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ABSTRACT 

The Embodiment of Stress:  

Do cortisol-immune interactions moderate social influences on health? 

by 

Angela Garcia 

 

Patterns of morbidity and mortality are unequally distributed across and within 

populations. At the population level, marginalized individuals tend to be at higher risk 

for poor health from many causes, ranging from psychosocial conditions to infectious 

and metabolic diseases. Socioeconomic, nutritional, and ecological landscapes often 

change alongside market integration and development, making it difficult to tease 

apart the primary agents responsible for changes in health profiles and increases in 

disease risk. Though differences in health and disease are associated with the affect 

of stressors on neuroendocrine and immune systems, the complete pathways 

between environmental conditions and health in developing populations remain 

poorly understood. This dissertation research seeks to fill that gap by targeting three 

important but under-studied factors that contribute to health and disease risk: 

pathogen exposure, inequality, and psychosocial stress. Correlates of health under 

variable conditions are examined in two populations: the Tsimane of Bolivia and 

inhabitants of the Honduran island of Utila. 

First, I present research that investigates tradeoffs between key life history 

parameters, growth and immunity, among Tsimane children of the Bolivian amazon. 
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In this high pathogen environment, investment in adaptive immune function should 

be prioritized. I find that investment in components of adaptive immunity does not 

vary as a consequence of moderate differences in energetic resources. Further, I 

find evidence of a trade-off between adaptive immunity and height: children with 

more robust adaptive immunity are shorter. In the next chapters, I investigate the 

pathways through which neuroendocrine-immune responses mediate social 

influences on health. First, I investigate the role perceptions play in mediating how 

aspects of an individual’s socioeconomic and ecologic landscape influence diurnal 

cortisol. This chapter utilizes a measure called “perceived lifestyle discrepancy” 

(PLD) to evaluate variation in perceptions of unmet need, and its link to parameters 

of physiological stress. PLD significantly predicts cumulative exposure to, and 

reduced diurnal change in, cortisol. The following chapter focuses on one of the 

mechanistic pathways through which psychosocial stressors may influence disease 

risk, by altering the diurnal profiles of cortisol and leukocytes, which together 

regulate the majority of homeostatic processes in the body. Here, I find that diurnal 

decline in cortisol is inversely associated with changes in both count and proportion 

of lymphocytes over the course of the day, driven by the influence of afternoon 

cortisol on lymphocytes and granulocytes. This suggests evidence for a potential 

pathway to poor health, by suppressing peripheral lymphocytes, which may further 

exacerbate damage done by other inflammatory processes. Finally, I test the theory 

that diverse aspects of social adversity leads to impaired glucose through their 

common ability to disrupt cortisol-immune interactions resulting in glucocorticoid 
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resistance. I find individuals that are discriminated or depressed show evidence of 

glucocorticoid resistance, and glucocorticoid resistance also predicts higher fasting 

glucose.  

 Taken together, this research project begins to unpack the dynamic 

processes that shape health and disease risk. Specifically, this research integrates 

methods and theory from biocultural and evolutionary anthropology, endocrinology, 

and immunology to investigate how environmental conditions affect health and 

disease risk among marginalized populations as a function of both diurnal cortisol 

and its regulation of inflammatory components of immunity. 
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CHAPTER I: INTRODUCTION 

 

Patterns of morbidity and mortality are unequally distributed across and within 

populations. For example, though type 2 diabetes mellitus (T2DM) is a global 

burden, T2DM prevalence is rising more rapidly in lower and middle-income 

countries, as are diabetes-related deaths: 80% of diabetes deaths also occur in 

lower and middle-income countries (World Health Organization, 2016). At the 

population level, marginalized individuals tend to be at higher risk for poor health 

from many causes, ranging from psychosocial conditions (e.g. depression and social 

isolation) to infectious and metabolic diseases (e.g. diabetes and cardiovascular 

disease) (Budhwani, Hearld, & Chavez-Yenter, 2015; Center for Disease Control 

and Prevention, 2014). Marginalized individuals also tend to face harsher 

socioeconomic and ecologic environments. What determines the patterning of health 

and disease within a population? What can an evolutionary approach offer in 

illuminating some of the causes (and potential treatments) for current health 

disparities? Historically, research on patterning of disease within and between 

populations has been aimed at either the social or the biological correlates of 

disease risk, which fails to incorporate the complex bidirectional interactions 

between these systems and their potential variation in ecological context. Further, 

there is almost no research to date that elucidates the complete causal pathways 

linking social, ecological, and biological correlates of health. This dissertation 

integrates theory and methods from biocultural and evolutionary anthropology, 
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endocrinology and immunology to address these questions and focuses on the 

proximate physiological mechanisms that mediate social end ecological influences 

on health and disease. 

 

1.2. Theoretical background 

 

Plasticity in Life History Traits in Humans 

Humans have a unique life history compared to other animals and non-human 

primates, marked by altricial infants, early weaning, but extended dependence on 

parental care, short inter-birth intervals, and long lifespans (Kaplan, Hill, Lancaster, 

& Hurtado, 2000). At each life-history stage, optimal energetic (i.e. caloric) 

investment in life history traits varies based on the time-dependent cost and utility of 

the trait (McDade, Georgiev, & Kuzawa, 2016; Sheldon & Verhulst, 1996). Life 

history traits are conceptualized as traits required for survival, reproduction, or 

maintenance of an organism, and include parameters like growth (rate and size), 

reproductive timing, and immune function (Charnov, 1991). Although human traits, 

as a whole, differ significantly from other primates, the majority of life history traits 

also vary within and between human populations. Variance in life history traits can 

be seen as a consequence of phenotypic or developmental response to social, 

nutritional, ecological, and other environmental conditions (Kuzawa & Bragg, 2012).  
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Phenotypic plasticity describes the flexibility of expression in a trait in response to 

unique internal or external inputs (Price, Qvarnström, & Irwin, 2003; West-Eberhard, 

2003).  

For the majority of human history, resources (calories) were finite, and thus most 

likely adaptations evolved under, and are optimized for, relatively resource-limited 

environments. 

If there are constraints on the availability of energetic resources during 

development, for instance, tradeoffs may occur between the key life history features 

of growth and immunity (Charnov, 1993; McDade et al., 2008; Stearns, 1992). 

Further, because of the differential costs of immunity and the role of the environment 

in shaping selection pressures, optimal immunological investment strategies should 

vary as a function of ecological context (McDade, 2005). However, in contexts where 

there are excessive energetic inputs into systems that evolved under relatively 

constrained conditions, as in many contemporary environments, there may be a 

mismatch between evolved systems, and how they respond to cues in novel 

environments. This dissertation focuses on the way traits respond in a range of 

environments, spanning from relative constraint to excessive input (Figure 1.1).  
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Figure 1.1. Assessing trait expression across a range of nutritional, social, and ecological 
environments. Chapter two focuses on coping and trade-offs, while chapters three, four, and five 
assess life history traits in environments where there are optimal or excessive inputs in the system. 
This figure is adapted from Gluckman and Hanson (2006).  
 

1.3. Growth and immune trade-offs in high pathogen environments 

For relatively long-lived animals, and those that live in high pathogen environments 

where there is strong selective pressure against infant mortality, investment in 

immunity should be prioritized over more plastic traits (McDade, 2003; Urlacher et 

al., 2018). In particular, aspects of the immune system that are pathogen-specific 

and are set early, such as components of the adaptive immune system, should be 

prioritized, despite adverse effects on traits that are less critical for surviving this 

early phase in development, like growth in height (Kuzawa, 2005). Growth and 

immune tradeoffs have been studied extensively in humans and across vertebrate 

taxa (for review, see: Zuk & Stoehr, 2002). In humans, there is mixed support for 

tradeoffs between components of adaptive immunity and growth, and little support 
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for that between innate immunity and growth; out of 15 studies that use CRP as a 

biomarker of innate immunity, only 4 out of 15 found any association with growth 

outcomes (Urlacher, 2016). This could be, in part, due to using single biomarkers of 

immunity, any one of which may be fraught with noise from environmental stimuli, 

obscuring the ability to tease out more complex relationships between energetics 

and immunity. In Chapter Two, we assess variation in immune function and height 

tradeoffs among Tsimane children across a wide array of adaptive and innate 

immune-markers. The Tsimane of the Bolivian Amazon are an ideal population to 

study these tradeoffs, as they live in a relatively resource-limited and pathogen-rich 

environment.  

 

1.4. Old Adaptations in New Environments: A potential for mismatch  

Health disparities are a consequence of long-term historic social and ecological 

processes that can increase genetic susceptibilities, and contemporary 

environments that can trigger and perpetuate mechanisms that impair health 

(Gravlee, 2009; Hoke & McDade, 2015). In certain contexts, negative outcomes may 

result from ‘mismatches’— when evolved systems fail to respond adaptively to the 

inputs from a contemporary environment. Such instances may occur when 

environmental stressors are too chronic to be efficiently buffered by homeostatic 

mechanisms, yet not chronic enough for genetic change to consolidate around, thus 

leaving the flexible capacities of systems susceptible to being overrun (Kuzawa & 

Bragg, 2012). In Chapters Three, Four, and Five, we unpack the different pieces of 
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the pathway through which diverse aspects of social adversity may lead to increased 

risk for disease among inhabitants on the Honduran island of Utila, narrowing in (in 

Chapters 4&5) on the highest risk group for social stress and metabolic disease, 

Honduran immigrant women (Figure 1.2).  

 

Figure 1.2. Chapters 3-5 explore the hypothesized pathways through which diverse aspects of social 
adversity converge on risk for similar pathologies, highlighting their common ability to alter diurnal 
cortisol and cortisol-immune signaling.  
 

Psychosocial stress and neuroendocrine-immune signaling  

A constellation of social conditions characterized by psychosocial stress (e.g. 

low socioeconomic status, depression, discrimination) have been suggested to 

influence disease risk in part through their effect on the neuroendocrine and immune 

systems (Dhabhar, 2014; McEwen et al., 1997). However, why a diverse suite of 

social experiences stimulates similar neuroendocrine or immune responses, and 

how this relates to a common pathway that influences diabetes risk, is not well 

understood. One major pathway, proposed in this dissertation, is their common 

ability to alter diurnal cortisol and cortisol-immune signaling.  

Pathway between social adversity 
and metabolic risk

metabolic 
pathologies
(e.g. inflammation, 

obesity, high glucose)

social adversity

cortisol

immune function

depression
discrimination
social isolation
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Psychosocial stress has been consistently linked to alterations to the 

hypothalamic-pituitary-adrenal (HPA) axis and immune function (Adler, Marmot, 

McEwen, & Stewart, 1999; Taylor & Seeman, 1999; Wright & Steptoe, 2005). The 

HPA axis, and the release of cortisol, is one primary hormonal system through which 

social stressors perceived by the brain may affect physiological processes (Flinn, 

2006). The hormone cortisol typically follows a diurnal pattern, characterized by a 

peak roughly 30-45 minutes after waking followed by a relatively steady decline 

throughout the day, reaching its nadir during resting hours at night (Nicolson, 2008). 

The HPA axis coevolved with the immune system; together these systems are 

responsible for most major energy regulation and operate in tandem to restore or 

maintain metabolic homeostasis (Silverman & Sternberg, 2012). A number of cells 

and signaling molecules of the immune system, particularly those implicated in 

inflammatory processes (e.g. leukocytes), have complementary, though inverse 

(anti-phasic), diurnal rhythms to cortisol (Chrousos et al. 1999, Cermakian et al. 

2013; Lange et al., 2010). Under ‘healthy’ conditions, there appears to be tight 

crosstalk between the circadian rhythms of these systems (Petrovsky et al. 2001).  

In response to acute social stress, the HPA axis and the synergistic activity of the 

immune response initiate a state of “preparedness”, followed by a return to baseline 

once the stressor has passed. Upon stimulation by a stressor, the HPA system 

responds with a release of glucocorticoids and catecholamines, which function to: 1) 

mobilize energy stores by impairing insulin-dependent glucose uptake in the 

periphery and enhancing glucogenesis in the liver (Andrews & Walker, 1999), and 2) 
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redistribute lymphocytes away from the periphery, and suspend apoptosis of 

neutrophils, effectively altering the proportions of leukocyte subsets to prioritize 

innate immunity and depress peripheral adaptive immunity (Fauci, 1975; Liles, Dale, 

& Klebanoff, 1995).  

The HPA axis is particularly sensitive to stimulation by psychosocial stressors 

that, despite not causing physical harm, invoke perceptions of lack of control, 

uncertainty, instability (Hennessy, Kaiser, & Sachser, 2009). However, chronic, or 

sustained, perceptions of psychosocial stress that results in the overstimulation of 

the HPA axis and can lead to longer-term alterations to diurnal regulation of cortisol 

(Jarcho, Slavich, Tylova-Stein, Wolkowitz, & Burke, 2013). In humans, altered 

neuroendocrine and immune function has been linked to an increased risk of 

metabolic diseases, psychiatric pathologies, and several cancers (Brunner et al., 

2002; Yamaoka et al., 2012; Ercolani et al., 2015; Fu & Kettner, 2013; Jarcho, 

Slavich, Tylova-Stein, Wolkowitz, & Burke, 2013; Sephton, 2000). Because different 

individuals may perceive similar stressors differently, perceptions, therefore, may 

further mediate how inequalities ‘get under the skin’ and affect the neuroendocrine 

processes. 

 

Perceptions and Diurnal Cortisol 

Low perceived, or subjective, socioeconomic status (SES) has been 

suggested as an important indicator of psychosocial stress, because of its potential 

to (a) act as a composite self-weighted evaluation of multiple types of objective SES, 



 

 
9 

and (b) consider the effect of social comparisons with different reference groups, 

which captures how a certain objective level of wealth or status may have variable 

impacts on stress and health among individuals (Marmot & Wilkinson, 1999; 

McDade, 2001; Operario, Adler, & Williams, 2004).  

Despite the recognition that perceptions filter how the brain interprets 

experiences of the environment, incorporating perceptions into stress and health-

related research is much less common relative to objective measures. Additionally, 

research identifying the most salient aspects of subjective experience, and their 

underlying environmental correlates, is scant, especially in less industrial contexts 

where the interaction of social and economic capital may differ from industrialized 

societies (cf: McDade, 2001; Nyberg, 2012; Squires et al., 2012; von Rueden et al., 

2014). In Chapter Three, we focus on the role of perceptions in moderating social 

influences on diurnal cortisol by evaluating how perceptions of unmet need relate to 

cumulative cortisol exposure (AUC) and slope of decline.  

 

Neuroendocrine-Immune Interactions  

Though there has been much research done linking aspects of cortisol and 

immunity to disease risk, results have been highly variable and the exact roles 

neuroendocrine and immune activation play in disease risk remains unclear. 

Inconsistencies in findings that link neuroendocrine and immune activation to 

disease risk could be due, in part, to variation in ecological context. The field of 

ecological immunology suggests that aspects of an organism’s ecology affect 
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strategies for optimal investment in biological features of stress and immunity 

(Sheldon & Verhulst, 1996). Though functional interactions of the neuroendocrine 

and immune systems are likely evolutionarily conserved, base levels and responses 

should vary by environmental contexts, which may also result in ecologically-distinct 

patterns in relation to disease markers. One major issue in testing this, however, is 

that vast majority of research that evaluates neuroendocrine-immune regulation has 

been conducted in lab-based studies in the U.S. or European contexts. In Chapter 

Four, we assess the regulatory relationship between diurnal cortisol and leukocytes 

in a ‘natural’, relatively high pathogen, ecological context in a sample of Honduran 

immigrant women on the island of Utila.  

 

Social Adversity, Neuroendocrine-Immune Signaling, and Diabetes Risk 

Another pathway through which unique domains of social adversity are linked 

to heightened disease risk may be due to impaired ability of the HPA axis to regulate 

immune cells, i.e. glucocorticoid resistance, which contributes to chronic 

inflammation that exacerbates or causes metabolic diseases (Cole, 2008). Persistent 

psychosocial stress can lead to chronic disturbances to the HPA axis and alter the 

synergistic interactions of neuroendocrine-immune responses, which can lead to 

dysregulation of both systems and impair glucocorticoid receptor function, 

contributing to the development of glucocorticoid resistance (Silverman & Sternberg, 

2012). The biological effects of glucocorticoids are mediated through glucocorticoid 

receptors (Chrousos, 1999). Glucocorticoid resistance is a desensitization of these 
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receptors on immune cells to glucocorticoid signaling, which typically terminates 

inflammatory responses (Chrousos, 1995; Leistner & Menke, 2018). Compromised 

immunomodulation, coupled with the effects of glucocorticoids on insulin receptors 

and glucose, increases risk for diabetes (Andrews & Walker, 1999; Di Dalmazi, 

Pagotto, Pasquali, & Vicennati, 2012). In Chapter Five, we evaluate the role of 

glucocorticoid receptor resistance in linking social adversity to impaired glucose 

among Honduran immigrant women on Utila.   

 

1.5. Study Populations: Tsimane of Bolivia and Inhabitants of Utila 

Tsimane Children of Bolivia 

The Tsimane are a population of ~16,000 forager horticulturalists living in 95 

communities across 300,000 hectares of lowland Bolivian jungle. Villages vary in 

size (from 50 to 500 individuals) and are situated along the Maniqui, Quiquibey, and 

Mato Rivers and interfluvial terra firme (Gurven et al., 2017; Figure 1.3). Tsimane 

subsist mainly on slash-and-burn horticulture (plantains, rice, sweet manioc, and 

corn), fishing, hunting, and seasonal gathering of fruits and other foods, such as 

honey and nuts (Gurven et al., 2017). They are largely isolated from other 

communities and historically characterized by small population size, relative 

egalitarianism, and face high parasite prevalence and low access to medical care 

(Gurven et al., 2017). Tsimane children face high risk of mortality, with 55 per 1000 

deaths of children under the age of one (and 10.8 per 1000 for children 1-5 years 

old) attributable to infectious and parasitic diseases (Gurven, Kaplan, & Supa, 2007). 



 

 
12 

Tsimane children have low rates of wasting and arm muscularity similar to US 

children, suggesting adequate protein, but high prevalence of stunting (Blackwell et 

al., 2017; Gurven, 2012). For instance, 20-59% of individuals in any age quintile 

from 0 to 20 years old are two or more standard deviations below U.S. and 

European reference standards (Blackwell et al., 2017).   

 

Figure 1.3. Map of Tsimane territory and study villages, where sizes of circles are proportional to 
village census size. Taken from Gurven et al., 2017.  
 

Utila, Islas de Bahia, Honduras  



 

 
13 

Utila is a small, but heavily-touristed bay island of Honduras, located about 40 

kilometers northwest of the mainland, and is home to ‘native’ Utilians, of British and 

American ancestry, and immigrants from mainland Honduras. According to the most 

recent census (2016), Honduran immigrants on Utila comprise about one-quarter 

(n=~1,500) of the total population (~6,000) on the island. Utilian natives inhabited the 

Utila cayes beginning in the late 1800s (Rose, 1904). The island has historically 

been a fishing and agricultural island, with a long history of American commercial 

export, through companies like United and Standard Fruit companies (Lord, 1975; 

Figure 1.4). 

 

Figure 1.4. Utila, which has traditionally been a fishing and agriculture island, is an increasingly 
popular tourist destination for scuba diving.  
 

Hondurans began migrating to Utila from the mainland of Utila in the 1970s, 

following hurricane Fifi (1974); however, the major waves of tourism erupted in the 

1990s, due to a mosaic of factors including: another hurricane (Hurricane Mitch in 
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1997), economic instability on the mainland, increased tourism on Utila, and a mayor 

incumbent that offered land to Hondurans in exchange for votes (Currin, 2002). 

There is striking social and economic inequality between native islanders and 

immigrants; the vast majority of immigrants live in an inland area of the island built 

out over the swamp, with crowded living conditions and a lack of sanitation. 

Honduran immigrants, the most marginalized population on the island, are overtly 

discriminated against (Figure 1.5).  

 

Figure 1.5. Barrio Camponado, a community that sprawls out into the swamp and mangrove on the 
interior island, is home to a majority of Honduran immigrants on the island.  
 

