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Statement of Intention: 

The results of this dissertation support interdisciplinary research aimed at understanding the role of 

precise, developmental stage-specific nutrition strategies to prevent or mitigate stress-related disease 

throughout the lifespan. Given that life stages necessitate targeted therapeutic interventions to 

optimize health and reduce stress-related disease, this research has the potential to inform precise 

nutrition interventions that may reduce stress-related disease risk in humans.  
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Chapter I: Introduction Targeted, stage-specific developmental nutritional interventions in humans to 

mitigate stress-related disease: A mechanistic model 

 

I. Stress and the HPA-axis 

Stress in life is ubiquitous, whether that is work-related, relational, financial, caregiving, or at its 

most extreme, life threatening illness or disease. A growing body of evidence suggests that modern 

humans are struggling with managing stress and suffering consequences that impact their quality of life 

and indeed, in severe cases, its duration. This discussion about stress and its associated effects on 

physiology and behavior will begin first by providing general definitions, then differentiating between 

acute versus chronic, and psychological versus physiological stress.  

The term ‘stress,’ in the context of health and behavior, refers to the body’s response to emotionally 

or physiologically threatening stimuli.1 A term synonymous to ‘threat’ is ‘stressor’; in other words, 

stressors are stimuli perceived by the body to be aversive or threatening. The body uses highly 

conserved coping mechanisms, including activation of a physiologic response mechanism, the 

hypothalamic-adrenal-pituitary (HPA) axis, to respond to stressors in an attempt to avoid or minimize 

ongoing threats and restore the body after the perceived threat has passed.2 The main activator of the 

HPA-axis is corticotropin releasing hormone synthesized in the paraventricular nucleus of the 

hypothalamus.3 CRH acts on the anterior pituitary gland to initiate synthesis and release of 

adrenocorticotropic hormone, which then acts on the zona fasciculata of the adrenal cortex to 

synthesize and release cortisol. Cortisol binds to glucocorticoid receptors throughout the body to 

increase heart rate, increase respiration rate, slow digestive function, stimulate major shifts in 

metabolism, and alter behavior. As the name “glucocorticoid” implies, a primary function of cortisol is to 

liberate energy stores to increase circulating glucose in the bloodstream. Increased available energy 
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allows the individual to fight or flee a threatening situation. Once a stressor has passed, the HPA-axis 

operates through a negative feedback loop whereby cortisol acts back on the brain to reduce HPA 

activity.3 

Stress responses can serve to increase motivation for goal-directed behaviors. For example, 

experiencing a heightened sense of arousal in anticipation of an athletic event can improve athletic 

performance.4 However, regardless of the context, when stress is prolonged, or becomes chronic, there 

is increased risk for elevated and chronic physiological ‘wear and tear,’ also known as allostatic load.1 

Over time, chronic stress or allostatic load diminishes the adaptiveness of the responses and increases 

risk of dysfunction and diseases of the body and brain. Moreover, repeated or chronic stress can durably 

change the type and magnitude of future reactions to acute stressors. Finally, it is important to note that   

interindividual differences in stress responsiveness exist, which can be due to differences in 

physiological system regulation and cognitive appraisal, due in part to, personality traits, emotional 

state, and previous exposure to stress and stress-related outcomes. 

 

Intersection of Stress and Health 

Chronic stress is linked to numerous non-transmissible cardiometabolic and neurological diseases, 

including but certainly not limited to obesity, Type 2 Diabetes, cardiovascular disease, anxiety, and 

depression.5 This stress-disease link may result, in part, from the effects of stress on dietary habits. Most 

individuals preferentially select highly palatable foods irrespective of changes in caloric intake in 

response to chronic stress.6 Hyper-palatable foods have been described as being high in fat and sodium, 

fat and simple sugars, and carbohydrates and sodium.7 The ability for palatable foods to decrease stress, 

at least temporarily, is complex; not only do these foods taste good and have an inherently soothing 

effect on the consumer, but Laugero and colleagues previously demonstrated that sucrose dampens 
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central corticotropin releasing factor in a rat model.8 While palatable food intake has potential to 

provide temporary stress relief to consumers, over time, overconsumption of palatable foods increases 

the risk of eating in excess of caloric needs, thus increasing risk of developing obesity.9–13 The link 

between stress, food intake, and stress-related chronic disease has received considerable attention in 

more recent years.5,14–19  

 

II. Life Stage and Stress 

Basal cortisol is essential for life and operates on a diurnal rhythm. In children and adults, cortisol is 

highest in the morning hours upon awakening, and slowly decreases across the day to nearly 

undetectable physiologic levels at night.20 Stressful situations typically result in increased cortisol 

secretion followed by a return to baseline; however, chronic activation of the HPA-axis can result in a 

flattening of the diurnal rhythm.20 In infancy, immaturity of the HPA-axis results in less canonical HPA-

axis features.21 Taken together, life stage, time of day, one’s psychological and physiological state are 

paramount considerations for drawing correct interpretations about cortisol activity.  

 

Stress in Infancy 

Emerging research suggests early life stress or childhood adversity, particularly in the neonatal 

period, negatively affects neurodevelopment and long-term health outcomes.22 Premature infants may 

be particularly vulnerable to early life stress. In fact, when compared to term infants, preterm infants 

tend to have more impairments in motor functioning, behavioral functioning, and cognition, all of which 

can persist into adolescence and adulthood.22 The “Neonatal Stress and Embedding Model” describes 

how neonatal stress exposure in the neonatal intensive care unit affects short and long-term 
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neurodevelopment and reprogramming of the immune system, HPA-axis, and autonomic nervous 

system.23 The causes of neurodevelopmental impairments in preterm infants are numerous and may be 

triggered by various stressors including hypoxemia and perinatal insults, in addition to numerous 

stressors inherent to being admitted to the NICU.24 For example, lifesaving practices such as intubations, 

suctioning, blood draws, aspirations and nasogastric (NG) tube placements can be invasive, painful, and 

stressful. Alterations in the timing and magnitude of light, sound, and touch can be abrasive to infants in 

the NICU who’s underdeveloped physiology creates the inability to discern noxious from harmless 

stimuli. All of these stress-evoking conditions can contribute to elevated allostatic load in a highly 

vulnerable population.22 Even seemingly routine procedures and conditions of infancy (diaper changes 

and diaper rash, respectively) may elicit stress in infants, especially when compromised skin barriers as a 

result of advanced diaper rash necessitates wound care.25  

Stress in the infant can create a vicious cycle of stress in the parent-infant relationship.26 For 

example, a formal diagnosis of colic consists of the infant crying for greater than 3 hours per day, over 

three days a week, for over three months. Many parents report that colic (i.e., inconsolable crying) is a 

source of insurmountable stress in both infant and parent26 Although breastfeeding is known as an 

effective method of calming infants, one study demonstrated that mothers with an infant diagnosed 

with colic were less likely to engage in an full duration of breastfeeding.27 The American Academy of 

Pediatrics recommends breastfeeding (exclusively for the first 6-months, and then continuing for at least 

the first year of life) for its protective effects on conditions including but not limited to allergic disease 

risk, sudden infant death syndrome (SIDS), necrotizing enterocolitis, adverse neurodevelopmental 

outcomes, and childhood obesity.28 It is possible that the stress of colic may impede achieving the 

recommended duration of breastfeeding, and may therefore have lifelong negative health implications 

related to increased risk of these conditions. 
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Gut dysbiosis in infancy is a critical source of early-life physiological and behavioral stress that 

may impart negative effects over the life course. Duar and colleagues define dysbiosis as an absence of 

beneficial functions provided by specific bacteria, and subsequent reduction in ecosystem services. For 

infants specifically, large cohort studies have shown that insufficient bifidobacterial colonization of the 

gastrointestinal tract is associated with negative health outcomes.29 A recent study found profound 

widespread dysbiosis in infants residing in the United States, demonstrating an underappreciated 

number of neonates with insufficient, or absent, Bifidobacterium longum subsp. infantis (B. infantis) in 

the gastrointestinal tract.30 Strains of B. infantis with a complete H-5 cluster prodigiously consumes 

human milk oligosaccharides (HMO) in human breast milk and produces organic acid fermentation 

byproducts such as lactate and acetate. Colonization of B. infantis in the infant gut has been shown to 

reduce enteric  inflammation31, suppress the growth of potentially pathogenic bacteria, and maintain a 

healthy colonic pH32, all of which serve to create a protective environment in the infant gut. 

Unfortunately, modern life-saving practices such as cesarean sections and antibiotic use have nearly 

eradicated the presence of naturally occurring B. infantis in the infant gastrointestinal tract, thus 

increasing the risk of gut dysbiosis linked to maladaptive immune system development31 and most likely 

to compromised homeostasis of the gut-brain-axis.(CITE) In fact, stress has deleterious effects on the 

gastrointestinal system and microbiota,33 and thus targeting this bidirectional relationship between 

stress, gut dysbiosis, and gastrointestinal health is paramount to promoting normal development of 

infants. 

Precisely executed strategies are warranted to mitigate or prevent stress in the neonatal period. 

One strategy is introducing the human gut symbiont B. infantis EVC001 with breastmilk to infants. 

Introducing B. infantis EVC001 to term and preterm infants has been shown to reduce infantile stress in 

a variety of ways: Reducing rates of necrotizing enterocolitis and by extension NICU duration of stay, 

reducing colic and diaper rash, (as demonstrated in Chapter II) and improving stooling habits and 
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sleeping habits (as demonstrated in Chapter II). Collectively, improvements in these areas offer both 

physiological and psychological stress relief: Reduced rates of NEC means less intestinal inflammation, 

and also less time in the NICU (meaning less noxious stimuli, less painful procedures, more time for 

parental bonding and nursing, etc.) Symptomatic relief of diaper rash, colic, and sleep disturbances offer 

the infant more bonding time with parents, less inflammation, and less discomfort overall, thus 

increasing the probability of achieving normal developmental outcomes. 

 

Wearable Devices to Improve Eating Behavior and Reduce Food and Weight-Related Psychological Stress 

in Adulthood 

Stress is a common phenomenon with a physiological basis.6 Stress is a pressing public health 

concern because, as previously noted, stress is linked to development of cardiometabolic and psychiatric 

diseases. Despite the presence of a multi-billion dollar diet industry in industrialized nations such as the 

United States,34 more than 20% of adults in every state in the U.S. has obesity.35 Furthermore, stress is a 

key risk factor for dietary relapse and weight regain. One such explanation for this juxtaposition of yo-yo 

dieting and weight gain36 is nutritional misinformation (i.e., anecdotal and observational information 

that may be fallacious in nature. Chronic dieting is also a common source of psychological stress for 

many adults in the United States, which, as research repeatedly demonstrates, increases the risk of 

stress-related eating.12 Alternatively, eating in response to negative emotions (emotional eating) is a 

predictor of weight regain in dieters.37 

Precisely executed strategies are needed to mitigate this vicious cycle of dieting, stress, and loss 

of body weight control. However, general advice to avoid or manage stress to avoid this stress-eating 

cycle has been relatively unsuccessful. One possible reason for this is the lack of details about whether 

and how a particular individual’s or group’s dietary habits differentially link to stress of certain types of 
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stress. One such strategy to prevent or treat obesity and obesity-related diseases is to gain insight into 

specific dietary and stress phenotypes, which might uncover more precise and successful means of 

targeting stress and diet. Therefore, more precise examinations of stress, diet, and their 

interrelationships are needed in order to move forward strategies that prevent and treat obesity and 

obesity-related diseases. 

Technological advances in wearable technology may offer a solution for assessing dietary (and 

stress) habits, particularly in the natural, free-living context. In fact, some devices purport to capture 

and quantify the nutritional intake of adults, along with other health metrics such as sleep quality, 

stress, heart rate, and physical activity. However, scientific studies are needed to validate the utility of 

specific wearable devices to accurately quantify many of these outcomes, including nutritional intake 

and diet patterns. Data-driven tools, such as wearable instrumentation, that accurately reveal food 

intake and intake patterns may offer a novel and highly individualized solution for not only assessing 

diet in individuals, but may facilitate adoption of, and adherence to, diets and lifestyles aligned with 

each individual’s physiology and health goals. In turn, this may also help to reduce the psychological 

stress and related behaviors associated with misguided attempts to achieve such nutritional goals.  

 

Diet Patterns, Physiological Stress, and Health in Adults 

Stress-related physiologic dysregulation may increase risk for chronic diseases, which may be 

related to the interrelationship between stress and diet. In other words, habitual consumption of certain 

diet patterns may contribute over time to higher cumulative physiological stress load, i.e., allostatic 

load. Allostatic load is a cumulative summation of stressors measurable by standard biomarkers across 

multiple biological systems that interact with the HPA-axis and/or sympathetic nervous system (SNS). 

These biomarkers include resting systolic and diastolic blood pressure, waist:hip ratio, HDL Cholesterol, 



 
 

8 
 

total cholesterol, 12h urinary epinephrine, norepinephrine, and cortisol concentrations, circulating high 

sensitivity C-reactive protein (hs-CRP), dehydroepiandrosterone sulfate, and HbA1c. Emerging evidence 

suggests a relationship between diet and allostatic load.18,38,39 For example, Tucker and colleagues found 

that a diet high in processed meat and French Fries associated with higher allostatic load,18 and in 

another study, adherence to American Heart Association dietary recommendations associated with 

lower allostatic load.40 Studies have found that sex, gender identity, and sex hormones have associated 

with allostatic load as well.41 

Few studies, however, have examined associations between diet quality patterns and 

physiological stress load, and the determination of whether this possible link differs in men and women 

is unknown. Studies that examine sex-dependent effects of overall diet quality on allostatic load are 

warranted to help resolve discrepancies in diet and sex-related disease risk. In time, such efforts have 

the potential to inform precise nutritional interventions aimed at mitigating or preventing stress-related 

disease risk.  

The following chapters contain original research articles that collectively demonstrate how 

targeted, stage-specific developmental nutritional interventions in humans mitigate stress-related 

disease. 
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Abstract 
 
The gut microbiome during infancy is known to be directly involved in the digestion of human milk, 

development of the immune system, and long-term health outcomes. Gut dysbiosis in early life 

has been linked to multiple short-term ailments, from diaper dermatitis and poor stooling habits, 

to poor sleep and fussiness, with mixed results in the scientific literature on the efficacy of probiotics 

for symptom resolution. Despite the growing interest in probiotics for consumer use, observed 

symptomatic relief is rarely documented. This study aims to evaluate observed symptomatic relief 

from at-home use of activated Bifidobacterium infantis EVC001 in infants. Consumer feedback was 

collected over a 2-year period via a 30-day post-purchase online survey of B. infantis EVC001 

(Evivo®) customers. Outcome measures included observed changes in diaper rash, symptoms of colic, 

and sleep behaviours in infants fed B. infantis EVC001. A total of 1,621 respondents completed the 

survey. Before purchasing B. infantis EVC001, the majority of respondents visited the product website, 

researched infant probiotics online, or consulted with their doctor or other healthcare professional. 

Of the participants whose infants had ever experienced diaper rash, 72% (n=448) reported 

improvements, and 57% of those reported complete resolution of this problem. Of those who 

responded to questions about gassiness/fussiness, naptime sleep, and night-time sleep behaviours, 

63% (n=984), 33% (n=520), and 52% (n=806) reported resolution or improvements, respectively. 

mailto:sdimitratos@evolvebiosystems.com
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Although clinical data regarding probiotic use are often inconclusive for symptom resolution, home 

use of B. infantis EVC001 in infants improved diaper rash, gassiness/fussiness, and sleep quality within 

the first week of use in a significant number of respondents who engaged in a voluntary post-purchase 

survey. These outcomes may be a result of the unique genetic capacity of B. infantis EVC001 to 

colonise the infant gut highlighting the importance of strain selection in evaluating the effects of 

probiotic products. 

 

Keywords: host-microbe interactions, B. infantis, infant gut microbiome, probiotics 

 

1. Introduction 

The gut microbiome is inextricably tied to human health and disease. Studies, primarily in adults, 

have demonstrated a role for the gut microbiome in inflammatory bowel disease,1mood disorders,2 

autoimmunity,3 obesity,4 and metabolic disorders such as diabetes.5 New data show a particularly 

important role for the gut microbiome during infancy. Diaper rash, colic, and sleep problems in infancy 

are common concerns for parents, and emerging evidence strongly suggest a role for host-microbiome 

interactions underlying these common conditions that affect infants. For example, common maladies such 

as colic have been attributed to intestinal inflammation and dysbiosis.6 Dysbiosis is described as a low-

functioning ecosystem with high susceptibility to invasion by pathogenic bacteria, which are linked to 

negative health outcomes. Furthermore, dysbiosis is the absence of specific bacteria 

(Bifidobacterium infantis in the case of the infant gut) known to provide essential function to the 

gut.7 Additionally, diaper dermatitis has been linked to elevated faecal pH, which is also tied to certain 

changes in the infant gut microbiome.8 Emerging evidence provides a strong case for addressing infant 

gut dysbiosis as a remedy for diaper rash, colic, sleep problems, among other maladies, but published data 

on efficacy is inconclusive. 
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Reports of infants with diaper dermatitis (diaper rash) are widespread, with literature 

estimates ranging from 16-65%.9 Solutions have traditionally included prophylactic ointment or 

cream containing zinc oxide, frequent diaper changes, and frequent bathing.10 Colic has been 

reported to affect between 17-25% of infants.11 Colic is clinically characterised by inconsolable crying 

for >3 h, >3 days a week, for >3 weeks and its resolution has included dietary modifications, such as 

use of hydrolysed formulas, lactase enzymes, low allergen maternal diets, and low-allergen formulas; 

however, data on the efficacy of these methods are inconclusive, and none of these dietary 

modifications are currently recommended.12 Further options for colic have included parental 

education and reassurance, behavioural modifications including parent coping behaviours, 

swaddling, baby massage, carrying the child, use of sucrose, simethicone, and lactase, use of 

probiotics, and use of alternative interventions such as herbal remedies, acupuncture, 

manipulative therapy, and reflexology.13 Results from  research on these remedies vary, and there are currently 

no standard recommendations.13 Infantile sleep problems (e.g. trouble falling or staying asleep) are other 

common concerns for parents of infants, and sleep problems have been associated with adverse 

consequences including parental depression, fatigue, poor health, and psychological distress.14 

Sleep problems have been reported to affect between 15-35% of infants;14,15 however, estimates vary 

widely in the literature due, in part, to inconsistencies in defining ‘sleep problems.’ Options for parents 

have included such things as consultations by a health professional, parental education on extinction 

and bedtime fading, internet-based interventions, and night-time massage.15 Taken together, 

traditional remedies for diaper rash, symptoms of colic, and sleep problems demonstrate mixed 

efficacy in the literature with no clear recommendations for improving these conditions. 

New options for these concerns should address underlying issues of the infant gut 

microbiome, and a growing body of literature suggests a promising role for Bifidobacterium longum 
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subspecies infantis (B. infantis) in promoting infant gut health. B. infantis is a gram-positive intestinal 

symbiont that historically dominated the infant gastrointestinal tract.16 Studies have found that 

this bacterium confers multiple known benefits to infants.17 Despite the known benefits of B. 

infantis, there has been a profound reduction in total Bifidobacterium in the infant gut over the 

past century.16,18 It is unclear whether this is the product of environmental and/or lifestyle factors, and 

perhaps in combination with interventions such as caesarean sections (C-sections), antibiotic 

use,19 and formula feeding, all of which have been great advancements to human health but have 

also had deleterious, unintended side effects on the infant gut microbiome. 

The infant gut requires infant-specific bacteria to metabolise human milk oligosaccharides 

(HMOs) from human milk. B. infantis produces lactate and acetate as acidic fermentation 

products from HMO metabolism, contributing, at least in part, to a reduction in faecal pH and an 

increase in colonisation resistance.20 Acetate, a short chain fatty acid (SCFA), serves numerous 

protective roles in the infant gut.21 Studies reporting on probiotic efficacy against necrotising 

enterocolitis (NEC), the most common and potentially fatal gastrointestinal disease that 

primarily affects preterm infants, have been mixed.22 Due to the lack of studies in general, consumer 

studies have documented mixed interest about using probiotics for small children. For example, one 

Danish study found that parents were sceptical about the use of probiotics for disease prevention 

purposes in their children.23 Another study found that the majority of mothers in a birth cohort 

believed that probiotics in general were beneficial, however, there remained uncertainty regarding 

the safety and therapeutic implications for infants.24 These data warrant further studies to clearly 

demonstrate symptomatic relief and safety of infant probiotics. 

In addition to its availability for hospital use, B. infantis EVC001 is also available for use at 

home, and consumer evaluations of this probiotic have been carefully monitored for over two years. 

Given highlighted gaps in the literature around consumer observed symptomatic relief with probiotic 
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administration in young children, our goal for this research was to examine consumer observations of 

feeding B. infantis EVC001 to their infants. Through use of an online, post-purchase voluntary 

survey, we queried consumers about the observed symptomatic relief by feeding this strain of 

probiotic to their infants at home, specifically focusing on changes in diaper rash, sleep patterns, and 

colic symptoms. We hypothesised that the majority of parents who purchased B. infantis EVC001 (1) 

were motivated to purchase the product based on information gathered from internet searches and 

from recommendations from healthcare providers, friends and family, and (2) would observe 

improvements in symptoms of colic, diaper rash and sleep behaviours in their infants after using B. 

infantis EV001. 

 

2. Materials and methods 

 

Study subjects and survey administration 

Participants were recruited via email from a pool of consumers who had purchased 

activated B. infantis EVC001 (Evivo®; Evolve BioSystems, Inc., Davis, CA, USA) in the previous 30-day 

period. These consumers were asked to complete a voluntary survey regarding their experience and 

observations from use of B. infantis EVC001 with their infant (n=1,621) The survey was administered 

electronically via Survey Monkey from March 20th, 2018 to June 15th, 2020. Participants who 

completed the survey were provided with the opportunity to enter into a prize drawing to win a $50 

Amazon.com gift card. Supplementary Table S1 describes the survey questions in more detail. 

 

Ethical considerations 

A central IRB (Sterling IRB, registration number IRB00001790) reviewed the study 

protocol and determined that the research was exempt from IRB approval because the survey and 

http://amazon.com/
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associated data collection did not meet the criteria for human subjects research. Participation in 

the survey was completely voluntary. 

 

Data analysis 

Survey questions regarding perceived changes in diaper rash, fussiness/gassiness, and sleep 

were compiled and responses were binned into ‘improvement’, ‘no change’ and ‘worse’ categories. 

Frequencies of categories, as well as time to perceived changes, were calculated. Chi-squared tests for 

equality of proportions were performed for perceived change response rates. Time to perceived 

change responses of ‘immediately’, ‘within a week’ and ‘within two weeks’ were combined, and 

proportion of grouped responses was calculated. 

 

Diaper rash 

When asked if they noticed any differences relating to diaper rash, respondents selected 

one of the following: ‘no longer has diaper rash’, ‘less diaper rash’, ‘about the same amount of diaper 

rash’, ‘more diaper rash’, or ‘my baby has never had diaper rash’. Participants who marked that their 

baby has never had diaper rash were omitted from the analysis of changes in diaper rash. 

