0.25, -0.08)

8.2 (7.9, 8.5)
7.4(7.1,7.7)
2.9 (2.8,3.0)

-0.28 (-0.36, -0.19)

13.35 (13.0, 13.7)
8.1(7.9,8.2)

-0.19 (-0.28, -0.11)

Attention and concentration®

Trail-making test
A
Trail-making test
B

Executive function®

Trail-making B —
A

Abstract reasoning

WAIS-1II
similarities subset

Language’
Boston naming
test

-3.49 (-3.52, -3.46)

-4.43 (-4.47, -4.39)

-4.79 (-4.83, -4.76)

15.6 (15.3, 16.0)

-1.20 (-1.27, -1.14)

Visuo-perceptual organization®

Hooper visual
organization test

-1.73 (-1.78, -1.69)

11.3 (11.0, 11.5)
10.4 (10.2, 10.6)
9.4 (9.3,9.5)

-0.08 (-0.14, -0.02)

9.0 (8.8,9.2)
8.1(7.9,8.3)
3.0(29,3.1)
-0.08 (-0.14, -0.02)
13.7 (13.5, 14.0)
8.2 (8.1,8.3)
-0.09 (-0.16, -0.03)

-3.43 (-3.46, -3.41)

-4.35 (-4.38, -4.32)

-4.76 (-4.79, -4.74)

16.9 (16.6, 17.1)

-1.03 (-1.07, -0.98)

-1.68 (-1.72, -1.65)

11.4 (11.1, 11.6)
10.4 (10.2, 10.7)
9.5 (9.4, 9.6)

-0.05 (-0.11, 0.02)

9.1(8.9,9.3)
8.2 (7.9, 8.4)
3.1(3.0,3.1)
-0.04 (-0.10, 0.02)
13.8 (13.5, 14.0)
8.2 (8.1,8.3)
-0.07 (-0.13, -0.01)

-3.44 (-3.46, -3.41)

-4.34 (-4.37, -4.31)

-4.75 (-4.78, -4.73)

17.0 (16.7, 17.2)

-1.00 (-1.04, -0.95)

-1.65 (-1.68, -1.61)

0.069
0.071
0.191

0.059

0.0003
0.002
0.004

0.0002
0.108

0.077
0.069

0.105

0.012

0.079

<.0001

<.0001

0.004
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Premorbid educational achievement?
Wide Range

Achievement
Test-reading -2.21(-2.27,-2.15) -2.06 (-2.11,-2.02) -1.97 (-2.02, -1.93) <.0001

(WRAT)

3
fG—g—'Ob"?" coanitive 554 (-0.30,-0.19) -0.09 (-0.13,-0.05) -0.05(-0.09,-0.01)  <.0001
unction score:

* Model 1 adjusted for age and sex.
+ Based on log-transformed data.
1 Based on Z-score data.
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Table 10. Fully adjusted mean NP scores associated with three categories of dietary
choline intake.

Lutein + Zeaxanthin (mcg/day)

Low Mod. High
(51.8-759.6) (759.4-1696.4) (1637.8-8833.5)
(n=397) (n=797) (n=797)
Mean (95%Cl) P trend*
Verbal memory
Immediate recall 10.80 (10.50, 11.10)  11.00 (10.80,11.30) 11.00(10.80,11.30) 0.474
Delayed recall 9.80 (9.40, 10.10) 10.10 (9.90, 10.40) 10.10 (9.80, 10.30) 0.487
Recognition recall 9.30 (9.20, 9.50) 9.40 (9.30, 9.40) 9.40 (9.30, 9.50) 0.592
Verbal memory -0.20 (-0.29,-0.12)  -0.14(-0.20,-0.08)  -0.15(-0.21,-0.08)  0.453
(overall Z-score)
Visual memory
Immediate recall 8.20 (7.90, 8.50) 8.80 (8.60, 9.00) 8.80 (8.60, 9.00) 0.016
Delayed recall 7.30 (7.00, 7.60) 7.90 (7.70, 8.10) 7.80 (7.60, 8.10) 0.083
Recognition recall  2.90 (2.80, 3.00) 3.00 (2.90, 3.00) 3.00 (2.90, 3.10) 0.05
Visual memory -0.28 (-0.36,-0.20)  -0.13(-0.19,-0.07)  -0.12(-0.18,-0.06)  0.017
(overall Z-score)
Verbal learning
Immediate recall 13.30 (13.00, 13.60)  13.60(13.40, 13.80) 13.50(13.30,13.80) 0.438
Delayed recall 8.10 (7.90, 8.20) 8.10 (8.00, 8.20) 8.20 (8.10, 8.30) 0.316
Verbal learning -0.21(-0.30,-0.12)  -0.14(-0.20,-0.07)  -0.14(-0.20,-0.07)  0.337
(overall Z-score)
Attention and concentration®
Trail-making test A -3.49 (-3.52, -3.46) -3.44 (-3.47, -3.42) -3.45 (-3.47, -3.42) 0.320
Trail-making test B -4.43 (-4.48, -4.39) -4.38 (-4.41, -4.35) -4.38 (-4.41, -4.35) 0.206
Executive functiont
Trail-making B-A  -4.80 (-4.83, -4.77) -4.78 (-4.80, -4.76) -4.78 (-4.80, -4.75) 0.508
Abstract reasoning
WAIS-II 15.50 (15.20, 15.80)  16.60 (16.30, 16.80)  16.50 (16.30, 16.70)  0.002
similarities subset
Language’
Boston naming test  -1.227 (-1.29, -1.16)  -1.081 (-1.13, -1.04)  -1.079 (-1.13,-1.03)  0.009
Visuo-perceptual organization®
Hooper visual 174 (-1.78,-1.69)  -1.70(-1.73,-1.66)  -1.66 (-1.70,-1.63)  0.018

