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ABSTRACT
In the United States, women, while having a longer life expectancy than men, experience a differential risk for chronic

diseases and have unique nutritional needs based on physiological and hormonal changes across the life span. However,

much of what is known about health is based on research conducted in men. Additional complexity in assessing

nutritional needs within gender include the variations in genetics, body compositions, hormonal milieus, underlying

chronic diseases, and medication usage, with this list expanding as we consider these variables across the life course. It

is clear women experience nutrient shortfalls during key periods of their lives, which may differentially impact their health.

Consequently, as we move into the era of precision nutrition, understanding these sex- and gender-based differences

may help optimize recommendations and interventions chosen to support health and weight management. Recently,

a scientific conference was convened with content experts to explore these topics from a life-course perspective at

biological, physiological, and behavioral levels. This publication summarizes the presentations and discussions from the

workshop and provides an overview of important nutrition and related lifestyle considerations across the life course.

The landscape of addressing female-specific nutritional needs continues to grow; now more than ever, it is essential

to increase our understanding of the physiological differences between men and women, and determine how these

physiological considerations may aid in optimizing nutritional strategies to support certain personal goals related to

health, quality of life, sleep, and exercise performance among women. J Nutr 2022;152:1597–1610.
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Introduction

The Dietary Guidelines for Americans were recently updated
with a life-course perspective recognizing the unique nutritional
needs of individuals and population subgroups at various ages
and life stages. Building on the social-ecological model, sex is
identified as an individual characteristic that may modify the
impacts of wider social and environmental influences on health-
related behaviors, such as nutrition, physical activity, sleep, and
the risk of chronic disease. Sex is a biological characteristic
based on genetics, whereas gender can be described as “the
array of socially constructed roles and relationships, personality
traits, attitudes, behaviors, values, relative power and influence
that society ascribes to the 2 sexes on a differential basis”

(1). To fully understand nutrition and health across the life
course, both sex and gender must be taken into account (2).
Women are fundamentally different from men physiologically
and from a biobehavioral perspective. Therefore, accounting
for sex as a biological variable is critical throughout the
scientific process, from the development of research questions
to the interpretation, validation, and generalizability of findings
(3, 4). Systematically studying the differences between men
and women can improve our understanding of how and why
metabolic processes differ by sex, and thus enable clinicians to
target and personalize therapies based on biological sex (3, 4).

While women tend to have a longer life expectancy at birth,
differential patterns of health exist such that while living longer,
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women generally have poorer health and more chronic disease
than men (5). Given that nutrition is directly related to the
chronic disease risk, it is critical to understand how this modi-
fiable factor relates to health. The relationship of nutrition and
health varies across the life span, with women having unique
nutritional needs based on physiological and hormonal changes
at various times (e.g., menstruation, pregnancy, lactation,
menopause). Recently, a scientific conference was convened
with content experts to explore these topics from a life-course
perspective at biological, physiological, and behavioral levels.
This publication summarizes the presentations and discussions
from the workshop and provides an overview of important
nutrition and related lifestyle considerations across the life
course, considering sex as a biological variable and gender as
a social construct.

Nutritional Needs of Women Across the
Life Span

Nutrition is crucially important for women across their
life spans and is of particular importance during pregnancy
and breastfeeding. The Developmental Origin of Health and
Disease theory posits that nutritional and environmental
exposures during the first 1000 days (i.e., from conception
to 24 months of life), contribute more towards the risk
of obesity and cardiometabolic disorders in adulthood than
genetics alone (6). Thus, both prenatal and postnatal nutrition,
particularly in the context of micronutrients for this review,
have immediate and long-term implications for offspring health
(7). However, it is challenging to accurately and reliably
assess nutritional exposures from foods, beverages, and dietary
supplements through self-report dietary assessment methods
(8). The use of biomarkers of nutritional status can be equally
challenging, given the relative lack of laboratory tests that exist
with good sensitivity and specificity for many micronutrients
(9). Concentration biomarkers of nutritional status can be
influenced by many factors, such as inflammation (e.g., level
of C-reactive protein), hydration status, medication use, body
weight, and genetic background. Chief among understanding
the unique nutritional and health needs across the life course
is the diversity within sex and gender in terms of genetics,
body composition, physical activity, stress, the gut microbiome,
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the hormonal milieu, and life choices (i.e., to procreate,
breastfeed, follow specific dietary patterns, exercise, etc.). Thus,
the appropriate use of micronutrient testing and application of
accurate cutoff points for determining risk based on nutritional
biomarkers, especially during pregnancy, is a key issue and is
reviewed elsewhere (10).

Current Dietary Intakes and Biomarkers
of Nutritional Status of US Women
Across the Life Course

National data suggest that the diets and complementary feeding
practices among infants provide the recommended amounts of
micronutrients, with the exception of iron, among exclusively
human milk–fed infants after 6 months of age. By age 1 year,
the micronutrients of concern in young children are similar
to those of the adult population (11), with the number of
at-risk nutrients increasing across childhood and adolescence.
Disparities in risks of micronutrient inadequacy begin to emerge
in adolescence (12). Indeed, female adolescents in the United
States were identified by the most recent Dietary Guidelines for
Americans as a population subgroup at risk for low intakes of
a constellation of food components (12), with differential risks
for some nutrients and diet quality among adolescent girls living
with food insecurity (13).

Pregnancy and lactation are critical windows of the life
stages to ensure adequate nutritional status both for the
health of the mother and her offspring (Table 1). Much of
what is known about maternal dietary intakes comes from
national data repositories, like the NHANES and the National
Environmental Influences On Child Health Outcomes (ECHO)
Consortium. The majority of pregnant and lactating women in
the United States use dietary supplements (14–17); however,
the prevalence of use varies by maternal age and education,
trimester of pregnancy, race and ethnicity, and income. During
pregnancy, low risks of dietary inadequacy exist for thiamin,
riboflavin, niacin, vitamin B12, phosphorus, and selenium.
However, more than 10%–20% of pregnant women are at risk
for inadequate intakes of choline, iron, magnesium, calcium,
zinc, potassium, folate, and vitamins A, B6, C, D, E, and K. Most
pregnant women also exceed recommendations for dietary
sodium and, among supplement users, potentially excessive
intakes of folic acid and zinc have been observed. In the ECHO
consortium, disparities in total usual intakes exist by maternal
factors that are associated with supplement use (14).

Nutrients of Concern in Women Across the

Life Course

Iron is the most common nutrient deficiency among young
children, adolescents, and reproductive-aged females and during
pregnancy, and can manifest with cognitive changes that affect
memory and concentration and are linked to mood disorders,
low energy levels, and difficulty with thermoregulation. Low
iron is commonly paired with low intakes of several other
micronutrients, especially B vitamins. While dietary supplement
use is associated with a reduced risk of micronutrient inade-
quacy both from the diet and for biomarkers of nutrition status
(18), many reproductive-aged females have a low iron status or
iron deficiency (19). Approximately 1 in 10 women aged 12–
49 years have iron deficiency, but racial disparities exist, with
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TABLE 1 Key micronutrients and their role in women’s health across the life course

Micronutrient Life course relevance

Iron • Exclusively breastfed infants are at risk of inadequate intake when iron stores deplete (around 6 months of age).
• Menstruating women have iron losses and may require supplementation to prevent anemia and other deleterious impacts on

neurocognition and thermoregulation.
• Pregnant women have higher iron requirements to support fetal growth and maternal red cell mass, and therefore may be at increased risk

of inadequate iron intake during pregnancy.
• Lactating women have lower iron requirements than nonpregnant, nonlactating women

Vitamin B6 • Reproductive-aged women using hormonal contraceptive agents may have higher requirements for vitamin B6
Magnesium • Magnesium has been associated with reduced negative effects of menstruation among premenopausal women.

• Plays a role in glucose metabolism and may be beneficial to those with altered glucose metabolism across the life course.
• Women using proton pump inhibitors may have increased needs.
• Associations of magnesium with risk of chronic diseases among adult women

Folate • Folic acid before and during early gestation reduces the risk of neural tube defects.
• Folate and folic acid have been associated with both positive and negative health outcomes from observational and animal lines of

evidence
Choline • Critical for optimal brain growth and development during pregnancy and early life.

• Associations of low choline and impaired cognitive function and mood across the life course
Vitamin B12 • Related to maternal health (during pregnancy) and risk of neural tube defects.

• B12 is limited to animal sources; individuals that limit intake of these food sources (i.e., vegans and vegetarians) may be at increased risk
of low B12 status, especially during pregnancy.

• Needs may be higher among women with inflammatory bowel disease, those who have undergone bariatric surgery, and those using
certain medications.

• Older adults may have increased needs if gastric acid secretion is compromised or if they use proton pump inhibitors
Iodine • Increased requirements to support optimal pregnancy outcomes and for prevention of iodine deficiency disorders among the offspring
Zinc • Critical for cellular metabolism and immunological function across the life course.

• Mild and subclinical zinc deficiencies have been observed in older adults and nursing home residents.
• Women using diuretics and angiotensin-converting enzyme inhibitors may have higher requirements

Vitamin D and calcium • Essential for building peak bone mass in adolescence, and maintaining bone mineral density in adulthood.
• Postmenopausal women have high risks of osteoporosis and bone fracture

deficiency being more common among Mexican-American and
non-Hispanic Black females compared to non-Hispanic White
females (19). Nevertheless, low iron and anemia can cause long-
term neurobehavioral damage that may not be reversible, even
with iron treatment. Unfortunately, iron supplementation can
prove challenging, given the well-known gastrointestinal side
effects.

Many clinicians and consumers are unaware that commonly
prescribed medications can influence the micronutrient status.
Moreover, nearly 65% of women ages 15–49 years in the United
States utilize a form of contraception (e.g., oral contraceptive,
implants, intrauterine device), with oral conception reported as
the most common, followed by intrauterine devices (20). The
use of oral contraceptive agents can alter the absorption of many
B vitamins, particularly vitamin B6 (21). Approximately 20%
of younger US women (ages 15–29 years) report use of oral
contraceptive agents (20), often for years, in addition to other
prescription medications (22). Given that oral contraceptive use
is associated with lower concentrations of 5-plasma pyridoxal
phosphate, the vitamin B6 status should be periodically
monitored among those who use oral contraceptives. Thus, even
with a healthy baseline diet, medication use must be considered
in the context of evaluating the nutritional status of women, as
well as the likelihood of fertility.