Utila is a relatively pathogen-rich environment, with diseases like respiratory 

and parasitic infection remaining as major causes of morbidity: approximately 38% 

of Hondurans are infected with helminthic parasites or amoebas (Garcia and 
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Blackwell, in prep). Metabolic risk is also high, particularly among immigrants: ~65% 

of individuals over 40 years old have metabolic syndrome (compared to 55% of all 

individuals), with 20% of adults presenting with fasting glucose suggesting high risk 

for diabetes (Garcia and Blackwell, in prep; Figure 1.6).  

 

 

Figure 1.6. Percent of individuals in study sample (n=131) with each factor of metabolic risk 

 

1.6. Specific Aims 

The overarching goal of this research is to understand variation in health and 

disease risk as a consequence of variation in nutritional, social, and ecological 

conditions, focusing on how evolved systems play out in contemporary contexts. I 
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will examine correlates of health under variable conditions in two populations: the 

Tsimane of Bolivia and inhabitants of the Honduran island of Utila, focusing the last 

chapters on the highest risk group: Honduran immigrant women. Specifically: 

Chapter Two investigates tradeoffs between key life history parameters, growth and 

immunity, among Tsimane children of the Bolivian amazon. In this high pathogen 

environment where there is high selective pressure against infant mortality, 

investment in adaptive immune function should be prioritized. This chapter tests 

whether we see tradeoffs between adaptive immunity against a less-critical trait like 

height.  

Chapter Three investigates the role perceptions play in mediating how aspects of 

an individual’s socioeconomic and ecologic landscape influence diurnal cortisol. This 

chapter utilizes a measure called “perceived lifestyle discrepancy” (PLD) to evaluate 

variation in perceptions of unmet need, and its link to parameters of the body’s 

physiological stress response. The chapter concludes by unpacking the 

socioeconomic and ecological factors that drive variation in PLD, finding that 

immigrant women are at highest risk of having high PLD. Thus, Honduran immigrant 

women are the main group focused on for the following two studies.   

Chapter Four investigates the relationship between diurnal cortisol and diurnal 

changes in leukocytes among Honduran immigrant women. This chapter focuses on 

one of the mechanistic pathways through which psychosocial stressors may 

influence disease risk, by altering the diurnal profiles of cortisol and leukocytes, 

which together regulate the majority of homeostatic processes in the body. Because 
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neuroendocrine-immune regulatory networks have never been studied outside of 

laboratory settings, this chapter is a major step forward in our understanding of the 

stability of these processes in ecological context.  

Chapter Five is a first step in synthesizing the pathway between social stress and 

health outcomes. Here, we test the theory that diverse social stressors (i.e. 

discrimination, depression, and loneliness) lead to impaired glucose through their 

common ability to disrupt cortisol-immune interactions resulting in glucocorticoid 

resistance.  

The concluding chapter synthesizes and summarizes findings from this 

research, extrapolates on how the pathways illuminated may be used as a model for 

understanding the connection between social conditions and a wide range of 

diseases. This chapter also discusses future directions for research, including 

unpacking the evolved and contemporary inputs that may lead to variation in 

perceptions, as well as moderate influences on neuroendocrine and immune 

function. The utilization of RNA transcriptome methods and data to gain a deeper 

understanding of the complex connections between socioeconomic and ecological 

environments and disease risk is also discussed.  
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Chapter II: Thymus size, immune function, and growth tradeoffs 

among Tsimane children of the Bolivian Amazon 

 

2.1. Introduction 

Prenatal and early life cues regarding the expected environment of the neonate 

should direct resources towards critical life functions in response to the most salient 

selective pressures at the time (Gluckman & Hanson, 2004; Kaplan & Gangestad, 

2004; McDade, 2003). Optimal investments are impacted by resource availability, 

the timing of development, and correspondent time-dependent variation in selective 

pressures (McDade, Georgiev, & Kuzawa, 2016; Sheldon & Verhulst, 1996). If there 

are constraints on the availability of energetic resources during development, for 

instance, tradeoffs may occur between the key life history features of growth and 

immunity (Charnov, 1993; McDade et al., 2008; Stearns, 1992). Further, because of 

the differential costs of immunity and the role of the environment in shaping selection 

pressures, optimal immunological investment strategies should vary as a function of 

ecological context (McDade, 2005). For example, for relatively long-lived animals, 

and those that live in high pathogen environments where there is strong selective 

pressure against infant mortality, investment in immunity should be prioritized. In 

particular, aspects of the immune system that are pathogen-specific and are set 

early, such as components of the adaptive immune system, should be prioritized, 

despite adverse effects on traits that are less critical for surviving this early phase in 
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development, like growth. In this paper, we assess variation in investment in immune 

function and height among children living in a high pathogen environment.  

Growth and Immune trade-offs 

Height is a highly heritable trait, with heritability estimates from up to 0.80 in 

high income regions to 0.62-0.74 in low income countries like Nigeria and Jamaica 

(Luke et al., 2001; Perola et al., 2007; Silventoinen et al., 2003; Stulp & Barrett, 

2016). However, the high variability seen in human height between and within 

populations is a consequence of both genetic and socio-environmental factors and 

numerous studies have shown that low SES and poor nutrition also significantly 

influence growth outcomes (Bogin & MacVean, 1983; Crimmins & Finch, 2005). 

Though small stature and aberrant growth trajectories (e.g. ‘catch-up growth’) have 

been linked to higher rates of mortality, these costs tend to be incurred later in life 

(Wormser. et al., 2012). This suggests that, pitted against the absolute cost of not 

surviving infancy and early childhood due to inadequate immunity, selective 

pressures against stunted growth are weaker than those against early life mortality. 

Since there is plasticity in height, if extra energy is allocated into immunity then 

shorter height will likely fall within a reaction norm as an adaptive response.  

The Immune System 

The immune system is comprised of a complex network of features that 

together (along with other systems, e.g. the endocrine system) coordinate responses 

against foreign pathogens.  Immunity is composed of innate and adaptive arms, 
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which differ in their time-variant costs, speed and precision (Sheldon & Verhulst, 

1996). The arms of the immune system operate as highly interactive and 

cooperative system, with adaptive immunity in large part a function of, and controlled 

by, the innate immune response (Iwasaki & Medzhitov, 2010; Kuby, Kindt, Goldsby, 

& Osborne, 2007; Parham, 2015). Innate responses are the body’s first line of 

defense against foreign pathogens, but are not directed towards specific strains or 

species of pathogen. These responses require lower start-up costs, are preexisting 

(present before the onset of infection), and can respond immediately to a threat. 

Innate responses are effective, though overreliance on innate responses can lead to 

substantial collateral damage to surrounding cells and tissue and faster rates of 

senescence (Bentivoglio, Deng, Nygård, Sadki, & Kristensson, 2006; Finch & 

Crimmins, 2004; Kuo, Bean, Yen, & Leveille, 2006).  Despite its importance, due to 

the enormous complexity of innate immune responses the clinical relevance of all 

responses are not well characterized in comparison to adaptive immunity (Parham, 

2015).  

 By comparison, slower-acting adaptive immune responses are acquired 

during a lifetime and are directed at the particular pathogens an individual has 

encountered. Adaptive immunity is costly and requires time to develop; however, 

once set, adaptive responses are more effective and efficient than innate immune 

response for clearing pathogens. Adaptive immunity requires heavy initial 

investment in the physiological mechanisms and systems that support it, including 

the thymus and the production and selection of pools of functional cell variants 
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(Bonilla & Oettgen, 2010; Medzhitov, 2007). The thymus is the primary site of T-cell 

development and maturation. In the thymus, progenitor T-cells undergo intensive 

antigen-specificity-dependent selection resulting in major histocompatibility complex 

(MHC)-restricted, self-tolerant T-cells, which then migrate out of the thymus to 

establish the peripheral repertoire (George & Ritter, 1996; Thiault et al., 2015). The 

size of the thymus is established early on, as it is almost fully developed by birth, 

and reaches its peak volume by childhood (Moore et al., 2014; Steinmann, Klaus, & 

Muller-Hermelink, 1985). Variation in thymic size and rate of involution has been 

associated with immunodeficiency and increased susceptibility to infections and 

declines in health (Coder & Su, 2015; Waksman, Arnason, & Jankovic, 1962). The 

relationship between smaller thymic size and immunodeficiency is likely due, in part, 

to lower production of T-cells, which help direct the body’s cell-mediated adaptive 

immune response, and are implicated in effectively mounting responses to various 

bacterial, helminthic and viral infections (Parham, 2015; Varga, Toth, Uhrinova, 

Nescakova, & Polak, 2009).  

Two main types of T-cells that mature in the thymus are CD4+ (helper) and 

CD8+ (cytotoxic) T-cells, characterized by the presence of these receptors on the 

surface of the cell. Prior to activation, the T-cells that migrate through secondary 

lymph organs are considered ‘naïve.’ Upon encountering an antigen for which the 

cells have surface markers specific for, naïve cells differentiate into either effector or 

memory T-cells. CD4+ effector cells secrete cytokines and function to stimulate 

further differentiation and proliferation of numerous cells of the immune system; 
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whereas CD8+ effectors kill cells that present foreign antigens. Collectively, this 

coordinated immune response works to kill and clear the foreign antigen from the 

system. B cells, which mature in the bone marrow, are a source of antibodies in the 

presence of T cells (Gruzelier, Smith, Nagy, & Henderson, 2001).  

For this paper, we use B and T-cells, and the major T-cell subsets (CD4+ and 

CD8+ cells) to assess adaptive immunity. For innate immunity, we rely on three well-

studied target components of innate immunity: C-reactive protein (CRP), neutrophils, 

and natural killer (NK) cells. CRP is produced as part of the complement system’s 

blanket innate response, highly sensitized to immune stressors and disturbances, 

and is frequently used as a marker of low-grade inflammation (Pepys & Hirschfield, 

2003). Neutrophils are the most abundant type of granulocyte cells, which are a 

subset of innate cells that make up white blood cells. Neutrophils are recruited to 

sites of infection and injury through chemotaxis, where they promote inflammation 

through phagocytosis and apoptosis, particularly in response to bacterial infection 

(Sampson, 2000). Finally, NK cells are the only innate cell subset among 

lymphocytes, and are the functional equivalent of cytotoxic T-cells, responding 

primarily to viral infections, for the innate system (Vivier, Tomasello, Baratin, Walzer, 

& Ugolini, 2008).  

Study goals and hypotheses 

This paper looks at immune function and height tradeoffs among Tsimane 

children. The Tsimane of the Bolivian Amazon are an ideal population to study these 
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tradeoffs, as they live in a relatively resource-limited and pathogen-rich environment. 

Growth and immune tradeoffs have been studied extensively in humans and across 

vertebrate taxa (for review, see: Zuk & Stoehr, 2002). In humans, there is mixed 

support for tradeoffs between components of adaptive immunity and growth, and 

little support for that between innate immunity and growth; out of 15 studies that use 

CRP as a biomarker of innate immunity, only 4 out of 15 found any association with 

growth outcomes (Urlacher, 2016). However, the majority of these studies rely on 

one or two biomarkers of innate or adaptive immunity, which may be problematic 

given the complex interactions between cells implicated in immune function 

(Medzhitov & Janeway, 1997; Blackwell, Snodgrass, Madimenos, & Sugiyama, 

2010; Trumble et al., 2016). In addition, a challenge inherent in measuring growth 

trade-offs is the ability to distinguish pre- and peri-natal nutritional influences on 

growth from current energetic effectsm particularly in a cross-sectional study. We 

use multiple markers of both innate and adaptive peripheral immunity and utilize 

measures of maternal energetics, in addition to the child’s current energy budget, in 

an attempt to navigate some of these challenges. Using flow cytometry along with 

traditional measures of immune function, we quantify multiple classes of immune 

cells in order to gain a more comprehensive picture of different strategies of immune 

investment and how they may affect growth.  By using maternal energetic status, we 

aim to obtain an approximation of the “nutritional environment” the child was reared 

in, which may have a distinct effect on growth and immunity compared to the child’s 

current measures. Finally, we use Tsimane-specific z-scores, which allows us to 
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hone in on intra-population variation in individual-level trade-offs incorporate by 

using locally-relevant growth trajectories (Blackwell et al., 2017).   

We hypothesize that in the high pathogen Tsimane environment, despite the 

high start-up costs, investment in adaptive immunity should be prioritized if at all 

possible. Thus, apart from under conditions of serious nutritional stress, between-

individual differences in adaptive immunity should not be significant. Only under 

severe constraints, when there are not sufficient resources to meet the threshold of 

demand for adaptive immunity, should one switch to heavier investment in innate 

immune defenses. Further, we hypothesize that, in the absence of excessive 

resources, prioritizing investment in adaptive immunity may trade-off with a less 

crucial trait like height, since investing in early growth and components of the 

adaptive immune system are drawing resources around the same time. However, 

there may also be phenotypic correlation, whereby energetically buffered children 

are able to invest heavily in immunity, without compromising growth.  

To evaluate our first hypothesis, we test two predictions. First (H1|P1a), in the 

absence of severe nutrient deficits, children should not vary in their age-adjusted 

thymus volume or (H1|P1b) adaptive immunity. However (H1|P2), because low child 

weight-to-height (WHZ) ratio and maternal body mass (BMI) is likely indicative of a 

history of severe resource constraints, we expect that children with low WHZ (or 

whose mothers have low BMI) will have higher investment in innate relative to 

adaptive immunity. To test the second hypothesis, we predict that (H2|P1) children 

with higher adaptive immune cell counts will be shorter; however (H2|P2), for 
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children with a high WHZ, there will no tradeoff between height and adaptive 

immunity.  

2.2. Materials and Methods 

Study Population 

The Tsimane are forager-horticulturalists (population ~15,000) that live in the 

Beni Department of Bolivia, in the lowlands of the Bolivian Amazon. The Tsimane 

inhabit over 90 small villages (village size ~ 40 - 550 individuals), most of which do 

not have access to electricity, running water, or comprehensive waste management 

(Gurven et al., 2016). Their diet is relatively lean, as they subsist mainly plantains, 

rice, sweet manioc, and corn from slash-and-burn horticulture, fish and wild game, 

occasionally supplemented by market goods such as refined sugar, salt, and 

cooking oil (Gurven et al., 2017; Veile et al., 2012). Despite evidence of child and 

adult stunting, wasting is not common among the Tsimane (Gurven 2012; Blackwell 

et al. 2016); the average adult BMI is 23.6 for both females and males, and (Gurven 

et al., 2012a).  From an early age, Tsimane children are exposed to a diversity of 

pathogens. Over 66% of Tsimane have at least one intestinal parasite, the most 

common being hookworm (Ancylostoma duodenale or Necator americanus, 

prevalence 56%), roundworm (Ascaris lumbricoides, 15%) and whipworm (Trichuris 

sp., 4%); 41.3% of children age nine or under are infected with hookworm, 22.4% 

infected with Ascaris lumbricoides, and 5.9% with Strongyloides stercoralis 

(Blackwell et al., 2011). Protozoan infections are also common, including Giardia 
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lambia (30%) and E. histolytica (5%). About half of men and women have anemia, 

with children and adolescents showing the highest risk (56% for girls, 63% for boys).  

Given the high transmission rate of multiple pathogens in the Tsimane 

environment, investment in immune defenses is also high, with children exhibiting a 

concomitant early peak in humoral response (e.g. immunoglobulin-E, IgE) 

associated with helminthic infection compared to populations with lower transmission 

rates (Blackwell, et al., 2011). In general, Tsimane have higher levels of numerous 

immune components, including leukocytes, erythrocyte sedimentation rate, B cells, 

and natural killer cells than do Americans at all ages (Blackwell et al., 2016). On 

average, 20% of Tsimane white blood cells (WBCs) are eosinophils, consistent with 

high levels of parasitic infection, as compared with a U.S. reference range of <5%. 

Antibodies related to infection are also high among Tsimane: immunoglobulin-G 

(IgG) levels are about twice as high and IgE, which is most relevant for helminthic 

infection, is about 100 times higher than typical U.S. levels (Blackwell et al., 2011; 

see Gurven et al., 2017 for a full synthesis of Tsimane health and life-history 

characteristics). Several components of adaptive immune function show evidence of 

early decline, likely indicative of high exposure to a diverse suite of pathogens early 

in life. For instance, naïve CD4+ helper T-cells, essential for mobilizing immune 

defenses against unfamiliar pathogens, are considerably depleted by age 50, while 

natural killer cell counts are substantially elevated (Blackwell, et al., 2016).  

Study Participants and Data Collection 
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Informed consent was given by the Tsimane Government (Gran Consejo 

Tsimane), village leaders, and all study participants (or their parents). All study 

protocols were approved by the Institutional Review Boards at the University of 

California Santa Barbara (#12-496) and the University of New Mexico (#07-157). 

Data were collected as part of the Tsimane Health and Life History Project 

(THLHP), a longitudinal study of health and aging started in 2002. The study sample 

for children includes a total of 380 children aged 0-8 years (55% female), living 

across 28 villages. The majority of child participants were seen in the THLHP clinic 

in San Borja, accompanied by a parent. Between mid-March and early-July of 2011, 

demographic and health data were collected, including age, sex, height, weight, 

maternal height and weight, sickness history (in last 30 days) and a blood sample for 

assessing immune function. Thymic ultrasounds were performed on a subset of 

these children (n=138; 52% female). Infant and child height were measured using a 

standard portable Seca infantometer or stadiometer (Hamburg, Germany). Weight 

was measured using a standard Tanita digital scale to the closest tenth of a 

kilogram. If infants were too small to stand on scale, their weight was calculated by 

weighing their mother first, then weighing her again while holding the infant, and 

subtracting the second value from the first. Scales were routinely calibrated against 

known weights and repeat measurements were taken to minimize measurement 

error.  

Thymic Index. A trained physician (ECL) took thymus ultrasounds with a Mindray M5 

Diagnostic Ultrasound System (Shenzen, China) using a 3C5s convex array probe 
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(3.5MHz). Thymus ultrasounds were taken while children were in the supine position 

with their arms held by the mother alongside the body. The transducer was placed 

perpendicular to the sternum, one inch to the left of the midline. Thymus volume was 

assessed from a two-dimensional measure of the ecographic image. Ultrasound 

scans of the right and left lobes of the thymus provided longitudinal and 

anterioposterior diameters of the lobes and maximal transverse diameter (MTD) of 

the thymus (Chevalier, Sevilla, Zalles, Sejas, & Belmonte, 1994). To estimate the 

volume of the thymus, a thymic index (TI) score was calculated for each scan. The 

TI score was calculated using the transsternal approach, which multiplies the MTD 

by the sagittal area of the largest lobe (Hasselbalch, Nielsen, Jeppesen, Pedersen, 

& Karkov, 1996). The transsternal approach is widely used in infant and adolescent 

thymus research due to its high reliability for minimizing between-observer 

measurement error (Hasselbalch et al., 1996; Moore et al., 2014; Varga et al., 2009; 

Veile, Winking, Gurven, Greaves, & Kramer, 2012). Because thymus size is strongly 

correlated with age, determining exact age was crucial. Exact birthdates were 

verified by the mother or obtained from child’s birth records where available.   

Blood collection and quantification of immune function. Blood was collected by 

venipuncture into a heparin-coated vacutainer for children 2 years and older. For 

infants under 2 years of age, blood was taken using a capillary heel or finger prick, 

into a heparin-coated collection tube (Blackwell et al., 2016). Total leukocyte count, 

lymphocyte/monocyte count, hemoglobin, red blood cell count and granulocyte count 

were measured using a QBC Autoread Plus dry hematology system (QBC 



 

 36 

Diagnostics) directly after blood draw. A certified Bolivian biochemist manually 

determined relative fractions of neutrophils and lymphocytes using microscopy with 

a haemocytometer. For each sample, one hundred cells were counted to determine 

percentages.   