organization test

Premorbid educational achievement®
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Wide Range

Achievement Test-  -2.23 (-2.29, -2.17) -2.14 (-2.18, -2.10) -2.09 (-2.13, -2.05) 0.001
reading (WRAT)

A
fG—g—'Ob"?" cognitive 4 260 (-0.31,-021)  -0.141 (-0.18,-010) -0.137 (-0.18,-0.10)  0.01
unction score:

* Model 2 adjusted for age, sex, education level, cigarette pack-years and waist/height
ratio.

+ Based on log-transformed data.
1 Based on Z-score data.
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The effect of daily choline and lutein & zeaxanthin intake categories on all

immediate NP subtests and delayed NP subtests

Table 11 presents the adjusted Z-score means for immediate and delayed recall in verbal
memory, visual memory, and verbal learning across categories of choline (body weight-
adjusted) and lutein & zeaxanthin intake in the FOS. Overall, higher choline intake was
only significantly associated with better immediate Z-score of verbal memory, visual
memory and verbal learning recall, when just adjusting for age and sex. However, higher
intake of lutein and zeaxanthin was significantly associated with better performance on
both immediate and delayed recall of verbal memory, visual memory and verbal learning

tests, when just adjusting for age and sex.

For choline exposure, participants in the highest intake group had better immediate recall
(Z-score =-0.21, 95% CI: -0.35, -0.06) and better delayed recall (Z-score = -0.43, 95%
Cl: -0.57, -0.28) compared to lower intake group when adjusting for age and sex. But
these trends disappeared in the fully adjusted model, and only immediate recall

association was statistically significant in model 1(P-trend = 0.04).

In contrast, higher lutein and zeaxanthin intake was significantly associated with better
immediate and delayed recall performance in the age- and sex-adjusted model.
Participants in the highest intake category had significantly better immediate recall (Z-
score = -0.16, P-trend = 0.001) and delayed recall (Z-score = -0.19, P-trend = 0.003)

compared to those in the lowest intake group (Z-score = -0.68 for immediate recall, Z-
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score = -0.70 for delayed recall). However, in the fully adjusted model (Model 2), these
trends disappeared in the fully adjusted model, and none of these associations were

statistically significant in model 2.
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Table 11. Adjusted Z-score means for the association between all immediate and delayed
NP tests and choline (body weight adjusted) and Lutein & zeaxanthin intake categories in
the Offspring Cohort.