Magnesium plays a key role in many health issues that
pertain to women, such as the prevention of dysmenorrhea,
premenstrual syndrome, and menstrual migraine in pre-
menopausal women (23), and may ease climacteric symptoms
during menopause (24). The role of magnesium in women’s
health extends across the life course, and low magnesium
in older women has been related to increased incidences of

cardiovascular disease, stroke, and mortality (25, 26). Given
the role of magnesium in the glucose metabolism, various
lines of evidence suggest that magnesium can be beneficial for
improving insulin resistance and slowing the progression of
diabetes-related complications (27). Proton pump inhibitors can
interfere with passive and active magnesium absorption, and
several systematic reviews have confirmed hypomagnesemia
among individuals using these medications (28); close to 9%
of American adults routinely use these medications (29).

The term folate is used to represent forms of the vitamin
that occur naturally in food, while folic acid and 5-methyl-
tetrahydrafolate (5-methyl-THF) are the forms present in
fortified foods and many dietary supplements. Folic acid
supplementation (but not other forms) in the periconceptional
and early gestational time periods has been associated with a
reduced risk of the occurrence and reoccurrence of neural tube
defects (30, 31). Folic acid clearly has a beneficial role in the
prevention of birth defects and may reduce the risk of certain
cancers and heart disease, and observational data suggest that
increased folate intake is also beneficial for prevention of
some cancers and cardiovascular disease; however, high folic
acid intake may also increase the risks for colorectal cancers
(32, 33) and cognitive impairment (34–36) among certain
individuals in the nonreproductive years, and may be associated
with autism spectrum disorders (37). The intake of folic acid
is associated with unmetabolized folic acid being present in
the serum. It is currently unknown whether this poses any
harm to human health (38, 39). As of late, researchers are
looking more closely at the active form of folate, 5-methyl-
THF, as an alternative to folic acid, as it does not result in
elevated levels of unmetabolized folic acid and is not affected
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by genetic polymorphisms in 5,10-methylenetetrahydrofolate
reductase. A growing number of dietary supplements contain 5-
methyl-THF; however, less is known about its ability to prevent
birth defects or whether it is a safer alternative to folic acid
supplementation.

Choline is another essential B vitamin that is critically
important during pregnancy and early childhood to support
normal brain development (40). Choline is important for
neurotransmitter synthesis (e.g., acetylcholine), cell-membrane
signaling, and methyl-group metabolism (41). In pregnancy,
choline may play a role in protecting the fetus from neural and
metabolic insults (42). During gestation and early life there ap-
pear to be critical windows when adequate choline is necessary
for optimal cognitive development (43). Choline deficiency has
been previously associated with poor concentration, memory
loss, and mood changes.

Low maternal serum vitamin B12 levels during the first
trimester of pregnancy are a risk factor for neural tube defects
and poor maternal outcomes (e.g., preeclampsia, macrocytic
anemia, neurological impairment). Like choline, vitamin B12 is
concentrated in animal sources, so individuals that limit their
intake of these foods (i.e., vegans, vegetarians) may be at an
increased risk for low B12 status, especially during pregnancy
(44). Additional at-risk population subgroups include those
with inflammatory bowel disease, those who have undergone
bariatric surgery, and those taking certain medications (e.g.,
metformin, proton pump inhibitors), particularly long-term
users. Older adults are also at increased risk for low B12
status, as gastric acid secretion naturally declines with age.
Symptoms of B12-deficiency anemia include muscle weakness,
numbness or tingling in the hands and feet, a decreased appetite,
irritability, fatigue, and trouble walking, all of which can easily
be confused with signs of aging. The crystalline form of the
vitamin in fortified foods and dietary supplements is much more
bioavailable than protein-bound sources, and the National
Academy of Medicine recommends that all adults 50 years and
older receive the majority of their vitamin B12 intake from these
sources (45). Given the high proportion of Americans at risk
for clinical or subclinical B12 deficiency, targeted screening of
vitamin B12 status should be performed by health and nutrition
professionals.

Iodine, another crucial micronutrient, is important for fetal
and early childhood brain development (46). Iodine needs
increase during pregnancy due to increased maternal demand
for thyroid hormones, transfer of iodine to the fetus, and
increased renal clearance. To prevent iodine insufficiency, the
American Thyroid Association recommends that all women
who are pregnant, lactating, or planning to become pregnant
supplement their diet with 150 μg of iodine a day (47, 48).
Despite its vital role, the use of iodine-containing supplements
is very low among pregnant and lactating women (49–51), and
urinary iodine concentrations of pregnant women in the United
States are below the WHO recommendations for sufficiency
(49, 52, 53). Inadequate iodine intake can lead to a spectrum
of iodine-deficiency disorders, some of which can result in
irreversible harm to the infant (54).

Zinc is an essential mineral involved in multiple aspects of
the cellular metabolism and immunological function across the
life course (55). While much of the focus has been on severe
deficiency in children, mild and subclinical zinc deficiencies have
also been observed in older adults and nursing home residents.
An observational study of 420 nursing home residents in Boston
found that those with normal plasma zinc levels (≥70 μg/dL)
had a lower incidence and duration of pneumonia, lower use

and duration of use of antibiotics, and a reduction of all-
cause mortality compared with the group with lower plasma
zinc levels (<70 μg/dL) (56). Some prescription medications
can decrease zinc levels, including diuretics and angiotensin-
converting enzyme inhibitors, both of which are routinely
prescribed to older adults for managing hypertension.

Women are disproportionately impacted by osteoporosis,
which affects roughly 20% of women over age 50 years,
compared to 4.4% of men (57). Vitamin D is essential for
bone health, as well as preventing muscle weakness, protecting
against falls, and providing immune support (58). Obtaining
adequate levels in the diet is difficult, as there are limited
food sources of vitamin D. Both vitamin D and calcium are
identified as micronutrients of public health concern, given
that low intakes are ubiquitous in the United States and are
directly related to risks of osteoporosis and bone fracture. As
women transition to menopause, there are dramatic increases
in chronic disease risks. Most peri- and postmenopausal women
are deficient in or have low levels of vitamin D and magnesium.
Iron, calcium, folate, riboflavin, vitamin B12, and vitamin K2
are also important during menopause. Thus, across the life
course, females have unique nutritional needs that must be
met within the context of energy balance in order to promote
adequate nutrition and healthy body weights (Table 1).

Metabolism and Weight

The biological processes in men and women differ considerably,
specifically with respect to metabolism and the distribution
of adipose tissue in the human body. Men tend to accrue
more visceral fat (i.e., fat located intra-abdominally and
closer in proximity to organs), leading to the classic android
distribution of fat (4), which has previously been highly
correlated with an increased cardiovascular risk (4). In contrast,
women accrue more fat in the subcutaneous depot (i.e.,
under the skin) prior to menopause, a feature that affords
protection from the negative consequences associated with
cardiovascular disease, obesity, and metabolic syndrome (4).
Therefore, these sex-specific differences in body composition
must be considered when developing successful and sustainable
weight-loss strategies. Moreover, to achieve an optimal body
weight, the beneficial effects of sex-specific differences and body
composition characteristics that differentiate men and women
must be harnessed in such a way as to promote “healthy”
adiposity (4).

Men and women also differ in their energy requirements
across the life course. In prepubescent children, beginning as
early as age 3, there are clear differences in energy requirements
for girls and boys, with differences in energy expenditure
ranging from 50 to 75 kcal per day. These differences
continue through prepubescence, where boys and girls differ
by approximately 200 kcal in energy expenditure per day by
age 9. Similar findings are also observed among adolescents
and adults; in adolescents (i.e., 10–18 years), the discrepancy in
energy requirements becomes larger, and is amplified to nearly a
1000-kcal difference (59). This large difference (≥1000 kcal) in
energy needs translates to adulthood as well, where men have at
least a 500-kcal higher energy requirement when compared with
women (58). A recent study evaluating energy requirements in
men and women using energy expenditure measurements via
doubly labeled water confirmed that energy requirements are
sex specific and differ between men and women across all age
groups (60). Even in the resting state, the body needs a certain
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amount of energy to maintain the body’s cellular activities (i.e.,
basal metabolism). Data from adults in the United States show
that resting energy needs are very different for men and women,
with men needing approximately 200–400 more kcals per day
across all age groups (61).

Women also face very different physiological challenges
when compared with men. Menarche, pregnancy, peri-
menopause, and postmenopause are critical windows in the
female life course, where challenges to weight management are
particularly enhanced. In adolescence, 50% of a girl’s adult
body weight is gained, in an unprecedented rate of growth
second only to that in infancy (62, 63). For this reason,
adolescence is a critical period for ensuring that weight gain
is healthy and optimal. In addition, weight gain among girls
closely corresponds with the age of menarche, which has been
previously associated with a variety of factors, including mental
health, fertility-related conditions, cardiovascular disease, and
bone health. Perturbations in the timing of menarche (i.e.,
early or late onset) has been shown to increase the disease
burden for women in these 4 areas (i.e., mental health, fertility,
cardiovascular disease, and bone health) (62, 63).

Female sex-steroid hormones and hormone fluctuations
throughout the menstrual cycle also significantly affect weight
and the body composition among girls and women of
reproductive age. The menstrual cycle has critical implications
for appetite and energy requirements; sex hormones interact
to modulate the energy balance, resulting in higher energy
requirements (kcal/d) during the luteal phase as compared
to the follicular phase of the menstrual cycle (4, 64). In
addition to higher energy requirements (kcal/d), women also
experience a higher appetite and more cravings during the luteal
phase, suggesting that physiology related to each phase of the
menstrual cycle may be worth considering as part of strategies
to optimize weight loss in this population (4, 64).

Pregnancy is another life stage in which women experience
challenges related to weight management. Optimal gestational
weight gain is a critical determinant of both fetal health and
pregnancy outcomes, and therefore can have a multigener-
ational impact on both the mother and the offspring (65,
66). Despite this, only 32% of expectant mothers are within
optimal gestational weight gain recommendations; nearly half
(48%) of the population is above recommendations (65,
66). Excess weight gain during pregnancy can result in a
large-for-gestational-age baby that is predisposed to excessive
weight gain, perpetuating a cycle of metabolic resistance
and therefore perpetuating obesity (67). Therefore, achieving
optimal gestational weight gain is key to the health of the
mother and the offspring.