Flow cytometry. Flow cytometry was used to quantify lymphocyte subsets into naïve 

and non-naïve CD4 (T helper) and CD8 (cytotoxic T) cells and natural killer (NK) 

cells. From the heparin-coated collected tubes, 25ul of fresh blood was incubated 

with combinations of fluorescent-labeled antibodies (eBioscience, Inc) for CD4 (PR 

or FITC, Clone RPA-T4), CD8 (APC, RPA-T8), CD19 (APC, SJ25C1), CD56 (PE, 

CMSSB) and CD45RA (PerCP-Cy5.5, HI100). Samples were incubated for 30 

minutes at 4C, after which 500ul of 1-step Fix/Lyse (eBioscience #00-5333-57) was 

added and blood was incubated for an additional 30 minutes at 4C. Following these 

two incubations, samples were centrifuged, supernatant discarded, and cells re-

suspended in 100ul PBS solution. Samples were then read on an Accuri C6 Flow 

Cytometer (BC Accuri Cytometers). T-cells were classified as CD4+ CD8- helper or 

CD8+ CD4- cytotoxic subsets. NK cells were identified as CD56+ CD8- CD4- (for full 

description of methods, see Blackwell et al., 2016). CRP was measured from dried 

blood spots (DBS) using an enzyme immunoassay protocol, optimized for use with 

dried blood spots (Brindle, Fujita, Shofer, & Connor, 2010; Trumble, Brindle, Kupsik, 

& O’Connor, 2010). After the bioassays, the data were transformed into serum 

equivalent values, using the correction formula outlined in Brindle et al. (2010) that 

assumes that CRP serum is on average 1.6 times higher than in DBS.  
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Statistical analysis and controls 

Generalized linear regression models (GLMs) were used to test relationships 

between thymic index, immune cells, and markers of growth. All models include 

covariates for age, age-squared, and white blood cell count to account for current 

illness, unless otherwise noted. White blood cell count is adjusted for each model, to 

exclude the subset of cells that are being regressed (e.g. if T-cells are the 

dependent variable in our model, white blood cells (sans T-cells).  Considering the 

possibility that respiratory infection may affect accuracy of thymic scanning, we 

included current respiratory infection diagnosis as a covariate in initial thymus 

models. However, because respiratory infection status did not alter any 

relationships, and its inclusion limited our sample size due to only having complete 

data on a small subset (n=87), it was excluded from final models. Though there 

tends to be allometry between organs and height, assessing allometric scaling with 

the thymus is difficult due to the fact that the thymus begins to involute very early on, 

while growth velocity is also accelerating. Further, a robust meta-analysis failed to 

find a consistent scaling relationship between T-cell subsets and height or body 

mass (Bains, Antia, Callard, & Yates, 2009). As such, we do not include controls for 

allometry. Mother’s height and BMI are included in addition to child’s energetic 

status, to capture a longer-term “nutritional environment” under which the child was 

reared. Sex was not included in our final models as a covariate as there is no reason 

to expect immune function to vary between males and females before puberty. 

However, we still added it into earlier models and confirmed that it was unrelated to 
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any of the substantive variables.  Due to skewed distributions and for better 

interpretation of parameter estimates, all cell counts were log-transformed and 

centered on zero before being included in regression models; proportional 

abundances were logit transformed. All analyses were performed using R statistical 

software version 3.4.2 (R Core Team, 2017). All results are reported as standardized 

betas. 

2.3. Results 

Descriptive Statistics 

Table 2.1 gives descriptive statistics for sex, age, maternal and child height 

and BMI, as well as the immune markers used for analysis which include white blood 

cell count, thymus index, CD4+, CD8+, and total T- and B-cell counts, NK cells, 

neutrophils, and CRP. Mean ± SD age in the full sample is 4.55 ± 2.9, and a range 

from 0.02 to 7.99 years old. Compared to age- and sex-matched United States and 

European reference samples, Tsimane children show slower rates of growth and 

higher prevalence of stunting, though they do not differ significantly on body mass 

index (for an in-depth description of Tsimane growth references see: Blackwell et al., 

2017). BMI among the Tsimane children in this study ranges from 10.3 to 23.5, with 

a mean ± SD of 16.20±1.6. However, BMI in children is potentially less accurate for 

assessing nutritional status because fat storage and body proportions change 

significantly by age and sex during pre-adult years (Centers of Disease Control, 

2011). For a more appropriate within-group comparison, we use weight-for-height 
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(WHZ) z-scores (Blackwell et al., 2017). Thymic index (TI), a measure of thymic 

volume, is normally distributed with a mean ± SD of 11.06 ± 3.5, and a range from 

3.8 to 22.6. As expected, thymus volume declines significantly with age (β= -0.671 

p<0.001), with the steepest decline before the age of 2 (Figure 2.1). Similarly, both 

total T-cells and naïve proportion of T-cells also decline with age (β= -0.136, 

p=0.002 and β=-0.133, p=0.027, respectively). Total T-cells and proportion of T-cells 

that are naïve are also significantly positively correlated with thymus volume (r=0.22, 

p=0.03 and r=0.266, p=0.01, respectively). After adjusting for the effects of age, 

naïve T-cell proportions remain significantly correlated (r=0.215, p=0.04), however 

overall T-cell count is no longer significantly linked to thymus volume (r=0.165, 

p=0.12). This is unsurprising, given that rate of thymic involution and T-cell 

differentiation are affected by pathogen exposure, such that higher exposure early in 

life may lead to a greater total T-cell abundance, but lower naïve cells and smaller 

thymus, given an increased rate of thymic involution. Child’s height-for-age is 

positively correlated with weight-for-age (r=0.72, p<0.0001) and negatively 

correlated with weight-for-height (r= -0.13, p=0.009). Child’s height-for-age was 

positively correlated with mother’s height (r=0.24, p<0.0001) and BMI (r=0.10, 

p=0.054).  
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Figure 2.1. Thymus volume significantly decreases over age, with the greatest 
velocity of decline before the age of two. The trendline is a loess fit (span = 0.75).
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Table 2.1. Descriptive Statistics         
          

  Full Sample (N = 380) Thymus Subset (N = 138) 

Variable Mean (SD) Range Mean (SD) Range 

Sex (% female) 54.5 --- 52.2 --- 
Age (years) 4.55 (2.9) 0.016-7.99 3.109 (1.8) 0.03-7.09 
Mother's Height (cm) 150.58 (4.3) 140.7-165.0 148.62 (4.0) 138.7-157.6 
Mother's BMI (kg/m2) 24.98 (3.5) 17.89-39.16 24.61 (3.2) 16.06-32.89 
Thymic Index --- --- 11.06 (3.5) 3.76-22.58 
White blood cells (per mL blood) 12.03 (4.3) 2.95-33.60 13.49 (5.3) 4.30-32.60 
T cell count (per mL blood) 3.12 (1.56) 0.74-11.07 3.17 (1.84) 0.74-11.07 
Naïve T cell count (per mL blood) 2.27 (1.30) 0.38-8.51 2.43 (1.49) 0.51-8.51 
CD4+ cell count (per mL blood) 1.88 (1.03) 0.40-6.17 1.99 (1.09) 0.44-5.54 
CD8+ cell count (per mL blood) 1.24 (0.68) 0.10-5.61 1.33 (0.88) 0.22-5.61 
B cell count (per mL blood) 1.29 (0.80) 0.22-6.91 1.54 (0.95) 0.36-6.90 
NK cell count (per mL blood) 0.44 (0.38) 0.06-3.70 0.50 (0.52) 0.08-3.70 
Neutrophil count (per mL blood) 4.08 (2.16) 0.45-12.61 4.31 (2.26) 0.46-15.71 
C-reactive protein (n=102) --- --- 1.18 (0.95) 0.14-4.87 
note: all summary statistics are reported as mean (range)       
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Hypothesis 1 (H1): Energetic Resources and Immunity 

(H1) Prediction One (a and b): In the absence of severe nutrient deficits, children 

do not vary in their age-adjusted (a) thymus volume or (b) adaptive immunity.  

To investigate whether adaptive immunity is prioritized, regardless of 

moderate variation in energetic status, we ran a series of linear models that assess 

the relationship between energetic status and components of adaptive immunity 

(Table 2.2). First, we test the effect of variation in energetic status on thymus size 

for individuals that do not have evidence for severe nutrient deficiency. In 

accordance with our prediction, we find that neither weight-for-height (β=0.21, 

p=0.09), nor maternal height (β= -0.02, p=0.35) or BMI (β=0.02, p=0.55) is 

associated with thymus volume, controlling for age and adjusted white blood cell 

count. We then ran models assessing adaptive immune cell concentrations (total T-

cells, CD4+ and CD8+ cell subsets, and B-cells) as a function of variation in 

energetic status. We find no relationship between WHZ and CD4+ or CD8+ cells, 

independently, or on total B- and T-cell abundance (Table 2.2). We do, however, 

find a positive association between maternal height and BMI with T-cell counts, 

driven by associations with CD4+ T-cells. Overall, we find that there are significant 

age-dependent differences in thymus size and adaptive immune cells, yet 

consistently no relationship between condition-dependent measures and aspects of 

adaptive immunity. 
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Table 2.2. Variation in adaptive immunity in relation to energetic status in non-low WHZ children 
  
  Dependent Variables: Adaptive Immune Cells  

  
Thymic Index T cells                       

(CD4+& 8+) CD4+ cells CD8+ cells B cells  

  Std.Beta (SE) Std.Beta (SE) Std.Beta (SE) Std.Beta (SE) Std.Beta (SE) 
Intercept 3.65 (3.75) -5.73*** (1.07) -5.58*** (1.07) -4.64*** (1.18) -8.00*** (0.99) 
Age -0.71*** (0.21) -0.15* (0.09) -0.20* (0.09) -0.01 (0.10) -0.10 (0.09) 
Age-squared 0.08* (0.03) -0.01 (0.01) -0.00 (0.01) -0.02t (0.01) -0.02 (0.01) 
Weight-for-Height 0.21t (0.13) 0.05 (0.05) 0.03 (0.06) 0.06 (0.06) 0.03 (0.05) 
Mother's Height -0.02 (0.02) 0.10* (0.05) 0.11* (0.05) 0.08 (0.05) 0.01 (0.04) 
Mother's BMI 0.02 (0.03) 0.09t (0.05) 0.07 (0.05) 0.08 (0.05) 0.06 (0.04) 
White Blood Cells 0.21 (0.22) 0.73*** (0.12) 0.72 *** (0.12) 0.57*** (0.13) 0.98*** (0.11) 
df 103 319 319 319 319 
Adjusted R2 0.15 0.255 0.249 0.159 0.339 
note: Child height and weight-for-height were z-scored.        
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(H1) Prediction Two: Mixed evidence that low WHZ is associated with higher 

investment in innate immunity.  

 

 To test our prediction, we ran linear regressions on a “low WHZ” subset of the 

sample (n=53) to model the relationship between WHZ status and natural killer (NK) 

cells, neutrophils, and C-reactive protein (CRP).  Low WHZ is defined as being at 

least one standard deviation below the mean. We find that among this subset of 

individuals, lower WHZ is associated with higher proportion of NK cells; however, 

this relationship does not reach significance (β= -0.30, p=0.09). Low WHZ is not 

associated with proportion of neutrophils or CRP (Table 2.3). We ran additional 

models to assess associations between maternal markers of energetic status and 

innate immunity and found no relationship between maternal measures and innate 

immunity (data not shown). 

 

 

Table 2.3. Effects of energetic stress on investment innate immunitya   
  
  Innate Immune Cells    
  NK Cells Neutrophils C-reactive protein   
  Std.Beta (SE)       
Intercept -3.47*** (0.73) -1.83** (0.60) 3.48 (3.37)   
Age 0.33* (0.016) 0.05 (0.13) -1.87 (1.13)   
Age-squared -0.01 (0.02) 0.01 (0.02) 0.30t (0.16)   
WHZ (z-scored) -0.30t (0.17) 0.03 (0.14) -0.71 (1.02)   
White Blood Cells -0.29 (0.24) 0.28 (0.20) -0.87 (0.83)   
df 53 53 9   
Adjusted R2 0.398 0.191 0.068   
          
a these models only include individuals 1 or more standard deviations below the mean for WHZ.  
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Hypothesis Two (H2): Tradeoffs between growth and adaptive immunity.  

(H2) Prediction One: Mixed support for trade-off between investment in adaptive 

immunity and height.  

 

Table 2.4 and Figure 2.2 summarizes the multivariate linear regression 

models used to evaluate relationships between height and adaptive immune cell 

counts. In order to evaluate the prediction that there should be tradeoffs between 

adaptive immunity and height, we first modeled height-for-age (HAZ) as a function of 

thymus size including standard covariates. Contrary to our prediction, we find no 

significant association between thymus volume and height (Table 2.4: Model 1). We 

do, however, find consistent negative relationships between height and adaptive 

immune cells: shorter children have higher overall T-cell abundance (β = -0.242, 

p<0.001), as well as higher CD4+ (β = -0.239, p<0.001) and CD8+ cell (β = -0.181, 

p<0.001) abundances (Table 2.4: Models 2-4). While B-cells followed a similar 

pattern, the association with height was not significant (β = -0.046, p=0.45; Model 5). 

We also find that having a higher proportion of innate immune cells (and thus a 

lower proportion of adaptive) is positively associated with height for both NK cells (β 

= 0.142, p=0.07; Model 6) and neutrophils (β = 0.374, p<0.001; Model 7). Maternal 

height and BMI are consistently positively associated with child height, suggesting 

that maternal energetic resources positively influences child growth. Though there is 

no support for a link between thymus size and height, the consistent relationships 
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between adaptive immune cells and height suggests some evidence of a tradeoff 

between investment in height and adaptive immunity. 
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Table 2.4. Associations between Aspects of Immunity and Child Height        
                  
Dependent:  
Height (z-scored) Adaptive Immune Cells Innate Immune Cells 

  Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 
intercept 0.492 -2.075 -1.552 -2.141 0.222 1.031 1.111 0.618 
Age 0.546* -0.189* -0.134 -0.175 -0.124 -0.157 -0.152 0.657 
Age-squared -0.010** 0.013 0.009 0.011 0.011 0.013 0.01 -0.118 
White Blood Cells (log) -0.416* 0.298* 0.226 0.304* 0.017 -0.019 -0.527*** -0.507* 
Mom's Height 0.270** 0.291*** 0.279*** 0.290*** 0.264*** 0.262*** 0.269*** 0.343*** 
Mom's BMI -0.104 0.137** 0.134** 0.141** 0.115* 0.123* 0.118* -0.013 
weight-for-heighta --- -0.002 -0.009 -0.003 -0.008 -0.011 0.001 --- 
TI 0.035 --- --- --- --- --- --- --- 
CD4+ cells --- -0.239*** --- --- --- --- --- --- 
CD8+ cells --- --- -0.181*** --- --- --- --- --- 
T cells (CD4+ and CD8+) --- --- --- -0.242*** --- --- --- --- 
B cells  --- --- --- --- -0.046 --- --- --- 
NK cell --- --- --- --- --- 0.142t --- --- 
Neutrophils --- --- --- --- --- --- 0.374*** --- 
CRP --- --- --- --- --- --- --- -0.091 

df 119 362 362 362 362 362 362 88 
AIC 352.9 990.4 995.8 989.8 1008 1006 987.7 261.1 

a for the model with Thymus, WHZ and HAZ were too highly correlated (r= -0.32, p<0.001) to be included in the model.    
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(H2) Prediction Two: High WHZ buffers trade-offs between height and immunity. 

Finally, we evaluated whether being above an “energetic threshold” would buffer 

against trade-offs between height and adaptive immunity. For these analyses, we 

split the sample into three groups and ran a series regressions to assess the 

relationship between height and proportions of neutrophils and NK cells within 

groups. Models are based on samples binned according to their WHZ into the 

following groups: (1) ‘below the mean’, (2) ‘above the mean’, and (3) ‘high’: defined 

as one or more standard deviations above the mean. Note that group three is a 

subset of group two, which we used to hone in on those individuals that were 

energetically well-buffered. Also, though we use proportional abundance of innate 

cells as predictors in these models, our interpretation relies on the inverse, with the 

 
Figure 2.2. Associations between measures of adaptive and innate immunity and height. All components 
of adaptive immunity (in blue) and CRP were logged and standardized before analysis; NK and 
neutrophils (in red) represent proportional abundance and were logit transformed for analysis. Analyses 
include controls for age, age-squared, WHZ, and mother’s BMI and height.   
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logic that high proportions of innate immune cells signifies low proportions of 

adaptive cells. We find that across the full sample, proportions of neutrophils and NK 

cells are positively related to height (β = 0.38, p<0.001 and β = 0.17, p=0.03, 

respectively).  While this remains consistent for individuals that are below the mean 

WHZ, for individuals above the mean, only neutrophils remain associated with height 

(Table 2.5). Further, there is no relationship between proportions of neutrophils (β = 

0.19, p=0.59) or NK cells (β = 0.13, p=0.63) and height in the high WHZ group. 

These findings suggest that for individuals in good energetic condition, there is no 

trade-off between immunity and height.  

 

 

2.4. Discussion 

In this study, we find partial support for our hypothesis that high pathogen 

conditions, such as in the Tsimane environment, should favor high early investment 

in adaptive immunity, and that such high investment may tradeoff against somatic 

growth. Consistent with the literature, we find that thymus volume does decrease as 

a function of age, as does the T-cell repertoire (Steinmann et al., 1985). Older 

Table 2.5. No associations between height and immunity for children with high WHZa 

DV: Height Full sample below mean WHZ above mean WHZ high WHZ 
  

Neutrophil % 0.38 (0.001) 0.35 (0.009) 0.38 (0.004) 0.19 (0.59)   
NK cell % 0.17 (0.03) 0.21 (0.05) 0.07 (0.48) 0.13 (0.63)   
N  375 196 179 49   
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children have significantly smaller thymuses and fewer naïve T-cells. Regarding our 

first hypothesis, with the single exception of maternal height and CD4+ cells, we find 

that variation in thymus volume and adaptive immune cell abundance does not vary 

significantly with current (child) or longer-term (maternal) nutritional status. Though 

there is substantial literature documenting the energetic and metabolic costs 

associated with mounting an immune response, we are not aware of any studies 

focusing on the preservation of adaptive immunity under moderate variation in 

energetic status. However, our findings are consistent with previous research among 

the Tsimane that has shown both overall higher immune investment compared to 

less pathogenically-stressed reference populations ( Blackwell et al., 2016; Blackwell 

et al., 2011), and a cross-cultural comparative study that showed between-

population variation in thymic volume was not linked to differences in nutritional 

status (Veile et al., 2012). Further, the idea that adaptive immunity should not be 

compromised in high pathogen environments is consistent with the life history theory 

perspective that traits that are critical to surviving the pre-reproductive stage should 

be prioritized, despite their longer-term costs (Lochmiller & Deerenberg, 2000).  

We found little support for the second prediction, that children with insufficient 

energetic resources should show innate immune biasing. Low WHZ was only mildly 

associated with a higher proportion of NK cells, and was unrelated to the proportion 

of neutrophils. Due to insufficient sample size, we were unable to evaluate this with 

CRP. The lack of significant results could be because there is no true relationship, or 

it could be due to lack of adequate sample size as only 3.2% of the total sample was 
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comprised of individuals with low WHZ. We note that this would be a very interesting 

question to pursue in a population that has higher levels of wasting, and would have 

the potential to offer important insights into research on the nature of immunological 

tradeoffs.   

Regarding our second hypothesis, we found evidence that investment in 

adaptive immune cells was associated with shorter stature, but did not find a 

relationship between thymus volume and height. The inverse relationship between 

adaptive immune cells and height complements experimental findings in the animal 

literature as well as previous work among populations living in high pathogen 

environments investigating tradeoffs between growth and immunity. For example, 

magpies that were given methionine, a sulphur amino acid that specifically enhaces 

T-cell immune response, exhibited less growth over the course of treatment than the 

control group (Soler, de Neve, Perez-Contreras, Soler, & Sorci, 2003). A long history 

of research on livestock also offers strong evidence for the positive effects of 

antigen-free and germ-free environments (e.g. through use of antibiotics) on growth 

(Levy, 1987; Snyder & Wostmann, 1987). Research among the Tsimane, and 

another South American population under heavy pathogen burden (i.e. the Shuar of 

Ecuador), further substantiates growth and immune tradeoffs. In both populations, 

significant associations have been shown between lower height-for-age and 

immunoglobulins E and G, two direct measures of adaptive humoral immune activity 

(Blackwell, Snodgrass, Madimenos, & Sugiyama, 2010; Urlacher, 2016). Among the 

Tsimane, children with higher CRP levels at baseline showed smaller gains in height 
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when measured three months later (McDade et al., 2008). In Tanzania, height 

among 200 children was inversely associated with antibody response to anti-Epstein 

Barr virus antibodies (Wander, Shell-Duncan, Brindle, & O’Connor, 2013). 