Responses of ‘no longer has diaper rash’ and ‘less diaper rash’ were considered improvement and were 

combined for the purposes of analysis. The responses of ‘about the same amount of diaper rash’ and 

‘more diaper rash’ were considered as ‘no change’ and ‘worse’, respectively. 

 

Gassiness and fussiness 

Consumers were asked whether their baby’s fussiness/ gassiness was ‘less’, ‘about the same’, 

or ‘more’ after feeding B. infantis EVC001 to their infant. Responses of ‘less’ were considered as 

improvement, ‘about the same’ as no change, and ‘more’ as worse in perceived symptomatic change. 
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Sleep behaviour 

Change in night-time sleep and napping patterns were described as one of the following: 

‘longer duration’, ‘more consistent’, ‘longer duration and more consistent’, ‘sleeps about the same’, 

‘shorter duration’, ‘less consistent’, ‘shorter duration and less consistent’. Responses including longer or 

more consistent duration were considered as improvement in perceived change. ‘Sleeps about the 

same’ was considered as no change, and shorter or less consistent responses were considered as worse 

in perceived change. 

Overall, respondents who reported seeing improvement in any of the observed symptoms 

were further asked whether those changes were observed ‘immediately’, ‘within the first week’, ‘within 

two weeks’, or ‘after about a month’. 

 

3. Results 

 

Demographics 

Between March 20th, 2018 and June 15th, 2020, 15,172 individuals who purchased B. 

infantis EVC001 were invited by email to participate in the survey within 30 days post-purchase. 

A total of 1,621 questionnaires were completed, representing a response rate of 10.7%. Data were 

not collected from those who declined to be involved. Respondent characteristics are presented in 

Table 1. 
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Age of baby when first hearing about Bifidobacterium infantis EVC001 

A total of 1,192 respondents provided information about the age of their baby when they first 

heard about B. infantis EVC001. Nearly three-quarters (71%, n=846) of respondents first heard about 

this product early in their baby’s life (1-8 weeks old), with 22% (n=263) having a baby 1-2 weeks old, and 

49% (n=583) having a baby 3-8 weeks old. 

 

Table 1: Respondent Purchase Behaviour 

How old was your baby when you first heard about Evivo? 

Response N (%) Total Respondents 

1-2 weeks 263 (22%) 

1192 
3-8 weeks 583 (49%) 

2-3 months 173 (15%) 

3 months or older 173 (15%) 

Did you do any of the following between the time you first heard about Evivo and the time 
you purchased? (select all that apply) 

Response N (%)1 Total Respondents 

Consulted with my doctor/healthcare 
professional 

591 (44%) 

1353 
Researched infant probiotics online 1017 (75%) 

Read through the Evivo website 1215 (90%) 

Talked to friends/family to get their opinion 409 (30%) 

Other  101 (7%) 
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Figure 1: Reported Symptomatic Relief With The Use Of B. infantis EVC001 

 

Figure 1 Legend: Percent of survey respondants who reported either improvement, no change or worse 

symptoms in their infants following the consumption of B. infantis EVC001.  

 

Prevalence of pre-purchase research on baby probiotics  

A large number of respondents performed research on their own or inquired of 

healthcare professionals before making their purchase of B. infantis EVC001. A total of 1,353 

participants provided their perspective on what actions they may have taken between visiting 

Evivo.com and making their purchase. 90% (n=1,215) read through the Evivo website, 75% (n=1,017) 

researched probiotics online, and 44% (n=591) consulted with their doctor or healthcare professional 

before making their purchase. 

 

 

http://evivo.com/
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Changes in infant diaper rash 

A total of 1,548 respondents answered questions regarding symptoms of diaper rash observed 

in their infant. Diaper rash is a problem experienced by a large number of infants included in this 

survey, with over 40% (n=622) of respondents reporting some experience with the problem (Figure 1). 

After feeding B. infantis EVC001, 72% (n=448) of those that had experienced diaper rash observed 

improvements in diaper rash in their baby. Of those that observed improvement, the largest group 

(57%, n=255) no longer experienced diaper rash, with 43% (n=193) reporting having less diaper rash. 

Of those that experienced an improvement, nearly all (96%, n= 428) noticed changes in diaper rash 

either immediately (21%, n=93), within the first week (53%, n=236) or within two weeks (22%, n=99) 

(Figure 2). The remainder observed improvement after a month (4%, n=20). A 3 way chi-squared test 

for equality of proportions revealed that the response rates among improved, no change and worse 

responses were significantly different (P<0.0001). 
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Figure 2: Reported Time to Symptomatic Improvement  

 

Figure 2 Legend: Percent of survey respondents reporting observing symptom improvement within the 

four categories provided (immediately, within the first week, within two weeks and after about a 

month). 

 

Changes in gassiness and fussiness 

A total of 1,553 respondents answered questions regarding observed gassiness and 

fussiness, both of which are considered symptoms of colic. After feeding B. infantis EVC001, 

nearly two-thirds of participants (63%, n=984) observed improvements in gassiness and fussiness 

(Figure 1), and response rates among improvement, no change and worse response categories was 

found to be significantly different (P<0.0001). Not only did most see improvement in these symptoms 

of colic, but 94% (n=924) of participants observed these improvements quickly after feeding B. 
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infantis EVC001 with 31% (n=306) reporting change within two weeks, nearly half (49%, n=481) seeing 

change within the first week, and 14% (n=137) seeing immediate change in their baby’s gassiness and 

fussiness (Figure 2). The remainder saw improvement after about a month (6%, n=58). 

 

Changes in night-time sleep 

A total of 1,556 respondents answered questions regarding night-time sleep behaviour. Of the 

total respondents, over half (52%, n=806) reported improvement in night-time sleep after feeding B. 

infantis EVC001, with the majority (30%, n=460) seeing improvement in both duration and consistency 

of night-time sleep (Figure 1). 9% (n=136) observed more consistent sleep, and 13% (n=210) reported 

longer duration of night-time sleep. The response rates of improved, no change and worse categories 

were found to be significantly different (P<0.0001). The observed improvements in night-time sleep 

occurred quickly after feeding B. infantis EVC001, with most (86%, n=692) seeing improvements in night-

time sleep either immediately (9%, n=69), within the first week (41%, n=330) or within two weeks (36%, 

n=292) (Figure 2). The remainder observed improvements after about a month (14%, n=113). 

 

Changes in napping behaviour 

A total of 1,565 respondents answered questions regarding napping behaviour of their 

infant. Response rates among improvement, no change and worse categories were found to be 

significantly different (P<0.0001). One-third (33%, n=520) reported an improvement in napping 

duration, consistency, or a combination of the two, with the majority (16%, n=252) seeing 

improvement in both duration and consistency of napping behaviour after feeding B. infantis EVC001 

(Figure 1). 7% (n=113) noted improvement in only the duration of napping, and 10% (n=155) observed 

more consistent napping. The observed improvements in napping behaviour occurred quickly 

after feeding B. infantis EVC001, with 90% (n=474) seeing napping improvements either 
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immediately (11%, n=58), within the first week of feeding B. infantis EVC001 (44%, n=226) or 

within two weeks (36%, n=187) (Figure 2). The remainder observed improvements after about a 

month (9%, n=47). 

 

4. Discussion 

 

Bifidobacterium infantis colonisation creates a protective environment in the infant gut 

Exclusively breastfed infants receive an abundance of diverse glycans from human milk, a 

significant portion of which are HMOs which serve as the primary nutrition source for the infant’s 

early-life gut bacteria.25,26 Interestingly, humans lack enzymes for the digestion of HMOs, but these 

glycans are known to provide a medium that selectively promotes the growth of B. infantis, a gut 

symbiont that completely utilises HMOs to produce important organic acid by-products, such as 

lactate and acetate. These milk glycans serve many functions: promoting development of the immune 

system, binding viruses, enhancing epithelial barrier function, and selectively enriching B. infantis in the 

infant gut.26 It has been demonstrated that B. infantis EVC001 prodigiously consumes HMOs and 

creates a protective environment in the developing neonatal gut.20,25,27,28  

Colonisation resistance refers to a process by which the invasion and overgrowth of 

pathogenic bacteria is prevented.25,29 B. infantis facilitates the process of colonisation resistance, 

thereby creating a protective environment in the infant gut.25 Infants in primarily industrialised 

parts of the world (e.g. the United States and Europe) are believed to now have reduced colonisation 

resistance due to the unintended consequences of important and often life-saving practices, including 

infant formula use, C-section births, and maternal and infant use of antibiotics, resulting in less 

abundant (or absent) B. infantis in the infant gastrointestinal tract. Previous studies have shown that 

breastfed infants colonised with B. infantis EVC001, had reduced excretion of HMOs in their stool, higher 
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faecal lactate and acetate, and therefore lower faecal pH compared to control infants.30 This natural 

mechanism by which B. infantis lowers colonic and faecal pH through the production of lactate 

and acetate inhibits the growth of potentially pathogenic bacteria and reduces infection risk in the 

infant gut.21  

In this study, we found that 72% of respondents reported symptomatic relief in diaper rash, 

63% in gassiness and fussiness, 52% in night-time sleep, and 33% in napping behaviours after giving 

B. infantis EVC001 to their infant at home (Figure 1). Not only did the majority of respondents report 

relief in these three domains, but the time to relief was remarkable as well (Figure 2). The mechanism 

of action of B. infantis EVC001 colonisation in the infant gut has been previously identified, and is based 

largely on the unique genetic capability of this strain to completely metabolise HMOs found in 

human milk into lactate and acetate, acidic end products that lead to lower colonic and faecal pH 

compared to infants missing this bacterium.30 Furthermore, the time course of the colonisation of B. 

infantis EVC001 in the gut of the breastfed infant has been shown to occur within one week,30 a 

timeframe consistent with the resolution of the study’s symptoms in most cases. 

In the absence of HMO-metabolising bacteria, namely B. infantis, bacterial production 

of lactate and acetate is limited, resulting in higher colonic and faecal pH.30 As faecal enzymes are 

shown to be activated at pH levels above 5.5, the absence of B. infantis in the infant gut may contribute 

to increased faecal enzyme activity and skin barrier breakdown, resulting in increased incidence of 

diaper rash.8 In this study, 72% of surveyed customers whose baby had ever experienced diaper rash 

reported a reduction in diaper rash with use of B. infantis EVC001 and in 74% of those infants, the 

diaper rash was resolved within one week. 

The presence of B. infantis in the infant gut facilitates colonisation resistance,25 thereby 

reducing pathogens linked to gas production, inflammation,27 and colic.6 In a previous study of B. 

infantis EVC001, colonisation of the infant gut occurred rapidly (within the first week) and displaced 
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a significant proportion of the potentially pathogenic bacteria that were previously identified in faecal 

samples from the infants.30 This mechanism may explain not only why 63% of respondents reported 

symptomatic relief in gassiness and fussiness in their infants after feeding B. infantis EVC001, but also 

why 63% of those who reported improvement, saw improvements within the first week. 

Of the 52% of respondents who reported improved night-time sleep in their infants, 

50% saw improvement immediately or within the first week (Figure 2). Additionally, of the 33% of 

respondents who reported improved naptime behaviours, 55% saw improvements within the first 

week. These observed benefits may be attributable to the improved metabolism and 

utilisation of HMOs, which are otherwise excreted through stool in infants missing B. infantis. 

Also, B. infantis EVC001 has been shown to reduce gastrointestinal inflammation in infants, and 

therefore may explain the improved sleep behaviour as a result of less discomfort and fussiness. 

 

Strengths and limitations 

This study aimed to evaluate observed symptomatic relief with at-home use of B. infantis 

EVC001 in infants. This study had many strengths, including a large sample size (>1,600 participants), 

a consumer-friendly survey format, and multiple outcome measures (e.g. diaper rash, gassiness/ 

fussiness, naptime sleep behaviour, and night-time sleep behaviour. Additionally, the survey 

documented and disclosed when respondents reported ‘no change’ and/or worsening of symptoms 

in response to product use. 

This study does not come without limitations. For example, our study could not correct 

for infant age, infant diet, and other existing health and/or medical conditions in the infants receiving B. 

infantis EVC001. Our study did not have a control group (those receiving no B. infantis EVC001), thus 

future work should address this limitation to determine definitive efficacy. Another limitation 

pertains to possible bias (for example, recall bias or responder bias). With regard to survey 



 
 

27 
 

completion specifically, it is possible that respondents who had very positive or very negative 

experiences could be more likely to participate. Additionally, we reported on symptoms of colic 

including parental reporting of infant fussiness at home, rather than colic as it is defined clinically 

(inconsolable crying for >3 h a day, >3 days a week, for >3 weeks). Finally, the effects of other 

remedies used in addition to B. infantis EVC001 were not captured in this survey. Future consumer 

research should address these limitations in the study design. 

 

5. Conclusions 

Feeding activated B. infantis EVC001 probiotic to infants in an at-home setting resulted in 

observed symptomatic relief of diaper rash, gassiness/fussiness, and sleep quality in a voluntary 

consumer survey. We also report that most symptomatic relief occurred within the first week of use. 

We believe this outcome may be attributed to the specific genetic capacity of B. infantis EVC001 to 

colonise the infant gut, utilising a mechanism distinct from other probiotic bacteria, thereby 

highlighting the importance of strain selection of probiotic use. 
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Appendix A: Comprehensive Survey Data 

Since having given your baby Evivo, have you noticed any of the following regarding their 
diaper rash? 

Response N (%) Total Respondents 

No longer has diaper rash 255 (16%)  
 
 

1548 
Less diaper rash 193 (12%) 

About the same amount of diaper rash 153 (10%) 
More diaper rash 21 (1%) 

My baby has never had diaper rash 926 (60%) 
Since having given your baby Evivo, is your baby’s fussiness/gassiness: 

Response N (%) Total Respondents 

Less 984 (63%)  

1553 About the same 474 (31%) 

More 95 (6%) 
Since having given your baby Evivo, have you noticed any of the following regarding their 

nighttime sleep? 

Response N (%) Total Respondents 

Longer duration 210 (13%)  
 
 
 

1556 

More consistent 136 (9%) 

Longer duration and more consistent 460 (30%) 

Sleeps about the same 639 (41%) 

Shorter duration 24 (2%) 

Less consistent 35 (2%) 
Shorter duration and less consistent 52 (3%) 

Since having given your baby Evivo, have you noticed any of the following regarding their 
napping behavior? 

Response N (%) Total Respondents 

Longer duration 113 (7%)  
 
 
 

1565 

More consistent 155 (10%) 
Longer duration and more consistent 252 (16%) 

Naps about the same 895 (57%) 

Shorter duration 43 (3%) 

Less consistent 27 (2%) 

Shorter duration and less consistent 80 (5%) 
 

Respondents completed questions about observed symptomatic relief, and time to relief, of diaper rash, 
fussiness/gassiness, night-time sleep, and napping behaviour in their infants after feeding them B. 
infantis EVC001 at home. 
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Chapter III: An original research article published in the journal mHealth: Wearable technology to 

quantify the nutritional intake of adults: Validation study 

Dimitratos SM, German JB, Schaefer SE. Wearable technology to quantify the nutritional intake of 

adults: Validation study. JMIR mHealth uHealth [Internet]. 2020 Jul 1 [cited 2020 Nov 12];8(7). 

Available from: /pmc/articles/PMC7407252/?report=abstract 

 

Background: Wearable and mobile sensor technologies have the potential to provide utility in precision 

nutrition research and practice, but few reliable tools can obtain accurate and precise measurement of 

diet and nutrition.  

Objective: A study was conducted to assess the ability of a wearable technology to monitor the 

nutritional intake of adult participants. This paper describes the development of a reference method to 

estimate the diet and nutritional intake of 25 free-living study participants, and the preliminary accuracy 

and utility of the technology undergoing validation. 

Methods: Participants were asked to use a nutrition tracking wristband and accompanying mobile app 

consistently for two 14-day test periods. A reference method was developed to validate the wristband 

technology’s estimation of participants’ daily calorie intake (kcal/d). The research team collaborated 

with a university dining facility to prepare and serve calibrated study meals and record each 

participant’s energy and macronutrient intake. A continuous glucose monitoring system was used to 

measure adherence with dietary reporting protocols, but these findings are not reported. Bland Altman 

tests were used to compare the reference and test method outputs (kcal/d).   

Results: A total of 304 input cases were collected of daily participant dietary intake (kcal/d) measured by 

both reference and test methods. Bland Altman analysis revealed a mean difference of -105 kcal/d 

(SD=660, lower and upper LOA= -1400 and 1189, respectively) between methods. Researchers observed 
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transient signal loss from the wristband’s sensor technology to be a major source of error in computing 

dietary intakes among participants.  

Conclusions: This study documents high variability in the accuracy and utility of a wristband sensor to 

track nutritional intake, highlighting the need for reliable, effective measurement tools to facilitate 

accurate, precision-based technologies for personal dietary guidance and intervention.  

 

Introduction 

 

Diet and health guidelines are based on preventing or treating sickness for the general 

population. Technological advances and enhanced understanding of systems biology are guiding 

scientists to pursue personalized interventions for disease prevention and treatment. As scientists are 

quantifying the elasticity of human health and its diversity, opportunities to intervene in human health 

are broadening to include precision control of phenotypic performance. Precision or personalized health 

is the approach of using quantified information on individual characteristics to develop tailored products 

and services aimed at guiding the underlying processes of health.1-5 Breadth of precision interventions 

requires breadth of measurement of individuals’ characteristics, genetics, immunity, metabolism, 

physiology, medical history and more.6-8 Personalizing content and delivery of approaches also require 

alignment with individuals’ behaviors, preferences, goals, and barriers to modification as an integral 

aspect to achieve lasting behavior change.9,2,10   

Precision health is made possible by modern tools, technologies and platforms that provide 

increasingly diverse, mechanistic and accurate assessments of the human body.11,12 Health 

measurement research characterizes the breadth of phenotypic differences between individuals that 

contribute to health status. Advancements in -omics technologies highlight how many factors 

individually and interactively affect health, including genetics, lifestyle, life stage, diet and microbial 

diversity. Many health metrics are assessed statically, but others must be captured dynamically using 
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specific challenges, such as with insulin sensitivity, acquired immunity and so on. These scientific 

breakthroughs are guiding the development of measurement technologies that interrogate individuals 

beyond disease diagnostics, including mobile and wearable body sensors that enable more spatially and 

temporally specific measures of a broader range of phenotypic factors.4,13-15   

The most important change in the science of diet and health is as much philosophical as mechanistic. 

The focus of nutrition research is transforming from the study of individual foods and ingredients and 

their effects on entire populations, to the study of individual humans in response to entire diets. 

 

Precision nutrition - challenges and breakthroughs 

Bringing accurate health monitoring technologies to market provides a public service that 

reduces peoples’ uncertainty about how day-to-day choices affect their individual health.15,16 More 

precise and predictive dietary guidance follows the understanding in nutritional sciences that identifying 

the single 'best diet' for human health is no longer scientifically defensible. It is now understood that 

different people respond differently to foods and nutrients, warranting personalized approaches to 

nutrition interventions and services.3,17-21 National dietary guidelines are intended to prevent deficiency 

and maintain health for the majority of the population (DRIs). Using evidence-based science to create 

diets for individuals requires the understanding of what humans share in regards to dietary needs, as 

well as how, when and why needs differ. On a fundamental level, all people require a diet sufficient in 

calories to support normal body weight and all essential nutrients to support life. Yet, nutrient 

requirements to prevent deficiency and sustain life are just the first step in understanding the role of 

diet in human health.22  

A fundamental challenge in nutrition research is the accurate quantification of food intake and 

its interpretation as precise diet quality. Currently, the gold standard of dietary assessment is the 24-

hour inpatient study, yet major limitations include cost, reduced physical activity, boredom, depression 
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and weight loss due to reduced dietary freedom and food options deviating from one’s personal routine. 

In epidemiologic and clinical nutrition, dietary assessment typically relies on researcher-facilitated or 

autonomous participant recall using methods such as 24-hour recall, food frequency questionnaires and 

food diary inventories. These memory-based assessment methods have demonstrated poor validity due 

to human under- or over-estimation of intake, and intentional or unintentional alteration of intake 

patterns.23 Each traditional assessment method is a reflection of the individual’s perceived intake, rather 

than accurate measure of true intake. Furthermore, such assessment methods are non-falsifiable, as the 

participant’s reporting must be accepted as truth, despite knowledge of likely incongruence. Still other 

assessment methods rely on photograph analysis of foods consumed, conducted either by a trained 

personnel or software analysis.24 Although more closely reflective of nutrient intake in a free-living 

situation, the remote food photography method is still limited by the inability to record in ‘true’ real-

time, difficulty in estimating portion sizes, necessity for simultaneous use of a back-up analysis method, 

difficulty analyzing culturally unique foods, and analyzing mixed dishes via photographs alone. The USDA 

Food Composition Database is the gold standard for nutrient analysis; albeit comprehensive in scope, 

even this tool cannot possibly account for inherent variability in climate, soil quality, geographic 

location, item ripeness, and cooking method, all of which may significantly alter nutrient composition of 

food. Even nutrient and energy quantification by way of nutrition facts label analysis is error-prone, as 

the Food & Drug Administration (FDA) allows for certain margins of error in nutrient reporting on 

packaged food labels. Nutrition fact labels therefore provide an educated estimation about packaged 

food nutrient content. Consumer-focused dietary tracking methods use databases that are often crowd-

sourced. These errors, compounded with the aforementioned human misreporting of dietary intake, 

demonstrate that more precise methods of dietary assessment and analysis are needed. 
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Standard approaches to recording dietary intake do not account for inherent nutrient losses in 

absorption and metabolism, the transformative processes by which food becomes usable energy for the 

body. Realistic and precise quantitative assessment remains challenging due to energy losses involved at 

every step of transforming a food matrix into bioavailable energy: absorption, distribution, metabolism 

and excretion. The rate of breakdown and net usable energy vary depending on macronutrient 

composition, i.e., a mixed-meal high in fiber, protein, and fat will digest much more slowly than a meal 

high in simple carbohydrates.25 Furthermore, interindividual differences in metabolic rate, 

gastrointestinal health, and prior meals consumed all contribute to discrepancies between measured 

intake and bioavailable energy.  

Commercial and medical technologies designed to detect a person’s physiological fluctuations 

are emerging that claim to capture more dynamic aspects of cardiometabolic health.14 For example, 

continuous glucose monitors are designed to provide more precise tracking of glucose levels for diabetic 

patients compared to standard blood sampling methods,  the goal being to more precisely guide disease 

management.26-27 No technologies are available that can effectively assess dietary intake directly, 

although some methods are claiming the ability to estimate dietary intake by assessing the body’s 

physiological response to food intake and bioavailable energy. In all cases, rigorous testing is necessary 

to determine the accuracy, precision, utility and validity of candidate devices. We seek to answer the 

question: Can wearable technologies measure aspects of metabolic performance and cardiometabolic 

health of a normal range of adult human phenotypes? The objectives of this paper are to describe, a) 

the development and implementation of a reference method to estimate the nutritional intake of free-

living study participants, and b) the accuracy and utility of a wristband technology for tracking 

nutritional intake (kcal/d). 
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Methods 

A study was designed to assess the capability of a wearable technology to estimate the 

nutritional intake of individuals. The wristband (GoBe2™Healbe Corp., St. Petersburg, Russia) intends to 

provide users with automatic tracking of daily energy intake (calories) and macronutrient intake (grams 

of protein, fat, and carbohydrates). The technology uses computational algorithms to convert 

bioimpedance signals into measured patterns of extracellular and intracellular fluids associated with the 

influx of glucose and essential nutrients into the body. From changes in fluid concentration, the 

technology estimates calories congruent with glucose absorption into the bloodstream. Time-series data 

such as these, that capture postprandial processes, have the potential to inform phenotypic 

discernment of digestion, absorption, metabolism of foods, and their influence on health.  