Several weight-loss and dietary interventions have been
conducted during pregnancy; however, these interventions have
been challenged by low recruitment, poor compliance, high
attrition, modest outcome improvements, and a lack of direct
physician or provider involvement (68, 69). Therefore, it
remains unclear whether lifestyle interventions can reliably
reduce gestational weight gain in pregnant women, particularly
in those with overweight or obesity. Difficulties in intervening
during pregnancy suggest that programs targeted at optimal
weight gain during pregnancy need to be initiated pre-
pregnancy in women of reproductive age, ideally when they
begin planning for parenthood (68, 69).

The final stage in which weight-related issues may arise is
during the transition from perimenopause to postmenopause.
These menopausal states are marked with physiological changes
that affect energy requirements in women. Prior to menopause,

women accrue more fat in the subcutaneous depot, and there-
fore receive some protection from the negative consequences
associated with obesity and metabolic syndrome (4). However,
after menopause, fat deposition and accrual shift to favor the
visceral depot, which is accompanied by a parallel increase in
the metabolic risk, similar to that observed in men (4).

Other lifestyle factors, such as sleep and cravings, influence
weight and weight-related challenges among women. Craved
foods that are calorie rich and high in energy density can
further exacerbate challenges with weight loss. Men and women
differentially experience and view food cravings. Women are
significantly more likely to be food cravers (28% compared with
13% of men) and report negative feelings or guilt for indulging
in cravings, whereas men are less likely to crave foods and
report positive feelings associated with the same activity (70).
Food energy density is thought to be the strongest predictor
of cravings in adults with overweight and obesity, and in an
energy-restriction study, 75% of craved foods were chocolate,
salty snacks, ice cream, or sweetened bakery products (71).
Consuming large quantities of energy-dense foods is not only
problematic in terms of nutrient intake, but also with regard
to energy balance. Despite our knowledge of lifestyle factors,
physiological states, and the challenges that women face, energy
balance and weight management are directly influenced by
the ratio of energy expenditure to energy intake. Additionally,
exercise can improve metabolic health and contribute to
successful weight maintenance. However, exercise in general has
a small average effect on body fat (72). Studies suggest that
getting enough sleep may be just as crucial to losing weight as
diet and exercise, given that sleep deprivation is associated with
increased body weight and higher levels of ghrelin, the hormone
responsible for stimulating hunger (73).

The instinct diet (iDIET) (74) is a behavioral weight-loss
program developed based on 20 years of research and focuses
on instinct control by targeting hunger, availability, calorie
density, familiarity, and variety. To target hunger, the iDIET
recommends eating 3 balanced meals and snacks every day.
These meals and snacks should be comprised of satiating foods
that are moderately high in fiber, protein, and total volume. The
iDIET is also designed to keep calories low without sacrificing
taste by using portion-appropriate healthy fats and liberally
seasoning vegetables and protein. Eating timing and familiarity
are also very important when engaging in a weight-loss
program; establishing regular eating times, eating healthy and
satiating foods when hungry, and substituting nutrient-dense
foods for energy-dense foods are suggested ways to introduce
familiarity when on the iDIET. Lastly, variety often leads to
overconsumption. Rebalancing the variety of foods available
(i.e., transitioning towards an increased, healthy variety of
foods) can reduce unconscious overeating and improve the
development of healthy eating behaviors. The iDIET aims
to address these biological drives and instincts and eliminate
hunger. To date, the results from the iDIET have been extremely
successful and may have broad applicability across the life
course for women.

Nutritional Considerations for Active
Women

Important physiological, sex-based considerations include dif-
ferences in brain, cognitive, and respiratory functions and
in bone, musculoskeletal, and neuromuscular processes (75,
76). Substrate utilization, fatigability, muscle recovery and
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soreness, and the body composition are additional aspects that
differ between men and women, and are related to bone,
musculoskeletal, and neuromuscular processes. Recent evidence
suggests that men and women may have varied responses to
fatigue, with women demonstrating lower fatigability when
compared to men. Metabolically, reduced fatigability among
women is thought to be associated with greater vasodilation
and muscle profusion, meaning that blood is transported to
the muscle and metabolites are excreted at an increased rate.
Additionally, women also have a greater proportion of type
I muscle fibers in several muscle groups; this mechanism
may be associated with reduced fatigability among women
during isometric contractions (77). Despite this, women have
smaller blood vessels when compared with men and face
delayed recovery times, impeded by hormonal fluctuations from
the menstrual cycle. Thus, nutritional recommendations and
dietary supplements for women should consider physiological
differences to maximize performance and recovery.

The potential impacts of the menstrual cycle and menstrual
hormones on health, exercise performance, and metabolic
demand are also critical to understanding nutritional needs.
Additional studies investigating the menstrual cycle in relation
to nutrient and energy intakes and energy expenditure are
needed; however, it is known that a menstrual cycle is associated
with increased energy expenditure, resulting in potential
differences in caloric and macronutrient needs, especially in
the presence of exercise. While the range for macronutrient
needs may vary according to the menstrual cycle, body
composition goals, energy demands, and specific phases of the
menstrual cycle increase energy demands across all women
(78, 79).

In terms of chronic disease, women face increased risks of
heart disease and arthritis with aging and of overweight or
obesity throughout adulthood, all of which can be directly
targeted through dietary modifications. Currently, over 60% of
women in the United States are overweight, and nearly one-
third of those women are obese. Even among those that are
of normal weight, 75% believe they are overweight and 90%
overestimate their body size. Taken together, these findings
suggest that women consistently have certain personal goals
related to leanness and desires to lose weight (80, 81). As a
result, women tend to be underfueled due to desires to reduce
their body size, which significantly exacerbates metabolic and
macronutrient implications. Active women, in particular, are
at an even greater risk of underconsuming calories; a recent
study reported only 9% of active women met their energy
needs (82). Thus, opportunities for education and tailored
interventions should be considered as a potential strategy to
encourage maintaining caloric needs and maximizing muscle in
this population.

Carbohydrate recommendations for active women should be
driven by the frequency and longevity of exercise performance.
The intensity, duration, and volume of physical activity are
all important factors that play a role in carbohydrate needs.
Active women tend to underconsume carbohydrates, which in
turn can impact aerobic exercise performance and recovery.
However, due to a woman’s maximized ability to utilize
fat for fuel, a moderate-carbohydrate diet is optimal for
women, as it increases the opportunity for more effective
carbohydrate loading and the utilization of fat for fuel.
The amount of carbohydrate intake that is needed from a
diet is directly dependent on the frequency and longevity
of exercise performance. For women that complete longer
durations of exercise (≥90 minutes of exercise), sex-specific

recommendations for carbohydrate loading and carbohydrate
quality may be warranted.

Active women may also require a higher level of protein
intake per day due to increased protein oxidation and differ-
ences in their ability to rebuild protein into muscle and recover
when compared with men (83). Data suggest that women have
a lower ability to uptake and utilize amino acids for protein
synthesis, which supports the need for higher baseline protein
requirements. More recent evidence suggests that women need
a baseline of approximately 1.5–1.6 g per kg of body weight per
day of protein (84); nevertheless, additional studies are needed
to draw further inferences regarding protein requirements for
women, particularly across the menstrual cycle. Essential amino
acid supplementation may enhance absorption and amino acid
availability and, in turn, aid in protein turnover across the life
span for women (85).

Adequate fat intake is essential for maintaining menstrual
hormone concentrations, sustaining normal menstrual cycles,
and absorbing fat-soluble vitamins (86, 87). Women tend to
restrict fat intake due to certain personal goals related to
leanness and desires to lose weight; however, restricted fat
intake can have critical implications for sex hormones, fat-
soluble vitamin absorption, immune functions, and recovery.
For active women, diets that do not meet the recommendations
for adequate fat intake and do not incorporate high-quality,
unprocessed fats (as opposed to processed fats) can negatively
impact restoration and recovery of intramyocellular lipid stores
after extended exercise performances, and subsequently hinder
performance in future exercise bouts (88). Additionally, recent
data highlight the potential impact of omega-3 fatty acid
supplementation in support of muscle anabolism (and decreased
catabolism), and targeting those differences between men and
women in terms of skeletal muscle (89, 90).

In addition to the macronutrient composition, the timing of
nutrient consumption also influences the metabolism in women.
To date, 95% of our nutrient timing recommendations originate
from research conducted in men. The timing of nutrient
consumption around exercise directly influences performance,
recovery, fat oxidation, and energy expenditure (91). Women
often exercise in a fasted state, driven by gastrointestinal
distress and a desire to “burn fat.” However, evidence indicates
that for women specifically, exercising in a fasted state can
blunt fat oxidation (92). Alternatively, exercising in a fed
state will result in a greater total daily energy expenditure
and increased fat oxidation and, indirectly, improve the body
composition. A recent analysis suggests that consuming a bolus
of protein prior to exercise, as opposed to consuming a bolus
of carbohydrate, significantly augments energy expenditure and
enhances fat oxidation postexercise for aerobic exercise, high-
intensity interval training, and resistance training (93). When
this approach is combined with resistance training, it appears
that pre-exercise nutrition may be more efficacious for women
to see improvements in strength and lean body mass, compared
to postexercise nutrition (94).

Due to unique physiological requirements, there are key
areas where dietary supplements may be advantageous for
active women: in body composition and lean body mass, energy
and fatigue, mental health, and physical health and wellness.
A primary reason females purchase a dietary supplement is
to address feelings of fatigue (95). Key effective ingredients
that may help improve energy, delay fatigue, or improve other
parameters related to athletic performance include beta-alanine
(96), caffeine (91), teacrine (97, 98), and creatine monohydrate
(99).
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Mental health differences exist between men and women.
Women are significantly more susceptible to depression and
stress, which can also have physical implications on the body.
With increased mental demands and high levels of multitasking
among women, intake of specific supplement ingredients aimed
at improving focus may be advantageous. A few ingredients that
may provide benefits include rhodiola, theanine, and citicoline.
Rhodiola may help active women reduce fatigue and may also
improve mood as well (100); theanine, often combined with
caffeine, has the potential to improve relaxation and attention
(101); and citicoline may help to improve memory (102). When
evaluating the use of dietary supplements for active women,
consideration should be given to the supplement’s potential for
improving fatigue and targeting memory, attention, and focus
(103).