Immunocompetence is energetically costly, but is also arguably most critical for 

ensuring fitness in a high pathogen tropical environment such as where the Tsimane 

live. Thus, it is logical that the establishment of aspects of immunity that are 

contemporaneous with high growth velocity would take precedent over height, which 

is a less-critical aspect of the phenotype. The lack of a relationship between height 

and thymus volume could be explained by a few key issues: rates of thymic 

involution are hugely variable and dependent on a host of factors, including (among 

many others) pathogen exposure, energy fluctuations during development, and 

stress (George & Ritter, 1996; Segerstrom & Miller, 2004; Tanegashima, Yamamoto, 

Yada, & Fukunaga, 1999). Though we adjust for age in our models, capturing 

individual variation in peak thymus size and rates of involution was not possible. 

However, the strong and consistent relationships between T-cells and height is 

encouraging in that circulating T-cells may capture adaptive immune investment 

beyond the noise presented by variation in rates of involution. T-cells are relatively 

long-lived (ranging from 6+ months for memory cells, up to 9 years for naïve cells), 

and thus may be an overall more stable way to assess adaptive immunity (Borhans 

& Ribeiro, 2017).  

Finally, regarding our last analysis, we find support for the prediction that in 

the absence of energetic constraints, we should not see trade-offs. Among children 
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that are at least one standard deviation above the mean for WHZ, there is no 

relationship between height and adaptive immunity. This may be evidence of 

phenotypic correlation, in which children that are in good condition may be able to 

afford investment in both growth and immunity (Hill, 1993). Though direct positive 

associations between costly traits are difficult to track, some research has suggested 

that a lack of association between traits that tend to negatively covary is possible 

evidence for phenotypic correlation (Peters, 2000; Rantala et al., 2012; Trumble et 

al., 2016b).     

Though we believe this study is novel in its application of ecological 

immunology to inform our understanding of tradeoffs between growth and immunity, 

we are cautious to note that the interactions between energetic resources and 

immunity are more complex than what we present. Regarding the relationship 

between height and immunity, we recognize that a cross-sectional analysis of height 

and immune function inhibits our ability to tease apart short-term tradeoffs versus 

longer-term phenotypic adjustments, such as a predictive adaptive response. Strong 

evidence for a tradeoff would require either longitudinal data spanning from pre- or 

peri-natal period through completed height in adulthood, or an opportunistic quasi-

experiment, where major stressors are documented ad hoc, along with pre- and 

post- growth and immune measures. Although we do not have retrospective data on 

energy availability during all stages of child development, we use mother’s height 

and BMI as a proxy for early life resource availability. Both maternal energetic 

measures were significantly positively related to child height in all of the adaptive 
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immune cell and height tradeoff models. If these measures accurately reflect the 

overall “nutritional environment” the child was reared in, this is some evidence that 

sufficient resources early in life promote height growth, independent of child’s 

current WHZ status. This finding eliminates some of the variation in height due to 

resources, and given that there remains a significant negative relationship between 

adaptive immune cells and height, we feel this is a good first step towards identifying 

potential tradeoffs. This main finding is further augmented by the fact that these 

negative associations only exist in individuals that are not highly energetically 

buffered.  

2.5. Conclusion 

In this study, we use a life history approach to understand variation in immune 

investment strategies in a high pathogen environment. We show that, in this context, 

adaptive immunity does not vary as a result of moderate variation in energetic 

resources. Further, among Tsimane children, though maternal nutritional 

environment may independently buffer child height, adaptive immunity still seems to 

be prioritized over growth in height, except for those that can afford both. This study 

fits into a growing body of research focused on unpacking what defines ‘healthy’ in 

different ecological contexts. Despite some research that has suggested short 

stature is linked to worse health, this paper may provide an alternative perspective, 

that less investment in height is actually associated with more robust immunity. 

Thus, children that are shorter may not be worse off overall in a high pathogen 
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environment if their short stature is indicative of a reallocation of energy into immune 

responses.  
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CHAPTER III. A matter of perception: perceived socio-economic 

status and cortisol on the island of Utila, Honduras 

 

This chapter was previously published as: 

García, A. R., Gurven, M., & Blackwell, A. D. (2017). A matter of perception : 

Perceived socio-economic status and cortisol on the island of Utila , Honduras. 

American Journal of Human Biology, 1–17. http://doi.org/10.1002/ajhb.23031 

 

3.1. Introduction 

 

Numerous studies have linked lower socioeconomic status (SES) and greater wealth 

inequality to incidence of chronic disease and other health outcomes (Agbedia et al., 

2011; Dressler, 1994; Singh-Manoux et al., 2005). This relationship is thought to be 

mediated, at least in part, by psychosocial stress and hypothalamic-pituitary-adrenal 

(HPA) axis function (Adler et al., 1999; Taylor and Seeman, 1999; Wright and 

Steptoe, 2005). As a primary component of the neuroendocrine system, the HPA 

axis regulates the body’s response to stress through adjustment of the release of 

glucocorticoids, such as cortisol. Through its relationship with glucocorticoid release, 

the HPA axis modulates how psychological and physical experience impact 

physiological functions such as glucose metabolism (Nicolson, 2007). However, SES 

may impact stress and HPA function in myriad ways, and the particular aspects of 
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the socioeconomic environment that most directly affect stress and salivary cortisol 

have not yet been fully characterized. These might include direct correlates of SES, 

such as access to material resources (e.g. quality diet, adequate shelter, or health 

care), as well as the indirect effects of intangible stressors (e.g. perceptions of 

unequal distribution of resources, lack of status or ability to secure resources) 

(Worthman and Kohrt, 2005). 

Much health disparity research addressing the role of SES focuses on 

objective measures such as income, education and employment access (Adler and 

Newman, 2002; Williams and Collins, 2001; Winkleby, et al., 1992). In relation to 

SES and cortisol, in the Multi-Ethnic Study of Atherosclerosis (MESA), Hajat and 

colleagues (2010) found that low objective SES individuals had blunted salivary 

cortisol awakening responses as well as a less steep decline during the early part of 

the day. While objective measures may reflect absolute deprivation or unequal 

access to resources, they fail to capture less obvious aspects of an individual’s life, 

such as childhood conditions, household conditions, perceived mobility, social 

networks and community influences, that could inform the “lived experience” of 

poverty and inequality (Duesenberry, 1949; Richmond et al., 2005). 

Similar stressors may be perceived differently by different individuals thus 

measuring perceptions can tell us whether an experience is acting as a cue of stress 

for a particular individual. Perceptions, therefore, may further mediate how 

inequalities ‘get under the skin’ and affect the neuroendocrine processes. Perceived, 

or subjective, SES has been suggested as an important aspect of SES because of 
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its potential to (a) act as a composite self-weighted evaluation of multiple types of 

objective SES, and (b) consider the effect of social comparisons with different 

reference groups, which captures how a certain objective level of wealth or status 

may have variable impacts on stress and health among individuals (Marmot and 

Wilkinson, 1999; McDade, 2001; Operario, Adler, and Williams, 2004). Ranjit et al. 

(2005) find that, in a study of poor women, perceiving material hardship was linked 

to a more blunted cortisol awakening response, as well as less steep decline in 

diurnal salivary cortisol over the course of the day. Other studies show similar 

relationships between material deprivation and salivary measures of cortisol, with 

some evidence suggesting these relationships can persist through generations 

(Thayer and Kuzawa, 2014; Nepomnaschy and Flinn, 2009).  

Despite the recognition that subjective SES can capture multiple aspects of 

SES, such measures are less common in studies of HPA function and salivary 

diurnal cortisol, relative to objective SES measures. Additionally, research identifying 

the most salient aspects of subjective experience, and their underlying 

environmental correlates, is scant, especially in less industrial contexts where the 

interaction of social and economic capital may differ from industrialized societies (cf: 

McDade, 2001; Nyberg, 2012; Squires et al., 2012; von Rueden et al., 2014). 

Though research exists, these methods are less common than most others, likely 

due, in part, to the challenges of reliably measuring subjective SES, as well as the 

challenges of collecting high-quality data on salivary diurnal cortisol in the field. 

However, unpacking the role that objective and subjective aspects of SES play in the 
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experience of psychosocial stress, and concomitant changes in cortisol, may help 

explain the persistent associations between SES and health at both low and high 

ends of the spectrum, and even across fine status differences (Worthman and Kohrt, 

2005; von Rueden et al., 2014). 

 

HPA axis, salivary cortisol, and psychosocial stress 

Activation of the HPA axis has been posited as a means by which 

psychosocial stress affects other physiological systems (Evers et al., 2010; 

Hellhammer, et al., 2009; McEwen, 2012; Miller et al., 2009). Studies in humans, 

nonhuman primates and rodents have concluded that situations characterized by 

novelty, unpredictability, low perceived control, and other psychosocial challenges 

(e.g. interpersonal conflicts) reliably stimulate the HPA axis (Flinn et al., 2011; 

Hennessy, et al., 2009; Rose, 1984; Sapolsky, 2004; Dickerson and Kemeny, 2004). 

The associated response is characterized by the production of cortisol, a 

glucocorticoid hormone released by the adrenal glands.  HPA activation helps direct 

glucose, fatty acids, and other resources to tissues necessary for facing such acute 

environmental challenges (Flinn et al., 2011).  

The diurnal rhythm of cortisol is typically characterized by a sharp spike about 

30-45 minutes after waking (known as the cortisol awakening response or CAR), 

and a relatively steady decline throughout the day (Wüst et al., 2000; Friedman et 

al., 2012). Blunting of the diurnal rhythm may be driven either by a reduced 

awakening response, or a failure of cortisol levels to decline over the course of the 
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day; blunting by reduced awakening response and/or non-declining diurnal levels 

can be captured through cumulative cortisol exposure, or area under the curve 

(AUC) (Nicolson, 2007; Wüst et al., 2000; Seeman et al., 2002). Exposure to 

psychosocial strain can alter diurnal cortisol in several ways, dependent upon type, 

severity and persistence of the stressor (Miller et al., 2007). Altered cortisol may be 

characterized by overall elevated cortisol levels and flattened departures from the 

typical diurnal pattern, as well as dampened cortisol responsiveness (Saxbe, 2008). 

Cortisol dysregulation is defined here as alterations in HPA function resulting in 

either a blunted diurnal rhythm or excessively high or low levels of cumulative 

salivary cortisol throughout the day (AUC), that lead to a departure from the usual 

circadian rhythm (Weinrib et al., 2010; Seeman et al., 2002). 

In humans, the sensitivity of the HPA axis to psychosocial stressors may also 

aid the development of social competencies (Flinn, 2006). Plasticity in the HPA 

response is imperative in maintaining an organism’s ability to respond to 

perturbations in the environment. However, chronic over-activation of this system 

due to persistent psychosocial stress can precipitate a dysregulation of the diurnal 

rhythm of cortisol. Chronic adverse social experiences like persistent poverty, 

perceived inability to cope, and issues surrounding migration and acculturation have 

been linked to cortisol dysregulation (Desantis et al., 2015; Miller, Chen & Zhou, 

2007). For instance, Desantis and colleagues have shown that the cumulative 

effects of low objective SES from the prenatal period to young adulthood predict 

flatter diurnal cortisol rhythms more consistently than current SES based on cross-
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sectional data (Desantis et al., 2015). Cortisol dysregulation has been related to 

immune deficiency, cognitive impairment and deleterious health outcomes, including 

hypocortisolism (e.g. Addison’s Disease), hypercortisolism (e.g. Cushing Syndrome), 

depression, fatigue, central adiposity and glucocorticoid resistance (Flinn, 2006; 

Webster Marketon and Glaser, 2008; Weinrib et al., 2010; Champaneri et al., 2013; 

Jarcho et al., 2013). The exact processes by which stress leads to these similarly 

adverse but variant outcomes remain poorly understood, though they are likely 

traced back to long-term experience of chronic stress which permanently alters the 

HPA axis (Heim et al., 2000; Lemieux and Coe, 1995; Gillespie et al., 2009).  

 

Status and subjective measures of SES 

To investigate the influence of SES on HPA function, we define subjective 

SES as the subjective experience of access to resources, including perceptions of 

how one’s access to material wealth compares to what one thinks is necessary or 

desirable to achieve, and what one’s perceived social standing is relative to others 

(Mullainathan and Shafir, 2013; Agbedia et al., 2011). These relative evaluations of 

social status are likely important because humans have evolved to be both status 

seeking and sensitive to relative rank in social hierarchies (Franz et al., 2015; 

Gesquiere et al., 2011). In many societies, high status is associated with greater 

reproductive success in men (von Rueden and Jaeggi, 2016) and better health 

status for both sexes (Hu et al., 2005; Ostrove et al., 2000). Strategies for status 

competition can be coordinated by evolved mechanisms such as social comparison 
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(Gilbert et al., 1995). Because humans are sensitive to cues of low status and are 

often motivated to improve their status, low perceived social standing in relation to 

others may be a source of psychosocial stress (von Rueden et al., 2014). In 

addition, the extent to which individuals use social information to calibrate their own 

lifestyle needs may affect their perception of adequacy or failure in establishing a 

secure environment. If individuals pursuing higher status attend to social norms to 

determine the relative adequacy of resource holdings, then perceptions of 

inadequacy may lead to psychosocial stress (Azar 2004; Costanza et al., 2007).  

Persistent psychosocial stress may lead to over-activation of the HPA axis and 

dyregulation, observed as excessively high or low AUC cortisol or a blunted diurnal 

slope.   

 

Objectives and Hypotheses of the Current Study 

Here, we relate objective and subjective SES to two primary measures of 

HPA function: diurnal slope in salivary cortisol (i.e. rate of decline from morning to 

evening), and total daily salivary cortisol exposure (i.e. area under the curve, AUC) 

among individuals on the Honduran island of Utila. We predict that both objective 

and subjective SES will affect HPA function. Specifically, lower SES will be related to 

a cortisol profile associated with chronic stress: higher AUC and blunted diurnal 

slope. Furthermore, we predict an association between subjective SES and cortisol 

independent of the effect of objective SES. Following our primary goal of 

determining whether subjective SES is a predictor of diurnal cortisol, we explore 
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factors that might predict subjective SES perceptions by influencing exposure to 

inequality or resource stress, including age, immigration status, household size and 

composition, neighborhood, household sanitation, food security, financial security, 

and employment in the tourism industry. For these factors we determine whether 

they are related to subjective SES measures, and whether they also predict diurnal 

cortisol profiles. 

 

Ethnographic context 

Our research investigates adults (18-79) living on Utila, one of the most 

heavily touristed Honduran Bay Islands. Utila is home to Utilian natives of British and 

American ancestry, and immigrants from mainland Honduras. Utila represents a 

unique microcosm for investigating the effects of subjective SES on stress, as 

substantial inequalities exist between the island’s inhabitants, as well as between 

the island’s inhabitants and the tourists, which may lead to opportunities for social 

comparison across wide socioeconomic disparities.  

The Honduran Bay Islands consist of three major islands and 52 cays 

(Stonich, 2000). Between 1834 and 1836, the Utila cays were settled by a small 

number of British families from the Cayman Islands. These families, along with two 

American farmers settling around the same time, comprise the base of the island’s 

cultural and genealogical history (Rose, 1904). Though officially under Honduran 

rule, the predominant, while unofficial, language on the island continues to be 

English, and is the sole language spoken by most elder Utilians today.   
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 Utila remained relatively isolated until the middle of the 20th century, when it 

expanded its agricultural exports to meet United States’ import interests (Currin, 

2002). American goods (e.g. housing materials, interior design goods and clothing) 

became enmeshed in Utilian culture, as they comprised, almost exclusively, the 

commodities bought and sold in the Bay Islands. The mid 20th century also marked 

the start of the remittance economy. Currently, many working age Utilian men spend 

4-8 months annually offshore and send money back to their families on the island.  

Coinciding with the remittance economy was an increase in the immigration of 

Hondurans from the mainland. The majority of Hondurans live in an area called 

Camponado that currently contains over 100 families, with a population over 1,000. 

According to the 2012 census, the island’s total population was only 3,580. 

Camponado extends into the swampy interior of the island, suffers from poor 

sanitation, and is stigmatized as the poorest and most dangerous part of the island. 

Factors such as increased gang violence on the mainland and the destruction from 

Hurricane Mitch in 1998, have led many Hondurans to seek out resettlement on 

Utila. When asked about why they came to Utila, Hondurans report intentions for 

seeking work, “una vida mejor” (a better life), or “una vida más tranquila” (a more 

peaceful life). Other reports attest to hardships on the mainland: “la vida es dura en 

Honduras” (life is hard on the mainland) and “la vida es peligrosa en la costa” (life is 

dangerous on the mainland). Expansion of the mainland Honduran immigrant 

population is considered to be a driving force behind the socioeconomic disparity on 
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Utila, as the influx of immigrants is perceived to have exacerbated competition for 

jobs and precipitated rapid cultural change (Currin, 2002). 

On Utila, economic growth has been coupled with an increase in socioeconomic 

inequality as gains are unequally distributed. There is substantial variation in access 

to resources and opportunities for advancement on the island. Utilians and foreign 

proprietors are the major business owners - owning and operating the dive shops 

around which the tourist economy is centered (Stonich, 2000). In contrast, 

Hondurans work primarily in service industry jobs as unskilled laborers, house 

cleaners and cooks. However, even tourism is unpredictable and provides only 

limited and seasonal employment; so for both groups there remain few stable 

opportunities for economic advancement on the island.  

  The influx of tourists has led to a greater overall exposure to luxury and 

lifestyle indulgences for both Utilians and Hondurans. Utilians in general tend to 

have a greater potential for upward mobility and may strive for a relatively higher 

socioeconomic lifestyle than most Hondurans, though actually attaining a higher 

standard of living remains difficult. Conversely, Hondurans have worse prospects for 

upward mobility due to their relative marginalization, live in greater squalor, and may 

experience stress as a result of their lower relative socioeconomic standing. 

Therefore, despite the potentially different scales of absolute deprivation, both 

groups may perceive their environments as competitive and resource deprived. 

 

3.2. Methods 
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Participant Recruitment 

 Participants were recruited through a local health clinic, whose clients are 

primarily Honduran, and a health outreach campaign on HQTV (the Utila TV station). 

Sixty-one adult participants (nineteen men and forty-two women) were recruited 

between July and December 2013 (see Descriptive Statistics in Table 1 and 

Supplement). Individuals in the study were between the ages of 18-79. Pregnant 

women were not included in the study due to hormonal changes during pregnancy 

(Obel et al., 2005). Participants were interviewed in either English or Spanish, 

depending on their preferred language, in a private setting. Interviews included 

questions on family composition, economic status, social integration, environmental 

stressors, and health history.  

 

Human Subjects Approval 

All data collection protocols were approved by the Institutional Review Board 

at University of California Santa Barbara. The project and protocols were also 

approved by the local Honduran governance and the community health center on 

Utila. All study participants provided informed consent. 

 

Composite Objective SES Measure 

An objective SES measure was created as a composite of years of schooling, 

income, and occupational rank, following McDade (2001). Income was measured by 
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an individual’s monthly household income in a typical month, recorded categorically 

(0-5,000; 5-10,000; 10-20,000; 20-40,000; 40,000+ Honduran Lempira per month; 

20 Lempira = ~1 USD). Categorical income was used because the income of most 

islanders varies from month to month. Educational attainment was measured by 

highest year in school attained, including years in college or trade school. 

Occupational rank was indexed between 1 and 3, using scoring from McDade 

(2001): 1=unemployed or non-income earning (e.g. housewife); 2=unskilled wage 

labor (e.g. domestic help, street vendor); 3=skilled labor/professional (e.g. teacher, 

doctor, business owner). These rank-scores were validated through interviews with 

key informants regarding locally-defined occupational prestige. Occupational rank 

was assigned as the highest rank among members in the household. For example, if 

the participant cleaned houses (score of 1), but her spouse was a teacher  (score of 

2), her occupational rank would be a 2. Each variable was z-scored then a 

composite objective SES variable was created by summing across the variables. 

Finally, since remittances are a part of the Utilian economic structure, in addition to 

the objective SES measure, participants were asked “Did you receive any 

remittances or did anyone send you money in the last month?” and “Did you send 

remittances/money to anyone in the last month?” Remittances were not included in 

the composite SES variable but analyzed as a separate variable. 