A sample of free-living adult participants (N=25) was sought to validate the technology over two 

data collection periods of 14-days each (30 days total). A reference method was designed to measure 

dietary intake; all meals were prepared, calibrated and served at a campus dining facility and consumed 

under direct observation of a trained research team. Approval for the research study and protocol was 

obtained from the University of California, Davis (UC Davis) Institutional Review Board. 

 

Participants  

Participants aged 18-50 years old were recruited from around the UC Davis campus using emails 

and flyers. Those interested were screened by phone for inclusionary and exclusionary criteria. 

Exclusionary criteria included historical or current diagnosis of chronic disease (including diabetes or 

prediabetes, cancer, asthma, hypertension, cardiovascular disease, stroke, kidney, thyroid or 

autoimmune disease), known food allergies, current dieting or restricted dietary habits (i.e., vegetarian, 

ketogenic, reduced-calorie), pregnancy or lactation, smoking, drug or alcohol addiction, excessive 

exercise or athletic training, and taking medications impacting digestion or metabolism. In-person 
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screenings were conducted at the Ragle Human Nutrition Center on the UC Davis campus. Participants 

who qualified after the phone screening were invited for in-person screening to complete a fasting 

blood draw, blood pressure and anthropometric measurements. Copies of approved, signed consent 

forms were obtained from all participants at screening. All female participants completed urine 

pregnancy tests. Blood pressure measurement was obtained using a Nellcor™ Pulse Oximeter with 

OxiMax™Technology from WelchAllynⓇ. For anthropometry, a digital scale by ScaletronixⓇ was used to 

weigh participants to the nearest 0.1 kg and a wall stadiometer to measure height to the nearest 0.1 cm. 

Anthropometric measurements were used to calculate baseline BMI [height(cm)/weight(kg)]2. Because 

the wristband was intended to measure nutrient intake in a weight-stable population over the study 

duration, individuals with fluctuating weight (>5 lbs over previous month) were excluded. All 

anthropometric measurements were conducted by the Principal Investigator (PI) using methods defined 

in the Anthropometric Standardization Reference Manual [28]. Participants were assigned a study ID 

upon enrollment and all data collected were maintained private and de-identified. Monetary 

compensation was offered to each participant who completed the screening ($10), Phase 1, ($125) and 

Phase 2 ($150). 

For metabolic screening, blood was drawn into EDTA and PST Lithium Heparin blood collection 

tubes and immediately placed on ice. Within 2 hours of collection, blood samples were centrifuged at 

1800 X g for 15 min at 4 °C to separate blood from plasma and frozen at −20 °C until lab analyses were 

performed in-batch. Blood samples were analyzed and individuals were excluded who tested abnormally 

for metabolic health indicators such as complete blood count, fasting blood glucose, hemoglobin a1c, 

erythrocyte sedimentation rate, serum protein, creatine, alkaline phosphatase, potassium and C02. 

Tests were performed according to manufacturer instructions and quality controls by UC Davis Health 

System Medical Diagnostics.  
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During August and September 2018, 76 adults were screened and 35 met inclusionary criteria for 

enrollment in Phase 1 of the study that would take place during September 25-October 9, 2018. The 

initial sample included 20 females and 15 males with an ethnic distribution of 38% Caucasian, 41% Asian 

and 21% Hispanic and average age of 25.3 years (SD=6.4) and BMI of 24.2 (SD=5.1). Three participants 

dropped out during the first week of Phase 1 due to time constraints that prohibited multiple visits to 

the campus dining facility each day. Phase 1 was completed by 32 participants of which, 24 enrolled in 

subsequent Phase 2 (October 30 - November 13, 2018). Due to scheduling conflicts during Phase 2, two 

participants completed 10 out of 14 days and were included in analyses. 

 

Data collection 

Participants were assigned a GoBe2™ (Figure 1) and instructed to use the latest version of the 

accompanying app synced to the wrist unit. The unit/app combination translates sensor signals into 

energy intake and expenditure outputs over a 24-hour period, in accordance with the rate of nutrient 

absorption. Participants were explained how the wristband estimates personal calorie intake and 

expenditure throughout the day and over one week, as well as its other functions including heart rate, 

sleep, hydration and stress measurement. Participants were instructed to sync the wrist unit with the 

app twice daily, morning and night, and to collect screenshots from within the app that captured the 

previous day’s final energy (kcal) estimations. The screenshots were collected by research staff as record 

of daily caloric outputs, including daily intake, expenditure and total balance. 
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Figure 1: Healbe GoBe2™ smartband 

 

 

 

 

 

 

 

 

 

 

 

Dietary intake quantification  

A reference method was developed to quantify the daily food, calorie, and macronutrient 

intakes of participants during the two study periods. The project team collaborated with UC Davis Dining 

Commons (DC), a series of dining facilities where campus residents primarily eat, but are also open to 

the campus community and public. A strategy was developed to carry out the nutrition study within the 

university dining facility. In this approach, a specific “project menu” was created in coordination with 

the facility’s existing cycle menu served to all dining patrons. In this way, the dining facility’s normal 

operations were minimally perturbed, and the study team utilized the facility’s existing food prepared in 

accordance with standardized recipes from which nutritional information was readily derived. Meal 

cards were purchased for study participants and swiped upon their arrival at each meal. Student 

research assistants were trained to carry out food measurement at each meal, nutrient analysis, and 

data entry.  
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Menu planning 

A Registered Dietitian (RD) on the research team collaborated with the dining facility’s primary 

chef to design the project menu. Menu items were selected to serve to study participants at breakfast, 

lunch, and dinner, using the following criteria: Balanced macronutrients at each meal per USDA MyPlate 

guidelines, and minimal multi-ingredient “mixed” dishes (i.e. no casseroles, lasagna, pizza, etc). Mixed 

dishes were avoided to reduce error in calculating calories and macronutrients that were served at each 

meal. When necessary, menu modifications were requested to fit the study menu criteria (i.e. sauces 

served on the side, sandwich ingredients served separately). Separating ingredients allowed for staff to 

more precisely weigh foods and calculate energy and macronutrient profiles accordingly. 

 

Energy and macronutrient analysis for on-site and off-site food consumption 

Two research staff were trained and designated to analyze each project menu item for energy 

(kcal) and macronutrient content. Items were analyzed using a combination of the USDA Food 

Composition Database and the dining facility’s nutritional database. In the latter, menu items were 

previously analyzed and recorded by the DC’s Registered Dietitian using either product nutritional labels 

(when available) or the USDA Food Composition database. Each menu item was analyzed for serving 

size, calories, grams of protein, fat, and carbohydrate content per serving and scaled to 100g. 

The RD determined a ‘standard’ serving size for each menu item; for example, 1 c cooked oats, 1 

c vegetables, ½ c beans, 4 oz lean protein, or ¾ c grain. Participants were not restricted to the standard 

serving sizes and were free to request more or less food portions to meet their individual dietary needs. 

All deviations from standard portions were recorded by research staff for each participant.  

The primary chef coordinated study meals according to the study menu preference. Each meal 

was prepared in a commercial kitchen on the UC Davis campus by trained food-service personnel 

following a stringent HACCP protocol. All food was delivered to the designated research study area of 
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the facility and received by a team of research staff for on-site portioning and serving to study 

participants. The study leads inspected each delivered menu item for accuracy, noting any deviations as 

needed.  

Study participants arrived at the dining facility during scheduled breakfast, lunch and dinner 

mealtimes. Upon arrival they were greeted by research staff, and the meal was paid for at the door 

using preloaded meal cards. Each morning at breakfast, research staff collected daily information from 

participants, including paper records of off-site foods consumed in the previous 24-hours, and details of 

wristband use (charging, removals, reported problems). A brief daily in-person interview conducted each 

morning to collect details on exercise, any perceived stress, water intake, defecation, and CGM skin-

contact in the previous 24-hours. At each meal, participants could request either the standard meal 

offering or certain menu items, in more or fewer portions according to preference. Participants’ meals 

were recorded on paper meal-slips that were delivered to research staff responsible for food portioning, 

plating, and weighing.   

All project staff were trained by the RD in appropriate food-handling and safety, food weighing 

and meal recording duties. Prior to each meal, a team of research staff was briefed on how to portion 

and serve each menu item. Individual menu items were weighed and recorded (0.0g) using calibrated 

food scales, portioned using standardized tools, and served at each on-site meal. Each dish with multiple 

food components was deconstructed to individual items and were weighed and recorded individually 

(i.e. burgers were deconstructed to individually weigh patty, bun, cheese, ketchup, mustard, tomato). 

Staff assumed various roles to ensure optimal meal-time efficiency (i.e., ‘menu collector,’ ‘food 

weigher,’ ‘data recorder’). After recording the weight of each food item and time of meal (00:00), the 

plate was served to the appropriate participant. Participants were encouraged to consume all food 

served at each meal, but it was not mandatory. Plate waste from each participant was deconstructed by 

ingredient, and individually weighed at the end of each meal period. 
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After each participant finished eating, research staff weighed and recorded each individual item left on 

the plate. The gram weight of each food item consumed was quantified and entered into an electronic 

database. Energy and macronutrient profiles of each menu item was obtained either from the dining 

facility’s recipe, the food label or the USDA Food Composition Database and calculated according to 

gram weight consumed. 

Consuming foods outside of the study facility was discouraged but not prohibited in order to 

minimize the changes made to participants’ usual habits and metabolisms. If foods were consumed 

outside of the dining facility, participants were instructed to follow a specified procedure of self-

reporting, including only consuming packaged foods, weighing and recording the weight of each 

individual food item, and providing the food label from the package. To minimize miscalculation of 

nutrient intake of off-site foods, participants were provided with various packaged foods of known 

nutritional content (protein bars, jerky sticks, ramen noodles, fruit leather, chocolate bars). They were 

asked to consume from these foods; if this was not possible, they were required to photograph the 

food, record the food item, brand, time of consumption, and food weight (g) using a calibrated food 

scale and recording in a food diary. Off-site food diaries were collected from participants daily.  

Participants unable to report to the dining facility for a scheduled mealtime received alternative options 

and selected a pre-packaged meal from a convenience market managed by the dining facility. 

Nutritional information from the item was extracted from the nutrition label and recorded. A team of 

staff recorded and analyzed the nutritional values of all off-site foods consumed by participants. 

Information from the food intake data of one participant, as measured by the study reference method, 

is presented in Table 1. 
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Table 1. Daily food intake record of one study participant 

 

Time of meal 
(00:00) 

Menu item Amount 
consumed (g) 

Energy intake 
(kcal) 

Source of 
 nutrition info 

09:34 Scrambled eggs 53 69 Product label* 

09:34 Cooked oatmeal 189 105 Product label* 

09:34 Blueberries 69 39 
USDA Food 

Composition 
Database 

09:34 Bacon 15 56 
USDA Food 

Composition 
Database 

09:34 Milk 1% 0 0 Product label 

09:34 Coffee, fresh brewed 246 0 N/A 

09:34 Granulated sugar 10 23 
USDA Food 

Composition 
Database 

14:11 Bun 90 218 Product label* 

14:11 Beef, ground, cooked 125 156 Product label* 

14:11 Sauce 40 53 Product label* 

14:11 Mixed greens 57 16 
USDA Food 

Composition 
Database 

14:11 
Artichoke hearts, 

canned 
21 6 

USDA Food 
Composition 

Database 

14:11 Cherry tomatoes 44 12 
USDA Food 

Composition 
Database 

14:11 Cucumbers, sliced 51 5 
USDA Food 

Composition 
Database 

14:11 Carrots, shredded 25 10 Product label 

14:11 Olive oil 12 96 Product label 
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14:11 Balsamic vinegar 19 17 Product label 

18:46 Chicken tamales 304 669 Product label* 

18:46 Vegetables, roasted 250 143 Product label* 

18:46 Rice, cooked 61 105 Product label* 

18:46 Milk 1% 0 0 Product label 

11:00 Energy bar 52 210 Product label 

13:00 Energy bar 48 190 Product label 

20:00 Dehydrated soup 64 290 Product label 

22:00 Energy bar 68 250 Product label 

 Total 1,913 2,753  

Shaded rows represent self-reported food intake 

*Nutritional information of food item as prepared by UC Davis Dining Commons 

 

 

Quality Assurance  

Prior to the current validation, the Principal Investigator (PI) had conducted a series of small 

pilot trials over one year to inform the present study design and data collection procedures using the 

wristband technology. Pilots revealed the technology’s own form factor to be a main barrier to 

collecting consistent, uninterrupted data during the postprandial digestion period that lasts several 

hours beyond each meal. Practically, any signal interruption during the meal or in the hours following it 

would result in loss of data and underestimation of calorie intake by the technology. Unfortunately, 

signal interruption occurred often and for a variety of reasons in the current study; for example, periodic 

loss of contact with the skin was likely depending on the user’s wrist size and shape. Also, the wristband 

required an hour each day to obtain a full charge; any loss of charge would disable data collection 

accordingly. Several strategies were utilized to mitigate these challenges with form factor. Participants 

were instructed to charge the unit fully before any meal to avoid missing food intake and its subsequent 
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digestion (i.e., in the morning to charge before consuming food for the day). It was acceptable to charge 

the unit at any point during the day as long as no food had been consumed for three hours prior. Upon 

arriving to the first meal of the day, research staff visually confirmed that the wristband was positioned 

on each participant, such that the sensor was in complete and constant contact. Research staff used a 

third party site (Dietitian’s Cabinet) to access participants’ de-identified data up to the minute, from 

which the frequency of contact interruptions could be assessed. Those who had significant interruptions 

were targeted for individual solutions to improve sensor contact with the wrist; for example, tightening 

the wristband to achieve optimal sensor positioning. 

Continuous blood glucose was monitored as a strategy to measure and account for non-

adherence to the study’s dietary intake reporting protocols. The FreeStyle Libre™ (FSL) Pro System 

(Abbott Diabetes Care Inc., Alameda, CA) continuous glucose monitoring (CGM) system includes a unit 

with a water-resistant sensor that attaches to the back of the user’s upper arm. Within the unit, an 

Enlite sensor consists of a wire containing glucose oxidase at the tip that is inserted subcutaneously with 

a dedicated inserting device. Glucose oxidase catalyzes a biochemical reaction in the presence of 

glucose and oxygen that transfers electrons to a receiving molecule and creates a current that can be 

measured and converted into a glucose concentration.27 The FSL™ Pro collects up to 14 days of glucose 

readings, with recordings every 15 minutes. A single reader can be used to activate glucose data 

recording and download reports from multiple devices simultaneously. One study showed the FSL’s 

mean absolute relative difference (MARD) compared to measured capillary blood glucose levels was 

13.2% (95% confidence interval [CI] 12.0%-14.4%).29  

CGM sensors were secured to the tricep or rotator cuff region of participants’ arms on Day 1 of 

the study, in the morning prior to consuming food or beverage. During the 14-day test period, units 

would occasionally become detached. Research staff downloaded data files from participants’ sensors 

every two days to minimize any data loss. Text file reports were exported through the LibreView™ 
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software program and secure cloud-based system. CGM data were analyzed to assess individual 

participant’s adherence to reference dietary intake reporting protocols. Significant glucose increases 

(>20 mg/dL per 15 minute interval) occurring outside of specified study mealtimes or not reported in 

food intake diaries were flagged for further examination.  

 

Statistical Analysis  

Bland-Altman analysis was conducted to compare daily energy intakes (kcal/d) estimated by 

both the reference method and the wristband technology. Statistics were conducted in Microsoft 2008 

(Version 12.3.1). 

 

Results  

This study developed a dietary intake reference method by which to evaluate a wearable sensor 

with potential to generate objective and precise data on the dietary intake of adult individuals. The data 

precision and practical application of the current GoBe2™ model was interrogated over two 14-day test 

periods in an intended sample of 25 participants. Of 35 participants that originally enrolled in Phase 1 of 

the study, 304 measurements (kcal/d) collected from 24 participants were retained from Phase 2 after 

data cleaning to remove missing or aberrant values. As seen in Figure 2, the Bland-Altman analysis had a 

mean difference (bias) + of -105 kcal/d + 660, with lower and upper limits of agreement of -1400 and 

1189, respectively. Bland-Altman analysis is a common method to assess agreement between two 

quantitative methods of measurement. While continuous glucose measurement was used to measure 

non-adherence to dietary intake reporting protocols, these data are not incorporated in the present 

dataset.  
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Figure 2. Bland-Altman (mean-difference) plot of estimated nutrient intakes (kcal/d) by two methods 

(N=304). 

 

 

*Solid lines represent Upper/Lower LOAs and dashed line represents bias 

 

 

Discussion 

Our preliminary results of validation indicate that while the ability of the GoBe2™ to make 

phenotypic discernments responsive to diet by non-invasive means has wide-reaching utility in research 

and practice. Comparison of the wristband to the reference methods (Figure 2) showed an error 

distribution that indicated a tendency for the wristband to systematically overestimate for lower calorie 

intakes, and underestimate for higher intakes. Notable feasibility challenges were observed for free-

living study participants to use the technology reliably to achieve precise measurement which could be 

largely attributed to limitations in the technology’s form factor. In observation, when positioned 

correctly on the arm and fully charged, the wristband’s calorie intake estimates appeared generally 

accurate and provided interesting visuals pertaining to the body’s rate of nutrient absorption. Though, 

to achieve precise detection and accurate estimation of dietary intake, the unit’s sensor required 
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adequate skin contact be maintained at all times. Achieving this proved to be a considerable challenge 

for several reasons, including: 1) Battery life, as the unit required an hour of charging each day which 

required removal of the device, preventing the detection of calories ingested within several hours prior 

to removal, 2) The wristband’s “bulky” size, dimensions and/or appearance were challenges for some 

users to maintain comfort and position on the arm, and 3) The user’s own wrist size and shape; for 

example, small or tapered wrists were likely to result in inconsistent sensor contact. As described 

previously, several strategies were included in the study design to prevent data loss, such as targeting 

problematic cases early, checking in with participants and monitoring sensor position daily, etc. Despite 

these, data loss from poor sensor contact was a significant barrier to the technology’s ability to detect 

calorie intake reliably. Separate analyses, not reported presently, further examine the technology’s 

efficacy using data collected only during periods of protocol adherence concerning food reporting and 

technology use.  

Establishing reliable adherence or compliance protocols is a widespread goal in measuring 

dietary intake of human subjects.23 Continuous glucose monitors (CGM) were used to measure 

participant adherence to food intake recording protocols. While CGM data do not provide a direct 

measure of dietary intake, its measurement of the body’s relative physiological response to food intake 

can serve as a proxy to identify inconsistencies in reported intake data and blood glucose activity. 

Examination of CGM data confirmed that while a few participants (N=2) were likely non-adherent with 

dietary intake reporting protocols, aberrant increases in blood glucose levels could be attributed to 

multiple factors including exercise or other bouts of physical activity. The authors concluded that 

complex outcomes on CGM measurement and participant adherence would be appropriately detailed in 

the context of measuring or impacting compliance in nutrition research. Some challenges to using the 

CGM devices to collect data over continuous 14 days were also related to form factor limitations. The 

sensor included an adhesive material to attach to the skin, but some devices became dislodged during 
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the 14-day study period (20%; 13 of total 72 CGMs attached) causing complete or partial data loss. Of 24 

participants, 2 (8%) had repeated CGM sensor displacement, which was more likely to occur during 

physical activity (biking, gym workout, weight lifting) and/or with excessive sweating. In these cases, a 

skin adhesive (SkinTac™) was useful in reinforcing the CGM attachment. Because the FSL™ Pro System 

did not include individual readers with each unit, participants were blinded to their personal glucose 

data. At the end of the study period, data reports summarizing glucose patterns were generated and 

distributed to participants. Readouts included daily blood glucose averages (g/dL) across each 24-hour 

period, average glucose trend-lines across each 24-hour period, and likelihoods of hypoglycemia or 

hyperglycemia during specified windows. Seven day’s-worth of daily blood glucose trend-lines were 

color-coded and superimposed onto summary graphs. Participants were provided with general guidance 

from the RD to interpret numerical data into a relevant and actionable context for health and diet.  

By collaborating with the university facility, this study utilized existing food production 

operations, resources and personnel to carry out an extensive dietary observation study. Despite 

numerous strengths in study design and utilization of a novel research environment, limitations were 

revealed during project implementation. For example, in the food facility where dishes were prepared 

for high throughput mass consumption, the exact quantity of nutrients in each portion could not be 

consistently and routinely ensured using these methods alone. Also, considering the project targeted 

students on a university campus, protocol adherence was less than anticipated, with regard to meal 

attendance in particular. Of the 42 total study meals offered to each of the 24 participants during the 

second 14-day testing period (1008 total meals), 56% of the scheduled meals were attended (565 

meals). To improve adherence in the future, more strict enforcement of meal attendance is 

recommended. Studies excluding off-site food consumption may help improve accuracy of nutrient 

intake reporting, with strategies in place to account for protocol adherence. Given that numerous 

factors were involved with intermittent data loss from the wristband technology, two weeks was 
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defined as the minimum time period required to gather continuous data from 25 free-living participants 

for validation purposes. Longer study periods could affect adherence issues without stricter guidelines 

around participant meal attendance.  

This study validated participant calorie intake as recorded by the wearable device, in 

comparison to a reference diet. The deviations in and between methods could be explained by any 

combination of the following: Form factor limitations (skin contact/battery); Participant nonadherence 

to dietary protocol (i.e. consuming and failing to report ingested food or drink); Interindividual 

differences in measured intake versus actual nutrient absorption and metabolism; Human error in 

calculating food intake using the USDA database; Potential deviations from the standardized recipe 

during the meal preparation process; Inability for the USDA database to account for nutrient variation 

depending on food ripeness, geographic location, soil quality, etc.; Inherent data loss due to required 1-

hour daily device charging periods; Inaccuracies pertaining to technology algorithm development. 

Future studies should incorporate these suggestions for improvement, to further interrogate the 

potential of wearable devices to accurately capture caloric and macronutrient intake. Ongoing 

engineering adjustments are recommended to accurately estimate energy and nutrient intakes of 

individuals consuming varied diets. 