Optimizing Women’s Sleep Health

Sleep is 1 of the 3 pillars of women’s health, along with nutrition
and physical activity. Sleep health encompasses a cycle of timing,
efficiency of sleep while in bed, duration of sleep, regularity,
satisfaction with sleep, and alertness during the day (104). The
amount of sleep required for optimal health varies based on
sex, differences across the life span, and differences among
individuals.

Normal sleep patterns differ by sex. Women report a greater
need for sleep and longer sleep durations (105). Men and
women interpret the meaning of sleep quality differently, with
daytime dysfunction and sleep disturbances influencing sleep
quality ratings in women, whereas sleep efficiency and sleep
duration influence ratings in men (106). Women are more likely
to be morning types, experience a shorter circadian period, and
experience an earlier circadian phase than men (107). Further
sex differences are evident when examining polysomnographic
recordings, and there are considerable differences in relation
to age; as men age, their slow-wave sleep declines to a greater
extent than that of women (108). Further, women have less light
sleep and less wakefulness after sleep onset than men as they age.

The prevalence of sleep disorders differs by sex. Sleep
apnea is more common in men than in women, with women
experiencing protection from obstructive sleep apnea, at least
until postmenopause, when their risk for sleep apnea increases
(109). Throughout the life span, women are more prone to
insomnia than men, which is driven by many interacting factors,
including women being more likely to seek help for their
insomnia symptoms; increased risks for depression and anxiety
and for painful syndromes, where insomnia is comorbid; and
differences in physiological risk factors, such as stress reactivity
(110). Changes in sex steroids also play a role; sex differences
emerge after puberty, and insomnia is more prevalent at
certain reproductive stages, such as premenstrually and during
menopause. When considering treatment options for insomnia,
cognitive behavioral therapy for insomnia (CBT-I) is the gold-
standard treatment, and is as effective and acts similarly in men
and women (110). When compared to the effectiveness of CBT-
I, alternative interventions for insomnia, such as melatonin,
light exposure, exercise, and complementary and alternative
medicine, did not have superior effects (111). However, there
is support for melatonin being effective for treating sleep-onset
difficulties and daytime sleepiness (111).

Some women report reductions in sleep quality and increases
in sleep disturbances premenstruation and during menstruation
(112). The most robust change in physiological sleep across

the menstrual cycle is evident in electroencephalograms, with
increased sleep spindles during the luteal phase, potentially due
to the presence of progesterone (113). There was also a small,
but consistent decline in rapid eye movement sleep in the luteal
phase (114). Women who suffer from menstrual-associated
disorders, including polycystic ovary syndrome, premenstrual
syndrome, and dysmenorrhea, may be more likely to experience
sleep problems (112).

Physiological changes occur during the menopausal tran-
sition, and are associated with reproductive aging, including
declining estrogen levels and increasing follicle-stimulating
hormone levels that affect sleep (115). The Study of Women
Across the Nation, a longitudinal study that follows women
from premenopause through postmenopause, observed that
the most common sleep difficulty during menopause is sleep
maintenance, which involves having trouble going back to
sleep after waking during the night (116). However, not all
women experience changes in sleep as they transition into
menopause; about 40% of women had a low prevalence
of sleep maintenance issues (116). Approximately 15% of
women showed an increasing prevalence of sleep maintenance
issues across the menopausal transition, whereas the remaining
women showed a moderate to high prevalence of sleep problems
during premenopause that persisted across the transition.

In addition to hormonal changes, other factors contributing
to sleep difficulties in women entering midlife include hot
flashes; psychosocial, stress, and socioeconomic factors; de-
pression and anxiety; medical comorbidities; and aging (117).
Sleep diaries indicate perimenopausal women with insomnia, on
average, wake up more frequently and stay awake longer during
the night, along with experiencing more variability in the sleep
pattern for nights of wakefulness, compared to women without
insomnia (118). Perimenopausal women with insomnia are
more likely to experience hot flashes during the night compared
to women without insomnia (118–120). Interestingly, variabil-
ity between women was observed in the extent to which hot
flash–associated wakefulness contributed to the total wake time
across the night, with some being more disturbed than others.

Just as CBT-I is effective for treating insomnia at other life
stages, strong evidence suggests it is also effective for women
in the perimenopausal and postmenopausal stages who have
insomnia (121–123). These clinical trials support that changing
a woman’s behaviors and negative thoughts and concerns about
their sleep can contribute to long-term improvements in sleep.
Because every woman is different, there is a need to treat
each woman individually (124). For some women with severe
and persistent hot flashes, hormone therapy may be a good
approach, following guidance for its use (125). Nonhormonal
pharmacological and nonpharmacological options beyond
CBT-I (e.g., soy isoflavones), have been shown to be effective
for sleep problems in postmenopausal women (126).

Estrogen and Women’s Health

Estrogens are important for the development and maintenance
of reproductive and nonreproductive tissues. Loss of estrogens
during menopause causes a major change in the systemic
metabolism and results in increased central obesity, decreased
insulin sensitivity, and increased inflammation that predisposes
postmenopausal women to type 2 diabetes, cardiovascular
disease, and cancer. Estrogens are the primary regulators of
the reproductive system for males (e.g., epididymis and testis)
and females (e.g., uterus, ovary, and vagina; development of the
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mammary glands). Estrogens are essential for brain function,
the immune system, the cardiovascular system, liver health, and
bone health in both sexes. At the same time, estrogens have
adverse effects; for example, they are drivers of breast cancer
and uterine cancer.

Postmenopausal women have increased risks of diabetes,
cardiovascular disease, metabolic syndrome, and certain can-
cers, including estrogen receptor (+) breast cancer. Hormone
replacement therapy (HRT) improves the metabolic health of
postmenopausal women; however, HRT increases breast and
uterine cancer risks. There is still a critical need to find safer
alternatives to HRT to improve postmenopausal metabolic
syndrome. Botanical estrogens are components that share
similar structures with estrogen and are relevant throughout the
life cycle. Botanical estrogens have been used to treat urinary
tract infections, are used during pregnancy and lactation to
improve milk production during lactation, and are used during
menopause; they include black cohosh, red clover, and soy
(127). Botanical estrogens share a similar chemical structure,
which is the main determinant in interactions with estrogen
receptors and dictates in which tissues chemical activity will
occur (128). Mechanistically, botanical estrogens were shown
to activate classical estrogen receptor genomic activity, which
is mainly dominant in the reproductive tissue, as well as in
nonclassical pathways (127). Botanical estrogens effectively
activate those critical pathways (i.e., classical and nonclassical)
for many different tissues, and research is exploring whether
they mitigate not only symptoms in menopause, but risks of
chronic diseases like breast cancer and metabolic syndrome.

Licorice root, wild yam, and epimedium are some of
the plants encapsulated in dietary supplements used by
postmenopausal women. In animal models, botanical estrogens
are very effective in normalizing weight gain associated with
an ovariectomy under normal and high-fat diets, particularly
with licorice root (129). Botanical estrogens were able to
prevent some of the excessive weight gain due to the excess
calories from the high-fat diet. More specifically, botanical
estrogens reduced the weight of various fat depots without
increasing the weight of the uterus, and without increasing
the weight or changing the structure of the mammary gland.
These findings suggest that botanical estrogens from licorice
root do not impose any of the potential risks to the reproductive
tissues or the mammary gland (e.g., breast and/or uterine
cancer risks). Consistently, no increase in uterine weight was
noted with licorice root extracts. This finding is promising
in terms of providing alternative approaches that might be
useful for alleviating symptoms of postmenopausal women.
Botanical estrogens may also modulate the gut microbiota,
which metabolizes estrogens (130), and animal models have
demonstrated an impact on metabolic outcomes and weight
(131, 132).

Weight maintenance is an important component of the risk
of chronic disease. Indeed, an adverse weight status can increase
the risk of cancer by 50% (133). For a woman with breast
cancer, that would decrease responses to therapies independent
of the menopausal status. Most premenopausal women un-
dergoing breast cancer report adjuvant chemotherapy weight
gain (60%–90%, depending on the study). Obesity increases
inflammation, insulin resistance, local estrogen production, and
a decrease of adiponectin (134). Women with high BMIs had
higher levels of markers that indicate an increased risk for
breast cancer and an increased risk for more aggressive forms of
breast cancer (135). Synthetic estrogens, known as preferential
estrogens, and their pathway are thought to block the effect of

these obese-associated factors, which in turn could reduce the
risk of breast cancer (135).

Estrogens also have major effects on the vasculature arteries
that bring blood to the heart and the microvasculature.
Estrogens initiate pathways that change nitric oxide production,
which is essential for vasodilation; thus, dietary botanical
estrogens may improve cardiovascular disease risks (136).
Women tend to have more prevalent microvascular damage
related to estrogen action in the endothelial cells. Botanical
estrogens seem to have favorable actions with regard to
vascular functions, with no risks to the reproductive tissue
(137). Thus, botanical estrogens have the potential to improve
cardiometabolic health during the menopause transition, but
further work is needed in this area.

The Influence of Dietary Behavior on
Women’s Eye and Brain Health

As previously stated, women have a clear survival advantage
over men. Even so, women are faced with more morbidities that,
while not fatal, lead to disability and diminished quality of life,
including connective tissue disorders, diabetes, cataracts, age-
related macular degeneration, glaucoma, and cognitive impair-
ment and dementias (138–142). Many of these degenerative dis-
eases are known to be mitigated through dietary interventions,
such as increased intake of carotenoids (143–145).

A particularly cogent example is the highly comorbid condi-
tions of age-related macular degeneration and the Alzheimer’s
form of dementia (138, 139). Both of these conditions are
more prevalent in women (about two-thirds of all cases are
female) and both are known to be influenced by dietary
intake. The pigmented carotenoids lutein (L) and zeaxanthin (Z)
concentrate in the macula (and may be reduced in women) and
key locations within the brain, and are thought to retard many
of the processes that lead to the degradation of these central
nervous system tissues.