 

Subjective SES Measures: Perceived lifestyle discrepancy and MacArther ladder 

The discrepancy between current wealth and perceptions of need 



     

  77 

Previous measures of subjective SES (e.g. Dressler’s (1996) model of cultural 

consonance and McDade’s (2001) and Sorenson et al.’s (2005) model of lifestyle 

incongruity), have sought to understand how an individual’s ability to adequately 

meet a culturally-defined sufficient lifestyle impacts his or her psychosocial stress 

and/or health. Our measure of lifestyle discrepancy seeks to add an additional 

dimension to these previous measures by looking at how individual perception of 

one’s own SES measures up to their own assessment of need. Though this 

perception is likely informed by local cultural norms, perceived discrepancy should 

capture any individual variation in perceived lifestyle needs.  

For analysis of perceived lifestyle discrepancy, we generated perceived 

importance scores for items on a Material Style of Life (MSOL) interview. The MSOL 

was adapted from a tool used to index access to material assets (Liebert et al., 

2013; Snodgrass et al., 2006; Sorensen et al., 2005). After interviews with key 

informants, we generated a list of 12 items representative of a ‘sufficient lifestyle’ on 

Utila. The list includes car/truck, scooter/golf cart, bicycle, television, cellular phone, 

washing machine, refrigerator, microwave, computer, boat/dory, fishing gear, and 

home ownership. This list was designed to capture material possessions ranging 

from items considered commonplace to those considered luxury possessions. 

Participants ranked the importance of each item for a sufficient lifestyle from “not at 

all important,” to “very important” on a 5-point Likert scale (Supplement Table 3.2). 

To create a measure of discrepancy, in which higher ranks indicate more 

discrepancy, importance ranks were multiplied by -1 if an individual owned an item, 
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or multiplied by +1 if an individual did not own an item, such that each item had a 

value between -5 (perceiving an item as “very important” and having access to it) 

and +5 (perceiving the item as “very important” and not having access to it). We then 

summed across items to create a scale of the perceived importance of material 

assets, weighted by lack of ownership/access, and scaled the variable to be 

between 0-100. The resulting variable shows the discrepancy between what 

individuals have and what they feel that they need for a sufficient lifestyle. Higher 

scores denote greater perceived discrepancy between an individual’s current 

lifestyle and what she or he feels is necessary for a sufficient lifestyle. Lower scores 

denote having met or exceeded what was perceived as necessary for a sufficient 

lifestyle.  

 

MacArthur Ladder: Perceived Social Position 

The MacArthur scale of subjective SES was developed by the MacArthur Network 

on SES and Health to capture individuals' sense of their place on the social ladder 

taking into account standing on multiple dimensions of socioeconomic status and 

social position (http://www.macses.ucsf.edu/research/psychosocial/subjective.php). 

The MacArthur ladder we use consists of eight rungs, and individuals are asked to 

imagine that the individual on the top rung is the best off - with the best job, with the 

most respect in the community, and the most money; while the person on the bottom 

rung has the lowest standing on these traits. Participants reported the rung that they 

felt best represented their own standing relative to others on the island. Low scores 
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indicate a perception of low social position, and high scores indicate a perception of 

high social position.  

 

 

Determinants of Subjective SES 

The variables studied as potential determinants of subjective SES were 

chosen to reflect aspects of an individual’s past and current environment that might 

impact perceptions of current SES.  Individuals were asked demographic questions 

(age, whether they immigrated or were born on the island and when they arrived), 

household questions (household size, number of living children, residential 

neighborhood location (swamp; inland non-swamp; or coastal), type of sanitation 

(“Bathroom in the house”, “Private bathroom outside the house”, “Shared bathroom 

outside the house”, “Does the bathroom have running water?”), questions to assess 

food security (“Do you worry about not having enough food to feed you and your 

family?”, “Has there ever been a point in your life that you worried about not having 

enough food to feed you and your family?”) and financial security (“Do you have any 

savings or money put aside for emergencies?”, “Do you owe anyone money?”, 

“Have you borrowed money from anyone in the last year?”, “Have you loaned money 

to anyone in the last year?”).  An additional variable for ‘working in tourism’ was 

created based on their occupation and whether a substantial amount of their income 

was based on tourism (e.g. clothes launderers, house cleaners, restaurant workers, 

and bar owners rely primarily on tourism for their income and interact with tourists 
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frequently; whereas tourist-based income and interaction is much more limited for 

construction workers and nurses). ‘Sanitation’ was coded as a six-level variable that 

reflects an individual’s household bathroom facilities, ranked from low to high access 

to proper sanitation: (1) shared, outside, no flush; (2) shared, outside, flush; (3) 

private, outside, no flush; (4) private, outside, flush; (5) inside, no flush; (6) inside, 

flush.  

 

Salivary Cortisol Collection  

Individuals were followed for two-day saliva collection to help account for 

diurnal cortisol variation. Three saliva samples per day for two consecutive days 

were collected at approximately (i) 30 minutes (ii) two hours and (iii) eight hours 

post-waking (Adam and Kumari, 2009). Saliva was collected by the passive drool 

technique into 2.0 mL Nalgene cryovials (ThermoScientific, USA) and stored within 

12 hours in a -20°C freezer until the end of the field season (maximum 3 months). 

For four participants, samples were collected by the participants and returned to the 

researchers along with a log of collection and waking times. For the remaining 57 

participants, samples were collected by the researcher. The researcher would arrive 

at the participant’s house within 30 minutes of the participant’s reported usual wake 

time to collect the post-waking sample and note the exact wake time and collection 

time. The researcher would then return twice more, at the designated times, to 

collect the remaining samples for the day. If the participant woke early, they were 

asked to call the researcher immediately upon waking so the researcher could come 
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to the participant’s house to collect the sample (travel time on the island does not 

exceed 20 minutes to any location). Due to logistical complications, samples two and 

three were not always collected exactly at the target times. Mean and standard 

deviation of collection times for samples 1-3 were (i) 0.56±0.18 hours, (ii) 2.50±0.78 

hours, and (iii) 9.6±2.08 hours after waking. Actual collection times and values are 

shown in Figure 3.1. Most individuals (n=57) provided all six samples, with three 

individuals providing only five of the six, and one individual providing only four of the 

six.  

 

Control Variables for Cortisol 

Hormonal birth control use, sleep quality, and frequency of smoking were 

recorded as controls, given their documented influence on cortisol levels 

(Meulenberg et al., 1987; Bouma et al., 2009; Lange et al., 2010; Wilkins et al., 

1982; Badrick et al., 2007). Hormonal birth control was recorded as use of hormonal 

birth control shot (Depo-Provera), oral contraceptive, or birth control implant 

(Implanon or Nexplanon). No women had intra-uterine devices. Hours of sleep were 

recorded and followed up with “What is the quality your sleep?” Hours of sleep was 

entered into models as a continuous variable, and sleep quality was first transformed 

into a factor variable with four levels: “I don’t sleep well”, “I wake up more than once 

a night”, “Sometimes I wake up once a night”, “I sleep well”, and then converted to a 

continuous variable for analyses. Original models used hours of sleep to adjust for 

effects of sleep, then were followed up with both variables entered together. For 
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smoking, participants were asked: “Do you currently smoke cigarettes?” Followed up 

by: “If no, did you ever smoke cigarettes?” Responses were coded as 0 for ‘never 

smoked’, 1 for ‘ex-smoker’ and 2 for ‘current smoker’ (Badrick et al., 2007). Although 

BMI was recorded, it was not used as a control in this study due to conflicting 

studies on the influence and directionality of its relationship with cortisol (Veen et al., 

2009; Rask et al., 2001). 

 

Laboratory Analysis 

Samples were transported on dry ice to the U.S. and kept at -80ºC in the 

UCSB Human Biodemography Lab until analysis (4-6 months). Samples were 

thawed and centrifuged at 1500g for 20 minutes, and the aqueous layer assayed in 

duplicate using an enzyme immunoassay utilizing C. Munro’s R4866 anti-cortisol 

antibody (Munro and Stabenfeldt, 1985; Trumble et al., 2010). The limits of detection 

for this assay are 78.125 pg/mL to 10,000 pg/mL (Munro and Stabenfeldt, 1985). 

The within and between assay CVs for cortisol (n = 11 plates) were 4.29% and 

6.20% for the high (1044.5 pg/ml), and 8.17% and 8.00% for the low (271.4 pg/ml) 

in-house controls, respectively.  

 

Participant Exclusions 

Four individuals were excluded from analysis: one because cortisol in all of 

the individual’s samples was below assay detection limits, likely indicating 

contamination or an error in collection; a second was excluded due to the 
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observation of blood (red color) in the samples (Kivlighan et al., 2004); a third was 

omitted due to prescription Metformin use, a medication used to treat diabetes that 

alters glucose production (Champaneri et al., 2013). The fourth individual provided 

only four samples, and was not included in the study, due to an inability to estimate 

slope over two days. Our final sample includes 57 individuals.   

 

Diurnal Cortisol Modeling 

All modeling was done using collection times relative to waking, since the 

collection times themselves were not always exact. In modeling diurnal change, 

cortisol values were natural log transformed before analysis due to skewed 

distributions and because a log-linear model fit the pattern of cortisol decline across 

the day better than a linear model (Figure 3.1). Parameters of the diurnal change in 

log cortisol were modeled simultaneously in linear mixed models with random effects 

for individual and day of collection (nested within individual) (Hruschka et al., 2005). 

The model takes the form: 

 

ln(CORT)ijk = β0 + β1Tijk + b0i + b1iTijk + bik +εijk 

 

The model considers the jth measurement for each individual, i, on each day, k, at 

time Tijk. β0 and β1 measure the population level intercept and slope of diurnal 

cortisol with respect to time since waking, Tijk. b0i and bik are random intercepts for 

individual and day (nested within individual), and the random slope for individual b1i. 
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For all models, our a priori expectation was that random effects for individual 

intercept and slope would be required to control for non-independence of samples 

and to allow for subsequent modeling of area under the curve (see below). To verify 

within individual covariance and confirm that mixed models should be used, we first 

calculated unconditional intra-class correlations (ICCs) using ICCest in the ICC 

package (Wolak et al., 2012), followed by estimating conditional ICCs by comparing 

the variance attributable to random effects (VarCorr in nlme) as a proportion of the 

total variance in lme models, controlling for collection time (Pinheiro and Bates, 

2000). Mixed models were run with lme in the nlme package in R 3.0.2 (R Core 

Team, 2013).  

 

Estimation of Area Under the Curve 

We calculated mean cortisol area under the curve with respect to ground 

(AUC) for each individual. AUC was calculated by integrating the area under the 

diurnal cortisol function for each person, i, between 30 minutes and 11.5 hours after 

waking, using the fixed and per individual random intercepts and slopes from the 

model above: 

AUC$% = ' e)*+,*-+()/+0/-)2dx
55.7

8.7
	

 

Since we integrate using a single mean intercept and slope for each individual, a 

single AUC for each person, rather than a separate value for each day was 

calculated. Integration was done with the integrate function in R 3.0.2 (R Core Team, 
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2013). AUC estimated in this way is highly correlated with AUC calculated 

segmentally (Pruessner, et al., 2003; Squires et al., 2012) (r = 0.89 for this sample), 

but unlike segmental estimation, controls for variance in sampling times by 

estimating over a predetermined period with a continuous function. Note that we 

chose to integrate over 11 hours as this better represents the actual range of 

collection times, but the choice of integration period makes little difference for this 

dataset: AUC integrated over 8 hours correlates highly with AUC integrated over 11 

hours (r = 0.999). 

 

Figure 3.1. Cortisol data collected by hours since waking. Colored lines connect samples from the 
same day and individual. Solid black lines shows the linear fit to natural log cortisol (R2=0.17), dashed 
black line the fit achieved by a non-linear spline (R2=0.186), and the dotted line the fit from a linear 
decline on non-logged values (R2=0.09). 
 

Missing Data 
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 Some data were missing for MSOL items, objective SES, sanitation score, 

and food security, due to slight inconsistencies across interviews as a result of time 

constraints or interviewer oversight. Less than 8% of the data were missing for any 

single variable (Supplement Table 3.1). Missing data points were imputed using 

multivariate imputation by chained equations (MICE). Dealing with missing data by 

multiple imputations, as opposed to single imputations, accounts for statistical 

uncertainty in the imputations (Azur et al., 2011). Regressions were run using 1000 

iteration models. Model outputs in the results were generated through pooling of 

model outputs in R (package: mice) (van Buuren and Groothuis-Oudshoorn, 2011). 

The sample was limited to individuals for whom at least five saliva samples over two 

days were available; no cortisol data were imputed. There were no differences in 

conclusions between using complete case analysis versus data with multiple 

imputations.  

 

Analysis of Covariates 

For analyses, we ran two types of models to examine both slope of diurnal 

decline and AUC. The first series of models examined effects on the slope term in 

the above mixed models, by adding covariates with both a main effect and an 

interaction with time since waking term in the form: 

 

ln(CORT)ijk = β0 + β1Tijk + β 2X2i + β 2sX2iTijk + … + βn + βnsXniTijk+ b0i + b1iTijk + bik +εijk 
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β2 … βn model the intercept respect to time since waking associated with covariates 

X2 ... Xn and β2s … βns model changes in the slope of decline with time. For 

simplicity, we report only the slope terms from these models in our results section 

below, since the interpretation of the intercept parameters depends entirely on when 

the time variable is centered. Effects on overall cortisol level are therefore more 

clearly captured with an analysis of AUC. 

Thus, in the second set of models, we used generalized linear models to 

examine the effects of covariates on AUC. Since we integrated only one average 

AUC per person, random effects were not needed for these models.  

 With each type of model, first a series of base models were run to evaluate 

independent associations between objective and subjective measures of SES on 

slope/AUC cortisol, controlling for age and sex. Second, to determine whether 

objective or subjective SES variables were independent predictors we ran 

subsequent models with both types of predictors. In models assessing the 

relationship between objective SES and cortisol, dummy variables denoting 

presence or absence of remittances sent and/or received were also used as 

controls; however, because remittance controls were not significant in any model, 

they were removed from final analyses. Initial models also controlled for immigration 

status, but this control was also omitted from final analysis because it showed no 

effect. Similarly, we also found no significant effects of birth control use, hours or 

quality of sleep, or smoking on cortisol, so omitted these controls from further 

analyses. All variables were checked for multicollinearity using the variance inflation 
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factor (VIF) since subjective and objective SES measures were all moderately 

correlated with one another. VIF values were all below two, indicating no evidence of 

problematic collinearity (Zuur et al., 2010).  

Finally, to examine predictors of subjective SES, we used generalized linear 

models that included all variables hypothesized to influence subjective SES, which 

included: age, sex, immigration to the island (yes/no), neighborhood, household 

size, number of living children, lifetime food scarcity (yes/no), current food scarcity 

(yes/no), sanitation, money owed to others (yes/no), money borrowed in last year 

(yes/no), money lent in last year (yes/no), emergency savings (yes/no), and working 

in tourism (yes/no). We then used the stepAIC function in R (package: MASS) to 

determine the best-fit model for predicting subjective SES, established by the model 

with the lowest AIC (Akaike information criterion) (Venables and Ripley, 2002). We 

then included subjective SES measures in the models to assess the mediation 

effects of subjective SES between each variable and cortisol, and tested whether the 

variables predicted cortisol independently.  

 In models, all predictors were standardized; cortisol was logged, but not 

standardized. As such, all reported values in models are unstandardized betas in 

units of logged cortisol (for AUC) or change in logged cortisol per hour (for slope), 

unless otherwise noted. 

 

3.3 Results 
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Demographic descriptive statistics are reported in Table 3.1. The mean age 

of individuals in the sample was 39±15.2 years. 75% of the sample was from the 

Honduran mainland. On average, individuals had 9.0±4.3 years of education, earned 

5-10,000 Lempira per month, and had a mean occupational rank of 2.3±0.6. Mean 

perceived lifestyle discrepancy, which was measured on a scale of 0-100, was 

normally distributed with a mean of 36.6±18.7. Individuals’ mean placement on the 

MacArthur ladder was 4.4±1.9, with no differences by sex (t=-0.13, p=0.89). 

Interestingly, though the components of the objective SES measure did not differ by 

sex, women reported greater perceived discrepancy than men (t=-2.96, p=0.007). 

While mainland immigrants (“Hondurans”) did not significantly differ from non-

immigrants (“Utilians”) in regards to their years of education (t=0.34, p=0.73), income 

(t=0.18, p=0.86), or occupational prestige (t=-0.65, p=0.52), Hondurans had 

significantly fewer material assets (t=-3.36, p=0.003) and perceived greater lifestyle 

discrepancy compared to Utilians (t=2.62, p=0.02; Supplement Table 3). Utila-born 

participants were on average older than Hondurans, likely as a result of smaller 

Utilian sample size and because the project was conducted out of a health center 

frequented mainly by Hondurans. Due to sample size constraints, these groups were 

not analyzed separately; however, as mentioned above, immigration status was 

added as a control in initial models, but was removed from final models due to lack 

of effect.  
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Consistency of individual differences in diurnal cortisol patterns 

To determine the proportion of variance in cortisol levels attributable to 

differences between individuals and to verify the appropriateness of using mixed 

models, we first determined the variance in log cortisol levels attributable to 

individual identity. For each sampling time we estimated unconditional intraclass 

correlations (ICCs). ICC values suggested considerable within individual correlation: 

for sample 1, ICC = 0.42, CI = 0.19 - 0.61; sample 2, ICC = 0.60, CI = 0.40-0.74; and 

sample 3, ICC = 0.54, CI = 0.32-0.70. To verify this consistency, we also examined 

correlations between cortisol values on the same individual during the same 

sampling period, controlling for exact time since waking. This analysis yielded similar 

results, supporting the use of mixed models (Supplement Figure 3.1). Finally, we 

Table 3.1. Descriptive Statistics  

 
 Mean (SD) 
Variable (Range) Males Females 
N 18 39 
Age (18-70 years) 39.3 (15.0) 39.4 (12.1) 
Years of Education (2-20 years) 8.9 (4.8) 9.1 (4.6) 
Income Category (0-5) 3 (1.3) 2.5 (1.3) 
Occupational Rank (1-3) 2.3 (0.7) 2.2 (0.7) 
Perceived Lifestyle Discrepancy (0-100) 33.1 (24.4) 38.1 (15.6) 
MacArthur subjective SES (1-8) 4.4 (1.9) 4.4 (1.5) 
% Smokers 22.2 7.7 
% Mainland Honduran 66.7 79.5 
AUC cortisol pg/mL 7336.9 (4292.0) 6967.4 (2526.1) 
Collection time 1 cortisol pg/mL 1027.4 (634.6) 1084.3 (571.5) 
Collection time 2 cortisol pg/mL 732.1 (577.0) 762.3 (376.2) 
Collection time 3 cortisol pg/mL 701.9 (792.7) 552.0 (371.3) 
Δ Cortisol T1 – T2 (pg/mL/hour) -149.3 (280.0) -138.0 (342.0) 
Δ Cortisol T2 – T3 (pg/mL/hour) -13.6 (115.0) -39.4  (96.1) 
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examined the variance attributable to random effects at the individual and day of 

collection (nested by individual) levels, controlling for time of collection. From this 

base model, the variance attributable to individual identity represented 49.7% of the 

total variance, with 50.2% residual variance. Less than 0.1% of the variance was 

attributable to samples on the same individual having been collected on the same 

day. Taken together, these results suggest that individuals have similar cortisol 

values at similar times of day across days, but that measures within a day do not 

necessarily deviate together. That is, a single elevated measure on a particular day 

is not predictive of an elevation in other samples for that individual on the same day.  

 

Correlations among Objective and Subjective SES measures 

Objective SES was negatively correlated with perceived lifestyle discrepancy 

(r=-0.56, p<0.001), and positively with perceived social status (r=0.29, p=0.03). 

Perceived lifestyle discrepancy was negatively correlated with perceived social 

status (r=-0.46, p=0.002).  

 

Prediction One: Both objective and subjective SES will predict cortisol parameters 

Models comparing objective and subjective SES and their associations with 

cortisol slope and AUC are reported in Table 3.2 (for associations with individual 

time points, see Supplement Table 3.4). Note that negative values for slope denote 

steeper slopes, since negative slopes represent decline during the day, while 

positive values for slope denote a slope that declines less, that is a slope that would 
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be described as blunted or flattened. Controlling for age and sex, objective SES was 

associated with a steeper slope, trending toward significance (β=-0.02 log cortisol 

per hour, p=0.06), but unrelated to AUC cortisol (β=-0.09 log cortisol, p=0.59). 