Tools are urgently needed that can obtain not just accurate, but precise measurement of diet 

and nutrition. Enhancing knowledge about individual phenotypes allows for more precise and predictive 

dietary guidance and intervention, and this has the potential to transform how people make informed 

diet and lifestyle choices. In today’s personalized marketplace, we routinely use sophisticated 

technology to acquire personalized step-by-step guidance that assures arrival at nearly any physical 

destination (i.e., satellite navigation). In accordance with the natural diversity of humans as unique 

phenotypes, this concept could also be applicable to the realm of food and diet. In other words, there is 

a need for sensitive and specific devices to deliver step-by-step directions to any desired ‘health 
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destination’. This requires the tools able to quantify health status and progress over important time 

scales, and adjust trajectories according to biofeedback. Smartphones are the cornerstone to the 

customization and precision of modern life, incorporating precise personal information with global 

databases accessible through the cloud and applying straightforward computational algorithms to guide 

decisions. This basic principle and its applications offer a sophisticated and diverse range of possibilities 

for enhancing our individual experience, whether through personalized navigation, physical activity 

tracking, tailoring fitness routines, identifying a song or even a face. Yet to date, the market of apps does 

not offer reliable solutions for automating the quantification of dietary intake that would significantly 

impact individualized quality of life decisions. Measurement and tracking devices that provide practical 

utility for discerning phenotypic traits and defining progressive ‘roadmaps to individual health 

destinations’. Automated nutrient tracking devices could precisely inform diet and lifestyle choices 

appropriate to health status and guide individuals toward desired goals, including everything from diet 

planning to cardiometabolic performance. Validation and effectiveness testing of candidate devices are 

required steps for using precision technologies to inform personalized diet and lifestyle guidance.  

 

Conclusion 

This study documents high variability in both the utility and accuracy of a wristband sensor to 

track nutritional intake (kcal/d). The researchers acknowledge that because dietary intake measurement 

of individuals has inherent challenges related to accuracy and variability, achieving precision of 

reference methods is a notable challenge. This study highlights the need for innovative measurement 

tools that can are precise and reliable enough to effectively facilitate personalized dietary measurement 

and intervention.  
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Abstract: A promising, yet relatively unexplored factor that may influence a person’s stress response, is 

diet. Diet can affect the physiological response to stress, but relationships between diet quality and the 

chronic stress marker allostatic load (AL) are insufficiently studied. Furthermore, sex, age, and BMI may 

interact with diet quality to influence AL. 358 adults were recruited across predetermined sex, age, and 

BMI ranges. Cluster analysis of 13 Healthy Eating Index (HEI) sub-scores across all participants revealed 

six distinct diet quality patterns (HEI-P). We found sex and HEI-P interacted (PHEIxSex = 0.0232) to affect AL, 

reflecting a significantly different AL between women and men consuming a diet more closely aligned 

with the Dietary Guidelines for Americans for dairy, refined grains, and sodium consumption, but less 

aligned for added sugar, saturated fat, and fruits/vegetables intake. Sex and HEI-P also interacted to affect 

cholesterol (PHEIxSex = 0.0157), norepinephrine (PHEIxSex = 0.0315), epinephrine (PHEIxSex = 0.0204), and systolic 

blood pressure (PHEIxSex = 0.0457) but, compared to total allostatic load, no individual component of this 

biomarker explained the entire array of sex by HEI-P interactions. Our results suggest that differences in 

HEI-P and sex interact to influence physiological stress load which, in turn, may help resolve discrepancies 

in diet and sex-related disease risk.  

Keywords: diet quality; allostatic load; dietary guidelines; stress; healthy eating index; sex differences  
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Introduction  

Stress associates with increased risk  for chronic disease.1–5 Stress is a physiologic response to 

physical or emotional threats 6, but responses to stress are highly variable. Stress affects eating 

behavior, and diet can influence one’s physiologic responses to stress.7 Diet patterns are predictors of 

allostatic load, which is a marker of cumulative physiologic stress load across multiple biological 

systems.8,9 Thus, higher allostatic load reflects greater risk for the development of chronic disease. 

Consumption of palatable, or ‘comfort’ foods has been shown to temporarily dampen an individual’s 

neuroendocrine stress response; however, repeated consumption over time may promote metabolic 

dysfunction.6,10–13 A study in an older Japanese population of adults showed that allostatic load (AL) was 

negatively associated with green and yellow vegetable and meat intake, and positively associated with 

confectionary sweets.14 However, the type of meat, and frequency of consumption is relevant, as 

processed meat has been associated with higher allostatic load.15 Consumption of fast food, sugar 

sweetened beverages (SSB) and artificially sweetened beverages have been associated with higher 

allostatic load in young adults in the United States.16 One study showed the Dietary Approaches to Stop 

Hypertension (DASH) diet was linked to lower allostatic load in urban adults17 and another showed that 

adherence to AHA dietary guidelines was associated with lower allostatic load.18 

The Dietary Guidelines for Americans (DGA) provides evidence-based recommendations 

intended to help Americans reduce the risk of developing numerous chronic illnesses.19 Unfortunately, 

adherence to the DGA is relatively poor, as suggested by a low average total healthy eating index (HEI) 

score. The HEI is a widely used indicator of diet quality. The most current version is the HEI 2015, which 

is a 13-component system with sub-categories including food groups, nutrients, and variety in intake.20 A 

higher total score with a maximum of 100, and higher sub-scores, indicates a diet that closely aligns with 

the Dietary Guidelines for Americans; however, Americans report historically low HEI sub-scores 

according to 2015 data from the National Health and Examination Survey (NHANES). For example, sub-
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scores for consumption of total fruits, vegetables, whole grains, and dairy fell short of 

recommendations. A comprehensive list of the 2015 HEI report for Americans can be found elsewhere.20 

Cumulative dietary trends over time predict chronic disease risk.21 However, the effects of whole food 

diets on physiologic responses to stress is a relatively unexplored research area. 

The need to account for sex and gender in biobehavioral research has received considerable 

attention in recent years.22 Studies have suggested sex differences in allostatic load, and even sex 

differences in age-specific stages.23,24 Chronic stress-related physiologic dysregulation may be a risk 

factor for increased disease risk, yet no studies to our knowledge have reported on whether diet quality 

patterns related to HEI interact with age, sex, or BMI, to affect allostatic load. The goal of this study is 

therefore to explore interactions between diet quality patterns and age, sex, and BMI on physiological 

stress load. 

 

Materials and Methods  

Participant Characteristics 

A cross-sectional, nutritional-phenotyping study was conducted in healthy men and women 

primarily residing in Yolo and Sacramento, CA counties. Recruitment took place over 4-years, beginning 

on May 20th, 2015, and ending on July 24th, 2019. Participants underwent a variety of dietary, physical 

fitness, cognitive, and mental stress tasks to identify modifiable metabotypes or phenotypes with the 

purpose of exposing more personalized dietary based prevention of chronic disease. All participants 

provided written informed consent to participate in this research. The study was registered at 

ClinicalTrials.gov as NCT02367287, and was approved by the UC Davis Institutional Review Board.  
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 A sampling scheme consisting of 18 categories defined by age, sex, and BMI was designed to be filled at 

a relatively even rate to balance enrollment across seasons and over four years. The age ranges were 

divided into three categories (18–33y, 34–49y, 50–65y) and the BMI ranges were divided into three 

categories (18.5–24.99 kg/m2, 25–29.99 kg/m2, and 30–39.99 kg/m2). 25 In the actual study, men (n 

=184) and women (n =209) between the ages of 18-66 and with BMI 18 – 44 kg/m2 (normal to obese) 

were enrolled.  

Participants were recruited via newspaper and radio advertisements, mailed postcards to the 

home, locally posted fliers, and tabling events at the UC Davis campus. A total of 1768 participants 

signed up for the study, and 1182 were screened by telephone. Exclusionary criteria for participation 

included: Sampling bin quota reached, use of disallowed medications, scheduling conflicts, BMI and/or 

age outside of the specified ranges, dietary incompatibilities with challenge meals, and pregnancy 

and/or lactation. 393 participants met inclusion criteria and were enrolled in the study, and 358 

participants fully completed the study. Detailed information about these categories and the study design 

was previously published.25 Figure 1 describes a detailed participant recruitment diagram and Table 1 

describes characteristics of all 358 participants.  
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Figure 1: Participant Recruitment Diagram 
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Table 1: Participant Characteristics 

 

Diagram shows detailed phases of and participant numbers for recruitment, screening, enrollment, and study 

completion. 

Measure of Physiologic Stress Load: Allostatic Load 

For this study, we investigated relationships between participant patterns of diet quality and bin 

category (sex, age, BMI) and allostatic load, which is a marker of physiological stress load.26 Allostatic 

load (AL) can be interpreted as an overall cardiometabolic and physiological stress load. While this 

construct has been used to indicate a manifestation of chronic or repeated psychological stress, AL can 
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also be interpreted as a composite marker of cardiometabolic and physiological stress load. Allostatic 

load (AL) is derived from summation of multiple biomarkers that interact with stress pathways such as 

the hypothalamic pituitary axis (HPA) and sympathetic nervous system (SNS). These biomarkers included 

resting systolic and diastolic blood pressure, waist:hip ratio, HDL Cholesterol, total cholesterol, 12h 

urinary epinephrine, norepinephrine, and cortisol concentrations (each of these urinary markers was 

corrected for differences in urinary output by dividing urinary concentrations of cortisol, epinephrine, 

and norepinephrine by urinary creatinine concentrations), circulating high sensitivity C-reactive protein 

(hs-CRP), dehydroepiandrosterone sulfate, and HbA1c.27 Allostatic load was then calculated by the 

method described by Gallo and colleagues.28 This method accounts for hypocortisolemia and 

hypercortisolemia, which are estimated by cortisol concentrations that fall into the lowest or highest 

octiles. Participants with cortisol concentrations in the lower and upper octiles were considered to 

reflect a higher allostatic load contribution by this neuroendocrine parameter. Cutoff values for all other 

allostatic load markers were determined by using the sample population quartiles for each marker. 

More detailed descriptions of collection and analysis methods for all biological samples for this study are 

reported elsewhere.29 Higher allostatic load scores indicate higher physiologic stress load, and this 

marker of chronic stress has been shown to predict risk for a number of chronic mental and 

cardiometabolic diseases.30 Therefore, a better appreciation for the nature of this relationship may help 

expose nutritionally induced pathways or targets for preventing chronic disease risk.  

 

Dietary Intake Analysis 

Recent dietary intake was assessed using the ASA24, National Cancer Institute of the National 

Institute of Health, automated 24-h dietary recall.31 Participants received email prompts to complete 

dietary recalls on two weekdays and one weekend during the interim of the two study visits (between 
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10-14 days). Recall periods were from midnight to midnight prior to receipt of the email prompt, and HEI 

scores were based on individuals with two or three dietary recalls. Of the 358 who completed the study, 

there were 350 participants with at least 2 diet recalls.  We first applied a cluster analysis procedure to 

develop patterns of diet quality using the 13 sub-scores of the Healthy Eating Index. Each sub-score 

represents the quality of 13 distinct dietary categories which included:  Total Vegetables; Greens and 

Beans; Total Fruits; Whole Fruits; Whole Grains; Total Dairy; Total Protein Foods; Seafood and Plant 

Proteins; Fatty Acids; Sodium; Refined Grains; Saturated Fat; and Added Sugar. A higher score indicates 

better quality. For example, a higher score for total vegetables implies more vegetable consumption, 

while a higher score for added sugar indicates less added sugar in the diet.   

 

Statistical Analysis 

All data was managed using the Research Electronic Data Capture (REDCap), which is a secure, 

web-based application for data collection for research studies hosted by the University California Davis 

Health System Clinical and Translational Science Center. SAS for Windows, version 9.4 was used for all 

statistical analysis. Tests for identifying clusters of diet quality patterns were conducted by centroid 

cluster analysis of the 13 HEI sub-scores across all participants. Six distinct diet quality clusters were 

observed. HEI sub-score data were first standardized using the (Proc Stdize) procedure before subjected 

to the cluster analysis.  We used a mixed model (Proc Mixed) to test for 2-way interaction effects 

between these derived diet quality clusters and sex bin, age bin, and BMI bin on total allostatic load. HEI 

cluster, sex bin, age bin, and BMI bin were all designated as class variables, and we controlled for 

income level and education level in all models. We hypothesized that sex, age, or BMI bins would 

significantly moderate associations between diet quality and allostatic load. To better appreciate the 

nature of statistically significant 2-way interactions, we followed up with sex and cluster associated 



 
 

64 
 

estimation of adjusted mean (least squared means) differences using the Pdiff option, focusing on 

comparisons of adjusted means of AL between men and women at each of the 6 diet quality cluster 

levels and on comparisons of adjusted means of AL between each of the 6 clusters separately in men 

and women. Using the same mixed procedure and statistical approach, and where we observed a 

significant 2-way interaction, we also tested for the 2-way interaction on each of the allostatic load 

components (e.g., urinary cortisol). The final total number of participants used for this primary analysis 

was 331, which reflects participants with a complete dataset for HEI, allostatic load, income level, and 

education level.  For examination of allostatic load components, we included participants for whom we 

had data even if they did not have a total allostatic load due to missing one or more of the component 

data. In all cases, p ≤ 0.05 was considered to be statistically significant. For examination of allostatic load 

components, a p-value ≤ 0.1 and ≥ 0.05 for a 2-way interaction test was taken to be meaningful and 

further explored in the follow-up comparisons between adjusted means of that component.  Although 

the assessment of allostatic load in the sex, age, and BMI bins, independent of diet, was not an objective 

of this work, information on this can be found in Appendix A.   

 

Results 

Dietary cluster analysis 

In this cross-sectional study, cluster analysis of the 13 healthy eating index sub-categories across 

all participants revealed six distinct dietary intake clusters (patterns). As depicted in Figure 2A, these 

patterns can be characterized as follows: 1. Relatively poor adherence to Total Vegetables, and Greens 

and Beans DGA recommendations; 2. Relatively poor adherence to Vegetables (Total Vegetables, and 

Greens and Beans), Fruits (Total Fruits and Whole Fruits), Whole Grains, Fatty Acids, Added Sugars, and 

Saturated Fat recommendations;  3. Better adherence to Total Vegetables, Greens and Beans, Total 

Fruits, Whole Fruits, and Added Sugar recommendations; 4. Relatively poor adherence to Greens and 
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Beans, Fruits (Total Fruits and Whole Fruits), Whole Grains, Seafood and Plant proteins, and Sodium 

recommendations, but relatively better Added Sugar adherence; 5. Overall the highest quality scoring 

diet except for a low adherence to Sodium recommendations; 6. Relatively poor adherence to Total 

Fruits, Whole Fruits, Whole Grains, and Sodium recommendations. Interestingly, while some patterns 

had similar total HEI scores, their relative pattern of sub-scores differed, and these relative differences 

in quality sub-scores appeared to impact allostatic load in a sex-dependent fashion, as described below.  

 

Figure 2: Healthy Eating Index (HEI) by Dietary Cluster 

 

Distinct HEI cluster types are shown to indicate both the total HEI score and the relative impact of each of the 13 

sub-scores. Each of the partitioned boxes within each bar represent the HEI sub-score magnitude. The total HEI is 

derived by summing sub-scores across 13 categories of food groups. The sub-scores range from 0 to 5 (Total 

Vegetables, Greens and Beans, Total Fruits, Whole Fruits, Total Protein Foods, Seafood and Plant Proteins), and 0 

to 10 (Whole Grains, Dairy, Fatty Acids, Sodium, Refined Grains, Saturated Fat, Added Sugar), where a higher 

score indicates greater adherence for that particular category of the 2015-2020 Dietary Guidelines for Americans 

(DGA). The total HEI is an indicator of how well an individual’s total diet aligns with the DGA on a 0-100 scale, 

where a higher score indicates a diet more closely aligned to the DGA. 
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Sex by HEI Cluster Interactions on Total Allostatic Load 

After adjusting for education and household income, we found a statistically significant sex by 

HEI cluster interaction (PHEIxSex = 0.0232) (Figure 3A and Table 1). We did not observe interactions 

between age and HEI cluster or BMI and HEI cluster. To better understand the sex by HEI cluster 

interaction, we tested for differences between women and men within each of the 6 cluster diet pattern 

types, and also tested for differences between each cluster diet pattern within women and within men. 

Within the cluster 2 diet pattern, women had higher AL than men (p = 0.0134) (Figure 3A and Table 2). 

Thus, the type of diet pattern appeared to influence whether women and men differed in allostatic load. 

Within each of the 5 other diet patterns, allostatic load did not significantly differ between men and 

women. 

Figure 3A: Within-Cluster Allostatic Load Differences Between Men and Women 

 

After controlling for income and education levels, mixed modeling revealed a significant sex*HEI cluster interaction 

(p=0.0232). Women and men consuming a diet pattern represented by cluster 2 significantly differed in level of 

allostatic load. 
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Within-sex interactions: Women 

 

We also found that women consuming a diet characterized by HEI Pattern 4 (HEI-P4) had higher 

AL compared to women consuming a diet represented by HEI-P5 (p = 0.0057) and 6 (p = 0.0002). 

Furthermore, a higher allostatic load was observed in women consuming a diet represented by HEI-P2 

compared to women consuming the diet characterized by HEI-P6 (p = 0.0414) (Figure 3B and Table 2).  

 

Figure 3B: Comparison of Allostatic Load Between Diet Patterns in Women 

 

After controlling for income and education levels, mixed modeling revealed a significant sex*HEI cluster interaction 

(p = 0.0232). Compared to men consuming the cluster 2 diet pattern, women in dietary Cluster 2 were associated 

with a significantly higher allostatic load. Allostatic load in women consuming a diet characterized by cluster 2 was 

higher than the allostatic load observed in women consuming a diet indicated by cluster 6 (p= 0.0414). Furthermore, 

for women, allostatic load associated with cluster 4 was higher, compared to the allostatic load associated with 

clusters 5 (p = 0.0057) and 6 (p = 0.0002). 
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Within-sex interactions: Men 

On the other hand, men affiliated with HEI-P2 had a lower AL score than men affiliated with HEI-

P4 (p = 0.0072), 5 (p = 0.0305), and 6 (p = 0.0203) (Figure 3C and Table 2). Together, it appeared that, 

while the relative magnitude of allostatic load differed between varying diet patterns, the nature of 

these relationships between allostatic load and diet patterns depend on whether one is male or female.  

 

Figure 3C: Comparison of Allostatic Load Between Diet Patterns in Men  

 

After controlling for income and education levels, mixed modeling revealed a significant sex*HEI cluster interaction 

(p = 0.0232). Men consuming a diet pattern represented by cluster 2 were associated with a significantly lower 

allostatic load, compared to allostatic load observed in men affiliated with clusters 4 (p = 0.0072), 5 (p = 0.0305), and 

6 (p = 0.0203). 
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Table 2: Comparisons of adjusted means ± standard error for allostatic load and allostatic load 
components observed to be affected by a statistically significant sex*HEI cluster interaction. 

 

Urinary 12-H Epinephrine units1:  ug epinephrine/g creatinine 

Urinary 12-H Norepinephrine units2:  ug norepinephrine/g creatinine 

Serum Total Cholesterol units3: mg/dL 

Systolic Blood Pressure units4: mmHg 

Serum High-Sensitivity C-Reactive Protein5: ng/mL 
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Bold font indicates a significant (P < 0.05) difference between men and women within the same HEI 

cluster, per dependent variable (e.g., allostatic load). Within each sex, the adjusted means with 

uncommon subscripts indicates a significant difference (P < 0.05) between HEI clusters.  

 

Sex & HEI Cluster Interactions on Allostatic Load Components 

To determine if any one or more of the individual allostatic load components might explain the 

above results showing a sex by HEI cluster interaction on total allostatic load, we conducted the same 

analyses for each of the allostatic load components and reported the statistically significant findings in 

Table 1. The components tested were: 12-h urinary cortisol, urinary norepinephrine, and epinephrine 

(corrected for urinary creatinine levels); waist:hip ratio; systolic and diastolic blood pressure; total 

serum cholesterol; serum HDL cholesterol; plasma HbA1C; plasma high sensitivity c-reactive protein (hs-

CRP), and plasma dehydroepiandrosterone. Sex significantly interacted with HEI to affect total 

cholesterol (p = 0.0170), urinary epinephrine (p=0.0204), urinary norepinephrine (p = 0.0315), and 

systolic blood pressure (p = 0.0457). The sex by HEI cluster interaction approached significance (p = 

0.0591) for hs-CRP. To better appreciate the nature of this significant sex by HEI cluster interaction on 

these individual components, we tested for differences between women and men within each of the 6 

cluster diet patterns, and also tested for differences between each cluster within women and within 

men.   

We found that, compared to women, men had lower total cholesterol (p = 0.0157) and CRP (p = 

0.0063), but only within HEI-P2 (Table 1). Within-sex comparisons showed that women in HEI-P2 had 

higher CRP compared to women in HEI-P6 (p = 0.0061). Men in HEI-P2 had lower systolic blood pressure 

than men in HEI-P4 (p = 0.0121), 5, (p = 0.0022) and 6 (p = 0.0100). Together, these findings suggest that 

total cholesterol and CRP may, at least in part, explain, cluster 2 associated differences in allostatic load 

between men and women. Differences in CRP in women consuming diet patterns 2 and 6 may explain to 
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some degree the allostatic load differences observed between clusters 2 and 6 in women. While 

norepinephrine and epinephrine were found to significantly differ between sexes and HEI diet patterns, 

neither of these variables followed a particular pattern that could potentially explain the observed sex 

by HEI-P interaction on total allostatic load.  

Given that systolic blood pressure in men affiliated with HEI-P4, 5, and 6 was higher than in men 

affiliated with the HEI-P2 diet pattern suggests that differences in this risk factor may have, in part, 

explained the observed allostatic load findings for the same cluster comparisons in men. Compared to 

the total allostatic load score as a whole, no individual component of this chronic stress index could 

explain the entire array of sex by HEI cluster interactions.   

 

Discussion 

Poor diet elevates disease risk, which may result from increased allostatic load (AL). Elevated AL 

indicates physiological stress load and associates with chronic disease risk.26 While studies examined 

relationships between AL and nutrition,14–18,30,32,33 reports of inter-relationships between HEI-derived 

diet quality patterns (HEI-P), sex, and AL are limited. Our results suggest sex and HEI-P interact to 

influence AL. Our study suggests sex differences in AL depend on HEI-P. Furthermore, our findings 

suggest a sex-dependent pattern of AL across varying types of HEI-P.   

We found sex differences in AL, but only for HEI-P2, which aligned less with DGA for fruits and 

vegetables, saturated fat, and added sugar, and aligned more with DGA for dairy, refined grains, and 

sodium. Within HEI-P2 only, men had lower AL (p = 0.0134) (Figure 3A), cholesterol (p = 0.0157), and hs-

CRP (p = 0.0063) than women (Table 1). Compared to the other 5 diet quality patterns, the biggest 

difference in HEI-P2 was poor alignment with DGA for added sugar. Men and women may respond to 

added sugar consumption differently, partially explaining AL differences between men and women 
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consuming HEI-P2. In rats, the ability for sugar to dampen the neurophysiological stress response was 

dependent on the estrous cycle stage; female rats in diestrous did not display sucrose-blunting effects 

on stress responsiveness.33 However, to our knowledge, studies testing this sex-dependent stress-

dampening effect of sugar in humans has not been reported.  While this may partly explain the relatively 

lower allostatic load observed in men affiliated with HEI-P2, dietary added sugar may induce 

inflammation and increase heart disease risk,34 which may contrast with the sugar-induced AL 

dampening argument. HEI-P2 also affiliated with dairy consumption more closely aligned with DGA. A 

lacto-ovo vegetarian diet lowered LDL-C in men, but not in women, consuming vegetarian and 

omnivorous diets.35 Moreover, bovine alpha-lactalbumin reduced metabolic and psychological stress in 

vulnerable subjects.36 Therefore, although total HEI sub-score for dairy was the same for men and 

women affiliated with HEI-P2, men may have consumed more lacto-ovo products, possibly explaining 

the observed AL differences between sexes. Together, the observed sex differences in AL, CRP, and 

cholesterol may be attributed to sex-dependent reactions to relatively higher consumption of added 

sugar and certain types of dairy.  