L and Z are xanthophylls (oxygenated carotenoids) that
cross the blood-retina barrier to preferentially accumulate in
the central region of the retina, called the macula (hence the
term macular pigment). In that location, L and Z are thought to
protect the retina through antioxidant and anti-inflammatory
mechanisms. L and Z likely serve these functions in the brain
as well (113). Because they are blue-absorbing pigments, in the
retina they also serve to screen the cones from highly actinic
and deleterious visible light (the so-called blue-light hazard).
This screening serves to reduce glare disability, discomfort,
and photostress, while simultaneously improving the chromatic
contrast and visual range (e.g., the ability to see through blue
atmospheric haze) (113). These effects on input reflect changes
in neural output, such as improved visual processing speeds,
problem solving, memory, and executive functions (presumably
due to local effects in areas such as the hippocampi and frontal
cortex) (146).

Despite similarities in serum and dietary L and Z, adipose
levels of L and Z in females are significantly higher than those in
males (147, 148), and this may confer a metabolic advantage in
terms of storage for reproductive needs. This may also, however,
signal concern that less L and Z are available for use in the
brain and retina. L and Z levels are significantly lower in the
retina [measured as macular pigment optical density (MPOD)]
for obese adults, even at the same levels of dietary intake (149).

Higher MPOD has also been associated with overall
academic achievement, as well as achievement in mathematics
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and language composition, among preadolescent children (ages
8–9 years; using models that controlled for IQ and other
related potential confounders) (150). MPOD in adolescence has
also been related to efficiency in performing cognitive tasks
(151), enhanced executive functioning, and intellectual ability
(152). Increasing intakes of L and Z in children would appear
warranted, but more research is needed to know how to do this
most efficiently. For example, some data suggest that genetic
variation (specifically CD36-rs3173798 genotypes) may be
important moderators independent of dietary intakes of L and Z
(153). In younger adults, supplementation with L and Z clearly
increases serum concentrations and MPOD. These increases
in turn lead to better outcomes, such as improved neural
processing speed and efficiency (154), as well as chromatic
contrast and recovery from photostress (155).

There is increasing empirical evidence that L and Z are good
for the aging brain. For example, 1 year of a daily supplement
with both carotenoids improved memory and resulted in fewer
errors in new learning among middle-aged adults (i.e., 45 years)
(156). Similarly, when compared with placebo, older adults (i.e.,
∼74 years) who received supplements containing 12 mg/day of
L and Z had higher MPOD, as well as better attention and
cognitive flexibility; in men only, supplementation produced
overall improvements in composite memory (145). In a cross-
sectional analysis of older adults, both plasma concentrations
of L and Z and MPOD were associated with better Isaacs Set
Test scores, which measure the ability to recall information;
Benton Visual Retention Test scores, which memory and visual
perception; and Free and Cued Selective Reminding Test scores,
which predict dementia (157).

Using longitudinal data from the Rush Memory and Aging
Project, both overall dietary carotenoids and specifically L and
Z were related to lower HRs for incident Alzheimer’s dementia.
Only higher L and Z levels were related to less plaques and
tangles after 7 years of follow-up (158). After 28 years of follow-
up, participants with the highest carotenoid intakes in the NHS
also had lower odds of cognitive decline (159).

In sum, a confluence of evidence from a variety of sources
supports the conclusion that L and Z are particularly good
candidates for dietary interventions aimed at issues that
disproportionately affect women. This is especially true for
individuals with a low baseline carotenoid status or MPOD, as
these groups are more likely to be “deficient” (160). Given the
higher risk of cognitive decline and dementia among women,
the totality of evidence strongly supports the vital role of L and
Z for potential preventative strategies (161).

Sex Differences in Clinical Trials: The
Rise of Precision Nutrition

Given all of the differences in nutritional needs and health
outcomes across the life course for women, it is imperative that
the scientific community thinks more carefully about clinical
trials and the role of sex, which has largely not been an
a priori focus for most large- and small-scale clinical trials.
Randomized clinical trials offer the strongest evidence regarding
the effects of dietary exposures and dietary supplements, and
health outcomes.

Many large-scale, long-term clinical trials testing dietary
supplements, such as the Physicians’ Health Study I (162) and II
(163) and the Women’s Health Study (164), have strong internal
validity and have provided important scientific contributions.
However, the generalizability of these and other trials has often

been limited to men or women individually. Comparing clinical
trials done separately in men and women becomes problematic,
since it introduces differences in the dietary supplements
tested, temporal trends in event rates and prevention strategies,
and other characteristics of study populations based on the
eligibility criteria. We limit study populations to men or women
in observational cohort studies to eliminate confounding by
sex. However, in clinical trials, we often focus on sex-specific
outcomes for more targeted hypotheses or convenience samples;
the purpose is not to eliminate confounding. As a result, we
lose the value of subgroup analyses by sex to examine whether
the effects of dietary supplements are similar for the same
intervention tested in all trial participants.

Published meta-analyses and systematic reviews of clinical
trials for different dietary supplements have also insufficiently
highlighted differences by sex. Multivitamin-multimineral
(MVM) supplements, with their countless combinations and
forms, offer a particularly complicated story when considering
whether there are sex differences across different trial popula-
tions, formulations, and outcomes, making uniform MVM use
recommendations almost impossible to formulate. MVMs have
been tested in a diverse set of trials and populations. Overall,
there may be potentially important sex differences for MVM
use and cancer, cardiovascular disease, and cognitive functions
across these trials that have not been fully addressed to date.
Understanding the sex-specific differences becomes essential in
terms of conceptualizing the results for dietary supplements
for application to clinical and public health guidelines. It
is especially crucial to consider sex-specific differences in
nutritional status for the impacts of diet, body weight, and
energy balance on dietary supplement use at different phases
of life (165).

Hybrid clinical trials are optimally positioned to examine
sex-based differences in baseline nutritional status, given the
important differences in nutritional needs and patterns between
women and men across the life span (166). Precision nutrition
approaches use dietary habits and eating patterns, together
with information on genetics, circadian rhythms, health status,
socioeconomic and psychosocial characteristics, food envi-
ronments, physical activity, and the microbiome, to identify
modifiable factors to improve the nutritional status and health
outcomes. In contrast, personalized nutrition or nutrigenomics
relies solely upon genomics to identify nonmodifiable factors,
building upon previous studies that have identified markers
of nearly all essential vitamins and minerals. Genomics tests
alone are used to tailor guidance on dietary patterns and dietary
supplements (167).

Understanding differences between women and men is a
critical component of precision nutrition predicated upon
accurate and reliable dietary assessments, objective nutritional
biomarkers, and multiomics, consisting of the gut microbiome,
metabolomics, proteomics, epigenetics, and genomics, analyzed
via machine learning and data science. The future of dietary
supplement research is therefore predicated upon well-designed
small- and large-scale hybrid clinical trials inclusive of women
and men to directly address sex differences through precision
nutrition, with comprehensive nutritional and other clinically
relevant assessments.

Discussion

Women differ biologically and physiologically from men,
particularly with regard to their body hormonal milieu,
adiposity, and energy requirements. The several physiological
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life stages that women experience (i.e., adolescence, pregnancy,
perimenopause, postmenopause) pose additional challenges in
terms of weight regulation and the need for adequate nutrition.
Women have unique nutritional needs that are influenced by
the menstrual cycle, age and menopause, oral contraceptives,
and pregnancy. Notably, women are more likely to take dietary
supplements than men (168). In different types of dietary
supplements, those same patterns persist; for multivitamins,
multimineral, and individual supplement product types, there is
a persistent pattern of women being more likely to use dietary
supplements than men (169). With aging, people are more likely
to use dietary supplements than those who are younger (169).
Nevertheless, it is clear women can and do experience shortfalls
in their nutrition and critical micronutrients during key periods
of their lives, which may differentially impact their risks of
not only chronic diseases like cardiovascular disease, stroke,
impaired cognitive function, cancer, eye diseases, and poor bone
health, but also influence other conditions like sleep, mental
health, and overall quality of life. Better tools for assessing
nutrient intakes and evaluating biochemical levels are urgently
needed to accurately identify micronutrient insufficiencies using
precision nutrition approaches. Hybrid clinical trials offer the
potential to identify specific mechanisms of effect underlying
clinical outcomes, which is critically important as we move
into the era of precision nutrition. The landscape of addressing
female-specific nutritional needs continues to grow; now more
than ever, it is essential to increase our understanding of
the physiological differences between men and women, and
determine how these physiological considerations may aid in
optimizing nutritional strategies to support certain personal
goals related to health, quality of life, and exercise performance
among women. Moreover, women face increased risks of heart
disease and arthritis with aging and of overweight/obesity
throughout adulthood, all of which can be directly targeted
through dietary modifications.

Acknowledgments

The authors’ responsibilities were as follows – all speakers at
the meeting: provided written sections for this document; AE,
SHM, AW, HN: developed the content and scientific session, and
provided critical feedback; RLB: had primary responsibility for
the final content; and all authors: read and approved the final
manuscript.

References
1. (USAID) USAfID. Gender terminology [Internet]. 2007; Available

from: https://pdf.usaid.gov/pdf_docs/Pnadl089.pdf

2. Vlassoff C. Gender differences in determinants and consequences of
health and illness. J Health Popul Nutr 2007;25:47–61.

3. NIH Office of Research on Women’s Health. NIH policy on sex as a
biological variable [Internet] 2021. Available from: https://orwh.od.ni
h.gov/sex-gender/nih-policy-sex-biological-variable

4. Palmer BF, Clegg DJ. The sexual dimorphism of obesity. Mol Cell
Endocrinol 2015;402:113–9.

5. Austad SN, Fischer KE. Sex differences in lifespan. Cell Metab
2016;23(6):1022–33.

6. Barker DJ. The origins of the developmental origins theory. J Intern
Med 2007;261(5):412–7.

7. Gernand AD, Schulze KJ, Stewart CP, West KP, Christian P.
Micronutrient deficiencies in pregnancy worldwide: Health effects and
prevention. Nat Rev Endocrinol 2016;12(5):274–89.

8. Boushey CJ, Spoden M, Zhu FM, Delp EJ, Kerr DA. New mobile
methods for dietary assessment: Review of image-assisted and image-
based dietary assessment methods. Proc Nutr Soc 2017;76(3):283–94.

9. Potischman N, Freudenheim JL. Biomarkers of nutritional exposure
and nutritional status: An overview. J Nutr 2003;133(3):873S–4S.