Because objective SES is a composite measure, we also ran models using each 

subcomponent of objective SES (occupational rank, educational attainment, and 

income).  Of these, occupational rank was associated with a steeper slope (β=-

0.028, p=0.003). 

Perceptions of high lifestyle discrepancy (i.e. greater perceptions of unmet 

needs) significantly predicted a blunted slope and higher AUC cortisol (β=0.030, 

p=0.003 and β=0.290, p=0.04, respectively; Figure 3.2). These findings were 

primarily driven by the effect of perceived lifestyle discrepancy on higher late 

afternoon cortisol (β=0.232, p=0.07; Supplemental Table 3.4). Perceived social 

status did not associate with any measure of HPA function (Table 3.2).  
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Figure 3.2. Relationship between lifestyle discrepancy and cortisol. Values are predicted from model 
4 in table 3.2 and control for age, sex, and objective SES. High, mean, and low discrepancy represent 
-2, 0, and +2 standard deviations in the standardized discrepancy measure. Individuals with high 
discrepancy (not meeting their perceived needs), have a significantly blunted diurnal slope, and 
higher AUC, compared to those who have met or exceeded what they feel is necessary for a 
sufficient lifestyle.   
 

Prediction Two: subjective SES predicts cortisol beyond objective SES  

To further evaluate the relationship between perceived lifestyle discrepancy and 

cortisol, we ran models that controlled for age, sex, and objective SES (Table 3.2). 

In these models, the relationship between objective SES and slope steepness was 

significantly reduced once perceived discrepancy was added to the model (β=-

0.002, p=0.94). Similarly, the relationship between occupational rank and cortisol 
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slope disappeared once perceived lifestyle discrepancy was included in the model 

(See Supplement Table 3.5). 

 Controlling for age, sex, and objective SES, perceived discrepancy remained 

a significant predictor of blunted slope (β=0.029, p=0.03). Sex was also a significant 

predictor in this model with men having more blunted slopes than women (β=0.048, 

p=0.025). However, the relationship between perceived lifestyle discrepancy and 

cortisol slope did not differ between men and women (βsex*discrepancy=0.027, p=0.118). 

For AUC, though controlling for objective SES diminished the statistical significance 

of the perceived discrepancy effect on AUC, it did not reduce the magnitude of the 

effect (β=0.293, p=0.091). Perceived social position did not associate with cortisol 

outcomes, regardless of the inclusion of objective SES. 
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Table 3.2. Comparison of objective and subjective measures of SES 
 

  

Objective 
SES 

 

Perceived 
Discrepancy 

 

Perceived 
Social 
Status 

 
Age 

 
Sex 

Dependent Model  β p 
 

β p 
 

β p 
 

β p 
 

β p 

AUCg 1 
-

0.090 0.592 
 

- - 
 

- - 
 

0.014 0.193 
 

0.135 0.647 

 
2 - - 

 
0.290 0.036 

 
- - 

 
0.007 0.523 

 
0.069 0.820 

 
3 - - 

 
- - 

 

-
0.059 0.695 

 
0.017 0.154 

 
0.119 0.684 

 
4 0.007 0.975 

 
0.293 0.091 

 
- - 

 
0.007 0.533 

 
0.069 0.824 

 
5 

-
0.075 0.676 

 
- - 

 

-
0.036 0.828 

 
0.015 0.210 

 
0.132 0.656 

Slope 1 
-

0.021 0.061 
 

- - 
 

- - 
 

0.000 0.649 
 

0.035 0.066 

 
2 - - 

 
0.030 0.003 

 
- - 

 
0.001 0.289 

 
0.048 0.024 

 
3 - - 

 
- - 

 

-
0.006 0.518 

 
0.001 0.362 

 
0.032 0.100 

 
4 

-
0.001 0.936 

 
0.029 0.025 

 
- - 

 
0.001 0.309 

 
0.048 0.025 

 
5 

-
0.022 0.077 

 
- - 

 
0.002 0.836 

 
0.000 0.730 

 
0.035 0.067 

Note: Parameter estimates are unstandardized betas. Predictor variables were 
standardized; however, cortisol was logged, but not standardized.  
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Determinants of Lifestyle Discrepancy 

Because perceived lifestyle discrepancy had the strongest and most reliable 

effect on measures of cortisol, we explored social, economic and ecological factors 

that we hypothesized might affect perceptions of discrepancy. Using stepwise AIC 

model selection to determine the best-fit model, the variables retained as the best 

predictors of perceived lifestyle discrepancy were objective SES, sanitation, 

immigration status, owing money, and lifetime food scarcity (Table 3.3). All other 

variables fell out of the final model (for correlations, see Supplement Table 3.6).  

Being an immigrant from the mainland significantly predicted higher perceived 

lifestyle discrepancy (β=0.316, p=0.002). Owing money predicted lower discrepancy 

(β=-0.206, p=0.032). Having experienced food scarcity over the life course was 

associated with lower lifestyle discrepancy (β=-0.303, p=0.005). Apart from objective 

SES (β=-0.755, p<0.001), access to sanitation was the most significant predictor of 

perceived lifestyle discrepancy, with poor access to sanitation predicting higher 

perceptions of discrepancy (β=-0.348, p=0.002).  
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Lifestyle Discrepancy as a Mediator between Environment and Cortisol 

Owing money and access to sanitation were the only determinants that had 

direct effects on cortisol (Figure 3.3). Owing money was independently associated 

with slope steepness (β=-0.022, p=0.024). Better sanitation was independently 

associated with lower AUC cortisol (β= -0.540, p<0.001). Once perceived lifestyle 

discrepancy was included in the model, owing money continued to be significantly 

associated with slope steepness (β= -0.021, p=0.046), and sanitation continued to 

be significantly associated with AUC (β=-0.519, p=0.002). Interestingly, the 

parameters for owing money and sanitation remain nearly unchanged, suggesting 

that perceived lifestyle discrepancy does not mediate the direct effects of these 

variables on cortisol. None of the other determinants considered as predictors of 

lifestyle discrepancy were directly related to cortisol and as such were not tested for 

mediation through perceived lifestyle discrepancy.  

Table 3.3. GLM analysis of perceived lifestyle discrepancy 
 
Variable          β SE t-ratio P value 
Immigrated from mainland 0.316 0.096 3.302 0.002 
Owes money -0.206 0.093 -2.218 0.032 
Lifetime Food Scarcity -0.303 0.102 -2.980 0.005 
Sanitation -0.348 0.103 -3.386 0.002 
Objective SES -0.755 0.137 -5.492 <0.001 
Age -0.011 0.008 -1.480 0.146 

 
Note: Variables shown are those retained in the final model (stepAIC) as best predictors of perceived 
lifestyle discrepancy. Variables dropped from the model: sex, emergency savings, money borrowed, 
money lent, neighborhood, household size, number of children, working in tourism, current food 
scarcity.	
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Figure 3.3. Determinants of lifestyle discrepancy and their direct and indirect relationships with 
cortisol. Solid thin lines show the relationship between socio-environmental and ecological factors 
and lifestyle discrepancy; the variables shown are those that were retained as the best predictors of 
lifestyle discrepancy. Solid thick lines show the relationship between sanitation and owing money on 
parameters of cortisol, as mediated through lifestyle discrepancy.  Dashed lines show adjusted 
relationship between lifestyle discrepancy and cortisol, after controlling for sanitation or owing money. 
Numbers in parentheses are direct, unmediated, effects of the variables on their respective measure 
of cortisol. Significance demarcations are: t(p<0.1), * (p<0.05), **(p<0.01), ***(p<0.001). 
 

3.4. Discussion 

In this study, we investigated whether objective and subjective SES were 

predictors of HPA function among residents on Utila, as measured by diurnal decline 

and cumulative daily exposure (AUC) in salivary cortisol. We found that higher 

perceived lifestyle discrepancy predicted blunting of the diurnal cortisol slope. When 

included in the same model, the effect of objective SES was greatly reduced while 

perceived lifestyle discrepancy remained a significant predictor of a blunted cortisol 

decline and AUC, suggesting that effects of objective SES are largely mediated by 
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perceived lifestyle discrepancy. These patterns were primarily explained by higher 

late afternoon cortisol rather than lower morning levels.  

Our findings parallel similar studies addressing dimensions of subjective SES 

related to diurnal salivary cortisol (Agbedia et al., 2011; Squires et al., 2012), and 

may give further insight into the relationship between subjective SES and 

dimensions of cortisol. Under healthy HPA functioning, when cortisol concentrations 

are at an appropriate level, cortisol exerts a feedback signal on receptors in the 

hippocampus, hypothalamus, and pituitary gland, which suppresses its further 

release (Jarcho et al., 2013). The relatively flatter diurnal cortisol rhythm and higher 

AUC in individuals with higher perceived lifestyle discrepancy suggests a failure in 

the negative feedback system – an effect referred to as “glucocorticoid resistance”, 

which has been linked to posttraumatic stress disorder, fatigue, and depression, 

among other psychological conditions associated with socioeconomic adversity 

(Jarcho et al., 2013; Yehuda et al., 2004; Weinrib et al., 2010).  

The relationship between perceived lifestyle discrepancy and HPA function 

offers support for the hypothesis that individuals use social information to determine 

appropriate baselines for sufficient resources (Hymen, 1942; Kondo, 2012; 

Mullainathan and Shafir, 2013). Exposure to luxury and disposable income on Utila 

is ubiquitous. However, there is striking variation in individuals’ interest in economic 

advancement and cultural assimilation. Some Utilians participate in the tourist 

economy as a means of subsistence, but spend the rest of their time in more 

traditional activities, like farming and fishing; others attempt to immerse themselves 
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in the tourist culture working at dive shops and spending time living the tourist 

“vacation lifestyle.” Similarly, some Hondurans attempt to integrate themselves into 

the larger island lifestyle, whereas others retain strong connections with families on 

the mainland and show little interest in assimilating to either Utilian or tourist culture. 

Ultimately, the composition of one’s personal reference group likely plays an 

important role in understanding variation in perceptions, salience of social 

information, and impacts on HPA functioning. One caveat is that higher cortisol in 

the evening could be due to differences in sleep patterns associated with 

employment - some individuals collect crabs from the bush at night or work 

extremely late shifts in other jobs such as taxi drivers or cooks. While self-reported 

hours and quality of sleep did not show an effect, the cumulative effect of hours, 

quality, and timing of sleep may have an unmeasured effect.   

Use of social information may be intertwined with status in that social acumen 

likely bolsters one’s ability to gain status (von Rueden et al., 2011). The absence of 

a relationship between perceived status and HPA function could be due to a number 

of factors. Though the scale was correlated with objective SES, the magnitude of 

correlation was relatively weak (r=0.29). Further, the correlation was driven by only a 

few people on the very high and very low end of objective SES while for the middle 

80% of the sample there is no relationship (Supplement Figure 2). Utila is a small 

island with both a strong sense of community and fierce in- versus out-group 

dynamics. One possibility is a response bias in the use of the MacArthur scale 

whereby even objectively better-off individuals tended to place themselves in the 
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middle of the ladder, stating they were “no better than anyone else” or “they didn’t 

really have much.” Another possibility is that individuals were confused by the 

hypothetical nature of the scale itself, and responses could reflect how they think 

others would view their social status-which might not matter insofar as they are 

content with their current lifestyle. The perceived lifestyle discrepancy measure may 

not suffer from these issues, because individuals are not explicitly asked to state 

how discrepant their lifestyle is from their ideal (which can lead to response biases 

like negative affect). Thus, perceived lifestyle discrepancy may represent a more 

‘objective’ way to understand an individual’s ‘subjective’ experience.  

Consistent with other studies that have found that immigrants tend to have 

lower subjective SES than non-immigrants, we found immigration status to be 

significantly associated with perceived lifestyle discrepancy (cf: Gong, Xu, and 

Takeuchi, 2012). Immigration status likely influences perceptions through differential 

access to social and economic resource opportunities. Social networks and support 

may buffer perceptions of threat that stimulate the HPA axis; however, migrants 

often enter into an area with few social ties, and successfully rebuilding long-term 

social networks is variable. The social networks that do exist may be more resource-

poor, which could translate into decreased acquisition and borrowing power. 

Hondurans also migrate to the island seeking increased job opportunity and upward 

mobility, but often experience discrimination and few prospects for mobility. 

However, immigration status did not have a direct effect on cortisol, suggesting that, 

in our sample, there was no direct link between being an immigrant and provoking a 
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stress response. That being said, the lack of association may also be due to the 

relatively smaller sample size of Utilian-born participants.  

The association between not owing money and greater lifestyle discrepancy 

might seem puzzling; however, one interpretation is that the ability to regularly 

borrow (and thus owe) money indicates having established relationships with 

individuals who are better off than you. Not owing money may instead reflect a lack 

of credit, a compromised social network, and greater absolute deprivation and 

access to resources, including those more readily accessible through borrowing. 

This corresponds with other studies that have found evidence of greater 

psychosocial stress resulting from compromised social networks and perceived lack 

of available interpersonal resources (Cohen and Wills, 1985; Lueck and Wilson, 

2010), and is further substantiated by the fact that not owing money was directly 

associated with cortisol slope, even after controlling for the mediation effects of 

perceived discrepancy. 

The most influential predictor of perceived lifestyle discrepancy was lack of 

access to improved sanitation. Access to sanitation could be related to subjective 

SES and cortisol in two distinct ways. First, sanitation is one of the most basic 

elements of human physiological needs (Maslow, 1943) and a number of studies 

have shown that inadequate or poor sanitation is associated with lower status 

(Hoelle, 2012; Shuval et al., 1981; cf: Bhiuya et al., 1986). The implication being that 

regardless of other material welfare, poor access to sanitation could signal a chronic 

deprivation of basic human needs that relate to an individual’s subjective 
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perceptions of self, and distinctly to their stress levels. Additionally, poor sanitary 

conditions put individuals at increased exposure to parasites and pathogens. Some 

research in non-human animals suggests that parasitic and pathogenic infection 

independently affect HPA function and cortisol (Klar and Sures, 2004; Stoltze and 

Buchmann, 2001; Muehlenbein and Watts, 2010). This could explain why sanitation 

had a significant relationship with cortisol, and concordantly, why the relationship 

between perceived lifestyle discrepancy and cortisol diminished once sanitation was 

included in the model.  However, no similar studies have been done in humans, nor 

measuring salivary cortisol, specifically. To advance our understanding of the 

relationship between parasites and HPA function, studies focusing on the 

relationship between variation in parasite and pathogen exposure and cortisol in 

humans are needed.   

 

Limitations 

While not measured in this study, another important consideration is how 

variation in optimal health-promoting or health-risking behaviors like diet and 

exercise independently impact HPA function (Pepper and Nettle, 2014). Also likely to 

be important, as suggested above, is the effect of social network and composition of 

an individual’s reference group on perceptions of adequacy as well as coping 

strategies, which both might impact HPA function. Given our limited social network 

data, we were unable to unpack these more complex dynamics. More research 

coupling social network analysis and biomarkers of stress is needed. The logistical 
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challenges of collecting cortisol in a rural field setting confined us to collecting 

samples over only two days. As a highly sensitive hormone, cortisol can be variable 

across days and times of day, due to relatively minor perturbations in an individual’s 

environment. Though many studies rely on an equivalent number or fewer (Nyberg, 

2012; Squires et al., 2012; Desantis et al., 2015), in order to reliably assess 

dysregulation of diurnal cortisol and to address the complexities of the HPA axis in 

response to psychosocial stimuli, longer periods of sampling may be preferable 

(Nicolson, 2007). However in assessments of ICCs by individual, we found within-

individual consistency across days with about half of the variance in samples 

attributable to individual identity. This suggests that for our sample, we might not 

need more than two days to capture adequate between-individual variation. 

However, this also suggests that since there was some between-day variation, a 

single day would have been less accurate, and would have required a larger sample 

to compensate for the loss of measurement accuracy.  

A further limitation is that we did not measure the cortisol awakening 

response, which is typically measured by collecting a sample immediately at waking 

and another sample ~30 min later. Salivary cortisol increases by 50-160% within the 

first 30 minutes of waking (Clow et al., 2004), and typically peaks between 30-45 

minutes after waking (Hellhammer et al., 2009). Logistical issues and issues with 

compliance made it difficult to collect samples immediately upon waking. Instead, we 

focused on capturing the peak in cortisol and measuring its decline. Because there 

is no agreed upon ‘exact’ time for taking a sample to catch the peak free salivary 
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cortisol (Clow et al., 2004), and numerous studies that look at CAR use a collection 

schedule that calculates CAR from 0 minutes to 30 minutes post-waking, we 

concluded that collecting the first sample at 30 minutes post-waking was appropriate 

for minimizing confounding issues of variation in cortisol awakening responses 

(Squires et al., 2012; Hajat et al., 2010; Champaneri et al., 2012). Our sampling 

managed to target this goal fairly accurately, with the first samples collected at 

0.56±0.18 hours after waking. However, because individuals vary in the timing of 

their cortisol peaks, any error in the time of collection may have an effect on 

calculation of slope and AUC. Lastly, though we control for contraceptive use, we do 

not control for where women were in their menstrual cycles, which has been shown 

to affect bioavailability of cortisol (Hirschbaum et al., 1999; Wilcox et al., 1988).  

 

3.5. Conclusion 

This study provides important preliminary insights into the relationship between 

subjective SES and cortisol on the island of Utila. Though longitudinal data will 

facilitate a more thorough understanding, in this cross-sectional analysis we find 

evidence that perceived lifestyle discrepancy is related to diurnal decline and 

cumulative daily exposure to salivary cortisol, indicating that elements of the “lived 

experience” of SES play a role in the relationship between SES and physiological 

stress. This role of subjective SES may be either more inclusive, or independent, of 

objective measures of SES. Subjective SES incorporates current and future 

potential, based in part on past experiences, and current resource access that may 
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be extended or crippled by aspects of social capital. Social capital and perception of 

resources vary with population scale, including the size and content of reference 

groups. In this context, subjective SES may incorporate objective income and assets 

along with the ability to buffer lack of assets through other forms of capital. In 

addition, because subjective SES incorporates overall interest in material assets, it 

may stand apart as a signal of an individual’s relative acceptance of his or her own 

status, independent of objective SES. On Utila, like in many developing areas where 

economic inequality is growing, shifts in wealth and opportunity can lead to a 

psychosocial reframing. As the island’s tourist industry becomes increasingly insular, 

Utilians and Hondurans alike struggle to sustainably capitalize on the industry. 

Assessing how perceptions change relative to an individual’s unique desire and 

potential for mobility, and the pathway by which perception impacts stress and HPA 

function, is more complex. However, given the established connection between HPA 

function and chronic diseases, and the growing epidemic of metabolic syndrome in 

developing regions, understanding how socioeconomic inequality relates to stress 

and HPA activation, and downstream consequences of morbidity and mortality is 

vital.  
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CHAPTER IV: The immunomodulatory role of cortisol on 

proinflammatory leukocyte subsets among Honduran immigrant 

women on Utila 
 

4.1. Introduction 
 
Altered neuroendocrine and immune functions have been linked to a wide range of 

diseases, including increased risk for metabolic diseases, psychiatric pathologies, 

and higher risk for a number of cancers (Brunner et al., 2002; Yamaoka et al., 2012; 

Ercolani et al., 2015; Fu & Kettner, 2013; Jarcho, Slavich, Tylova-Stein, Wolkowitz, 

& Burke, 2013; Sephton, 2000). However, the details of past findings are highly 

variable, and the exact roles neuroendocrine and immune activation play in disease 

risk remain unclear. For instance, both over and under-activation of the 

hypothalamic-pituitary-adrenal (HPA) axis, a primary component of the 

neuroendocrine system, have been linked to heightened risk of metabolic and 

psychiatric diseases (Björntorp & Rosmond, 2000; Heim & Hellhammer, 2000; 

Yehuda et al., 1990; Stetler, 2011), and findings are inconsistent regarding which 

aspects of the HPA response (cumulative daily hormonal exposure versus diurnal 

patterning of hormone levels) are most closely aligned with risk (reviews: 

Hellhammer, Wu, & Kudielka, 2009; Ryan, Booth, Spathis, Mollart, & Clow, 2016). 