Immediate Recall Variables
(Verbal memory, visual memory and
verbal learning)

Delayed Recall Variables
(Verbal memory, visual memory and
verbal learning)

Model 1 Model 2 Model 1 Model 2
Z-score Mean (95% CI) ¥
Low  -0.49(-0.70,-0.28) -0.63 (-0.84,-0.43) -0.56 (-0.78, -0.35) '0'690(‘;(7)')90’ )
Choline -0.44 (-0.58, -
(mg/day) Mod.  -0.28 (-0.43,-0.14)  -0.48 (-0.62, -0.34)  -0.24 (-0.39, -0.09) 0.29)
High  -0.21(-0.35,-0.06) -0.43 (-0.57,-0.28) -0.27 (-0.42, -0.12) '0'490(3'2')64’ )
P trend 0.04 0.15 0.09 0.29
Low  -0.68(-0.89,-0.48) -0.76(-0.96,-0.56) -0.70 (-0.91, -0.49) '0’7%(5'(5)')97’ )
Lutein & 043 (-0.57, -
zeaxanthin  Mod.  -0.24 (-0.38,-0.09) -0.41 (-0.55,-0.27) -0.26 (-0.41,-0.11) 0 28') ’
(mcg/day) ’
High  -0.16(-0.30,-0.01) -0.42(-0.57,-0.28) -0.19 (-0.34, -0.04) '0'450(3'8')60’ )
P trend 0.001 0.07 0.003 0.12

Model 1 adjusted for age and sex.
Model 2 adjusted for age, sex, education level, cigarette pack-years, waist/height ratio.
Analyses in choline model were additionally adjusted for alcohol.
+ Based on Z-score data.
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Associations of dietary choline, lutein, and zeaxanthin with incidence of

dementia

Table 12 presents the adjusted odds ratios for the association between choline, lutein, and
zeaxanthin intake categories and the odds of developing dementia. Participants were
grouped into three intake categories, with the first category representing the lowest intake

and serving as the reference group.

In the fully adjusted model (Model 4), which accounted for age, sex, TEE, education, and
pack-years of cigarette smoking, participants in the highest choline intake category had
significantly lower odds of developing dementia compared to those in the lowest category
(OR =0.67, 95% CI: 0.43-0.98). This inverse association was consistent across all
models, with ORs ranging from 0.67 to 0.71, although statistical significance was only
observed in the fully adjusted model. The middle intake category was not significantly

associated with dementia odds in any model.

In contrast, no significant associations were observed between lutein and zeaxanthin
intake categories and odds of dementia. Across all four models, ORs for the middle and
highest intake categories were close to 1.00, and all corresponding confidence intervals
included the null value. For example, in Model 4, the OR for the highest lutein and

zeaxanthin intake category was 0.88 (95% CI: 0.57-1.36).
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Table 12. Adjusted ORs for association between choline, lutein and zeaxanthin intake
categories and dementia odds.

c;::yof Cumulative  OR (95% OR (95% OR (95% OR (95%
. incidence% ! CI)? CI)} Ch*
dementia
1;225 6 106 1.00 1.00 1.00 1.00
(n=585) (Ref). (Ref). (Ref). (Ref).
Moderate |, 1032 0.94 0.89 0.89 0.89
Choline — (n=1172) 0.64-138)  (0.60-1.31)  (0.61-1.33)  (0.61-1.33)
categories S S ST ST
flli?;l 95 811 0.71 0.67 0.67 0.67
(n=1171) (0.48-1.07)  (0.45-1.00)  (0.45-1.02)  (0.43-0.98)
];(;\évs e 0.03 1.00 1.00 1.00 1.00
(n=585) (Ref). (Ref). (Ref). (Ref).
Lutein & Mf‘ﬁr;‘f 116 9.98 0.98 0.98 0.997 0.98
seaxanthin (" 1172) (0.65-1.50)  (0.64-1.49)  (0.65-1.52)  (0.64-1.50)
categories High
0.89 0.88 0.91 0.88
@7y 118 9.74

(0.58-135)  (0.58-1.35)  (0.59-1.39)  (0.57-1.36)

Model 1 adjusted for age and sex.

Model 2: Model 1 + TEE

Model 3: Model 2 + education

Model 4: Model 3 + pack-years of cigarette smoking
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The effect of daily choline and lutein & zeaxanthin intake categories on

repeated measures of global cognitive function (Z-score) over time.

Figure 6 shows repeated measures of adjusted Z-score means for global cognition
function across categories of choline (body weight-adjusted) intake in the FOS. Overall,
participants who had moderate to high choline intake (232.7 — 691.8 mg/day) had
continuous better global cognition function compared to those who had low choline

intake (57.7 — 271.7 mg/day) over time.