10. Raghavan R, Ashour FS, Bailey RL. A review of cutoffs for nutritional
biomarkers. Adv Nutr 2016;7(1):112–20.

11. Bailey RL, Ard JD, Davis TA, Naimi TS, Schneeman BO, Stang
JS, Dewey KG, Donovan SM, Novotny R, Snetselaar LG, et al. A
proposed framework for identifying nutrients and food components
of public health relevance in the dietary guidelines for Americans. J
Nutr 2021;151(5):1197–204.

12. Dietary Guidelines Advisory Committee. Scientific report of the 2020
Dietary Guidelines Advisory Committee: Advisory Report to the
Secretary of Agriculture and the Secretary of Health and Human
Services. U.S. Department of Agriculture, Agricultural Research
Service: Washington, DC; 2020. Available at: https://doi.org/10.525
70/DGAC2020

13. Jun S, Cowan AE, Dodd KW, Tooze JA, Gahche JJ, Eicher-Miller HA,
Guenther PM, Dwyer JT, Potischman N, Bhadra A, et al. Association
of food insecurity with dietary intakes and nutritional biomarkers
among US children, National Health and Nutrition Examination
Survey (NHANES) 2011–2016. Am J Clin Nutr 2021;114(3):
1059–69.

14. Sauder KA, Harte RN, Ringham BM, Guenther PM, Bailey RL,
Alshawabkeh A, Cordero JF, Dunlop AL, Ferranti EP, Elliott AJ,
et al. Disparities in risks of inadequate and excessive intake of
micronutrients during pregnancy. J Nutr 2021;151(11):3555–69.

15. Picciano MF, McGuire MK. Use of dietary supplements by
pregnant and lactating women in North America. Am J Clin Nutr
2009;89(2):663S–7S.

16. Jun S, Gahche JJ, Potischman N, Dwyer JT, Guenther PM, Sauder KA,
Bailey RL. Dietary supplement use and its micronutrient contribution
during pregnancy and lactation in the United States. Obstet Gynecol
2020;135(3):623–33.

17. Branum AM, Bailey R, Singer BJ. Dietary supplement use and folate
status during pregnancy in the United States. J Nutr 2013;143(4):
486–92.

18. Bailey RL, Fulgoni VL, 3rd, Keast DR, Lentino CV, Dwyer JT. Do
dietary supplements improve micronutrient sufficiency in children and
adolescents? J Pediatr 2012;161(5):837–842.e3.

19. Gupta PM, Hamner HC, Suchdev PS, Flores-Ayala R, Mei Z. Iron
status of toddlers, nonpregnant females, and pregnant females in the
United States. Am J Clin Nutr 2017;106(Suppl 6):1640S–6S.

20. Daniels K, Abma JC. Current contraceptive status among women
aged 15–49: United States, 2017–2019. NCHS Data Brief, no 388.
Hyattsville, MD: National Center for Health Statistics; 2020.

21. Wilson SM, Bivins BN, Russell KA, Bailey LB. Oral contraceptive
use: Impact on folate, vitamin B, and vitamin B12 status. Nutr Rev
2011;69(10):572–83.

22. Martin CB, Hales CM, Gu Q, Ogden CL. Prescription drug use in the
United States, 2015–2016. NCHS Data Brief, no 334. Hyattsville, MD:
National Center for Health Statistics; 2019.

23. Maasumi K, Tepper SJ, Kriegler JS. Menstrual migraine and treatment
options: Review. Headache 2017;57(2):194–208.

24. Parazzini F, Di Martino M, Pellegrino P. Magnesium in the
gynecological practice: A literature review. Magnes Res 2017;30:1–7.

25. Kieboom BC, Niemeijer MN, Leening MJ, van den Berg ME, Franco
OH, Deckers JW, Hofman A, Zietse R, Stricker BH, Hoorn EJ. Serum
magnesium and the risk of death from coronary heart disease and
sudden cardiac death. J Am Heart Assoc 2016;5(1):e002707.

26. Li J, Hovey KM, Andrews CA, Quddus A, Allison MA, Van Horn
L, Martin LW, Salmoirago-Blotcher E, Song Y, Manson JE, et al.
Association of dietary magnesium intake with fatal coronary heart
disease and sudden cardiac death. J Womens Health (Larchmt)
2020;29(1):7–12.

27. Bertinato J, Wang KC, Hayward S. Serum magnesium concentrations
in the Canadian population and associations with diabetes, glycemic
regulation, and insulin resistance. Nutrients 2017;9(3):296.

28. Srinutta T, Chewcharat A, Takkavatakarn K, Praditpornsilpa K, Eiam-
Ong S, Jaber BL, Susantitaphong P. Proton pump inhibitors and
hypomagnesemia: A meta-analysis of observational studies. Medicine
(Baltimore) 2019;98(44):e17788.

29. Devraj R, Deshpande M. Demographic and health-related predictors
of proton pump inhibitor (PPI) use and association with chronic kidney

1606 Bailey et al.

https://pdf.usaid.gov/pdf_docs/Pnadl089.pdf
https://orwh.od.nih.gov/sex-gender/nih-policy-sex-biological-variable
https://doi.org/10.52570/DGAC2020


disease (CKD) stage in NHANES population. Res Soc Adm Pharm
2020;16(6):776–82.

30. Prevention of neural tube defects: results of the medical research
council vitamin study. MRC Vitamin Study Research Group. Lancet
North Am Ed 1991;338(8760):131–7.

31. Czeizel AE, Dudas I. Prevention of the first occurrence of neural-tube
defects by periconceptional vitamin supplementation. N Engl J Med
1992;327(26):1832–5.

32. Mason JB, Dickstein A, Jacques PF, Haggarty P, Selhub J, Dallal G,
Rosenberg IH. A temporal association between folic acid fortification
and an increase in colorectal cancer rates may be illuminating
important biological principles: A hypothesis. Cancer Epidemiol
Biomarkers Prev 2007;16(7):1325–9.

33. Hirsch S, Sanchez H, Albala C, de la Maza MP, Barrera G, Leiva L,
Bunout D. Colon cancer in Chile before and after the start of the
flour fortification program with folic acid. Eur J Gastroenterol Hepatol
2009;21(4):436–9.

34. Morris MC, Evans DA, Bienias JL, Tangney CC, Hebert LE, Scherr
PA, Schneider JA. Dietary folate and vitamin B12 intake and cognitive
decline among community-dwelling older persons. Arch Neurol
2005;62(4):641–5.

35. Yetley EA, Rader JI. Modeling the level of fortification and post-
fortification assessments: U.S. experience. Nutr Rev 2004;62:S50–
9;discussion S60-1.

36. Bailey RL, Jun S, Murphy L, Green R, Gahche JJ, Dwyer JT,
Potischman N, McCabe GP, Miller JW. High folic acid or folate
combined with low vitamin B-12 status: Potential but inconsistent
association with cognitive function in a nationally representative cross-
sectional sample of US older adults participating in the NHANES. Am
J Clin Nutr 2020;112(6):1547–57.

37. Wiens D, DeSoto MC. Is high folic acid intake a risk factor for autism?-
A review. Brain Sci 2017;7(12):149.

38. Boyles AL, Yetley EA, Thayer KA, Coates PM. Safe use of high
intakes of folic acid: Research challenges and paths forward. Nutr Rev
2016;74(7):469–74.

39. Maruvada P, Stover PJ, Mason JB, Bailey RL, Davis CD, Field MS,
Finnell RH, Garza C, Green R, Gueant JL, et al. Knowledge gaps in
understanding the metabolic and clinical effects of excess folates/folic
acid: A summary, and perspectives, from an NIH workshop. Am J Clin
Nutr 2020;112(5):1390–403.

40. Derbyshire E, Obeid R. Choline, neurological development and brain
function: A systematic review focusing on the first 1000 days.
Nutrients 2020;12(6):1731.

41. Zeisel SH. Importance of methyl donors during reproduction. Am J
Clin Nutr 2009;89(2):673S–7S.

42. Korsmo HW, Jiang X, Caudill MA. Choline: Exploring the
growing science on its benefits for moms and babies. Nutrients
2019;11(8):1823.

43. Schwarzenberg SJ, Georgieff MK. Advocacy for improving nutrition
in the first 1000 days to support childhood development and adult
health. Pediatrics 2018;141(2):e20173716.

44. Sebastiani G, Herranz Barbero A, Borrás-Novell C, Alsina Casanova
M, Aldecoa-Bilbao V, Andreu-Fernández V, Pascual Tutusaus M,
Ferrero Martínez S, Gómez Roig MD, García-Algar O. The effects of
vegetarian and vegan diet during pregnancy on the health of mothers
and offspring. Nutrients 2019;11(3):557.

45. Food and Nutrition Board. Dietary reference intakes for thiamin,
riboflavin, niacin, vitamin B6, folate, vitamin B12, pantothenic acid,
biotin, and choline. Washington, DC: National Academy Press; 1998.

46. Institute of Medicine. Dietary reference intakes for vitamin A,
vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese,
molybdenum, nickel, silicon, vanadium, and zinc. Washington, DC:
National Academies Press; 2001.

47. Becker DV, Braverman LE, Delange F, Dunn JT, Franklyn JA,
Hollowell JG, Lamm SH, Mitchell ML, Pearce E, Robbins J, et al.
Iodine supplementation for pregnancy and lactation-United States and
Canada: Recommendations of the American Thyroid Association.
Thyroid 2006;16(10):949–51.

48. Alexander EK, Pearce EN, Brent GA, Brown RS, Chen H, Dosiou
C, Grobman WA, Laurberg P, Lazarus JH, Mandel SJ, et al. 2017
Guidelines of the American Thyroid Association for the diagnosis and
management of thyroid disease during pregnancy and the postpartum.
Thyroid 2017;27(3):315–89.

49. Gahche JJ, Bailey RL, Mirel LB, Dwyer JT. The prevalence of using
iodine-containing supplements is low among reproductive-age women,
NHANES 1999–2006. J Nutr 2013;143(6):872–7.

50. Gupta PM, Gahche JJ, Herrick KA, Ershow AG, Potischman N, Perrine
CG. Use of iodine-containing dietary supplements remains low among
women of reproductive age in the United States: NHANES 2011–
2014. Nutrients 2018;10(4):422.

51. Perrine CG, Herrick K, Serdula MK, Sullivan KM. Some subgroups of
reproductive age women in the United States may be at risk for iodine
deficiency. J Nutr 2010;140(8):1489–94.