HEI-P2 also associated with higher DGA alignment with sodium and refined grains, and poorer 

alignment with vegetables and fruits. It’s difficult to pinpoint any single HEI component to explain AL 

differences between men and women consuming HEI-P2 pattern, but our results do suggest that sex 

differences in AL associate with a specific diet quality pattern characterized by HEI-P2, and this was most 

likely due to the relative pattern of diet quality, not total HEI score. Future investigations examining how 

foods and nutrients of whole food diets interact to impart sex-dependent effects on stress load are 

warranted.  

In women, HEI-P4 associated with higher AL relative to women consuming HEI-P5 (p = 0.0057) 

and 6 (p = 0.0002). Compared to HEI-P5 and 6, HEI-P4 was less aligned with recommendations for 
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refined grains, seafood, fatty acids, and vegetables, and had a lower total HEI (Figure 2B). Given this 

lower overall DGA adherence, it’s not surprising that HEI-P4 associated with higher AL in women.19 

These results resemble reports showing association between lower AL and greater adherence to the 

Dietary Approaches to Stop Hypertension (DASH) diet,17 and the reported observation of lower AL in 

persons consuming a diet based on the American Heart Association dietary recommendations.18 On the 

other hand, higher AL in women affiliated with HEI-P4 is consistent with the reported higher AL in 

persons consuming more meat, processed meat, and French fries.15 AL wasn’t statistically different 

between HEI-P4 and HEI-P1 and 3, which also had higher total HEI scores. This finding supports the 

importance of considering the relative contributions of the individual components of a diet quality 

index. No single AL component was observed to explain these same AL differences in women between 

HEI-P4 and HEI-P5 and 6.    

AL was also higher in women consuming HEI-P2 compared to women consuming HEI-P6 (p = 

0.0414). This difference in AL was also reflected by differences in the inflammation marker hs-CRP (p < 

0.0061). Low total DGA adherence associated with HEI-P2 was remarkably similar to that seen for HEI-

P4. Thus, in women, it’s not surprising that AL and CRP were higher for HEI-P2 compared to HEI-P6, 

which had a higher total HEI. Furthermore, Mediterranean diet patterns may be most effective in 

reducing inflammation,37 and HEI-P2 deviated significantly from this dietary pattern. These findings 

further suggest both total and relative contribution of each dietary component score should be 

considered when examining interrelationships between diet quality, stress, and health. 

In men, HEI-P2 associated with lower AL, compared to HEI-P4 (p = 0.0072), 5 (p = 0.0305) and 6 

(p = 0.0203). The same result was found when examining systolic blood pressure (SBP). These congruent 

findings suggest that, among men, differences in SBP may explain our observed AL differences between 

HEI-P2 and HEI-P 4, 5, and 6. Compared to HEI-P 4, 5, and 6, HEI-P2 aligned more with DGA for sodium 
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and less with added sugar. While a sodium-limited diet reduced blood pressure in salt-sensitive 

hypertensive individuals,38 our findings of HEI-P-associated differences in SBP were limited to men.  

Therefore, either men had different biological relationships between sodium intake and SBP or possibly 

other non-diet factors related to physical activity, perceived stress, or other lifestyle differences explain 

our sex-dependent results. Higher added sugar consumption may have lowered, in a sex-specific 

fashion, neurophysiological stress pathways (e.g., corticotropin-releasing-factor) that influence blood 

pressure regulation.  Although speculative, such an effect, in the presence of relatively lower sodium 

consumption, may explain the lower SBP in men affiliated with HEI-P2 versus HEI-P4, 5, and 6.   

Dietary adherence to American Heart Association recommendations associated with lower 

norepinephrine in men,18 and a diet including rice, beans, and oils, protected against higher 

norepinephrine.15 Here, norepinephrine and epinephrine differed between sexes and HEI-P (Table 1). 

However, these AL variables didn’t follow any particular pattern that might explain the observed 

interrelationships between sex, HEI-P, and total AL. Compared to HEI-P6, HEI-P1 associated with lower 

norepinephrine in men (p = 0.0205). Because HEI-P1 associated with lower sodium intake, it’s possible 

that the lower sodium consumption explains these results in men.  Nonetheless, the observed within-

sex*HEI-P interactions on total AL were not mirrored by our observed differences in norepinephrine and 

epinephrine. Catecholamines broadly influence physiological, metabolic, and behavioral function, and 

associate with mental health status.39,40 Our results suggest that patterns of diet quality and sex interact 

to influence the status of these clinically relevant biomarkers. 

 

Strengths and limitations 

This study had a large sample size, included men and women across a wide range of age and 

BMI, and objectively assessed dietary patterns as opposed to single nutrients. To our knowledge, this 
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study is the first to investigate interrelationships between HEI-derived dietary patterns, AL, sex, age, and 

BMI. 

However, this study has limitations. Future studies should account for gender identity as well as 

biological sex. Furthermore, our study results cannot necessarily be generalized to the general 

population due to our exceptionally homogeneous sample characteristics: 60% white, large number of 

individuals earning >$100,000 annually, and >90% with a college education. We note this limitation 

because underrepresented minorities and groups with lower education generally face more chronic 

stress. Furthermore, the current study doesn’t account for menstrual cycle phase. Because some AL 

components are influenced by menstrual cycle phase (e.g. cortisol), future research should consider 

controlling for menstrual cycle phase. This study design was cross sectional, and our analysis focused on 

diet quality patterns, where diverse foods and nutrients interact in biologically complex ways.  

Therefore, no single dietary factor could be identified to explain our findings showing a sex by HEI-diet 

quality pattern on AL. Yet, based on our comparison of differences between the 6 HEI patterns shown in 

Figure 2, as well as on prior reports of interrelationships between diet, sex, and AL and its components, 

we offer some specific perspectives on our findings. Given relatively small final sample sizes for some 

HEI-P groups and allostatic load components, it is uncertain if those groups are representative of the 

population. Based on our current results, a follow-up study that includes a sufficient sample size should 

be considered to further probe our findings. Finally, HEI is calculated by 24-hr diet recalls, which are 

prone to human under or over-reporting of diet information.41  

 

Conclusions 

The consideration of diet quality patterns may be important for determining sex-related 

differences in health-related risk factors such as allostatic load and its components. Men and women 
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may respond differently to certain types of DGA-based diet quality patterns; however, other factors not 

examined here, and indirectly associated with certain diet quality patterns such as in HEI-P2, may 

explain the allostatic load difference between men and women in this study. Allostatic load may not be 

entirely explained by one or more of its components.  Similar to metabolic syndrome, allostatic load as a 

composite score may be more important than the sum of its parts in predicting certain types of disease 

risk. 
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Appendix A: Comparisons of Study-Wide Allostatic Load Mean ± Standard Deviation Across Each BIN 
Category of Sex, Age, and BMI. 

 

Age and BMI bins (across all levels) were significantly associated with allostatic load. 

P<0.05* 

2.76 ± 1.81 was the mean allostatic load for the 331 participants included in our analysis 
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Chapter V: Discussion: Strengths, Limitations, & Directions for Future Research 

Stress research has generated increasing interest in recent years, as the deleterious effects of 

stress on multiple physiological and neurological systems have become more widely realized. Despite 

increasing interest and research at the intersection of stress and human health, challenges persist with 

regard to accuracy in defining and quantifying stress. First, a standardized and clinically established 

definition of stress does not currently exist. This presents a barrier when attempting to diagnose stress, 

determine its direct link to health, and target stress as a treatment option. Stress is commonly used as a 

catch-all term to describe physiological, psychological, chronic, or acute stress. Second, the real-time, 

free-living assessment or quantification of stress is also difficult due, in part, to lack of tools. 

Additionally, without a precise lexicon or definition, the measurement methods employed to accurately 

quantify ‘stress’ can vary in their scope and utility, (e.g., quantification of psychological stress may 

include subjective inventories such as the Perceived Stress Scale (PSS), and objective quantification of 

physiological chronic stress may include allostatic load or hair cortisol.) This need is underscored by Epel 

and colleagues’ recent call for a unified view of stress measurement for population science by drawing 

attention to the need for a consistent definition and gold-standard measurement method of ‘stress.’1 

Furthermore, a major assumption of modern stress research is that there exist reliable mind-body 

connections, to detect, appraise, and react to a given stressor. The authors highlight that “mind” and 

“body” connections are not static across the lifespan; afferent and efferent processes are still 

developing in early life, contrasting with the neurodegenerative decline (and other age-related 

physiological decline across multiple systems) often seen in advanced age. Thus, developmental stage 

must be considered for correct evaluation and interpretation of any given stress assessment method.1  

It is generally recognized that dietary intake can influence stress and stress-related health 

outcomes. However, the effects of whole diets and diet patterns on stress is insufficiently studied. 

Furthermore, constructing appropriate studies to interrogate the role of certain foods or diets on stress-
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related health outcomes requires an understanding or consideration of the population of interest. 

Knowing the relevant foods to provide to the participant (infant versus adult; male versus female; 

normal versus high BMI, etc.), and appreciating differences in genetic, physiological, metabolic, 

cognitive, and microbial contexts and interactions, are just a few critical factors to consider when 

attempting to determine the effects of diet on stress and stress-associated health conditions.  

The impact of these types of variables are highlighted in the original research articles presented 

in this dissertation. Therefore, an outcome of this work is in part to increase awareness of the need and 

importance for precise, developmental stage-specific nutrition strategies to prevent or mitigate stress-

related disease throughout the lifespan.  

 

Symptomatic relief from at-home use of activated B. infantis EVC001 probiotic in infants: results from 

a consumer survey on the effects on diaper rash, colic symptoms, and sleep  

The manuscript entitled “Symptomatic Relief with Activated B. infantis EVC001 in Infants: A 

Consumer Survey of Diaper Rash, Colic Symptoms and Sleep” was designed to evaluate the effects of the 

human gut symbiont B. infantis EVC001 (‘EVC001’) on infant diaper rash, crying/fussiness, and naptime 

and night-time sleeping behavior. Our group found reductions in symptoms of colic and diaper rash, and 

improved night-time sleep in infants fed EVC001 at home; while this study did not directly identify 

stress-related biomarkers, per se, it did capture strong indicators of perceived and physiologic neonatal 

stress, and how targeting the gut microbiome through a specific dietary component can help to mitigate 

behavioral stress.  

In the worse of cases, diaper rash can become severe enough to warrant wound care,2 and in 

more mild cases diaper rash causes discomfort and irritation to babies and their caretakers. In this 

instance, feeding EVC001 reduced infant fecal pH,3 which led to the mechanistic proposal that organic 
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acids released by bacteria in the intestine are able to explain the observed improvements of or complete 

resolution of diaper rash. The same principles and even potentially the mechanisms of action were 

proposed for alleviating the symptoms of colic. While a single definitive mechanism of action has not 

been explicitly defined for resolution of colic symptoms, EVC001 significantly reduces the abundance of 

gut pathogens, inflammatory cytokines, and improves gastrointestinal (GI) function in neonates.4 

Therefore, anti-inflammatory effects of EVC001 that promote GI function would, in turn, be expected to 

resolve symptoms of colic. 

The intestinal microbiome and its metabolic products act more broadly on intestinal 

development. Thus, it is also possible that EVC001 promoted neurological development and directly 

influenced the development of colic in this indirect way. However, to our knowledge, no studies have 

directly evaluated the effects of EVC001 on the brain, and, thus, future research should consider studies 

in this area. Finally, EVC001-related improvements in GI function in neonates, improved diaper rash, and 

fewer symptoms of colic, is proposed to have resulted in the improved sleeping behaviors captured in 

our analysis. Less stress and discomfort likely resulted in more uninterrupted sleep; however, the 

precise mechanism of action explaining improved neonatal sleep should be investigated in future 

studies.  

This study involved the use of an infant-specific human gut symbiont, B. infantis EVC001, along 

with breastmilk. The capability of EVC001 to prodigiously metabolize human milk oligosaccharides 

(HMO), implies that this human gut symbiont has been selected by the evolutionary pressures on 

infancy, as opposed to any other life stage. Limitations of this study included the subjective nature of 

capturing symptomatic relief provided by EVC001 through parent recall. For example, general reporting 

of infant crying behaviors, sleep behaviors, and diaper rash (and symptomatic resolution thereof) were 

subjectively reported by parents or caregivers retrospectively. As such, these self-report measures were 

prone to under- or overreporting. Future research will evaluate symptomatic resolution via quantitative 
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measurements in a controlled clinical intervention study. Future research should employ quantitative 

methods to directly capture biological or psychological indicators of stress, and resolution thereof, in 

infants (e.g., biological measures could involve use of baseline and post-EVC001 analysis of high 

frequency hear rate variability (HF-HRV) or urine, hair, skin, or salivary cortisol. 5 Psychological measures 

could involve observable symptoms commonly displayed by infants in response to stress: finger splay, 

yawning, gaze aversion, and kicking of legs and extremities.6 In sum, the observable symptomatic relief 

in diaper rash, symptoms of colic, and sleep reported by parents who fed B. infantis EVC001 at home are 

all indirect, but likely, indicators of resolved intestinal community dysbiosis in infants. Given the short 

and long-term effects of dysbiosis in infancy, these results highlight the need for future research aimed 

at, A) developing consistent, reliable infant-specific methods for evaluating stress, and B) objectively 

quantifying the effects of EVC001 on stress-related physiological systems (e.g., the HPA-axis) in 

neonates.  

 

Wearable Technology to Quantify the Nutritional Intake of Adults: Validation Study 

Wearable technology that records dietary information is invaluable in the age of precision 

nutrition. The purpose of the chapter entitled Wearable Technology to Quantify the Nutritional Intake of 

Adults: Validation Study was to test the capability of GoBe2® and future utility of a wearable wristband 

device (like the GoBe2) to capture nutritional intake of free-living adults. It is challenging to accurately 

quantify nutritional intake in free-living adults. Currently, methods used to capture food intake in a free-

living situation include food frequency questionnaires and 24-hour recalls; however, due to their 

subjectivity and based on a person’s memory of what they ate or typically eat, these methods are 

subject to error due to under- or over-reporting of food intake.7 Real-time, objective methods of 

quantifying nutritional intake data in humans are needed in order for the nutrition field to progress and 
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to allow professional health clinicians to make informed decisions about how to more precisely tailor 

dietary recommendations to the individual. Outside of the laboratory, nutrition recommendations for 

the general public abound,8 but few easily accessible and reliable technologies provide personalized 

data on an individual’s diet and metabolic response to food & diet.  

The standard model for weight loss (caloric restriction and lifestyle modification) is not 

efficacious or sustainable for many, leading them to seek out alternative, or “fad” diets instead.9 Such is 

a physiologically stressful predicament, as research has demonstrated the metabolic consequences of 

repeated dieting attempts including fluctuations in blood pressure, heart rate, circulating glucose, 

insulin, and lipids.10,11 Furthermore, high dietary restraint, indicative of psychological stress around food 

and food intake, predicts emotional eating, which may be counterproductive to a healthy lifestyle.12  

More accurate, objective, and personalized dietary intake and metabolic information that can 

be conveyed to consumers by a health professional are valuable for empowering consumers to achieve 

and maintain their own personalized lifestyle behaviors, body composition, and health.  

In our study, the GoBe2 wearable device was designed to quantify calorie and macronutrient 

intake via intracellular blood glucose fluctuations based on algorithms developed by the manufacturer. 

Therefore, it was necessary to employ stringent exclusion criteria to screen for metabolic conditions or 

lifestyle practices known to interfere with blood glucose independent of diet alone. For example, 

individuals with diabetes mellitus or those following intensive exercise programs were carefully 

excluded from this study. While these criteria for exclusion were a strength of the study design itself, we 

unfortunately did not account for other confounders, including the effect of chronic, or repeated acute 

stress, on blood glucose fluctuations. A documented action of cortisol is to liberate energy stores to 

increase or ensure homeostatic levels of circulating glucose.13 Given this function of the steroid 

hormone, it logically follows that study participants experiencing stress may have inadvertently provided 



 
 

86 
 

artificially inflated GoBe2 data (glucose spikes as a proxy for energy intake) independent of true food 

intake. Future studies would benefit from utilizing stress inventories (e.g., the Trier Social Stress Test 

(TSST)) to examine whether a device can detect fluctuations in cortisol in order to account for its 

potential impact on dietary data captured by the device. If so, these cortisol or stress-related 

fluctuations could be integrated into the algorithm that predicts glucose-based dietary information.  

Additionally, the study identified via post-study focus groups that the ability of the wearable 

device to provide users with real-time information on how their body responded to food intake, helped 

users feel a sense of empowerment in their food selections. In the present study, however, it was not 

possible to quantitatively compare baseline to post-study sense of empowerment or other key 

measures, such as stress, that would allow for a better assessment of the utility of wearing this type of 

device. It would also be important to evaluate whether the device could promote a significant reduction 

in perceived psychological stress. Future studies should incorporate measures of stress to evaluate the 

psychologically beneficial effect of this type of wearable device on end-users.  In sum, this validation 

study further highlights the need for technologies that can reliably and more effectively measure diet 

and other factors that impact diet to improve nutrition-based guidance and facilitate precision-based 

nutrition interventions.  

 

Association between physiological stress load and diet quality differs between male and female adults 

Stress-related physiologic dysregulation has been shown to increase risk for chronic diseases 

such as Type 2 diabetes,14 hypertension,15  and cardiovascular disease.16  Physiological dysregulation has 

been proposed to be related to the interrelationship between stress and diet.17,18 Yet, to our knowledge, 

few studies have examined associations between diet quality patterns and physiological stress load. The 

determination of whether this possible link between stress and diet differs in men and women is 
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unknown. The gap in this knowledge motivated a study to examine the association between allostatic 

load, that is a biomarker of physiological stress load, and diet quality in the form of the Healthy Eating 

Index (HEI) in 358 female and male adults. As described above, the study explored the degree to which 

uniquely derived patterns of diet quality interacted with age, sex, and BMI to affect allostatic load. The 

study found that sex and diet quality pattern significantly interact to affect allostatic load, reflecting a 

significantly different AL between women and men consuming a specific diet pattern more closely 

aligned with the Dietary Guidelines for Americans for dairy, refined grains, and sodium consumption, 

but less aligned for added sugar, saturated fat, and fruit/vegetable intake. Results from this study add to 

an emerging area of research examining the influence of whole food diets, rather than single nutrients 

or single foods, on overall stress load.19 An additional novelty of our study is the use of the HEI and their 

food group components to derive the dietary patterns. HEI scores are energy intake-independent 

markers of how well the total diet across 13 categories of healthful and unhealthful food types aligns 

with the Dietary Guidelines for Americans. 

Despite the advantages of examining the association of entire dietary patterns rather than single 

foods or nutrients, limitations of our selected measurement method, the Healthy Eating Index (HEI), 

persist. Perhaps most notably, this technique relies on results from accumulated 24-hour recalls, which 

are prone to subjective inaccuracies in reporting (human under or over-reporting of food intake data).20 

Despite limitations in this method, however, the 24-hour recall is a validated and widely used method in 

nutrition research.21 Nonetheless, future research should consider the use of wearable technologies that 

accurately capture an individual’s nutritional intake in real-time, as described in chapter III entitled 

“Wearable Technology to Quantify the Nutritional Intake of Adults: Validation Study.”  

Stress can alter multiple downstream physiological, metabolic, and immunological systems that 

serve to help the individual cope and respond.22–24 However, when stress becomes chronic or repeated, 

these stress-related shifts in these systems can become detrimental.23 For example, increases in blood 
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pressure and hypervigilance can help and individual when faced with a dangerous situation. However, if 

this response continues, repeatedly or chronically, without resolve, the result would be predicted to 

increase risk for hypertension or behavioral conditions related to attention deficits. To attempt to 

capture these broad acting effects or indicators of chronic stress, the study was designed to use the 

biomarker allostatic load. Rather than focusing on risk factors in a single physiological system, allostatic 

load is an integrative model that characterizes cumulative stress among multiple biological systems, a 

model that has also been proven useful in populations with higher degrees of socio-demographic 

variability.25 In addition to the ability of AL to predict multiple adverse health outcomes, there is also 

evidence in support of the utility of AL in understanding social (e.g., socioeconomic status, acculturation, 

immigration) and health correlates.25  Interestingly, while much research strongly suggests that stress 

affects how, when, and what we eat, less research has focused on how these same dietary variables 

affect stress and our ability to manage it. Although we could not definitively conclude the directional or 

causal nature of our results, our findings do suggest that unique patterns of diet quality affect stress in a 

sex-dependent fashion and warrant the development of future longitudinal studies to test whether 

certain patterns of whole food diets impact allostatic load in ways our study supports. 

Despite the clear advantages of using allostatic load in stress research, several disadvantages 

persist, including a degree of variability in scoring methods, which is especially important as few studies 

have investigated the impact of varying scoring systems in predicting health.26 Additionally, the 

predictive utility of allostatic load may be compromised due to the circadian rhythm of certain 

biomarkers (e.g., cortisol),27 thus repeated measurements at allostatic load is thought to reflect an 

accumulation effect over time, unless this variable is repeatedly measured across days, it is difficult to 

definitively distinguish true cumulative effects. Nevertheless, this marker of chronic stress provides a 

marker of physiological stress load that is proposed to predict chronic disease. Despite the decades of 

research that support the use of allostatic load in predicting disease risk across multiple physiological 
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systems, longitudinal studies are needed in order to more accurately reflect the theoretical constructs of 

allostatic load and its link to diet and health.28 

The results of this dissertation contribute to a growing body of literature surrounding precision 

nutrition, a model that proposes nutritional strategies that are customized and tailored to the individual. 