Figure 7 shows repeated measures of adjusted Z-score means for global cognition
function across categories of lutein and zeaxanthin intake in the FOS. Overall,
participants who had moderate to high lutein and zeaxanthin intake (759.4 — 1696.4
mg/day) also had continuous better global cognition function compared to those who had
low intake (1637.8 — 8833.5 mg/day) over time. Notably, greater category Z-score

difference was observed in lutein and zeaxanthin model than in choline model.
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1st follow-up 2nd follow-up
Baseline (n=1,991) (n=1,539) (n=1098) 3rd follow-up (n=655)

0 ' Exam time

-0.05
-0.1
-0.15

-0.2 J

-0.25

Global NP Z- score

——

-0.3
= | ow choline intake =~ ===Moderate choline intake = ===High choline intake

Figure 6. Categories of daily choline intake and repeated measures of global cognitive
function over time.

Low choline intake: 57.7 - 271.7 mg/day.

Moderate choline intake: 232.7 - 379.6 mg/day.

High choline intake: 315.2 - 691.8 mg/day.
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Baseline (n=1,991)  1st follow-up (n=1,539) 2nd follow-up (n=1098) 3rd follow-up (N=655)

0.05 .
Exam time

0 r T T T

-0.05 .
01 W
-0.15 ' I

-0.2
-0.25
-0.3
-0.35
-0.4
-0.45

Global NP Z - score

= | ow lutein & zeaxanthin intake == \oderate lutein & zeaxanthin intake

= High lutein & zeaxanthin intake

Figure 7. Categories of daily lutein & zeaxanthin intake and repeated measures of global
cognitive function over time

Low lutein & zeaxanthin intake: 51.8 - 759.6 mcg/day.

Moderate lutein & zeaxanthin intake: 759.4 - 1696.4 mcg/day.

High lutein & zeaxanthin intake: 1637.8 — 8833.5 mcg/day.
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DISCUSSION

In this study, we investigated the prospective associations between dietary choline, lutein,
and zeaxanthin intake and cognitive function in the FOS. Our findings suggest that higher
choline intake is positively associated with global cognitive function, visual memory and,
abstract reasoning domains when adjusted for age and sex, but most of these associations
were attenuated when education, pack-years of cigarette smoking, waist-to-height ratio,
and alcohol were added to the model. Additionally, we found that dietary lutein and
zeaxanthin intakes were positively associated with global cognitive function and several
cognitive domains, including visual memory, attention and concentration, abstract
reasoning, language, visuo-perceptual organization, and premorbid educational
achievement domain when adjusting for age, sex. In the fully-adjusted models, we still
found statistically significant relationships between lutein and zeaxanthin intake and
global cognitive function, including some individual cognitive domains such as visual
memory, language, abstract reasoning, visuo-perceptual organization, and premorbid
educational achievement. These results contribute to the growing body of evidence

linking dietary nutrients with cognitive health in aging populations.

Our findings partly align with previous research, such as a 2011 analysis that
demonstrated positive associations between dietary choline intake and visual and verbal
memory individuals in FOS without dementia®. However, we found no association
between choline intake and verbal memory. Few studies have evaluated dietary choline

intake during middle-aged to old adults with various cognitive domains in the
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Framingham Heart Study. In other similar studies, however, Ylilauri et al. found
statistically significant associations between both total choline intake and
phosphatidylcholine and verbal memory function in men in eastern Finland®’. In addition,
a recent cross-sectional study using NHANES data demonstrated that compared with
those consuming <187.6 mg/day, a total choline intake of 187.06-399.50 mg/day was
associated with a protective effect on cognitive function, including learning ability,
verbal fluency, processing speed, sustained attention, and working memory®’. Other
investigations have assessed choline status using blood biomarkers while others
examined choline intake primarily from supplements, or focused on maternal choline
consumption®®%°, These studies have generally found that higher choline levels are
associated with improved cognitive function. However, several methodological
challenges complicate direct comparisons. First, dietary choline intake does not strongly
correlate with plasma choline concentrations'®, indicating that circulating choline is an
unreliable biomarker for dietary intake. Second, variations in choline supplementation,
including differences in dosage and molecular form, influence bioavailability and may
contribute to the discrepancies observed across studies®. Thus, findings on the
relationship between choline compounds and cognitive performance have been

inconsistent across studies.

The potential mechanisms through which choline may influence cognitive function
include its role as a precursor to acetylcholine, a neurotransmitter involved in memory

and learning, as well as its involvement in methylation processes that affect brain
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function®®, Research in animal models has demonstrated the neuroprotective properties
of choline supplementation. Studies indicate that providing choline to rats during prenatal
development enhances memory function, with benefits extending into adulthood%>1%, In
another study, Teather and Wurtman explored the impact of cytidine (5)-
diphosphocholine, a choline precursor, on memory decline in older rats'®. Their findings

suggest that supplementation mitigates age-associated cognitive impairments.