52. Caldwell KL, Pan Y, Mortensen ME, Makhmudov A, Merrill L,
Moye J. Iodine status in pregnant women in the National Children’s
Study and in U.S. women (15–44 years), National Health and
Nutrition Examination Survey 2005–2010. Thyroid 2013;23(8):
927–37.

53. Perrine CG, Herrick KA, Gupta PM, Caldwell KL. Iodine status of
pregnant women and women of reproductive age in the United States.
Thyroid 2019;29(1):153–4.

54. Zimmermann MB. The effects of iodine deficiency in pregnancy and
infancy. Paediatr Perinat Epidemiol 2012;26:108–17.

55. King JC. Zinc: An essential but elusive nutrient. Am J Clin Nutr
2011;94(2):679S–84S.

56. Meydani SN, Barnett JB, Dallal GE, Fine BC, Jacques PF, Leka LS,
Hamer DH. Serum zinc and pneumonia in nursing home elderly. Am
J Clin Nutr 2007;86(4):1167–73.

57. Sarafrazi N, Wambogo EA, Shepherd JA. Osteoporosis or low bone
mass in older adults: United States, 2017–2018. NCHS Data Brief,
no 405. Hyattsville, MD: National Center for Health Statistics; 2021.
DOI: https://dx.doi.org/10.15620/cdc:103477.

58. Roberts SB, Silver RE, Das SK, Fielding RA, Gilhooly CH, Jacques
PF, Kelly JM, Mason JB, McKeown NM, Reardon MA, et al. Healthy
aging-nutrition matters: Start early and screen often. Adv Nutr
2021;12(4):1438–48.

59. Trumbo P, Schlicker S, Yates AA, Poos M. Dietary reference intakes
for energy, carbohydrate, fiber, fat, fatty acids, cholesterol, protein and
amino acids. J Am Diet Assoc 2002;102(11):1621–30.

60. Pontzer H, Yamada Y, Sagayama H, Ainslie PN, Andersen LF,
Anderson LJ, Arab L, Baddou I, Bedu-Addo K, Blaak EE, et al.
Daily energy expenditure through the human life course. Science
2021;373(6556):808–12.

61. Roberts SB, Das SK. Want to lose weight? What you need to know
about eating and exercise. Scientific American. 2017.

62. Canelón SP, Boland MR. A systematic literature review of factors
affecting the timing of menarche: The potential for climate change
to impact women’s health. Int J Environ Res Public Health
2020;17(5):1703.

63. Bellis MA, Downing J, Ashton JR. Adults at 12? Trends in puberty
and their public health consequences. J Epidemiol Community Health
2006;60(11):910–1.

64. Davidsen L, Vistisen B, Astrup A. Impact of the menstrual cycle on
determinants of energy balance: A putative role in weight loss attempts.
Int J Obes 2007;31(12):1777–85.

65. Driscoll AK, Gregory ECW. Increases in prepregnancy obesity: United
States, 2016–2019. NCHS Data Brief, no 392. Hyattsville, MD:
National Center for Health Statistics; 2020.

66. National Center for Chronic Disease Prevention and Health
Promotion. Weight gain during pregnancy [Internet]. Division of
Reproductive Health; 2021. Available from: https://www.cdc.gov/repr
oductivehealth/maternalinfanthealth/pregnancy-weight-gain.htm

67. Adamo KB, Ferraro ZM, Brett KE. Can we modify the intrauterine
environment to halt the intergenerational cycle of obesity? Int J
Environ Res Public Health 2012;9(4):1263–307.

68. Sutton EF, Cain LE, Vallo PM, Redman LM. Strategies for successful
recruitment of pregnant patients into clinical trials. Obstet Gynecol
2017;129(3):554–9.

69. Coleman-Phox K, Laraia BA, Adler N, Vieten C, Thomas M, Epel
E. Recruitment and retention of pregnant women for a behavioral
intervention: Lessons from the Maternal Adiposity, Metabolism, and
Stress (MAMAS) study. Prev Chronic Dis 2013;10:E31.

70. Lafay L, Thomas F, Mennen L, Charles MA, Eschwege E, Borys JM,
Basdevant A. Gender differences in the relation between food cravings
and mood in an adult community: Results from the Fleurbaix Laventie
ville Santé Study. Int J Eat Disord 2001;29(2):195–204.

Sex differences and women’s nutrition and health 1607

https://www.cdc.gov/reproductivehealth/maternalinfanthealth/pregnancy-weight-gain.htm


71. Gilhooly CH, Das SK, Golden JK, McCrory MA, Dallal GE, Saltzman
E, Kramer FM, Roberts SB. Food cravings and energy regulation:
The characteristics of craved foods and their relationship with eating
behaviors and weight change during 6 months of dietary energy
restriction. Int J Obes 2007;31(12):1849–58.

72. Elder SJ, Roberts SB. The effects of exercise on food intake and body
fatness: A summary of published studies. Nutr Rev 2007;65(1):1–19.

73. Thomson CA, Morrow KL, Flatt SW, Wertheim BC, Perfect
MM, Ravia JJ, Sherwood NE, Karanja N, Rock CL. Relationship
between sleep quality and quantity and weight loss in women
participating in a weight-loss intervention trial. Obesity (Silver Spring)
2012;20(7):1419–25.

74. Instinct Health Science LLC. The iDIET: Retrain your brain [Internet].
2021. Available from: https://www.theidiet.com/

75. Hunter SK. Sex differences in human fatigability: Mechanisms
and insight to physiological responses. Acta Physiologica
2014;210(4):768–89.

76. Ansdell P, Thomas K, Hicks KM, Hunter SK, Howatson G, Goodall S.
Physiological sex differences affect the integrative response to exercise:
Acute and chronic implications. Exp Physiol 2020;105(12):2007–21.

77. Miller AE, MacDougall JD, Tarnopolsky MA, Sale DG. Gender
differences in strength and muscle fiber characteristics. Eur J Appl
Physiol Occup Physiol 1993;66(3):254–62.

78. Moore DR, Sygo J, Morton JP. Fuelling the female athlete:
Carbohydrate and protein recommendations. Eur J Sport Sci [accessed
2022 March 21]. doi:10.1080/17461391.2021.1922508.

79. Wohlgemuth KJ, Arieta LR, Brewer GJ, Hoselton AL, Gould LM,
Smith-Ryan AE. Sex differences and considerations for female specific
nutritional strategies: A narrative review. J Int Soc Sports Nutr
2021;18(1):27.

80. Jonason PK. An evolutionary psychology perspective on sex
differences in exercise behaviors and motivations. J Soc Psychol
2007;147(1):5–14.

81. Silberstein LR, Striegel-Moore RH, Timko C, Rodin J. Behavioral
and psychological implications of body dissatisfaction: Do men and
women differ? Sex Roles 1988;19(3-4):219–32.

82. Shriver LH, Betts NM, Wollenberg G. Dietary intakes and eating habits
of college athletes: Are female college athletes following the current
sports nutrition standards? J Am Coll Health 2013;61(1):10–16.

83. Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, Henselmans
M, Helms E, Aragon AA, Devries MC, Banfield L, Krieger JW,
et al. A systematic review, meta-analysis and meta-regression of the
effect of protein supplementation on resistance training-induced gains
in muscle mass and strength in healthy adults. Br J Sports Med
2018;52(6):376–84.

84. Houltham SD, Rowlands DS. A snapshot of nitrogen balance in
endurance-trained women. Appl Physiol Nutr Metab 2014;39(2):
219–25.

85. Hirsch KR, Greenwalt CE, Saylor HE, Gould LM, Harrison CH,
Brewer GJ, Blue MNM, Ferrando AA, Huffman KM, Mayer-Davis
EJ, et al. High-intensity interval training and essential amino acid
supplementation: Effects on muscle characteristics and whole-body
protein turnover. Physiol Rep 2021;9(1):e14655.

86. Manore MM. Dietary recommendations and athletic menstrual
dysfunction. Sports Med 2002;32(14):887–901.

87. Volek JS, Forsythe CE, Kraemer WJ. Nutritional aspects of women
strength athletes. Br J Sports Med 2006;40(9):742–8.

88. Larson-Meyer DE, Newcomer BR, Hunter GR. Influence of endurance
running and recovery diet on intramyocellular lipid content in women:
A 1h NMR study. Am J Physiol Endocrinol Metab 2002;282(1):
E95-e106.

89. Philpott JD, Witard OC, Galloway SDR. Applications of omega-3
polyunsaturated fatty acid supplementation for sport performance.
Res Sports Med 2019;27(2):219–37.

90. Jeromson S, Gallagher IJ, Galloway SD, Hamilton DL. Omega-3 fatty
acids and skeletal muscle health. Mar Drugs 2015;13(11):6977–7004.

91. Kerksick CM, Arent S, Schoenfeld BJ, Stout JR, Campbell B, Wilborn
CD, Taylor L, Kalman D, Smith-Ryan AE, Kreider RB, et al.
International Society of Sports Nutrition position stand: Nutrient
timing. J Int Soc Sports Nutr 2017;14(1):33.

92. Henderson GC, Alderman BL. Determinants of resting lipid oxidation
in response to a prior bout of endurance exercise. J Appl Physiol
2014;116(1):95–103.

93. Wingfield HL, Smith-Ryan AE, Melvin MN, Roelofs EJ, Trexler ET,
Hackney AC, Weaver MA, Ryan ED. The acute effect of exercise
modality and nutrition manipulations on post-exercise resting energy
expenditure and respiratory exchange ratio in women: A randomized
trial. Sports Med Open.2015;1(1):11.

94. Pihoker AA, Peterjohn AM, Trexler ET, Hirsch KR, Blue MNM,
Anderson KC, Ryan ED, Smith-Ryan AE. The effects of nutrient timing
on training adaptations in resistance-trained females. J Sci Med Sport
2019;22(4):472–7.

95. Center for Responsible Nutrition. 2020 CRN consumer survey
on dietary supplements. Washington, DC: Council for Responsible
Nutrition. [Internet]. 2020. Available from: https://www.crnusa.org/r
esources/2020-crn-consumer-survey-dietary-supplements

96. Trexler ET, Smith-Ryan AE, Stout JR, Hoffman JR, Wilborn CD, Sale
C, Kreider RB, Jäger R, Earnest CP, Bannock L, et al. International
Society of Sports Nutrition position stand: Beta-alanine. J Int Soc
Sports Nutr 2015;12(1):30.