Similarly, systemic inflammation has been widely associated with greater risk of 

cardiovascular disease and mortality, type 2 diabetes, cancers, and other non-

communicable diseases (Collado-Hidalgo, Bower, Ganz, Cole, & Irwin, 2006; 

Omoigui, 2007; Wellen & Hotamisligil, 2005). Yet, despite high chronic inflammation, 
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some populations show no evidence of arterial aging or inflammatory cancers 

(Kaplan et al., 2017). Indeed, several components of the inflammatory immune 

system are also increasingly being recognized as having a major role in tissue repair 

and maintenance, as well as protective properties against cancers (De Visser, 

Eichten, & Coussens, 2006; Karin & Clevers, 2016).  

 Circadian rhythms regulate many biological processes, including most 

components of the neuroendocrine and immune systems (Haus & Smolensky, 1999; 

Lowrey & Takahashi, 2004; Reppert & Wever, 2002). While immune function is 

crucial, maintaining a constantly up-regulated immune response is energetically 

costly (Gurven et al., 2016; Muehlenbein, Hirschtick, Bonner, & Swartz, 2010) and 

can cause extensive collateral damage and increase vulnerability to runaway 

immune responses, as seen in autoimmune disorders or sepsis (Man, Loudon, & 

Chawla, 2016). Cortisol, a primary hormone of the HPA axis, follows an antiphasic 

circadian profile with a number of inflammatory immune markers, and serves to 

optimize immune responses through crosstalk and negative feedback processes 

which control the expression and activity of key regulators of immune function, 

including some cellular and tissue repair mechanisms (Petrovsky, 2001; Vukelic et 

al., 2011; Chrousos, 1999; Dhabhar & Mcewen, 1997; Fauci, 1975). However, 

neuroendocrine-immune interactions are bidirectional and little is known about the 

constancy of these relationships under a range of ecological conditions 

(Besedovsky, Del Rey, Sorkin, Lotz, & Schwulera, 1985; Glaser & Kiecolt-Glaser, 

2005). For instance, there is no empirical research investigating whether the same 
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relationships would exist in a high-pathogen environment where the immune system 

may be chronically up-regulated. The vast majority of research relating diurnal 

variation in neuroendocrine function to diurnal immune function has been conducted 

in in vitro lab-based experiments in populations with low infectious disease burdens 

like the U.S. and Europe. However, sedentary urban cities with sanitation, medical 

care, and public health infrastructure are an evolutionary novelty- more than 99% of 

human history was spent as hunter-gatherers. Examination of neuroendocrine and 

immune interactions in environments that are more representative of the high 

pathogen environments in which humans evolved may help to illuminate novel 

relationships that may further our understanding of why there appear to be 

discrepancies in the literature on how neuroendocrine and immune function relate to 

disease risk. Further, though well established in fields like endocrinology and 

immunology, the chronobiological approach to stress and immune function has yet 

to be incorporated into the majority of social science research.  

 In this paper, we investigate the relationship between the circadian rhythms of 

the HPA axis and immunity among Honduran immigrant women on the island of 

Utila. We employ an evolutionary framework that focuses on the adaptive function of 

neuroendocrine and immune interactions to explore the reaction norms of 

neuroendocrine-immune relationships. We focus on the relationship between diurnal 

salivary cortisol and two main subsets of leukocytes: granulocytes and lymphocytes, 

both of which follow antiphasic diurnal rhythms with cortisol, reaching their 

acrophases during resting hours (Ackermann et al., 2012; Haus & Smolensky, 1999; 
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Hriscu, 2005; Pelegrí et al., 2003).   

 

Diurnal neuroendocrine-immune regulation 

 The HPA axis regulates energetic resources to restore and maintain 

metabolic homeostasis, and as part of this process regulates the immune system 

(Dumbell et al., 2016; Straub, Cutolo, Buttgereit, & Pongratz, 2010). Glucocorticoids 

(principally cortisol, in humans) are the primary hormones of the HPA axis and follow 

a diurnal pattern characterized by a peak approximately 30-45 minutes after waking 

(called the cortisol awakening response or CAR) followed by a relatively steady 

decline throughout the day (Champaneri et al. 2013; Dhabhar 2008). Studies in 

humans, non-human primates, and other vertebrate models, report that a number of 

cells and signaling molecules of the immune system, particularly those implicated in 

inflammatory processes, have inverse diurnal rhythms to glucocorticoids (Chrousos 

et al. 1999, Cermakian et al. 2013; Lange et al. 2010; for a comprehensive review: 

Labrecque & Cermakian, 2015). Although HPA activation is considered by some to 

be immunosuppressive (Lindberg and Frenkel, 1977; Veen et al., 2009), there is 

variable support for the hypothesis that higher baseline cortisol is associated with 

worse condition (review: Bonier et al., 2009). Apart from the extreme ends of 

baseline variation (e.g. Addison’s Disease and Cushing’s Syndrome), evidence of 

endogenous associations between the HPA axis and immune function in humans 

remains inconsistent. In the context of normal physiology, cortisol is better 

conceptualized as ‘immunomodulatory’ rather than immunosuppressive, enhancing 
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and suppressing different aspects of immunity, dependent upon the type of immune 

response and immune cell type (Silverman, Pearce, Biron, & Andrew, 2005). In 

coordination, the immune system has mechanisms for feedback to the HPA axis, 

further regulating responses. In an in vitro experiment in mice, Besedovsky and 

colleagues concluded that activated lymphoid cells engage in a feedback pipeline, 

where immune cells secrete signaling molecules that stimulate the release of 

glucocorticoids, which in turn negatively feedback on immune cells to prevent over-

activity and preserve specificity of immune responses (Besedovsky, Del Rey, Sorkin, 

Lotz, & Schwulera, 1985).  

 Across all five vertebrate taxa, there is evidence that glucocorticoid hormones 

act to increase granulocyte counts, while also decreasing lymphocytes either in 

response to acute natural stressors or exogenous administration of hormones 

(Davis, Maney, & Maerz, 2008).  Earlier work in immunology demonstrated that this 

change was in fact reallocation, as glucocorticoids functioned to both redistribute 

lymphocytes away from the periphery, as well as suspending apoptosis of 

neutrophils, the most abundant granulocytic cell, which effectively alters the 

peripheral proportions of leukocyte subsets (Fauci, 1975; Liles, Dale, & Klebanoff, 

1995). This pattern, which has been shown in numerous in vitro studies, suppresses 

inflammation and biases the immune system towards Th2/anti-inflammatory 

response (Padgett and Glaser, 2003; Law et al., 2001).  

From an evolutionary perspective, the redistribution of immune cells to 

various organs and tissues and the delayed senescence of innate immune cells in 
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response to a glucocorticoid dose may very well be adaptive, if this signals 

preparation for dealing with a potential immunologic challenge (i.e. injury in a fight) 

(Dhabhar & Mcewen, 1997). Indeed in humans and animal models competitive 

challenges result in acute increases in cortisol and other steroids, and a 

redistribution of immune cells to the periphery (Braude, Tang-Martinez, & Taylor, 

1999; Dhabhar & Mcewen, 1997; Dhabhar, Miller, Stein, McEwen, & Spencer, 

1994). However, more recent work also confirms that administration of cortisol and 

other major stress hormones can lead to redistribution specifically of a subtype of 

lymphocyte, the naïve T-cell, to bone marrow, while promoting the mobilization of 

inflammatory lymphocytes, effector CD8+ T cells (Dimitrov et al., 2009). This 

strategy essentially diminishes the capacity for initiating adaptive immune responses 

while at the same time up-regulating generic inflammatory processes in the face of a 

stressor. Though immediately adaptive, if this state persists (as in the case of 

chronic stress), it may become problematic as numerous components of the 

adaptive immune system facilitate wound closure and tissue repair via pathways that 

couple inflammatory responses with the proliferation of stem cells (Karin & Clevers, 

2016).  

 

Ecological variation in neuroendocrine-immune function  

  The field of ecological immunology suggests that aspects of an organism’s 

ecology affect strategies for optimal investment in biological features of stress and 

immunity (Sheldon & Verhulst, 1996). Though functional interactions of the 
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neuroendocrine and immune systems are likely evolutionarily conserved, base levels 

and responses should vary by environmental contexts, which may also result in 

ecologically-distinct patterns in relation to disease markers. Despite findings 

associating markers of stress and inflammation with negative health outcomes in 

some populations, these associations do not always hold for all populations. For 

instance, Kaplan and colleagues have consistently found that, despite having high 

levels of chronic inflammation, the Tsimane (a group of forager-horticulturalists in the 

lowlands of the Bolivian Amazon) show almost no risk for coronary arterial 

calcification or other metabolic diseases traditionally linked to inflammation (Gurven 

et al., 2009; Kaplan et al., 2017). The Tsimane live in a parasite- and pathogen-rich 

environment, with 70% of the population infected with at least one type of helminthic 

parasite ( Blackwell et al., 2016; Blackwell et al., 2015).  In this context, up-regulated 

inflammatory immunity is likely an adaptive strategy, as immediate protection from 

infectious disease outweighs any potential costs due to chronically elevated 

inflammatory responses. In another study of Gambian women, C-reactive protein 

(CRP), a traditional marker of innate inflammation consistently linked to central 

adiposity in Western societies, showed no relation to waist-to-hip ratio (Shattuck-

Heidorn, Reiches, Prentice, Moore, & Ellison, 2016). In this population, the authors 

observed overall low levels of CRP and extreme leanness of the population (mean 

BMI ~20), suggesting that CRP may only be linked to adiposity above a certain 

threshold. There also appears to be global variation in cortisol levels, evidenced by a 

recent study that assessed salivary cortisol among the Garisakang of Papua New 
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Guinea (Urlacher, Liebert, & Konečná, 2018). In this subsistence-based indigenous 

group, age and sex significantly predicted evaluated cortisol parameters in ways not 

consistently reported among industrialized populations, and diurnal decline was 

considerably flatter than industrialized references. The authors conclude that the 

flatter diurnal profiles of the Garisakang are likely a result of socioecological factors 

like chronic physical stress unique to non-industrialized populations, including heavy 

physical work, higher pathogen presence, and limited nutrition.  

 Ecological variation in pathogenic exposure may also mediate relationships 

between social factors and immune responses. More recent studies show that 

stressful social experiences (e.g. marginalization, social isolation, depression) are 

linked to inflammation, particularly in developed or urbanized areas, potentially due 

to a lack of immune-priming from early exposure to microbes and parasites (Raison, 

Lowry, & Rook, 2010; Graham A W Rook, Lowry, & Raison, 2015). In a U.S.-based 

study of healthy U.S.-based youth, Böbel and colleagues (2018) found that being 

raised in an urban environment without exposure to farm animals was associated 

with a more pronounced increase in the number of lymphocytes and plasma 

interleukin-6 concentrations following acute psychosocial stress compared to those 

individuals raised on rural farms. Overall, there is considerable variation in the 

documented relationships between biomarkers of stress and immunity and various 

stress-related diseases, and it is increasingly clear that ecological variation plays a 

role in explaining the seemingly disparate findings (review: Morey, Boggero, Scott, & 

Segerstrom, 2016). 
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 One possibility is that these varied results are the consequence of using 

levels of biomarkers as predictors, rather than looking at relationships between 

biomarkers, or examining how these markers change over time. For example, 

pathologies related to stress or inflammation may be a consequence of altered 

diurnal profiles or a breakdown in the crosstalk between the systems rather than 

variation in levels. Because there may be ecological variation in what is considered 

‘healthy’ levels of hormones and immune markers, single point biomarkers in relation 

to disease risk may not be reliable. The prevalence of single marker use in the 

literature may also explain why there is such inconsistency in how certain 

biomarkers are related to risk.  

 

Study Area: Utila, Honduras 

 Utila is the smallest of the Honduran bay islands and is home to native 

Utilians (of British and American ancestry) and immigrants from the mainland 

Honduras. There is striking social and economic inequality between native islanders 

and immigrants; the vast majority of immigrants live in an inland area of the island 

built on a swamp, with crowded living conditions and a lack of sanitation. Utila is a 

relatively pathogen-rich environment, with diseases like respiratory and parasitic 

infection remaining as major causes of morbidity. Of the 112 women in this study for 

whom we did fecal analysis, 33% tested positive for at least one strain of helminthic 

or protozoal infection (manuscript in prep). Honduran immigrants are also the most 

socioeconomically marginalized group on the island. In previous work on perceived 



      

   131 

socioeconomic status (SES) and diurnal cortisol on Utila, we found that low 

perceived SES significantly predicted blunted salivary cortisol, and immigrant 

women were the most likely to have low perceived SES (García, Gurven, & 

Blackwell, 2017). Many immigrant women have come to the island alone, or with 

only their children, seeking work or fleeing the violence on the mainland. This, in 

addition to the isolationist ‘machisimo’ culture, results in many women having very 

small or unstable social networks on the island. Stress research has shown that the 

ability to buffer adverse experiences is important for mitigating the potential 

biological effects of psychosocial stress (Hennessy, Kaiser, & Sachser, 2009); 

unfortunately, many of the women in this study likely lack that privilege. Thus, 

Honduran women, in particular, are perhaps at the highest risk for both immune 

activation due to disease and altered HPA activity due to both marginalization and 

gender-based inequalities that are prevalent on the island. 

 These conditions make Utila an ideal area for this study, which aims to 

assess variation in neuroendocrine-immune interactions in ecological context. 

Further, despite the overwhelming evidence that diurnal HPA and immune function 

play critical roles in relation to a variety of diseases, the presence of this type of 

research in the social sciences is surprisingly limited. There are no studies that we 

are aware of that look at both diurnal stress and immunity jointly in a non-lab-based, 

natural ecological setting.   

  

Hypothesis and predictions 
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 The regulatory connection between the circadian rhythms of the 

neuroendocrine and immune systems is likely evolutionary conserved and calibrated 

to adjust these systems according to ecological and physiological demands, both 

between species and between individuals within a species. This process of 

regulation should function similarly regardless of ecological context; indeed the full 

range of regulatory function should only be apparent when measured across these 

circumstances. Thus, in a pathogen heavy environment, individuals’ levels of cortisol 

or immunity may vary, however, this variation should be consistent with the 

regulatory relationships common across individuals. In particular, in the context of 

leukocytes, elevated disease risk should be seen when the change in proportion of 

granulocytes to lymphocytes is stunted- if the ratio of granulocytes to lymphocytes 

remains high in the evening, this suppresses the ability of lymphocytes to repair 

tissues, which accelerates the damage done by other inflammatory processes. 

 This research seeks to determine whether patterns in diurnal cortisol are 

associated with diurnal changes in immunity in ecological context, and whether 

variables traditionally thought to affect cortisol and immune function show similar 

associations in high this pathogen context. To our knowledge, no research has 

established a relationship between diurnal cortisol and its regulation of immune 

function in a non-U.S. human population in ecological context. We predict that: (P1a, 

P1b) Given the regulatory function diurnal cortisol has on leukocytes, shallower (i.e. 

blunted) cortisol slope should be associated with less of a change in absolute 

granulocyte and lymphocyte cell counts across the day. (P2) Because under 
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‘healthy’ functional conditions cortisol is positively correlated with granulocyte 

abundance, high cumulative cortisol exposure (AUC) should be associated with high 

levels of circulating granulocytes. However, due to leukocyte trafficking in response 

to stress (P3) the diurnal parameter of cortisol that is consistently linked to stress 

response (i.e. slope) should be associated with lower proportion of lymphocytes over 

the day.  

 

4.2. Methods 

 

Participants and recruitment  

 Multistage random sampling was used to recruit a representative sample of 

134 Honduran immigrant women as part of a project focusing on marginalization, 

stress, immunity, and metabolic disease risk on the Honduran island of Utila. 

Individuals were recruited through the Centro de Salud (community clinic), word of 

mouth, and outreach, in an effort to draw from a wide range of areas on the island. 

All interested participants were asked to come to the clinic in the morning for 

explanation of the research, participation, and informed consent. Either the lead 

researcher (A.G.) or a research assistant explained the goals of the research project 

to each participant, which were to understand the relationship between the body’s 

stress and immune systems in relation to metabolic health, and fielded any 

questions at that time. Individuals were assured that their participation would be 

anonymous, and they could opt out at any time. The lead researcher or a trained 
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research assistant conducted all interviews and gave directives in Spanish, unless 

requested otherwise. Participants were compensated for any part of the research in 

which they participated, with those that participated in all aspects being paid the 

maximum of 200 Honduran Lempira (~8 USD or ~2.5 hours of typical wage labor).  

 All data collection protocols were approved by the Institutional Review Board 

at University of California Santa Barbara. The local Honduran governance and the 

community health center on Utila also approved the project and protocols.  

 

Procedure for blood collection and interview  

 Participants were interviewed in the morning between 5:00 and 10:30am 

(median 8:30am). After providing informed consent participants were asked about 

the last time they had eaten or drunk anything, to confirm that they were fasting; a 

trained phlebotomist from the community clinic then performed a blood draw. 

Venous blood samples were collected into EDTA-coated vacutainers. Following 

collection of the blood sample and anthropometrics (i.e. height, weight, and blood 

pressure), individuals were offered crackers and water, and asked for their health 

history of known major ailments and diagnoses, current or recent illness, sleep 

quality and quantity, reproductive history (including date of last menstruation), and 

medication use, including hormonal birth control. As a part of the larger research 

project, individuals were interviewed on a suite of topics including aspects of 

demography, social and economic environment, and living conditions. Approximately 

8 hours later (between 1 and 7pm), a trained phlebotomist collected the second non-
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fasting blood sample from each participant at their home or another agreed upon 

location. 

 

Procedure for saliva collection  

Four saliva samples were collected from participants for two consecutive and 

consistent days at (i) waking, (ii) 30- minutes, (iii) 45- minutes, and (iv) eight hours 

after waking (a total of 8 samples) to establish diurnal cortisol profiles. Saliva was 

collected by the passive drool technique (Adam and Kumari, 2009) into 2.0 mL 

Nalgene cryovials (Thermo Scientific, USA) and stored in a -20°C freezer within 12 

hours of collection, until the end of the field season. Salivary cortisol shows strong 

diurnal variability, which makes precise collection times critical for calculating 

aspects of the slopes and area under the curve. As such, trained researchers 

collected samples from all but three participants, who were deemed able to collect 

their own samples at the specified times. Participants were asked what time they 

usually woke up, and researchers arrived at their house a few minutes prior to their 

typical waking time to wake them up and collect the first sample. Researchers then 

returned thrice more each day at the appropriate times to collect subsequent 

samples.  

 

Biological assays 

Blood samples. Within 2 h of venipuncture, leukocyte (white blood cell) counts, 

percent and count granulocytes, percent and count lymphocytes/ monocytes were 
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determined in both morning and evening peripheral blood samples by a complete 

blood count assay with three-part differential using a QBC Autoread Plus dry 

hematology system (Drucker Diagnostics, PA), according to the manufacturer’s 

protocol.  

Saliva samples. Saliva samples were stored at -20ºC until the end of the field 

season (~3 months), then transported to the U.S. and kept at -80ºC in the UCSB 

Human Biodemography Lab until analysis (2-4 months). Samples were thawed and 

centrifuged at 1500g for 20 minutes, and the aqueous layer assayed in duplicate 

using a validated in-house enzyme immunoassay utilizing C. Munro’s R4866 anti-

cortisol antibody (Munro and Stabenfeldt, 1985; Trumble et al., 2010). The limits of 

detection for this assay are 78.125 pg/mL to 10,000 pg/mL (Munro and Stabenfeldt, 

1985). The within and between assay CVs for cortisol (n = 27 plates) were 5.63% 

and 2.04% for the high (4,622 pg/ml), and 5.94% and 3.39% for the low (726 pg/ml) 

in-house controls, respectively.  