The metabolites derived from choline contribute significantly to maintaining the
structural integrity of cell membranes and play a crucial role in cholinergic signaling
during neuronal development!®, Several investigations propose that administering
choline and its derivatives in pharmacologic doses may be beneficial for older adults
experiencing cognitive difficulties, impaired memory, or early-stage Alzheimer's
disease!?®1%7 Magil et al. demonstrated that dietary choline, particularly in the form of
lecithin, markedly increased concentrations of choline and acetylcholine in both the

bloodstream and brain tissue!%.

Neuropathological examinations of postmortem brains have identified notable reductions
in cortical cholinergic markers, which exhibit a strong correlation with AD
pathology'®®11° Analyses of brain samples from individuals who succumbed to AD
reveal an accelerated breakdown of membrane phosphatidylcholine and a diminished
supply of choline throughout neural structures. Some researchers hypothesize that
cholinergic neurons degrade their own choline-containing membranes, ultimately leading

to cellular degeneration!!!. On the other hand, sufficient levels of acetylcholine in the
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brain are thought to confer protective effects against certain forms of dementia, including

ADllZ ]

Regarding lutein and zeaxanthin, although fewer studies within the Framingham Heart
Study have explored the association between lutein and zeaxanthin and cognitive
function, our findings align with previous research demonstrating the neuroprotective
properties of these carotenoids. In a combined cross-sectional and longitudinal study
involving 442 individuals aged 65 to 94 years, Perrig et al found that elevated plasma
concentrations of -carotene correlated with superior performance in memory-related
tasks, including free recall, recognition, and vocabulary assessments!. Similarly,
findings from the Rotterdam Study, which examined 5,182 community-dwelling
participants between the ages of 55 and 95 years, revealed that lower dietary intake of -
carotene was linked to diminished cognitive ability, as evaluated using the Mini-Mental

State Examination (MMSE)4,

More research has examined the relationship between serum and brain concentrations of
dietary carotenoids and cognitive function, underscoring the need for further
investigation into biomarkers of lutein and zeaxanthin in both serum and brain tissue. For
example, in one cross-sectional study of individuals aged 80 years and older, including
centenarians, they identified significant associations between dietary carotenoid levels in
both serum and brain tissue and multiple aspects of cognitive function!'®. Rather than a

single cognitive domain demonstrating the strongest correlation with carotenoid
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concentrations, significant relationships were observed across several areas, including

memory, executive function, and language.

The precise mechanisms by which carotenoids influence brain function remain an area of
active investigation, though several hypotheses have been proposed. One possibility is
that their neuroprotective effects stem from mitigating oxidative and inflammatory stress,
processes known to contribute to neurodegenerative conditions!®. This aligns with
findings linking lower macular pigment optical density to cognitive function!’,
reinforcing the idea that carotenoids may serve a protective role in cognitive aging.
Beyond this broad protective function, a more direct and mechanistically distinct pathway
has been suggested, particularly in the context of younger individuals or palliative
interventions. The "neural efficiency hypothesis™ posits that carotenoids enhance
cognitive function by directly interacting with neural cells to optimize processing
efficiency!'®1°, This idea is based on three key observations. Firstly, lutein and
zeaxanthin are present in brain regions involved in vision and cognition, like the occipital
and frontal lobes, and their levels vary among individuals®!. Secondly, lab studies show
that lutein and zeaxanthin enhance cell-to-cell communication, such as improving gap
junctions'?, Lastly, research links higher macular pigment levels to faster processing
speed and better cognitive function, indicating their role in optimizing neural

efficiency®?.

Lastly, regarding the NP test, we noticed that previous studies assessing global cognitive

function have notably excluded the Wide Range Achievement Test (WRAT) as a subtest
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in composite cognitive function scores. The WRAT, particularly its Reading subtest, is

widely utilized as a measure of literacy levels and premorbid intelligence!??