97. Bello ML, Walker AJ, McFadden BA, Sanders DJ, Arent SM. The
effects of TeaCrine® and caffeine on endurance and cognitive
performance during a simulated match in high-level soccer players. J
Int Soc Sports Nutr 2019;16(1):20.

98. Cesareo KR, Mason JR, Saracino PG, Morrissey MC, Ormsbee MJ.
The effects of a caffeine-like supplement, TeaCrine®, on muscular
strength, endurance and power performance in resistance-trained men.
J Int Soc Sports Nutr 2019;16(1):47.

99. Smith-Ryan AE, Cabre HE, Eckerson JM, Candow DG. Creatine
supplementation in women’s health: A lifespan perspective. Nutrients
2021;13(3):877.

100. Ishaque S, Shamseer L, Bukutu C, Vohra S. Rhodiola rosea for physical
and mental fatigue: A systematic review. BMC Complement Altern
Med 2012;12(1):70.

101. Higashiyama A, Htay HH, Ozeki M, Juneja LR, Kapoor MP. Effects
of L-theanine on attention and reaction time response. J Funct Foods
2011;3(3):171–8.

102. Faiq MA, Wollstein G, Schuman JS, Chan KC. Cholinergic nervous
system and glaucoma: From basic science to clinical applications. Prog
Retin Eye Res 2019;72:100767.

103. Sellami M, Slimeni O, Pokrywka A, Kuvačić G, D Hayes, Milic M,
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Z. Identification of circulating diagnostic biomarkers for coronary
microvascular disease in postmenopausal women using machine-
learning techniques. Metabolites 2021;11(6):339.

138. Xu X, Wu J, Yu X, Tang Y, Tang X, Shentu X. Regional differences
in the global burden of age-related macular degeneration. BMC Public
Health 2020;20(1):410.

139. GBD 2016 Dementia Collaborators. Global, regional, and national
burden of Alzheimer’s disease and other dementias, 1990–2016: A
systematic analysis for the Global Burden of Disease Study 2016.
Lancet Neurol 2019;18(1):88–106.

140. Ye X, She X, Shen L. Association of sex with the global burden of
glaucoma: An analysis from the Global Burden of Disease Study 2017.
Acta Ophthalmol. [accessed 2022 March 21]. doi:10.1111/aos.14330.

141. Au B, Dale-McGrath S, Tierney MC. Sex differences in the prevalence
and incidence of mild cognitive impairment: A meta-analysis. Ageing
Res Rev 2017;35:176–99.

142. Li JQ, Tan L, Wang HF, Tan MS, Tan L, Xu W, Zhao QF, Wang
J, Jiang T, Yu JT. Risk factors for predicting progression from mild
cognitive impairment to Alzheimer’s disease: A systematic review
and meta-analysis of cohort studies. J Neurol Neurosurg Psychiatry
2016;87(5):476–84.

143. Bovier ER, Hammond BR. The macular carotenoids lutein and
zeaxanthin are related to increased bone density in young healthy
adults. Foods 2017;6(9):78.

144. Liu Z, Gangaputra S, Johnson E, Hammond B, Wallace RB, Tinker
L, Snodderly DM, Sarto G, Mares JA. Relationships of macular
pigment optical density (MPOD) to cataract extraction in the second
Carotenoids in Age-Related Eye Disease Study (CAREDS 2), an
ancillary study of the Women’s Health Initiative (WHI) observational
study. Invest Ophthalmol Vis Sci 2017;58:5721.

145. Hammond BR, Jr., Miller LS, Bello MO, Lindbergh CA, Mewborn C,
Renzi-Hammond LM. Effects of lutein/zeaxanthin supplementation
on the cognitive function of community dwelling older adults: A
randomized, double-masked, placebo-controlled trial. Front Aging
Neurosci 2017;9:254.

146. Bovier ER, Hammond BR. A randomized placebo-controlled study on
the effects of lutein and zeaxanthin on visual processing speed in young
healthy subjects. Arch Biochem Biophys 2015;572:54–57.

147. Johnson EJ, Maras JE, Rasmussen HM, Tucker KL. Intake of lutein
and zeaxanthin differ with age, sex, and ethnicity. J Am Diet Assoc
2010;110(9):1357–62.

148. Bovier ER, Lewis RD, Hammond BR, Jr., The relationship between
lutein and zeaxanthin status and body fat. Nutrients 2013;5(3):750–
7.

149. Hammond BR, Jr., Ciulla TA, Snodderly DM. Macular pigment density
is reduced in obese subjects. Invest Ophthalmol Vis Sci 2002;43:
47–50.

150. Barnett SM, Khan NA, Walk AM, Raine LB, Moulton C, Cohen
NJ, Kramer AF, Hammond BR, Jr., Renzi-Hammond L, Hillman
CH. Macular pigment optical density is positively associated with
academic performance among preadolescent children. Nutr Neurosci
2018;21(9):632–40.

151. Walk AM, Khan NA, Barnett SM, Raine LB, Kramer AF, Cohen NJ,
Moulton CJ, Renzi-Hammond LM, Hammond BR, Hillman CH. From
neuro-pigments to neural efficiency: The relationship between retinal
carotenoids and behavioral and neuroelectric indices of cognitive
control in childhood. Int J Psychophysiol 2017;118:1–8.

152. Saint SE, Renzi-Hammond LM, Khan NA, Hillman CH, Frick JE,
Hammond BR. The macular carotenoids are associated with cognitive
function in preadolescent children. Nutrients 2018;10(2):193.

153. Liu R, Hannon BA, Robinson KN, Raine LB, Hammond BR, Renzi-
Hammond LM, Cohen NJ, Kramer AF, Hillman CH, Teran-Garcia M,
et al. Single nucleotide polymorphisms in CD36 are associated with
macular pigment among children. J Nutr 2021;151(9):2533–40.

Sex differences and women’s nutrition and health 1609



154. Bovier ER, Renzi LM, Hammond BR. A double-blind, placebo-
controlled study on the effects of lutein and zeaxanthin on neural
processing speed and efficiency. PLoS One 2014;9(9):e108178.

155. Hammond BR, Fletcher LM, Roos F, Wittwer J, Schalch W. A double-
blind, placebo-controlled study on the effects of lutein and zeaxanthin
on photostress recovery, glare disability, and chromatic contrast. Invest
Ophthalmol Vis Sci 2014;55(12):8583–9.

156. Power R, Coen RF, Beatty S, Mulcahy R, Moran R, Stack J,
Howard AN, Nolan JM. Supplemental retinal carotenoids enhance
memory in healthy individuals with low levels of macular pigment
in a randomized, double-blind, placebo-controlled clinical trial. J
Alzheimers Dis 2018;61(3):947–61.

157. Ajana S, Weber D, Helmer C, Merle BM, Stuetz W, Dartigues JF,
Rougier MB, Korobelnik JF, Grune T, Delcourt C, et al. Plasma
concentrations of lutein and zeaxanthin, macular pigment optical
density, and their associations with cognitive performances among
older adults. Investig Opthalmol Vis Sci 2018;59(5):1828–35.

158. Yuan C, Chen H, Wang Y, Schneider JA, Willett WC, Morris MC.
Dietary carotenoids related to risk of incident Alzheimer dementia
(AD) and brain ad neuropathology: A community-based cohort of
older adults. Am J Clin Nutr 2021;113(1):200–8.

159. Yuan C, Fondell E, Ascherio A, Okereke OI, Grodstein F, Hofman
A, Willett WC. Long-term intake of dietary carotenoids is positively
associated with late-life subjective cognitive function in a prospective
study in us women. J Nutr 2020;150(7):1871–9.

160. Mewborn CM, Lindbergh CA, Hammond BR, Renzi-Hammond LM,
Miller LS. The effects of lutein and zeaxanthin supplementation on
brain morphology in older adults: A randomized, controlled trial. J
Aging Res 2019;2019:1.

161. Ferretti MT, Iulita MF, Cavedo E, Chiesa PA, Schumacher Dimech A,
Santuccione Chadha A, Baracchi F, Girouard H, Misoch S, Giacobini
E, et al. Sex differences in Alzheimer disease–The gateway to precision
medicine. Nat Rev Neurol 2018;14(8):457–69.

162. Rautiainen S, Rist PM, Glynn RJ, Buring JE, Gaziano JM, Sesso HD.
Multivitamin use and the risk of cardiovascular disease in men. J Nutr
2016;146(6):1235–40.

163. Gaziano JM, Glynn RJ, Christen WG, Kurth T, Belanger C,
MacFadyen J, Bubes V, Manson JE, Sesso HD, Buring JE. Vitamins
E and C in the prevention of prostate and total cancer in men:
The Physicians’ Health Study II randomized controlled trial. JAMA
2009;301(1):52–62.

164. Rexrode KM, Lee IM, Cook NR, Hennekens CH, Buring
JE. Baseline characteristics of participants in the Women’s
Health Study. J Womens Health Gend Based Med 2000;9(1):
19–27.

165. Zhang X, Li Y, Del Gobbo LC, Rosanoff A, Wang J, Zhang W,
Song Y. Effects of magnesium supplementation on blood pressure:
A meta-analysis of randomized double-blind placebo-controlled trials.
Hypertension 2016;68(2):324–33.

166. Zhu M, Sridhar S, Hollingsworth R, Chit A, Kimball T, Murmello
K, Greenberg M, Gurunathan S, Chen J. Hybrid clinical
trials to generate real-world evidence: Design considerations
from a sponsor’s perspective. Contemp Clin Trials 2020;94:
105856.

167. Kohlmeier M, De Caterina R, Ferguson LR, Görman U, Allayee
H, Prasad C, Kang JX, Nicoletti CF, Martinez JA. Guide and
position of the International Society of Nutrigenetics/Nutrigenomics
on personalized nutrition: Part 2–Ethics, challenges and endeavors
of precision nutrition. J Nutrigenet Nutrigenomics 2016;9(1):
28–46.

168. Kantor ED, Rehm CD, Du M, White E, Giovannucci EL. Trends in
dietary supplement use among US adults from 1999–2012. JAMA
2016;316(14):1464–74.

169. Gahche JJ, Bailey RL, Potischman N, Dwyer JT. Dietary supplement
use was very high among older adults in the United States in 2011–
2014. J Nutr 2017;147(10):1968–76.

1610 Bailey et al.