Notably, stress, food intake, and health outcomes are inextricably intertwined, further highlighting the 

importance of considering stress and nutrition in context of developmental life stage. This dissertation 

also highlights the need for methods to accurately assess stress, diet, and health, in real-time and under 

more natural, free-living settings. Cumulatively, this research has the potential to inform precise 

nutrition interventions to mitigate stress-related disease risk in humans at differing life stages. 
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Ruiz LD, Zuelch ML, Dimitratos SM, Scherr RE. Adolescent Obesity: Diet Quality, Psychosocial Health, and 

Cardiometabolic Risk Factors. Nutrients. 2019;12(1):43. doi:10.3390/nu12010043 

 

Introduction 

Adolescence is a critical period of development, defined by navigating challenging social 

circumstances and cementing identity as youth transition into emerging adulthood.1 Adolescence is also 

a time of immense growth—second only to the first year of life—and as such, nutrient requirements 

increase substantially.2 Data from the National Health and Nutrition Examination Survey (NHANES), 

which surveys representative samples from varying age groups of the United States, are collected every 

fiscal year, referred to as a cycle, on an array of health-related topics including overweight and obesity 

status.3 In youth, overweight and obesity status is commonly classified by age- and sex-specific body 

mass index (BMI) percentiles, determined by growth charts developed by the Centers for Disease 

Control and Prevention using historical data from national surveys.4 Measurement at or above the 85th 

percentile and below the 95th percentile on the age- and sex-specific growth charts indicates overweight 

status, while measurement at or above the 95th percentile indicates obesity.5,6 Severe obesity in 

children and adolescents is defined by a BMI percentile at or above 120% of the 95th percentile.6 As 

identified by NHANES, rates of childhood and adolescent obesity have more than tripled since the 1970s 

and severe obesity rates have more than quintupled within the same timeframe.7,8 Data collected from 

the 2015–2016 NHANES cycle indicated that 18.5% of youth aged 2–19 years in the United States were 

obese, of which 5.6% were classified as severely obese.7 Adolescents aged 12–19 years, the age range 

utilized throughout this review to define adolescence, had the highest prevalence of obesity at 20.6%, 

compared to 18.4% for youth aged 6–11 years and 13.9% for children aged 2–5 years.7 Even more 
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concerningly, youth from different ethnic groups are disproportionally obese, with Mexican American, 

Hispanic, and non-Hispanic black youth having above average prevalence of obesity.7,8 

Consistently, overweight or obese children and adolescents are more likely to have elevated 

BMIs as adults.6,9,10 Adolescents with BMIs above the 85th percentile are more likely to be obese by age 

35 than their normal weight counterparts.6 The probability of being overweight or obese as an adult 

increases with both youth BMI percentile and age, with obese adolescents being at the highest risk for 

obesity during adulthood.6,9,11,12 In particular, youth who are obese during their teenage years have an 

over 90% likelihood of being overweight or obese at 35 years.9 A study that combined several national 

datasets to model obesity trajectories from childhood through to middle age found that overweight or 

obesity at age 18 increased the risk of being obese in adulthood and that risk for adult obesity was more 

accurately assessed in adolescents rather than younger age groups.12 

Similar to adults, obesity in adolescents impacts all major organ systems and often contributes 

to morbidity.13,14 Adolescent obesity promotes inflammation and increases the risk of chronic disease 

development into and throughout adulthood.15 Compared to those who are of normal weight, 

adolescents who are obese are at increased risk for adverse health effects, including cardiovascular risk 

factors such as hypertension, dyslipidemia, and endothelial dysfunction,16-21 and metabolic risk factors 

including insulin resistance and hyperglycemia.16,22-26 These risk factors persist throughout adolescence 

and into adulthood.14,16,21,25-31 The diminished cardiometabolic health status that often digresses 

throughout adolescence is associated with the adoption of poor dietary and physical activity 

behaviors.27 
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Factors Contributing to Adolescent Obesity 

Diet Quality 

Diet quality can be measured to better understand overall eating patterns. One common 

method for assessing diet quality is through the generation of Healthy Eating Index (HEI) scores, from 

either food frequency questionnaires or 24 h recalls.32 Currently NHANES utilizes two 24 h recalls to 

collect dietary information; however, prior to 2002, only one 24 h recall was collected.33,34 The HEI 

allows for the assessment of overall diet quality as well as individual dietary components, including 

those recommended to be limited in the diet.35,36 Higher HEI scores indicate an eating pattern more 

congruent with dietary recommendations than lower scores, and are based on a coordinating edition of 

the Dietary Guidelines for Americans, which is updated in accordance every five years.32,35 The current 

method of the HEI was first created to coincide with the Dietary Guidelines for Americans, 2005 and 

MyPyramid recommendations.37 This version of the index assessed diet quality through adequacy, or 

moderation, of 12 components as a ratio of overall energy intake.37 Many of these components were 

carried forward into the subsequent version of the HEI in 2010, although milk, meats and beans, and 

calories from solid fats, alcoholic beverages, and added sugars were renamed to dairy, total protein 

foods, and empty calories, respectively.35 The remaining components were modified in this update to 

better reflect updated dietary recommendations, including the inclusion of seafood and plant proteins 

and adding refined grains as a component to limit.35 For the most recent update, HEI-2015, the only 

component change was the splitting of empty calories into saturated fat and added sugars.36 Therefore, 

HEI-2015 is a composite score of 13 components to assess how well individuals meet key 

recommendations outlined in the 2015–2020 Dietary Guidelines for Americans.32,36,38 As with previous 

versions, an overall HEI-2015 score ranges from 0 to 100, with 100 representing an eating pattern 

exactly aligned with recommendations.32,36 
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Youth in the United States do not meet dietary recommendations and adolescent diet quality is 

of particular concern. An expansive analysis of NHANES data covering seven cycles, from 1999 to 2012, 

included over 17,000 adolescents aged 12–18 years, out of a total of over 38,000 youth aged 2–18 

years.33 This study assessed adolescent diet quality utilizing HEI-2010, as well as analyzing trends over 

time.33 Consistent with other analyses,33,39-42 overall diet quality was shown to decrease with age as 

adolescents persistently had significantly lower overall HEI scores compared to younger youth.33 

Furthermore, results indicated that adolescents 12–18 years had an average overall HEI score of 48.4 

out of 100 in the 2011–2012 NAHNES cycle, which was a significant increase from the average overall 

score of 40.4 observed during the 1999–2000 cycle.33 On trend with overall diet quality improving over 

time,33 the overall HEI-2015 score for adolescents 12–18 years was 52.0 in a more recent analysis.42 

Although overall diet quality scores have significantly improved over time for adolescents, the current 

scores are still considered low.33,42 

Many countries, including the United States, have food-based dietary guidelines that include 

recommendations for food group consumption.43 The majority of countries that have food-based dietary 

guidelines use five food groups, including starchy staples (grains for MyPlate in the United States), fruits, 

vegetables, dairy foods, and protein foods. While these guidelines may be more understandable to the 

general public, they do not provide recommendations for the consumption of specific nutrients. Most 

recent analyses of dietary data collected from NHANES show that, in general, adolescents are able to 

meet recommendations for protein including having better consumption of seafood and plant sources 

of protein compared to younger age groups.42 However, these analyses also suggest that adolescents 

are not meeting recommendations for fatty acids.42 The HEI-2015 scoring for fatty acids is based on a 

ratio of polyunsaturated and monounsaturated fatty acid relative to saturated fatty acid intake.36 With 

an average score of only 3.7 out of 10, it is likely that adolescents generally consume higher levels of 

saturated fatty acids in comparison to unsaturated fatty acids.42 Additionally, the overall poor diet 
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quality of adolescents is driven by the inadequate consumption of components considered more 

healthful,  such as fruits, vegetables, and whole grains.39-42,44 Analyses suggest that adolescents only 

consume about half the recommendations for fruits and vegetables39,41,42 and with an average HEI score 

of 1.32 out of a possible 10, were consuming below the whole grains recommendation in one analysis.39 

The inadequate intake of these food groups perpetuated dietary fiber to be recognized as a nutrient of 

concern in 2015–2020 Dietary Guidelines for Americans.45 Another recommendation outlined in the 

2015–2020 Dietary Guidelines for Americans is to shift away from consuming added sugars.45 Before 

becoming a singular category in HEI-2015,36 added sugars were included in the HEI-2010 “Empty 

Calories” component, along with solid fats and alcohol, and are calculated negatively into the overall 

score.35 While data from NHANES 2005–2010 suggested that adolescents had high consumption of 

empty calories,39 a separate analysis utilizing data from NHANES 1999–2012 showed a substantial 

decrease in empty calorie consumption over time.33 Although this trend was an improvement, empty 

calorie consumption in adolescents still exceeded recommendations in both studies33,39 and adolescents 

were only meeting about half the recommendation for reducing added sugar consumption in a more 

recent study using HEI-2015.42 

 

Socioecological Influences 

In addition to developmental changes, adolescence is a period of social change, with 

adolescents progressing toward increased autonomy, and perhaps may result in the establishment of 

dietary habits.2,46 The Social-Ecological Model describes that food choices can be influenced from several 

different levels, spanning from intrapersonal factors to policy and systems.47,48 These sectors of 

influence can have differential effects on an individual’s risk for overweight or obesity. 
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Ethnicity and socioeconomic status (SES) are two factors that are associated with youth obesity 

rates. The prevalence of obesity is higher in Hispanic and non-Hispanic black youth compared to non-

Hispanic white youth within the same age group.49 In 2016, the prevalence of obesity for Hispanic and 

non-Hispanic black adolescents aged 12–19 years were 25.9% and 25.0%, respectively, which was 

substantially higher than the 17.2% observed in non-Hispanic  white adolescents.49 The prevalence of 

severe obesity was also highest among these groups, with  11.6% of Hispanic adolescents and 11.5% of 

non-Hispanic black adolescents being considered  severely obese, compared to only 6.7% of non-

Hispanic white adolescents.49 In line with these values, data collected through NHANES suggest that 

non-Hispanic black adolescents typically have the lowest overall diet quality scores compared to other 

youth.33,41,42 However, Mexican-American and Hispanic adolescents tend to have the highest overall diet 

quality and component scores compared to other groups,33,41,42 which is surprising given the high 

prevalence of overweight and obesity observed in Hispanic youth.7 Similar results were found in a study 

assessing the diet quality of high school students utilizing HEI-2010, with Hispanic students having higher 

overall HEI scores compared to non-Hispanic white youth.50 One potential explanation for this 

observation is the lack of physical activity opportunities for adolescents from some ethnic/racial 

minority groups and communities of lower SES. Analyses of NHAHES 2007–2016 data showed that 

adolescents from low-income families participated in less physical activity than more affluent 

adolescents.51 This association may be the result of reduced access to parks, playgrounds, and exercise 

facilities, which is more prevalent in less advantaged communities52; a problem that is even more 

prevalent in communities where the population is predominantly of an ethnic/racial minority group.53 A 

nationally representative study found that neighborhoods primarily comprising ethnic/racial minority 

and low SES groups were half as likely to have access to a physical activity facility on their block.53 This is 

a substantial disadvantage given that the assessment also found that access to one of these facilities 

significantly decreases the odds of adolescent overweight.53 
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An analysis that included 10 years of NHANES data sought to better characterize the role SES 

plays in modifying diet quality of Mexican-origin youth.54 For this study, high or low SES was estimated 

with consideration for education and income-to-poverty-ratio.54 As in other analyses of NHANES 

data,33,41,42 Mexican-origin youth of the same generation as non-Hispanic white youth had higher overall 

diet quality, as determined by HEI-2010 scores.54 Interestingly, the average HEI score for overall diet was 

significantly lower in third-generation Mexican-origin youth from low SES families compared to first and 

second generations.54 This decrease in overall diet quality as generation progressed was perceived to be 

from acculturation and the increased consumption of empty calories, as is more customary in a typical 

American diet.54 The trend in later generations having poorer diet quality was attenuated by SES as no 

significant differences in diet quality were observed between generations from high SES families.54 

Unlike the association found with Mexican-origin youth, overall diet quality scores from NHANES data 

have either shown no difference between the highest and lowest income youth41 or were occasionally 

significantly associated with income level, but the direction of this association was not consistent over 

time.33 Despite this, lower income households tend to have a higher prevalence of obesity than higher 

income households.55 Similarly, there is, generally, an inverse relationship between head of household 

education attainment and youth obesity.55 In 2016, youth obesity prevalence was highest for those 

whose head of household did not receive a high school diploma.49 

Youth from lower SES families are also more likely to experience food insecurity.56-58 Food 

security can be categorized into one of four ranges: very low, low, marginal, and high food security.59 

Classification into one of these ranges is determined by how often a family or individual experiences 

distress involving food selection or alters eating patterns due to insufficient resources to obtain food.57,59 

The United States Department of Agriculture monitors food insecurity rates utilizing an annual survey. 

Most recent estimates have shown a continuous decline in the percentage of food insecure households 

since 2011.57 While low-income families and households with children, in particular non-Hispanic black 
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and Hispanic households, remain at percentages above the national average,57 this shift in prevalence is 

promising given that household food insecurity is related to overweight and obesity in youth.56,58,60,61 

Adolescence is marked by increased autonomy and a transition from spending the majority of 

time with parents to away from home with peers.46,62 While parents still provide guidance on certain 

matters, peers assert more influence on superficial concerns, especially as adolescents enter teenage 

years.62 This influence in regard to eating behaviors may be perpetuated by a desire to fit into a 

particular peer group, among other complex factors.63 Peer influence is evident in adolescent selection 

and consumption of food,63 with mixed observations on whether the tendency is toward 

encouragement or discouragement of consuming healthy foods.63 Peers, especially friends, can have a 

beneficial effect on adolescent eating patterns. One study found that adolescent diet quality scores 

were positively related to healthy food choices made by peers.46 Another study found that healthful 

aspects of best friends’ eating patterns can be influential for adolescents and result in consumption of 

significantly more vegetables, whole grains, and dairy.64 While statistically significant, the increases 

observed in this analysis were not substantial, with adolescents consuming an additional 0.09, 0.14, and 

0.08 servings of vegetables, whole grains, and dairy, respectively.64 In practice, the 0.08 serving increase 

in dairy would be roughly equivalent to 0.5 ounces of fluid dairy or about one tablespoon of milk. A 

cross-sectional study assessing youth and adolescent diet quality, observed no relationship between 

overall HEI-2010 score and friend support for eating healthy or unhealthy foods.65 

Despite increased autonomy, parents still play a role in shaping adolescent eating. Parents 

influence adolescent eating patterns through food procurement and by modeling and supporting 

healthy eating behaviors.46,66-69 In the cross-sectional analysis mentioned previously, parental offering of 

food considered unhealthy was associated with decreased diet quality scores.65 However, 40% of the 

sample also indicated that their parents rarely or never offered unhealthy foods, thus modifying their 

availability and accessibility.65 If high-fat foods and sweets are not being offered, then consumption may 
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be limited allowing for higher adolescent diet quality. Furthermore, the availability of fruits and 

vegetables in the home is correlated with adolescent fruit and vegetable consumption.67,70 

 

Adolescent Stress and Adiposity 

Physiological Stress 

Adolescence is known to be a stressful developmental period, and emerging research supports 

the need to address psychosocial stress as a factor in obesity prevention and management.71-74 The 

psychosocial stress arising from poor body image and social ostracization, especially associated with 

adolescent obesity, may further promote stress and corresponding health-compromising coping 

mechanisms.75 Stress is broadly defined as the body’s response to a real or perceived threat beyond the 

ability to cope.76 A perceived threat activates the neuroendocrine hypothalamic-pituitary-adrenal (HPA) 

axis, ultimately resulting in the secretion of cortisol from the fasciculata of the adrenal cortex.77 Cortisol 

binds to receptors found in the peripheral and central nervous system, where its objective is to mobilize 

and redistribute energy stores to maintain homeostasis and minimize incurred damage to the individual 

until the threatening stimulus has passed.78 Outcomes of chronic HPA-axis activation include effects on 

gluconeogenesis and glycogenolysis,79 lipolysis,80 insulin resistance,81,82 and compromised reproductive 

functions.83 

Cortisol is essential for organism survival.84 However, the effects of chronic stress are 

systemically deleterious, as glucocorticoid receptors are ubiquitously spread throughout body tissues, 

such that nearly every organ system is affected.85 Under chronic stress, the characteristic negative-

feedback nature of the HPA-axis may become dysfunctional, which increases the risk of developing a 

host of metabolic and affective disorders.85 Prolonged stress contributes to allostatic load, where the 

body develops new “set points” including, but not limited to, higher blood glucose, stress sensitivity, and 



 
 

101 
 

reactivity.86 Chronic psychosocial stress promotes metabolic derangement including adiposity, as well as 

abnormal eating behaviors including over- or under-eating, and preferentially selecting highly palatable 

foods.87 Furthermore, prolonged stress also confers increased risk for developing numerous chronic 

diseases, including metabolic syndrome,88 diabetes mellitus,89 cardiovascular disease,90 obesity,71 and 

mental health disorders.91 

 

Adolescent Stress 

Adolescents are especially vulnerable to the negative effects of stress, at least partially due to 

the sensitization of the HPA-axis that occurs during this period.92 Adolescence is a developmental period 

marked by heightened stress reactivity and sensitivity, increased emotionality, and increased incidence 

of both risk-taking and harm-avoidant behaviors.93 Adolescents typically experience heightened stress 

sensitivity and prolonged reactivity in a sex-dependent manner, with basal and stress-responsive cortisol 

typically higher in females.94 Many of the affective and behavioral signatures typical of adolescence can 

be explained by rapid gonadal hormone development and non-linear neurodevelopment.95 In 

adolescents, limbic brain regions involved with motivation, instant gratification, and reward develop 

much more rapidly  than do cortical regions involved  in inhibitory control.93 Thus, limbic brain circuitry 

is more likely to predominate over less mature cortical regions during emotionally salient contexts.96 The 

effects of stress on metabolism and food choice plus the psychosocial stress experienced by adolescents 

with obesity are critical points for consideration. 
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Stress-Motivated Eating Behavior 

Both animal and human studies have demonstrated that the majority of individuals 

preferentially select highly palatable foods when stressed, whether-or-not they exceed their caloric 

requirements.87,97 This once conferred evolutionary advantage, as additional calories increased the 

likelihood of escaping from or fighting—and thus surviving—what were historically acute physical 

threats.98 Modern stress is largely chronic and psychogenic in nature rather than physical.98 These 

chronic stressors, coupled with a more sedentary modern lifestyle, result in an evolutionary mismatch; 

the body employs conserved response mechanisms to psychosocial stress, which involve increased drive 

to seek out palatable foods meant to aid in fighting or fleeing a threatening situation.76 Repeated 

exposure to psychosocial stressors, and the resultant consumption of such highly palatable foods in our 

modern environment may, ultimately, increase the risk of developing overweight and obesity. 

Adolescents are at increased risk of partaking in unhealthy behaviors, especially in emotionally 

salient contexts.95 Maturation in brain regions involved in reward seeking may underpin the drive for 

palatable food consumption in adolescence.99 In fact, the repeated consumption of palatable foods in 

this critical window of neurodevelopment may derail normal maturation processes, thus predisposing 

the adolescent brain to abnormal eating behaviors.99 Palatable foods eaten under stress are typified by 

sweet taste and tend to be foods high in rapidly digesting, simple carbohydrates.100 The physiologic 

signals that arise from consuming palatable foods rich in simple carbohydrates orchestrate cognitive, 

metabolic, and behavioral responses to stress, which, over time, may increase obesity risk.101,102 

Importantly, sweet taste is instantly rewarding, and may promote reinforcement learning—even in the 

absence of post-prandial  metabolic signals, which can also contribute to overconsumption and 

obesity.103 This was exemplified when rats given oral administration of sucrose solution demonstrate 

reduced stress responses, whereas intragastric gavage of sucrose had no such effect.104 In humans, this 

attenuation of stress in response to consuming palatable foods high in simple carbohydrates has been 
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shown when exogenous carbohydrate consumption before a combined mental and physical stress 

challenge mitigated effects of stress.105 

 

Metabolic Effects of Palatable Food Consumption 

Stress-related emotional eating in the absence of hunger involves the motivation and reward-

associated brain networks that override homeostatic feeding cues originating from the hypothalamus.106 

The post-ingestive metabolic signals arising from continually exceeding caloric requirements for weight 

maintenance promote increased energy storage and reduced expenditure, and these effects are 

exacerbated under stress.107 Postprandial effects of consuming palatable foods include blood glucose 

elevation, which is met by an increase in insulin secretion.108 Effects of insulin in tandem with the effects 

of cortisol on disruption of glucose and insulin homeostasis, further promote energy storage, especially 

in the visceral region.109 In addition to promoting glucose homeostasis, insulin also interacts with 

neuropeptides to increase energy expenditure and reduce food intake in the absence of stress.110 The 

neuroendocrine axes orchestrating stress and energy balance overlap, with notable neuropeptides and 

hormones involved in energy balance also influencing stress regulation.111 

Leptin is an adipocyte-derived hormone with anorectic effects and has been shown to dampen 

HPA activity associated with chronic stress.112 Leptin has both central and peripheral targets, where 

combined effects with insulin and other anorexigenic hormones result in, but are not limited to, 

alterations in food intake, glucose and lipid metabolism, pancreatic islet B-cell secretion, reproductive 

function, immunity, and energy expenditure.113,114 In the fed state, centrally acting leptin is secreted 

from the arcuate nucleus of the hypothalamus, then activates neurons associated with increased satiety 

and energy expenditure, and inhibits neurons associated with increased food intake and weight gain.115 

Circulating leptin concentrations are often high in individuals with obesity, thus suggesting a state of 
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leptin resistance.112,116,117 Whereas leptin deficiency can be corrected with exogenous recombinant 

leptin administration, leptin resistance is not attenuated with the introduction of additional 

hormones.118 With respect to stress, one study showed that a seven-day glucocorticoid treatment 

intervention resulted in increased food intake despite increased serum leptin levels.119 Conversely, 

another study demonstrated that high glucocorticoids after a social stressor were associated with 

transient increases in plasma leptin, thus resulting in temporarily suppressed appetite and food 

consumption under stress.120 Hypercorticism is oftentimes observed in obesity, and glucocorticoids are 

known to restrain the effects of leptin.121 Thus, psychogenic stress promotes metabolic dysregulation 

directly and indirectly through its influence on hormones and neuropeptides involved with energy 

balance. 