, as reading
ability is thought to remain relatively stable across the lifespan, even in the presence of
cognitive decline?®. The test—retest reliability of WRAT scores has been well-
documented in aging populations, including individuals with MCI and AD, supporting its
use as a consistent measure in longitudinal studies of cognitive decline. One study*?*
specifically examined the stability of the WRAT-3 Reading subtest over a one-year
period among older adults with varying cognitive statuses: cognitively normal (n = 200),
MCI (n = 137), and possible or probable AD (n = 41). Results showed that raw WRAT-3
Reading scores exhibited high stability across all groups (test-retest reliability: controls =
0.81, MCI1 =0.92, AD = 0.90). However, categorical descriptive classifications (e.g.,
"average”, "high average") were inconsistent, with 26% of participants changing
classifications over time, and the greatest variability observed in the AD group (36%).
These findings suggest that while the WRAT-3 Reading subtest is reliable for tracking
reading performance over time, it is not suitable for categorically estimating premorbid
ability or literacy levels, as small score fluctuations can lead to changes in classification
even when actual ability remains stable. Moreover, the WRAT-3 Reading subtest
exclusively assesses the ability to read irregularly spelled words and does not evaluate
memory, reasoning, executive function, attention, or concentration—all of which are
critical components of global cognitive function. Consequently, an individual with

cognitive impairment may still perform well on WRAT-3 if their reading ability remains

intact, potentially leading to a misleading impression of preserved cognitive function.
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These limitations likely explain why the WRAT-3 Reading subtest is not typically

included in global cognitive function assessments.

A key strength of this study is the use of prospective data with repeated dietary and
cognitive assessments. The use of three-day diet records enhances the accuracy of
nutrient intake estimates compared to food frequency questionnaires. Additionally, the
inclusion of multiple cognitive domains, allowing for a comprehensive assessment of

nutrients’ potential cognitive effects.

However, several limitations must be acknowledged. First, while the use of food records
improves dietary assessment accuracy, measurement error remains a possibility due to
self-reported intake. Second, we lack a biomarker of choline, such as serum choline
concentrations, which could serve as an exposure in place of dietary choline. Third, the
observational nature of this study prevents us from establishing causality. For example, it
is possible that some participants with very healthy diets (rich in choline, lutein, and
zeaxanthin) may have improved their diet quality because of prevalent diseases;
randomized controlled trials would be needed to confirm the potential benefits of these
nutrients in such a situation. Lastly, since our study sample is only from the Framingham
Heart Study cohort and these individuals are predominantly of western European descent,

this may limit generalizability to more diverse populations.

A growing body of evidence suggests that promoting dietary patterns rich in choline,
lutein, and zeaxanthin could be a viable strategy for supporting cognitive health in aging

populations. Many adults do not meet the recommended adequate intake (Al) for choline
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and many others have low intakes of lutein and zeaxanthin. Thus, a balanced diet rich in
plant-based foods as well as eggs, dairy, and other protein-source foods may aid in the
prevention of aging-related cognitive decline. Our findings indicate that the associations
between these nutrients and cognitive performance were not uniform across all cognitive
domains. While some measures showed statistically significant associations, others did
not, suggesting potential specificity in how these nutrients influence different aspects of
cognition. This discrepancy may reflect differences in the underlying neurobiological
mechanisms supporting various cognitive functions or could be influenced by the
sensitivity of different tests in capturing diet-related cognitive changes. Future studies
should aim to clarify whether these nutrients predominantly benefit specific domains,
such as verbal memory, executive function, or visuospatial abilities, and investigate

potential moderating factors such as sex, obesity, or overall diet quality.

Future research should also explore the long-term impact of dietary choline, lutein, and
zeaxanthin intake on cognitive trajectories, particularly through large-scale longitudinal
studies that assess whether midlife choline intake protects against cognitive decline in
later years. Additionally, incorporating neuroimaging techniques such as MRI and PET
scans could provide insight into whether higher choline, lutein, and zeaxanthin intakes
are associated with structural brain differences, including greater gray matter volume,
reduced hippocampal atrophy, or enhanced neural connectivity. Given the observational
nature of most existing studies, randomized controlled trials are essential to ascertain the

causal relationship of these supplements on cognitive performance in at-risk populations.
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These trials should also assess optimal dosage, duration, and potential interactions with
other neuroprotective nutrients. Addressing these research gaps will help refine dietary
recommendations and evaluate the potential of these nutrients as a preventive strategy

against age-related cognitive decline.



67

CONCLUSION

In summary, our findings suggest that higher dietary intakes of choline, lutein, and
zeaxanthin are associated with better performance in memory-related cognitive tasks and
global cognitive function in middle-aged and older adults. These findings support the
potential neuroprotective role of these nutrients, particularly in maintaining cognitive
function during aging. However, given the observational nature of our study, future

research is needed to confirm these associations and establish causal relationships.
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