Obesity-Associated Psychogenic Stress in Adolescents 

Obesity can be a stressful state due to weight stigma122 and adolescents who experience stress 

related to social ostracization are more likely to rely on food-related coping mechanisms.123 This 

behavior is immediately rewarding and may contribute to temporary solace and improved mood,124 

however, repeated intake in excess of caloric needs will result in weight gain, thus perpetuating the 

cycle.125 Psychogenic stress as a result of weight stigma may contribute to disordered eating habits in 

adolescents.126 A prospective cohort study collected 10 waves of data from 1420 participants and found 

that victims of bullying in childhood and adolescence had an increased likelihood of developing anorexia 

nervosa and bulimia.127 Furthermore, adolescents experiencing weight-related stigma are at increased 

risk of engaging in secretive eating, characterized by eating in solitude to avoid being seen by others.128 

Secretive eating is correlated with binge eating and the onset of other eating disorders, and may be 

related to depression and poor body image.128 In a cross-sectional study examining 577 youth, those 

endorsing secretive eating experienced greater eating-related psychopathology.128 Additionally, it was 

found that adolescents experience more dietary restraint and purging than younger youth.128 
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Sex differences, personality types, cultural and familial normative beliefs, self-worth, and 

learned coping mechanisms all inform the extent to which an individual internalizes and copes with 

psychosocial stress.129 For example, neuroticism partially accounted for associations between 

depression and chronic life stress in 603 adolescents in a study exploring risk factors for emotional 

disorders.130 Furthermore, depression was associated with chronic life stress in females only, and low 

extraversion partially accounted for associations between social phobia and chronic life stress.130 With 

regard to sex differences, female sex hormones contribute to higher stress sensitivity and sustained 

stress responses.94 Adolescents are at an increased risk for dieting with the goal of weight loss,131 and 

those who experience personal factors such as weight concern, body dysmorphia, and depression are 

more likely to develop disordered eating behaviors 10 years later.132 One study found that body image 

dissatisfaction in adolescent females was associated with self-esteem.133 Females are also at higher risk 

of developing eating disorders.134 Finally, restrained eaters, those who consciously elect to restrict 

intake of food quantity or food types,135 are at higher risk of emotional eating compared to unrestrained 

eaters.136 

Obesity and Cardiometabolic Disease in Adolescents 

Cardiovascular Disease 

Cardiovascular disease (CVD) is the number one cause of death in the United States.137 By the 

year 2030, the percentage of the population suffering from CVD is projected to approach 44%.138 

Although CVD is generally perceived as a disease of adulthood, studies suggest that atherosclerosis 

often begins in childhood or adolescence.26,139,140 Cardiovascular risk develops as a culmination of the 

atherogenic process over the lifespan.20,26,28,141 Progression of atherosclerosis is related to the number 

and intensity of cardiovascular risk factors, which develop in childhood  and track into adulthood21,26,142 

and may be independent of adult weight.143 It is estimated that 70% of obese children and adolescents 
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ages 5–17 years have at least one cardiovascular risk factor.144 Risk factors—for example, hypertension 

and dyslipidemia—are directly, positively associated with the presence and severity of early 

atherosclerotic lesions in adolescents and young adults.20,140 Obese children have been observed to have 

significantly impaired arterial elasticity and endothelial function.21 In addition, obesity in youth is 

associated with increased cardiac mass and intima-media thickness in adulthood.145-147 Out of the 

cardiovascular risk factors, obesity is the most predictive of future disease22,142 and adolescent obesity is 

projected to yield an increase in coronary heart disease in adulthood.26 

The Bogalusa Heart Study, a long-term epidemiologic study of cardiovascular disease risk factors 

beginning in childhood, assessed cardiovascular risk factors, including serum lipid concentration, blood 

pressure, and BMI, in children and adolescents, following them from youth into adulthood.22,141,142 

Findings suggest that intensity of cardiovascular risk in youth predicts subclinical atherosclerosis and 

adult morbidity and mortality.27,142 The Pathobiological Determinations of Atherosclerosis in Youth 

Study, another large-scale study of atherosclerosis in adolescents and young adults (15–34 years) also 

assessed the presence and extent of early atherosclerotic lesions in relation to cardiovascular risk 

factors in subjects who underwent autopsy.148 Their results were in agreement with those from the 

Bogalusa Heart Study; intimal lesions were present in the aorta of all subjects aged 15–19 years and 

severity increased with age.148 Other studies report that specifically an android fat distribution, or 

central adiposity, is correlated with dyslipidemia and arterial stiffness in youth.20,21 Tounian et al.21 

suggested that android fat distribution, dyslipidemia, and insulin resistance may be primary contributors 

to these vascular impairments. Obese youth had significantly higher levels for each of these 

parameters,21 which aligns with several other studies examining lipid profile, blood pressure, and 

glucose and insulin concentrations in obese youth.144,149-151 

Severity of obesity is also relevant.14,152 In a large-scale, cross-sectional study utilizing data from 

NHANES 1999–2012, researchers observed that all cardiometabolic risk factors were elevated as severity 
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of obesity increased in adolescents.153 When controlling for age, race/ethnicity, and sex, greater severity 

of obesity yielded increased risk of dyslipidemia, hypertension, and elevated glycated hemoglobin 

level.14 

Type 2 Diabetes Mellitus 

Similar to CVD, insulin resistance and type 2 diabetes mellitus (DM) are obesity-related 

complications previously thought to develop in adulthood that are becoming increasingly more 

prevalent in younger populations.25,154,155 As with adults, central adiposity in youth is associated with 

insulin resistance.21 The first metabolic abnormality seen in obese youth is hyperinsulinemia.156 The 

decrease in insulin sensitivity that occurs with puberty further compounds insulin resistance in obese 

adolescents.23 In addition to the inflammatory response, adiponectin is considered to partially explain 

the relationship between obesity and type 2 DM.157 Due to its negative association with insulin 

resistance,158 adiponectin has been considered an insulin-sensitizing adipokine157,159 and is inversely 

related to adiposity.150,160 Obesity is also strongly, negatively correlated with adiponectin level in 

adolescents, as well as in children and adults.161,162 Lower levels of adiponectin are associated with 

increased levels of insulin resistance in obese adolescents163 such that most youth with insulin resistance 

are overweight or obese.158 In addition to obesity and insulin resistance, low adiponectin levels in youth 

are also associated with hypertension and dyslipidemia and may therefore predict the clustering of 

these symptoms of metabolic syndrome.24,164 The presence of these risk factors in obese children and 

adolescents compounds the risk for the development of subsequent type 2 DM and CVD in youth.150 

 

Compound Risk: Obesity, Diabetes, and Cardiovascular Disease 

The diagnosis of DM is an established risk factor for vascular disease and the early development 

of CVD.26 The metabolic abnormalities in energy utilization that are associated with DM cause diabetic 
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dyslipidemia.165 Also, the chronic hyperglycemia often seen in combination with obesity results in 

damage to the vasculature.166 For this reason, adolescents with obesity are at significantly increased risk 

for accelerated atherosclerosis.26 Children with the described cluster of metabolic abnormalities were 

more likely to have type 2 DM and clinical cardiovascular events after a follow-up of 25 years.30,31 Even 

in absence of the metabolic abnormalities, there is a strong association between obesity in adolescence 

and subsequent development of the metabolic syndrome cluster in adulthood,26 which may be 

attributed to obesity-induced chronic inflammation.167 Pro-inflammatory adipokines—for example, 

leptin—have been implicated in the development of both obesity-related type 2 DM and CVD.154 

Obesity-induced insulin resistance is also associated with increased carotid intima-media thickness168 

and endothelial dysfunction in obese adolescents.169,170 

 

Intervention Opportunities 

Without intervention, it is projected that most youth will be overweight or obese and likely 

suffering from chronic diseases in adulthood given current expected trajectories.11,12,25 Diet and lifestyle 

modification in adolescence or earlier is essential in the prevention of the development of chronic 

diseases in adulthood. The concept that youth are in the subclinical stages of cardiometabolic disease, 

which may be exacerbated by stress, emphasizes the need for early intervention.14,18,27,150,171-173 The 

abnormal accumulation of lipids in the vascular wall is a reversible stage in the atherogenic process,26 

making the early stages of atherosclerosis, which often appear in youth, an ideal opportunity for 

intervention. Early identification and intervention may attenuate clinical manifestation and improve 

long-term health outcomes.26 Analyses of results from several prospective longitudinal cohort studies 

found that risk for hypertension, dyslipidemia, atherosclerosis, and type 2 DM in obese youth who 

became non-obese by adulthood were similar to those who were never obese.142,147,174,175 These findings 
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suggest that weight management in youth, adolescence, and young adulthood may at least partially 

diminish cardiometabolic risk in adulthood.29 Weight loss coupled with lifestyle modifications, including 

stress reduction, increased physical activity, and improvements in diet, is often sufficient to improve 

insulin sensitivity and can thereby assist in the prevention or control of type 2 DM without the need for 

exogenous insulin administration.154,176,177 

According to the United States Burden of Disease Collaborators, the primary risk factor related 

to disease burden was found to be suboptimal diet.178 It has been recommended that interventions 

geared toward improving adolescent dietary behaviors are thoroughly planned in advance to ensure 

that they are designed, implemented, and monitored appropriately for the targeted population.179 In 

designing interventions, the most successful have been developed in line with a theoretical framework, 

most commonly the Social Cognitive Theory (SCT).179 The SCT is utilized in nutrition interventions due to 

its consideration for improvement of individual factors, such as self-efficacy and knowledge, as well as 

environmental factors, when facilitating behavior change.180 Utilizing SCT as the guiding theoretical 

framework also aids in designing behaviorally-focused interventions that modify the environment while 

also being developmentally appropriate for the intended participants, which have also been implicated 

as elements of successful nutrition interventions.179 

Nutrition interventions for adolescents are frequently implemented through comprehensive 

school-based interventions and multicomponent programming, as recommended by the Academy of 

Nutrition and Dietetics, Society for Nutrition Education and Behavior, and School Nutrition 

Association.181 Multicomponent school-based interventions have shown promise for improving dietary 

intake and health status of children and adolescents.182 Multicomponent programs commonly include 

nutrition education implemented in the classroom; modifications to school policies and the food 

environment; and methods for parental involvement.182 
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Further recommendations include adjustments to the school environment in order to facilitate 

acquisition of healthful behaviors and the promotion of evidence-based nutrition education that 

includes opportunities for youth to grow and prepare food.181 Programs that incorporate garden and 

cooking components are important given their potential for translatable and long-term effects. 

Gardening experience during childhood is valuable as it has been associated with significantly higher 

fruit and vegetable consumption during late adolescence compared to older adolescents with no prior 

gardening experience.183 Furthermore, frequent gardening is beneficial in that gardening weekly or even 

monthly has been associated with high fruit and vegetable consumption compared to infrequent or no 

gardening.183 A recent survey of high school students found that adolescents who had a home garden or 

experience with community gardening or farming were significantly more likely than others without 

experience to try new fruits and vegetables.184 Additionally, adolescents with a home garden were more 

likely to consume adequate amounts of vegetables.184 As for inclusion of cooking, a review of programs 

that incorporate cooking found that participation in these programs has the potential to beneficially 

impact youth knowledge, skills, and behaviors related to nutrition in addition to cooking.185 It has been 

found that participation in food preparation during adolescence was associated with a continuation of 

enjoyment and involvement in food preparation as an emerging adult.186 

In accordance with these recommendations, several recent interventions targeting youth 

dietary habits have included garden components187-193 and cooking components.189,191-195 While the age 

range in most of these studies included ages prior to adolescence,187,188,191,193,194,196 methods utilized and 

findings from these studies may have application for adolescents. Compared to controls, programs that 

included a gardening component resulted in greater willingness to try vegetables,187,188,197 preferences 

for vegetables,187,188,197 and reported vegetable consumption.187,190 Similarly, participants in a nutrition 

program geared toward cooking had improvements in reported fruit and vegetable post-intervention 

consumption.194 This program also resulted in increased reported nutrition knowledge, cooking self-
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efficacy, and cooking at home after completing the intervention.194 Programs that included both 

gardening and cooking components observed that, compared to controls, participants had significantly 

higher fruit and vegetable193 and nutrition knowledge.196 Additionally, youth participating in the 

programs were significantly more likely correctly identify vegetables,196 consume fruits and vegetables 

daily,193 and be willing to try new foods.191 

The emerging concept of food literacy takes recommendations for the incorporation of growing 

and preparing food further. Broadly, food literacy is defined as the interconnection between the 

knowledge, skills, and behaviors necessary for procuring, planning, and preparing healthful food.198 Food 

literacy is quite complex, encompassing several components including elements of nutrition, health, 

agriculture, food systems, food safety, and cooking.198-200 Three reviews of adolescent food literacy 

programs have been conducted recently.201-203 Two of these reviews highlight the need for a reliable and 

validated questionnaire to assess food literacy as a whole, given that none of the studies reviewed 

supplied such an assessment.201,203 Varying interpretations of food literacy prior to establishment of a 

definition198 limited the ability to develop an assessment to encompass the complexity of food literacy. 

With this and contrasting study designs, all three reviews noted difficulty in determining inclusionary 

criteria for articles and interpreting results.201-203 Given the limitations of previous adolescent food 

literacy programs, Brooks and Begley compiled a list of recommendations for future programs, including 

the development of adaptable school-based food literacy programs for older adolescents.202 

 

Future Directions 

Interventions are needed to aid in the reduction and prevention of adolescent obesity. As 

obesity is a complex health concern with numerous contributing factors, effective intervention 

strategies may require a multifactorial approach aimed at reducing stress and cardiometabolic risk 
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factors while also empowering adolescents with the knowledge and skills necessary to make informed 

and healthful dietary choices. Some studies have suggested that mindfulness interventions for 

adolescents may be feasible for decreasing distracted eating204 and reducing stress and depressive 

symptoms,205 which can aid in reducing and preventing obesity. Additionally, interventions that include 

exercise and calorie restriction components can be effective at reducing obesity and cardiometabolic 

risk factors.206,207 These methods—in combination with multicomponent school-based interventions and 

skill-building health education programs, such as those that promote food literacy—warrant further 

research. However, a thorough review of the literature consistently demonstrates a gap with respect to 

adolescent food literacy education. Given that food literacy education is a comprehensive approach to 

target the upstream behaviors leading to obesity and related comorbidities, the timeliness of a program 

to combat this issue is critical. Aligning with the above recommendations,202 guided by SCT,180 and the 

definition established by Vidgen and Gallegos,198 a food literacy curriculum for high school-aged 

adolescents has been developed.208 The curriculum, Teens CAN: Comprehensive Food Literacy in 

Cooking, Agriculture, and Nutrition (Teens CAN), includes experiential lessons within twelve modules 

that comprise opportunities to advance food literacy.208 Teens CAN208 will be incorporated into an 

existing multicomponent program, the Shaping Healthy Choices Program,189 to provide an intervention 

aimed at improving diet quality and the overall health status of children and adolescents. While this is 

one suggested approach, the ultimate goal is to mitigate the effects of childhood and adolescent 

obesity. Resources including time, money, and effort should be allocated toward this type of obesity 

prevention programming. 
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Abstract  

Youth obesity has become increasingly prevalent, with 34.5% of U.S. 12-19-year-olds estimated to be 

overweight or obese. Disordered eating and weight concern peaks in adolescence, and overeating to 

cope with negative emotions can affect long-term health and obesity risk. Parents significantly influence 

adolescent diet quality, and parental stress may increase risk for stress-motivated eating and obesity in 

adolescents. Chronic or repeated exposure to parental stress may lead to stress-related 
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neurophysiological changes that promote consumption of palatable foods and obesogenic eating habits 

in adolescents. Understanding how parental stress influences adolescent eating behavior may reveal 

novel access points for reducing adolescent obesity. The aim of this work is to provide a new stress-

focused framework for developing intervention strategies targeted at obesity prevention in adolescents.  

Key Words: Obesity, adolescent health, parenting, stress, diet quality 

 

I. Introduction 

An estimated 34.5% of 12-19 year-olds are overweight or obese, according to data from the National 

Health and Nutrition Examination Survey (NHANES) on obesity prevalence in 2011-2012.1 Alarmingly, 

these statistics are projected to increase. Given that adolescents gain significant weight, skeletal mass, 

and height to reach adult size during this critical developmental period, suboptimal eating habits 

established during adolescence have significant long-term behavioral and health consequences.2 There 

are many factors that contribute to youth obesity,  including but not limited to  genetic background, 

socioeconomic disparities, limited or no access to grocery stores and safe play areas for adequate 

physical activity, media use, and low adherence to guidelines for weight-related behaviors.3–6 Among the 

many potential risk factors, a key factor contributing to childhood obesity is poor diet in excess of caloric 

needs.7 Adolescents in the United States fall short of dietary recommendations of fruits, vegetables, and 

whole grains, while consumption of added sugars and empty calories remains high.8 Prior research has 

delineated a number of different processes that may lead to poor diet in children and adolescents, 

including food advertising, health literacy, access to sugar sweetened beverages, influence from family 

and peers, low socioeconomic status, lack of availability of fresh fruits and vegetables and 

overabundance of nutrient-sparse food options, and personal factors such as hunger, taste preferences, 

and lack of urgency about the health consequences of a poor diet.9,10 Another important factor 
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contributing to adolescent eating habits and obesity is parenting behavior, especially parental stress, 

which has received less attention in the literature as compared to other contributing factors to poor diet 

and health status in adolescents.  

The goal of this narrative review is to summarize current knowledge regarding different pathways 

through which parenting may affect adolescents’ diets and provide a new psychological stress-focused 

conceptual framework for developing intervention strategies targeted at obesity prevention in 

adolescents.  

We begin by describing how parenting practices related to food, including family meals, parent 

dieting, and other parent-related food practices, influence adolescent diet. After describing these 

pathways related to parenting practices around meals and eating, we then discuss evidence for an 

additional pathway through which parenting may affect adolescents’ diets: Parental stress (Figure 1). 

Finally, we conclude with future directions for research on modifiable parental- and family-level factors 

that influence stress-related overeating and obesity in adolescents. In this review, the term ‘adolescent’ 

refers to individuals 10-19 years of age. In some cases, we include studies with youth below age 10, but 

only if the upper age-range of the sample size includes youth ages 10 or older. 

 

 

 

 

 

 



 
 

132 
 

Figure 1 

 

Figure 1. Parental Influence on Adolescent Diet: A Stress-Focused Perspective 

 

Stress is an important environmental factor shown to have an important influence on diet. 

Stress is broadly defined as any real or perceived threat to homeostasis, in which the brain integrates 

environmental signals to recognize threat, and employs highly conserved, and learned, response 

mechanisms intended to return the individual to homeostasis and minimize damage.11 Stress has been 

linked to obesity and associated non-communicable cardiometabolic diseases12 and cardiovascular and 

metabolic risk factors, such as endothelial dysfunction,13 hypertension,14 hyperglycemia,15 and insulin 

resistance,16 which are seen in increasingly younger populations.  

Stress influences food choice and dietary habits that increase risk for developing these stress-

related conditions.11 Though stress has mostly been examined as a risk factor for poor diet in adult 

samples, adolescents may be particularly vulnerable to the effects of stress due, in part, to an imbalance 
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during this developmental stage between brain regions associated with self- or emotional regulation 

and brain regions associated with reward and emotional reactivity.17   

Adolescence is a critical developmental period, often defined as beginning with puberty and 

ending around age 19, characterized by rapid physical and cognitive development. It is a vulnerable 

period for onset of disordered eating behaviors including emotional eating, bulimia, anorexia, and binge 

eating.18 The adolescent period  is an inherently stressful time of life marked by gradual acquisition of 

self-identity, cognitive and emotional maturity, and the skills necessary for independent living and for 

less dependence on the familial unit.19 Importantly, stress-specific effects on the brain and body confer 

increased risk for mental and cardiometabolic dysfunction, and food-related coping mechanisms.20 For 

example, elevated cortisol increases blood glucose, mobilizes fatty acids and amino acids, favors visceral 

or abdominal adiposity, and promotes reward-based eating behavior and consumption of highly 

palatable, energy-dense foods.11 Not only have metabolic and behavioral effects of stress been well 

documented in adults, but stress-motivated eating has been documented in adolescents as well, 

suggesting that these behaviors may begin relatively early in life and persist to adulthood.21–23 

Stress-motivated eating is akin to emotional eating, characterized by eating palatable foods high 

in sugar and fat in response to negative emotions rather than hunger.24,25 Emotional eating is a risk 

factor for binge eating disorder (BED), defined as eating large amounts of food in a short time while 

experiencing loss of control during the episode.26 Studies have shown that the prevalence of emotional 

eating increases in adolescence,22 and still other studies have shown that BED onset typically occurs in 

adolescence,27 thus further highlighting the need to address factors contributing to food-related coping 

mechanisms in this population, which may contribute to obesogenic eating habits throughout 

adulthood.28  Overall, exposure to stress may lead to poor eating habits in adolescents which, in turn, 

can increase risk for obesity and obesity-related diseases. 
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A comprehensive, multi-component approach to addressing obesity in young people has been 

recommended.10 Successful programs have been typically behavior based,29 designed in line with a 

theoretical framework.29 Programs documenting successful outcome measures have incorporated a 

combination of nutrition education in schools, gardening and cooking, peer-to-peer education, and 

family involvement.30–32 However, overall, programs aimed at youth obesity have had mixed success33 

and behavior-focused programs have had limited long-term success.33 Programs aimed at adolescent 

obesity that can address additional aspects of an adolescent’s social ecological environment, such as 

parenting, should be further examined.34 Although adolescents have much more freedom to procure 

and select their own food compared to  children, adolescents still rely significantly on the parent for 

their food and models of food selection and eating patterns.35 Parenting practices, such as making 

healthy foods available, modeling healthy eating behaviors, and setting behavioral expectations, have 

been positively associated with youth diet quality.36 Given the profound influence the parent has on the 

adolescent in these behavioral areas, parental stress may also be a relevant environmental factor 

predictive of eating habits of young people. Interest in addressing the role of parent stress on youth 

obesity is increasing.37–45 For example, one study found that maternal perceived stress was inversely 

correlated with their children’s Healthy Eating Index (HEI) scores over a one-year period.42 Further 

research exploring the role of parental stress in youth eating behaviors, stress, and diet quality may help 

establish novel pathways for increasing the development of healthy eating behaviors and healthy weight 

across the lifespan. 

 

II. Influence of Parents on Eating Behavior of Adolescents: Food-Related Parenting Practices 

The parent is the most significant vehicle of influence on eating behavior in youth, even in 

adolescents who seek increased independence and develop their own eating habits during independent 

eating occasions, usually in social settings with peers.46 Although the influence of parents on the eating 
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behavior of children encompasses prenatal, antenatal, and early childhood periods, these topics are 

beyond the scope of this review and are reviewed in detail elsewhere.47–50 Parents create environments 

that can promote development of healthy eating habits in youth, and it has been demonstrated that 

parents who set expectations, model healthy behaviors, and make healthy foods available, typically 

buffer against obesogenic eating behaviors in their offspring.36,51 

 

Influence of family meals and the home food environment 

Family meals allow parents to control meal type, model appropriate eating behaviors, and 

implement food-related parenting practices.35 Eating meals together has been shown to positively 

influence diet quality in youth. High frequency of family meals has been associated with a greater sense 

of emotional well-being in adolescents,52 which has been associated with lower risk of obesity, weight-

controlling behaviors, and unhealthy eating habits.53 Interestingly, one study found that frequent family 

meals in childhood were inversely related to stress and disordered eating behaviors in adolescence, an 

effect that seems to be mediated by coping skills and family cohesion.54  

While children  may be more receptive to direct parental influence (e.g., verbal encouragement) 

on decisions about eating behavior,  adolescents seeking more independence around eating occasions 

may be more receptive to indirect parental influence, such as the parent making healthy foods 

available.36 Additionally, home environments fostering parent and adolescent involvement in food 

preparation are linked to better adolescent diet quality and a higher frequency of family meals.55 A 

study examining adolescent involvement in food preparation found greater diet quality in those who 

actively participated in food preparation for the family versus those who did not regularly participate.56 

Therefore, adolescents who prepare food for the family and participate in the family meal may be at 

lower risk for developing unhealthy, potentially obesogenic, eating behaviors.57 
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Parental dieting and disordered eating behavior can influence adolescent eating behavior 

Deliberately restricting food intake to promote weight loss, oftentimes referred to as restrained 

eating, is in itself a stressor due to the mental exertion that this practice takes.58 Restrained eaters are at 

higher risk of depression,59 disordered eating 60 and, notably, long-term weight gain.61 Yet, youth as 

young as 5 years old are aware of the concept of dieting,62 and 46% of adolescents have attempted diet-

induced weight loss,63 despite the high nutritional demands for growth during this developmental 

period. Parents play a significant role in promoting or protecting their adolescents from dieting 

behaviors that may lead to unhealthy eating patterns and body weight. For example, parents who 

promote ‘thin or skinny ideals’, may inadvertently encourage body dissatisfaction and repeated dieting 

attempts. Additionally, parental dieting behavior may influence adolescents to adopt dieting habits, 

body concerns, and thin ideals of the parent.  For example, a parent omitting carbohydrates or fat from 

their diet in order to lose weight may limit access to these important macronutrients and lead to a 

similar dieting strategy in the child.64 Results from the Childhood Growth and Development study of 221 

mother-child dyads showed that children of parents with a past or present eating disorder exhibited 

higher rates of emotional eating and disordered eating symptoms.65,66 Lastly, parental modeling of 

dieting constructs, such as dietary restraint, may influence their adolescent to engage in restrictive 

behavior as well, which is especially true in adolescent mother-daughter dyads.67 Such modeling is a 

particular concern because dietary restraint is a potent predictor of disinhibited binge eating, defined as 

a tendency to overeat palatable foods, especially in the presence of stress.68 Dietary restraint is also a 

predictor of long-term weight gain.61,69,70 In one study, parent encouragement to diet affected 

adolescents 15 years later as parents, who then reported binge eating, engaging in behaviors to control 

weight, and engaging in weight-centric communication in their own homes.71    
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Parental influence on adolescent independent eating occasions 

Eating provides an opportunity for recreation and socialization, the latter of which becomes 

increasingly important for teenagers. Adolescents spend significant time eating without parental 

supervision; examples include eating at convenience stores, friends’ houses, restaurants, and so on. Yet, 

normative beliefs and expectations of the parent about best food intake practices still significantly 

influence the eating habits of the adolescent even when not in the presence of the parent.36 For 

example, beliefs and expectations of what constitutes a healthy diet and accepted eating habits can 

continue to influence the eating habits of the adolescent throughout their life.  That is, the parent’s 

ideas and models of food selection and intake may persist as the adolescent navigates their own food 

environment.36  

  

Parental modeling & food-related parenting practices 

Research from the Family Life, Activity, Sun, Health, and Eating (FLASHE) study examined 

correlates of fruit and vegetable intake (FVI) in 1,859 U.S. parent-adolescent dyads.72 Researchers of this 

study found that parents’ FPP were in alignment with parents’ own dietary behaviors, but the effects of 

FPP on actual eating behavior in the adolescents were more complex. Encouraging fruit and vegetable 

(FV) consumption by the parent was positively related to FV consumption in the adolescent, but parent 

rules to avoid ‘junk’ food and sugar-sweetened-beverages (SSB) were associated with greater 

consumption of these items by the adolescent. In another publication from the same study, FV 

consumption in adolescents was predicted by parent-adolescent co-decision making on availability of FV 

in the home and how much FV the adolescent should consume.73 That study demonstrated that an 

authoritative parenting style that is high in expectations and warmth, which is characterized by love and 

compassion, positively influences overall diet quality of the adolescent. Other parenting practices may 
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have unintended effects. For instance, parents who restrict food or pressure their adolescent to eat may 

lead to eating behaviors in the adolescent that are opposite in direction or detrimentally magnified.74 

Previous studies have suggested that restrictive or pressuring food-related parenting styles or strategies 

may result in disinhibited emotional eating in their children,75 further corroborating other research 

suggesting that general parenting practices influence eating behaviors of adolescents. Setting 

inconsistent limits, being emotionally distant or overprotective, and using an authoritarian parenting 

style are considered to be risk factors for development of disordered eating in adolescents.75  

On the other hand, mindful parenting, which is defined as a framework whereby parents bring 

intentional awareness, attentiveness, and non-judgement to the parent-youth relationship,76  has been 

inversely linked to adolescents’ emotional eating. A study by Gouveia, Canavarro, and Moreira, found 

that mindful parenting, especially encompassing compassion for the adolescent, may improve self-

esteem and subsequent emotional eating tendencies in adolescents.77 

 

III. Influence of Parents on Eating Behavior in Adolescents: Parental Stress 

Psychological stress may influence the style and intensity of food-related parenting practices, as well 

as eating habits in the parent. Considering the profound influence of the parent on adolescent eating 

behavior, parental stress may, in some cases, contribute to emotional eating, especially comfort foods, 

in adolescents,78 particularly those who are already experiencing stress.   

Stress occurs on multiple levels and can be social, psychological, or physiological in nature. Although 

inter-individual differences in stress reactivity exist, the body’s signature response to a recognized 

stressor typically includes activation of neuroendocrine negative feedback loops, a hallmark of which is 

the hypothalamic-pituitary-adrenal (HPA) axis. Activation of the HPA axis leads to increases in circulating 

cortisol, a glucocorticoid hormone that serves to promote physiological arousal, mobilize and 
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redistribute peripheral energy stores to fight or flee perceived danger and, through its negative 

feedback effects, extinguish the HPA response after danger has passed.79 Adaptations to chronic stress 

include hypo- or hyper-activity of the HPA axis, and a growing body of literature suggests that, at least in 

some individuals, chronic stress, possibly via altered cortisol activity, affects the brain, behavior, and 

nearly every peripheral organ system in ways that may increase risk for developing or sustaining 

metabolic disease.17 Consumption of highly palatable foods has been shown to dampen the stress 

response by altering brain pathways that trigger and coordinate cognitive, neuroendocrine, and 

behavioral responses to stress. Consequently, this “negative feedback” effect of consuming highly 

palatable foods is thought to reinforce lifelong eating habits that increase obesity risk.80 To note, 

neuroendocrine circuits involved with energy balance and the stress response significantly overlap, 

which may explain how stress, metabolic dysfunction, and eating behavior are so tightly intertwined.81 

Although an in-depth discussion of neuroendocrine and neuropeptide mediators of ingestive behavior is 

beyond the scope of this paper, the material has been extensively reviewed elsewhere.81,82 

 

Evidence that parental stress influences adolescent eating behavior 

The climate of the parent-adolescent relationship influences the degree to which the adolescent 

responds to food-related parenting behaviors. Bandura’s 1978 social learning theory says that “children 

learn responses and behaviors that are modeled for them.”83 In this case, parents experiencing 

significant stress may model stressed behavior to their adolescent children who may, in turn, exhibit 

heightened stress responses or seek food as a coping mechanism to circumvent their own negative 

response to such stress. It is also possible that palatable food choices of a stressed parent are made 

available to their adolescent, thereby promoting obesogenic eating habits this way.  
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One necessary caveat that Epel and colleagues have identified, is the lack of consistency, and lack of a 

gold standard, in stress measurement.84 Therefore, the ‘stressors’ described in this section may be 

attributed to other, unaccounted for, health behaviors that are not precisely ‘stress-driven.’ Since stress 

can be experienced on multiple levels, e.g. social, physiological, and psychosocial, to move forward in 

this area requires more succinct definitions of stress and consistent measurement methods.84 

Additionally, it is difficult to disentangle the effects of specific stressors such as poverty, neighborhood 

violence, and racial discrimination since these are often correlated; therefore, further research in 

diverse samples is needed to help disentangle these different forms of stress and specific pathways 

linking each form of stress to adolescent eating. Nonetheless, the studies described herein suggest that 

addressing stress in the parent-adolescent relationship, may play an important role in promoting 

weight-related changes in adolescents. Future research in this area could identify more complete 

mechanisms by which parental stress influences eating behavior in the adolescent. 

Parental stress has been shown to affect food-related parenting practices and adolescent 

anthropometric outcomes in parent-adolescent dyads. In one study, the number of parental stressors 

was directly linked to childhood (aged 3-17) obesity and fast-food consumption, which can increase 

obesity risk.85 This report is in agreement with other findings, in which higher parental perceived stress 

predicted an increased BMI trajectory in their preadolescent at follow-up.86 Interestingly, a cross-

sectional study using a sample of Southern California residents did not find associations between 

parental perceived stress and adolescent waist circumference.87 The authors commented that perceived 

stress over the past month, as measured by the Perceived Stress Scale (PSS), may dissipate too quickly 

to have an effect on youth’s obesity indicators over the 1-year examination period.87  
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A prospective cohort study in parent-preadolescent dyads found that maternal exposure to stress was a 

risk factor for eating pathology symptoms in preadolescents.65 Emotional eating in response to family 

stress may be a coping mechanism for adolescents exposed to stressful events over time.65 The study 

suggests that adolescents exposed to family stress during this life period may benefit from additional 

support to reduce risk of emotional or disordered eating, though more research is needed.  

The nature of the parent-adolescent relationship may lead to a socioemotional, as well as a 

nutritional, climate that significantly increases obesogenic eating behaviors in the adolescent. For 

example, parent-adolescent conflict is a significant stressor that may contribute to stress-induced eating 

habits and adolescent obesity. A recent study investigated the role of parent-adolescent conflict in 

predicting obesogenic eating habits in 51 adolescents and their parents.88 Researchers found that 

adolescent perceived stress predicted obesogenic eating behaviors including restrained eating, 

emotional eating, and external eating (eating in response to external cues, such as viewing or smelling 

food). However, parent-adolescent conflict predicted only restrained eating, above adolescent 

perceived stress.88 While valuable in addressing an unexplored area in the literature, the study used 

adolescent reporting of parent-adolescent conflict, and captured adolescent perceived stress in domains 

in- and outside of the relationship. In order to better appreciate the origins of stress and how the 

parent-adolescent conflict links to perceived stress and eating behavior in the adolescent, future studies 

would benefit from also assessing parents’ report of parent-adolescent conflict, in addition to capturing 

the parents’ perceived stress. These measures would more fully capture stress in the parent-adolescent 

dynamic in relation to adolescents’ obesity-promoting eating behaviors.  

Another study by Vandewalle et al. indicated that parental rejection was associated with 

emotional eating in their children, who were between 11-15 years old.78 The study suggests that 

negative affect as a result of parental rejection may lead to emotional eating as a coping mechanism. 
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Both studies highlight the potential role of a stressful parent-adolescent relationship in the development 

of emotional eating habits in the adolescent.78  

Divorce is another stressful life event that causes familial upheaval and can cause tremendous 

stress for parents and children alike. A 5-day study investigating divorce and obesogenic eating 

behaviors in preadolescents found that children of divorced parents consumed more sugar sweetened 

beverages (SSBs) and ate breakfast less frequently than children of married parents.89 Another study 

investigated adolescent disordered eating secondary to emotional insecurity as a result of marital 

conflict in the home.90 This study found that the influence of interparental discord on adolescents’ 

emotional and behavioral development is a contributing factor to adolescent disordered eating 

patterns. The researchers note that marital conflict, along with other typical stressors during the 

adolescent period (e.g. puberty, demands at school, etc.) may accentuate stress exposure, increasing 

risk for unhealthy behaviors like disordered eating.90   

Youth of parents with mental illnesses are also at higher risk of eating disorders. A biological 

predisposition may underlie this phenomenon, however environmental factors may also contribute. 

Having a parent with mental illness can be stressful to the child, and children from a parent with a 

stress-related mental illness are also at greater risk for developing a stress-related mental illness (e.g., 

major depression). 91,92 In sum, childhood exposure to a parent with mental illness may lead to higher 

levels of stress which, in turn, may contribute to the onset of disordered eating in the child.93 

Another study in an ethnic minority population of parents and their adolescents (11-19-year-

olds) explored the role of specific stressors on adolescent obesity in African American youth.94 

Researchers found that parent stress related to safety in the community was positively associated with 

adolescent BMI and waist circumference, even after controlling for sedentary time and moderate to 

vigorous physical activity (MVPA). The authors comment that further research is needed to fully 
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elucidate the mechanisms by which parent stress related to neighborhood safety influences adolescent 

obesity, beyond moderating factors such as parent promotion and sedentary indoor activities.  

Weight-related conversations in parent-adolescent relationships may strongly influence the 

adolescent’s body weight, exercise habits, and eating behaviors. However, the nature of the 

conversation can be helpful or harmful. For example, weight-based conversations that include a 

dialogue with their children about avoiding weight-gain and eating differently to lose weight may be 

distressing to teenagers who then incur greater risk of developing disordered eating habits and 

unhealthy weight gain.95,96 This finding is in agreement with previous research also showing associations 

between weight-based conversations from parents and risk of weight-bias internalization (WBI), binge 

eating, and eating to cope with psychological distress in adolescents.97  

The relationship between parental stress and adolescent obesity may not be unidirectional.  For 

example, parental stress and associated feeding practices may affect disordered eating in the child, or 

that child’s disordered eating habits may affect parental stress and food-parenting practices.98 

Additionally, George et al. discussed the role a young person may play in contributing to a stressor such 

as marital conflict.90 In sum, there is behavioral evidence suggesting a link between parental stress and 

emotional eating in adolescents. However, the mechanisms explaining this relationship are less 

understood. In the next section, we discuss potential mechanisms underlying the association between 

parental stress and adolescent diet. 
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IV. Potential Pathways Explaining the Association Between Parental Stress and Adolescent 

Diet 

There are many potential pathways that could explain the association between parental stress and 

adolescent diet and body weight. Different environmental stressors can activate ubiquitous stress 

systems84 which, if activated over time, can detrimentally affect the brain, eating behavior and 

metabolism. The adolescent brain appears to be particularly vulnerable to stress exposure,99 and 

notable neuroimaging studies and review papers have demonstrated that stress exposure from multiple 

sources affects the vulnerable adolescent brain during this crucial stage of maturation.100–104 This section 

explores potential pathways by which parental stress may influence adolescent obesity (Figure 1).  

 

Parental stress can influence parent eating and modeling of food-related behaviors  

Stress and depressed mood in parents have been associated with unhealthy food-related 

parenting practices in offspring. For example, one study found that mothers’ negative affect predicted 

unhealthy food intake (i.e. pastries, sweets, and fast food) for themselves and their children in a cohort 

of 202 mothers and their 8-12 year-old children.41 Thus, targeting stressful affect and honing health-

promoting coping skills is a promising intervention target of reducing unhealthy food intake.  

Some unhealthy food-related parenting practices may result from, or may have to do with, 

feelings of stress.105 For example, a highly stressed parent may use controlling or restrictive food-

parenting practices, or be more inclined to seek out palatable foods, thus making available more 

convenient and less healthy foods to their children. In addition to stress and its relation to poor food-

related parenting practices, individuals who consume palatable foods under stress demonstrate 

temporary stress reduction.106 For example, parents experiencing stress or overwhelmed by 

responsibilities of child-rearing, may turn to food as a reward or coping device. Such preferential 
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selection of comfort foods may serve to 1) mediate a poorly understood brain-metabolic negative 

feedback loop, and/or 2) meet the brain’s increased energy demands and glucose allocation. In turn, this 

type of behavior may increase risk of unhealthy or obesogenic eating behaviors in the adolescent. 

Unfortunately, repeated stress-driven overconsumption in today’s obesogenic eating environment may 

promote obesity and a vicious cycle of behavioral and metabolic abnormalities.11  

 

Parental feeding practices affect underlying adolescent neurobiological functioning in response to food 

cues  

One study showed that parental teaching and modeling of eating behavior was associated with 

increased brain activation in visual and reward-associated areas in adolescents with obesity.107 From the 

same study, healthy weight adolescent controls ranking high on parental ‘Restrictive Feeding’ exhibited 

heightened activation in visual processing areas, with saliency for restricted foods, thus demonstrating 

the influence of parental feeding practices on adolescents’ neural responses to food.107 

While parental stress has been shown to profoundly influence adolescents’ diet, weight 

trajectories, and even brain structure and function, no studies to our knowledge have investigated the 

role of parental stress in adolescents’ neural responses to food. Further research in this area may help 

elucidate mechanisms by which parental stress is a risk factor for adolescent obesity.  

 

Parental stress may lead to increased stress in adolescents 

There is a large body of research demonstrating associations between parental stress and 

offspring stress. Although this literature is beyond the scope of this paper, it has been reviewed 

elsewhere.108 92 109 Overall, parents who experience stress may transmit stress to their adolescent 
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through a variety of mechanisms (e.g., insecure attachment, harsh or neglectful parenting, lack of 

emotion coaching and teaching of emotion regulation strategies, and so on).  

Parental stress may also modulate the adolescents’ brain structure and function. Although many 

studies have looked at the association between adolescent brain function and a variety of stressors that 

are likely correlated with parental stress (e.g., poverty, parental psychiatric disorders), fewer studies 

have directly examined the association between parent-reported subjective stress and adolescent brain 

structure or function. A recent study was the first to investigate the relationship between maternal 

stress and the adolescent brain.110 The study examined mothers’ reported stress and cortisol reactivity 

in relation to their adolescents’ neural reactions to negative emotional stimuli in an fMRI experiment. In 

that study, they found that perceived maternal stress predicted higher medial prefrontal cortex (mPFC) 

activation to negative emotional stimuli in the adolescent, a region which is known to play a regulatory 

role in the stress response.110 The authors commented that lower mPFC activity in these at-risk youth 

would be more intuitive due to its involvement in regulation of the stress response; however, overuse of 

the mPFC to self-regulate in response to maternal stress could explain these results. Additionally, higher 

mPFC activation may be indicative of heightened stress reactivity and processing of maternal stress. The 

study showed the impact of parent stress on developing neurobiological processes in the adolescent, 

which could potentially contribute to psychopathology. This is a potential neurobiological mechanism 

for stress transmission from parents to adolescents, though more research is needed.  

 

Stress is a risk factor for altered reward-processing and weight gain in adolescents 

Brain regions shown to be affected by stress are profoundly important in learning, memory, 

emotionality, and executive function, which is a term that encompasses processes involved in goal-

directed behavior, including attentional control, inhibitory control, planning, and decision-making.111 
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Thus, it is not surprising that stress exposure in adolescence may affect behavior and dietary decision-

making both immediately, and throughout the lifespan. In this section, we review research examining 

the association between other forms of stress and adolescent brain response to food. Parental stress 

may impact adolescent brain development in ways similar to these other stressors. 

Dysfunction in the balance of activity between mesolimbic reward regions and the prefrontal 

cortex, some of the same regions that are affected by stress, has been associated with obesity.112 This 

imbalance is particularly important to the adolescent brain, who’s plasticity and nonlinear development 

of limbic and frontal regions may make the adolescent more vulnerable to emotional volatility and 

pronounced reward-seeking behaviors.17,113,114 In other words, the adolescent brain matures in such a 

way that limbic-striatal regions mature more rapidly than frontal regions that mediate emotional control 

and decision-making. In a study related to eating behavior, adolescents showed lower prefrontal 

activation and higher striatal-limbic activation in response to high-calorie food images compared to 

adults.115   

Disinhibited eating behavior in adolescents with obesity is associated with lower volume in brain 

regions linked to executive function.116 It has been proposed that insulin resistance may, in part, 

mediate these structural changes in the executive brain. Insulin-resistance is oftentimes seen in 

individuals with obesity, which has been posited to detrimentally affect cognitive function.117  

Another hypothesis is that individuals with obesity experience what is referred to as ‘reward 

deficiency syndrome.’ In this condition, decreased dopamine in reward-associated regions is thought to 

lead to weaker activation of brain reward circuits, and is compensated for by compulsive reward-driven 

behavior, such as overeating.118 Other theories propose that obesity increases the anticipatory reward 

response to food, but decreases the rewarding value of the food itself.119 Altered appetitive processing 

to food cues has been demonstrated in adolescents especially experiencing stress. One study 
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investigated striatal-limbic brain activation during stress and personally-tailored favorite food imagery in 

43 predominantly African American adolescents.120 Researchers found significant activation in striatal-

limbic regions, but no significant prefrontal activation, in response to stressful stimuli and favorite food-

cue conditions. Furthermore, deactivation was observed in regions including the anterior cingulate 

cortex and motor cortices, which are both involved in inhibitory control during appetitive stimuli, 

suggesting a mechanism explaining adolescent vulnerability to reward-driven behavior in stressful 

contexts.  

Stress may also enhance the link between excessive brain activation to reward and subsequent 

weight gain. A neuroimaging study examined adolescent stress, negative affect, reward-related neural 

functioning, and obesity.121 Stressful life events were found to moderate the association between 

activation in response to consuming a milkshake in the middle occipital gyrus, a brain region involved in 

attention and visuospatial processing, and future weight gain, such that higher middle occipital gyrus 

activity predicted future weight gain in those reporting higher stressful life events.121 

 

V. Concluding Remarks  

Evidence compiled herein provides both a conceptual model by which parental stress can influence 

eating behavior and adiposity in the adolescent, and also a resource to guide researchers in this 

emerging area. Adolescents are especially vulnerable to the effects of stress, which has been repeatedly 

linked to palatable food intake and obesogenic eating behaviors in some individuals.11 Parents remain 

the most significant vehicle of influence on adolescent eating behavior, even as the adolescent 

expresses more autonomy and engages more frequently in independent eating occasions.36 These 

influences can lead to healthy behavioral patterns (e.g. family meals, modeling healthy food choices, 

preparing meals, etc.) or detrimental behaviors (e.g. fixation on thinness, dieting, using food as a 
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reward, etc.). Stress experienced by a parent may determine the type of parental modeling chosen, and 

can increase stress in their youth. Together, these factors may explain obesity-promoting eating 

behaviors in adolescents. A physiological basis underlying the transmission of these factors to 

adolescent eating behavior has not been elucidated. However, a growing body of literature, described 

throughout, has investigated various behavioral and even neurobiological changes in adolescents of 

stressed parents. For example, adolescents may develop certain eating patterns as a way to cope with 

having a stressed parent. On the other hand, a parent engaging in stress-related unhealthy eating may 

more frequently make palatable foods available to their adolescent. Neuroimaging studies in humans 

have shown that the adolescent brain is uniquely susceptible to both stress and reward-seeking 

behaviors, due, in part, to an imbalance in the timing of brain development that favors enhanced 

maturation in brain regions associated with reward versus executive function.19 There are a paucity of 

neuroimaging studies linking maternal stress to structural or functional changes in the adolescent brain, 

but one such study suggested promising results and motivation for further research.121 Furthermore, 

there are no studies to our knowledge that link parental stress to neural activation patterns in response 

to food in adolescents.  

Despite this paper’s strength as being a resource for researchers in this emerging area, it is a 

narrative review that does not come without limitations. For example, the inherent nature of a narrative 

review, as opposed to a systematic review or meta-analysis, means it does not include a comprehensive 

search of all papers in this area, and as such represents a limited selection of papers that can address 

specific pathways proposed in the theoretical model. 

Nonetheless, further research on the mechanisms linking parental stress to adolescent diet could 

identify nontraditional program interventions aimed at stress in the parent-adolescent milieu, to target 

obesity prevention in adolescents. Succinct definitions of stress, and precise measurement methods are 

needed for advancement in this area.84 Once mechanisms through which parental stress influences 
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adolescent obesity are fully elucidated in research, then interventions could be developed to target 

these mechanisms. One example of a potential intervention approach is mindfulness, involving 

conscious use of the prefrontal cortices, which can dampen more impulsive health behaviors including 

stress-induced eating, and such is the foundation of mindfulness and meditative practices.58 Mindfulness 

programs have shown efficacy in adult populations,122 and emerging interest and evidence suggests 

efficacy in family-based mindful eating exercises in adolescent populations as well.123,124 Additionally, 

family-based interventions aimed at encouraging family mealtimes and weight-neutral conversations are 

promising candidates as well.  

Research is needed to examine whether higher levels of parental stress are associated with altered 

brain function in appetitive and reward-related regions of the adolescent brain, and to determine the 

mechanisms that mediate these effects, such as higher perceived psychological stress in adolescents and 

increased cortisol reactivity and alterations in stress physiology. In sum, it is necessary to understand 

how stress in parents influences their adolescents’ neurobiology, physiology, and behavior which, in 

turn, promote obesogenic eating patterns.  
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