 

Diurnal cortisol and leukocyte modeling 

 Cortisol values were natural log transformed before analysis due to skewed 

distributions and because a log-linear model fit the pattern of cortisol decline across 

the day better than a linear model. To create an easily interpretable way of modeling 

the shape of the cortisol profile with terms for the cortisol awakening response (slope 

of the increase from waking to peak morning cortisol), and the slope of decline 

during the latter part of the day, we modeled cortisol relative to the within-sampling-
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day peak cortisol value. The peak was defined as the sample for a particular 

individual on a particular day with the highest cortisol value collected <1.5 hours 

after waking. Time was then converted to two variables, time before the peak (TU), 

and time since the peak (TD), with TU=0 after the peak, and TD=0 before the peak 

time. Cortisol was then fit to a model of the following form: 

 

ln(CORT)ijk = (β0 + b0i + b0ik) + (β1 + b1i + b1jk)TUijk + (β2 + b2i +b2jk)TDijk + εijk 

 

The model considers the jth measurement for each individual, i, on each day, k, at 

sample time before the peak, TUijk, and sample time after the peak, TDijk. β0 

measures the population level intercept, β1 the slope of cortisol increase from 

waking to the peak, and β2 the slope of cortisol change after the peak. Random 

effects include b0i and b0ik, which are intercepts for individual and sampling day 

(nested within individual), b1i and b2i, which are slopes for TU and TD by individual, 

and b1jk and b2jk, which are slopes for each sampling day, nested within individual.  

 From the estimated model fixed and random effects, we calculated the slope 

of increase from waking to peak (CAR; β1 + b1i + b1jk), the slope of change from peak 

to afternoon (Slope; β2 + b2i +b2jk), and the peak cortisol value (Peak; β0 + b0i + b0ik) 

for each individual on a given sample day, yielding two estimates per person. Using 

these values and the time of the peak (PT), which was pre-determined before 

estimating model parameters, we calculated the area under the curve with respect to 

ground (AUC) from waking to 12 hours post-waking by integrating under the 
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function:  

!"# = % &'()*+(-.'/)∗2	45; 	7 = 8 #!9, 5 < <=
>?@A&, 5 ≥ <=

CD

E
 

 

Thus, each individual had an AUC measurement for each day. Figure 1 shows the 

individual level diurnal fits and distribution of estimated components for the full 

sample. The cortisol model was fit with lme in the nlme package, and integration was 

done with the integrate function in R 3.5.0 (R Core Team, 2013). Due to the slight 

left skew, AUC was log-transformed before analyses; however, the results were 

consistent in direction and significance when using non-logged AUC. Also note that 

though CAR is described here as a part of the overall cortisol modeling, this paper 

focuses exclusively on slope of decline (slope down) and AUC.  

 For each measure of diurnal change in leukocyte subset counts (lymphocyte 

count, granulocyte count), slopes were calculated using a basic formula for a two-

point slope, converted into percent change: ((m2-m1/m1))/(t2-t1)*100, where m1 and 

m2 represent the measurements at each sampling point and t1 and t2 are the times 

when each sample was taken in hours. Diurnal change in proportion of lymphocytes 

was calculated using the same two-point slope formula, but was not converted to 

percent change: (m2-m1)/(t2-t1). 

 

Cortisol and leukocyte controls 

Studies have shown that a number of behavioral and health-related variables 

have independent effects on cortisol, including: sleep, smoking, medication for 
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diabetes, high blood pressure, and thyroid, hormonal birth control use, age, and 

body fat (Badrick, Kirschbaum, & Kumari, 2007; Hellhammer, Wu, & Kudielka, 2009; 

Nicolson, 2007; Björntorp & Rosmond, 2000; Champaneri et al., 2013). These 

variables were included as covariates in initial regression models, along with ‘time of 

waking’, which was included in models with granulocytes. Similar to cortisol, there is 

some evidence that high body fat and smoking are linked to higher inflammation 

(Wellen & Hotamisligil, 2005; Yamaoka et al., 2012). Although we are unaware of 

any literature that shows a causal link between leukocyte diurnal pattern and time of 

waking, research on diurnal and nocturnal species show that leukocyte levels 

fluctuate with resting and active phases (Cermakian et al., 2013; Hriscu, 2005; 

Pelegrí et al., 2003). Further, granulocytes and lymphocytes vary in the velocity of 

their diurnal profiles: lymphocytes have a longer period at their nadir: granulocyte 

counts reach nearly 2/3 their peak levels by the end of that same window 

(Ackermann et al., 2012). As such, self-reported waking time (on the day blood was 

drawn) was also included as a covariate in initial models to account for variation in 

levels due to differences in the lag between waking and time of blood draw. In our 

robustness checks (section 3.5.), which broke down the impact of cortisol by sample 

point, time of collection was also included as a covariate. Age was included as a 

covariate in all models.  

To calculate body mass index (BMI kg/m2), individuals were weighed using a 

204 KL Health-O-Meter mechanical medical scale (Pelstar, OH) and height was 

measured using a SECA 213 stadiometer (Precision Medical Products, PA). 
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Smoking status, current illness, and medicine use (including birth control) were 

collected as part of our health interview. Individuals reported whether they smoked 

frequently (coded as a 1), on occasion, or not at all (coded as a 0). Only one 

individual was an ‘occasional’ smoker, and because this person reported smoking 

less than once a week, she was coded as a non-smoker. Participants were asked 

about any medication they were currently taking, as well as reason for taking it, and 

frequency. Pharmaceutical treatment for diabetes, high blood pressure, and thyroid 

have been associated with variation in cortisol levels (Granger, Hibel, Fortunato, & 

Kapelewski, 2009); to control for the potentially confounding effects of these 

medicines, a binary variable was created that coded medication that could 

potentially alter cortisol as 1, and otherwise 0. Hormonal birth control use was also 

included a binary variable, and included use of Depo-Provera (“the shot”), oral 

contraceptive, and subcutaneous birth control (“contraceptive implant”). There was 

no use of hormonal intrauterine devices reported. Sleep duration is a self-reported 

measure, assessed by asking participants the number of hours they sleep on a 

typical night. Though not included in analyses, for relationships between menstrual 

phase and parameters of cortisol, see Figures A4.1a-c in the Appendix. 

 

Statistical analyses 

Diurnal variation in leukocyte subsets was first established using paired t-

tests in R, which assume unequal variance and apply the Welch df modification (R 

Core Team, 2013). Linear models analyzed variation in the distribution of 
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hematological parameters (log-transformed lymphocyte and monocyte counts, and 

percentages of lymphocytes) as a function of the main cortisol parameters (log-

transformed AUC and slope), controlling for potential confounders (as noted in 

section 2.6.) of cortisol. General additive models were used for analyses when there 

were non-linear effects (Wood, 2011). In all subsequent mentions, we refer to the 

lymphocyte/monocyte values solely as lymphocytes because they comprise the vast 

majority of this category, accounting for up to 50% of all leukocytes, whereas 

monocytes represent only 2-10% (Faculty of Biological Sciences, 2003). All values 

are reported as unstandardized betas and p-values represent two-sided significance 

levels, unless otherwise noted.       

 

4.3. Results 

 

Sample description 

Of our initial sample of 134 women, we were missing some covariate data for 

20 women, reducing our final sample size for this study to 114 women. Four women 

in our sample were pregnant at the time of data collection, however, because 

pregnancy status as a covariate did not have a significant effect on cortisol, they 

remain in our final sample. The sample captures a wide range of socioeconomic and 

ecological variation within the immigrant community on the island (Table 4.1), and 

reflects similar characteristics from previous work on the island (García et al., 2017). 

The cohort was comprised of all immigrants, with the majority emigrating from 
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mainland Honduras (91%) and identifying as Mestiza (95.5 %), with Spanish as their 

native language (94.8%). There was significant variation in length of time on the 

island, as well as socioeconomic factors such as occupation, income, and level of 

education. Some individuals had arrived a few weeks before the start of the study, 

while others had migrated as small children and thus been on the island for the 

majority of their life. Occupations varied from being ‘ama de casa’ (caretaker of the 

household) to owning or managing tourist resorts or working as doctors or nurses; a 

majority of women worked in some aspect of the service industry as cooks, cleaners, 

or launderers. About half of the women in the study had completed secondary 

school (equivalent of 8th grade), though some individuals, (especially older ones) 

had little or no formal education, and a few had higher education equivalent to 

bachelor or medical degrees. Quality and quantity of sleep was relatively ‘normal’, 

with individuals reporting ~7 ½ hours of sleep and waking up once or more during a 

typical night.  
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Table 4.1. Descriptive Statistics 
 
Characteristic  Distribution  
Age 36 (18 - 82) years 
BMI (kg/m2) 29.23 (15.57 – 46.24) 
Income (per month)* 33%        0 - 5,000 lempira  
 (~23 lempira = 1 USD) 37.4%     5 - 10,000 lempira  
  18.3%     10 - 20,000 lempira  
  7.8%       20 - 40,000 lempira 
  3.4%       40,000 + lempira 
  
Remittances 12% receive remittances 
  11% send remittances 
Smoking 2.6% smoke daily (n=3) 
  0.8% smoke occasionally (n=1) 
  
Hours of sleep  7.63 (2 - 11 hrs) 
  
Cortisol measurements: 
     awakening response (CAR) 0.851 log pg/mL/hr 
     slope from peak (slope) -0.122 log pg/mL/hr 
     area under the curve (AUC) 148.11 ng/mL 

  Leukocyte (WBC) measurements:  
     morning WBC count 7.4 (2.9 - 15.1) x 103 cells / µl 
     evening WBC count 8.4 (2.9 - 16.2) x 103 cells / µl 
Morning subset proportions 66.7% granulocytes 
      33.3% lymphocyte/monocytes 
Evening subset proportions 64.8% granulocytes 
      35.2% lymphocyte/monocytes 
Morning subset counts 5.19 x 103granulocytes 
  2.45 x 103  lymphocyte/monocytes 
Evening subset counts 5.45 x 103 granulocytes 
      2.96 x 103  lymphocyte/monocytes 
*income includes any remittances received, but does not subtract remittances sent 
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Diurnal profiles of cortisol and leukocyte subsets   

 Cortisol measurements produce the expected diurnal curve: a sharp increase 

upon wakening (CAR) and a decline over the afternoon (Figure 4.1). The mean 

peak time for cortisol is 32 minutes after waking; the mean slope up (CAR) is 0.851 

log (pg/mL)/hr, and the mean slope for decline is -0.122 log (pg/mL)/hr. In our 

sample, the mean cumulative cortisol (AUC) over 12 hours is 148.11 ng/mL, which 

equates to 12.34 ng/mL per hour of cortisol exposure.  

Figure 4.2 displays morning and evening variation in counts of leukocyte 

subsets. Preliminary assessment of diurnal change in lymphocytes (before 

accounting for sampling time) shows significant increases in mean levels of total 

white blood cells (t = 5.75, df=122, p<0.001), and both lymphocyte cell count and 

proportion increase from morning to evening (t =10.04, df=122, p<0.001 and t = 

4.058, df=122, p<0.001, respectively). While granulocyte count increases over the 

day, granulocyte proportion decreases (t = 2.210, df=122, p= 0.028 and t = -3.922, 

df=122, p<0.001). 
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Figure 4.1. Diurnal salivary cortisol profiles for entire sample, relative to time since waking. Each 
colored line represents one individual. Cortisol samples were taken at ~0, 30, 45 minutes and 8 hours 
after waking. The right side of the figure shows the distribution of each parameter of cortisol.  
 
 
 

 
	Figure 4.2. Lymphocytes and granulocytes show a significant diurnal increase in count and percent 
between morning and evening samples. Models control for variation in sampling time.     
 
 
 (P1a and P1b) Is a shallower cortisol decline associated with less percent change 

in leukocyte cell counts? 
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Tables 4.2a and 4.2b show results of multivariate models of associations between 

cortisol slope and AUC with diurnal change in percentage of lymphocyte (4.2a) and 

granulocyte (4.2b) counts. We find that cortisol slope is significantly associated with 

change in lymphocyte count across the day: a steeper decline in cortisol predicts a 

greater diurnal change in lymphocyte cell count across the day (β = -6.99, p<0.001, 

Figure 4.3); however, slope shows no association with changes in granulocyte 

counts (β = -0.74, p=0.86).  Interestingly, in these models, none of the traditional 

factors thought to affect cortisol and inflammation show any associations, with the 

exception of medication use, which consistently predicts greater increases in 

granulocytes, and decreases in lymphocytes  (Tables 4.2a and 4.2b).  
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To test our prediction that immune function should be more closely linked to 

change in cortisol than cortisol levels, we then assessed the relationship between 

AUC and change in diurnal lymphocyte counts. As predicted, we find no significant 

Tables 4.2a and 4.2b. Percent changes in diurnal leukocyte subsets as a function of 
cortisol.  

4.2a. Percent Change in Diurnal Lymphocyte Counts 

  Base Model 1: 
Slope Down 

Base Model 2: 
AUC 

Base Model 3: 
Slope Down and 

AUC 
Independent 
Variables Beta p-value Beta  p-value Beta  p-value 
Intercept -0.55 0.63 6.30 0.22 4.73 0.35 
Age (in years) 0.01 0.53 0.01 0.67 0.01 0.62 
BMI 0.02 0.50 0.02 0.53 0.01 0.61 
Smoker (yes = 1) 0.10 0.88 -0.23 0.75 0.17 0.82 
Sleep (hours) 0.14 0.16 0.15 0.14 0.13 0.19 
Medicine use* 0.74 0.08 0.71 0.10 0.71 0.09 
Slope Down -6.99 0.00 --- --- -6.83 0.00 
AUC --- --- -0.52 0.21 -0.44 0.28 

 
            

4.2b. Percent Change in Diurnal Granulocyte Counts 

  Base Model 1: 
Slope Down 

Base Model 2: 
AUC 

Base Model 3: 
Slope Down and 

AUC 
Independent 
Variables Beta p-value Beta  p-value Beta  p-value 
Intercept 2.12 0.42 -4.82 0.62 -5.50 0.58 
Age (in years) -0.05 0.05 -0.05 0.06 -0.05 0.06 
BMI 0.05 0.29 0.06 0.24 0.06 0.25 
Smoker (yes = 1) 0.90 0.53 0.77 0.58 0.85 0.55 
Sleep (hours) -0.26 0.19 -0.25 0.20 -0.25 0.21 
Medicine use* 1.97 0.02 1.92 0.02 1.94 0.02 
Time of waking 0.14 0.66 0.15 0.64 0.14 0.67 
Slope Down -0.74 0.86 --- --- -1.41 0.75 
AUC --- --- 0.59 0.45 0.64 0.42 
*Note: medicine use includes any medications that have been shown to influence cortisol (e.g. 
diabetes, heart pressure, thyroid and hormonal birth control) 
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association between AUC cortisol changes in lymphocyte counts (β = -0.52, p=0.21). 

When both cortisol slope and AUC are included in a model, slope remains the only 

predictor of diurnal lymphocytes, with steeper slope being associated with greater 

increase in lymphocyte count across the day  

(β = -6.83, p<0.001).  

 

 
Figure 4.3. Percent change in lymphocyte counts across the day as a function of diurnal cortisol 
decline. Regression line is predicted from a generalized linear model, which included covariates for 
age, BMI, smoking, hours of sleep, and medication use.  
 

 

 (P2) Is AUC cortisol associated with a higher granulocyte count? 

Next, we test findings from previous research that has shown overall levels of 

circulating cortisol (AUC) are associated with abundance of granulocytic cells. We 

find no associations between AUC and any parameter of granulocyte count (Table 

4.3; for slope and granulocyte counts across the day, see Supplementary Table 
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4.1a). With respect to proportional abundance of granulocytes, we find that AUC is 

slightly negatively associated with granulocytes in the morning (β = -2.37, p=0.07), 

has no association in the afternoon (β = 1.08, p=0.41), and is positively associated 

with granulocyte change in proportion of granulocytes over the day (β = -0.41, 

p=0.05). However, this relationship is fully mediated by slope (Table 4.4). 

 

 (P3) Is diurnal cortisol slope associated with a lower proportion of lymphocytes? 

Our prediction is that stress-related HPA activation affects leukocyte 

trafficking and we should thus see lower proportions of lymphocytes correspondent 

to shallower diurnal decline in cortisol. Here, we test whether diurnal cortisol slope, 

which is consistently linked to stress response, is associated with lower proportional 

changes in lymphocytes over the day. We find that a shallower cortisol slope is 

indeed associated with less of a diurnal change in the proportion of lymphocytes (β = 

-3.14, p=0.01; Table 4.4). We also find that low AUC is somewhat associated with a 

greater increase in the proportion of lymphocytes over the day (β = -0.35, p=0.09). 

The complement—that high AUC predicts greater proportional change in 

granulocytes—is reported in the previous section. In a full model, we find again that 

the effect AUC has on lymphocyte proportion is mediated by slope, which remains 

the only significant predictor of diurnal change in the proportion of lymphocytes (β = -

0.25, p=0.22 and β = -2.88, p=0.01, respectively; Figure 4.4).  
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Table 4.3 The influence of cumulative cortisol exposure on granulocyte counts by time of day. 

Table 4.3. AUC cortisol and Granulocyte Counts 

		 morning evening 
Independent Variables beta p-value beta p-value 
Intercept 1.77 0.03 0.99 0.30 
Age (in years) 0.00 0.09 -0.01 0.01 
BMI 0.01 0.00 0.02 0.00 
Smoker (yes = 1) 0.14 0.26 0.16 0.17 
sleep (hours) 0.02 0.14 0.00 0.87 
medicine use -0.07 0.31 0.04 0.52 
time of waking -0.08 0.00 -0.07 0.01 
sample time (morning) 0.06 0.05 --- --- 
sample time (evening) --- --- 0.02 0.51 
AUC -0.06 0.36 0.03 0.64 
	

Table 4.4. Association between cumulative cortisol (AUC), cortisol decline (slope) and diurnal change 
in proportional lymphocytes. 
 

Diurnal Change in Proportional Lymphocytes 

  Base Model 1:        
AUC 

Base Model 2: 
Slope Down 

Base Model 3:     
AUC and Slope 

Independent Variables Beta p-value Beta  p-value Beta  p-value 
Intercept 4.67 0.06 0.34 0.61 3.29 0.19 
Age (in years) 0.01 0.22 0.01 0.11 0.01 0.14 
Smoker (yes = 1) 0.10 0.78 0.24 0.50 0.26 0.47 
BMI -0.02 0.15 -0.02 0.16 -0.02 0.12 
waking time 0.00 0.98 -0.02 0.83 -0.02 0.83 
sleep (hours) 0.00 0.93 0.00 0.98 0.00 0.93 
medicine use -0.62 0.00 -0.62 0.00 -0.60 0.00 
AUC -0.35 0.09 --- --- -0.25 0.22 
Slope Down --- --- -3.14 0.01 -2.88 0.01 
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4.4. Discussion 

 How do chronic social stress and high-pathogen environments affect the 

neuroendocrine-immune relationship? Our results demonstrate that, while the effect 

of overall cortisol (AUC) on immune function is variable, diurnal cortisol (slope) is 

consistently and significantly associated with changes in immune function over the 

day. Further, we also show that shallower decline in cortisol predicts a lower 

proportion of lymphocytes to granulocytes, suggesting a pathway through which 

chronic stress may link to disease risk through suppression of adaptive immune 

responses in the evening.  

While a number of experimental studies have shown alterations to one of 

these systems consequently affects the other (Besedovsky et al., 1985; Dhabhar et 

al., 1994; Fauci, 1975; Petrovsky, 2001), the majority of these studies use 
	
	

 
 
Figure 4.4. The relationship between cumulative cortisol and proportional abundance of 
lymphocytes is completely mediated by cortisol slope. Continuous lines represent effects of 
cortisol parameters on diurnal change in the proportional abundance of lymphocytes, with 
standard covariates. Dashed lines represent relationships between cumulative cortisol and 
diurnal slope and proportional lymphocytes, from a model where both parameters of cortisol 
were included. (Correlation between cumulative cortisol and diurnal slope: r=0.13)

Diurnal Change 
in Proportional 
Lymphocytes

Diurnal Cortisol 
Slope

Cumulative 
Cortisol

-3.14*

-0.35.

-0.25ns

-2.88*
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exogenous glucocorticoids and, as far as we know, no other study has looked at 

endogenous interactions between immune activation and the HPA axis in 

ecologically valid context. This study is also novel in that it looks at these systems in 

a free ranging population, in an area where environmental exposures are different 

from the sanitary if not sterile western context where the vast majority of research is 

focused.  

 

Lymphocytes and cortisol  

 With regard to our predictions that shallower cortisol slope should be 

associated with less of an absolute change in lymphocytes across the day, and a 

lower change in proportion of lymphocytes, we find support on both accounts. For 

cortisol decline (‘slope’), our analyses show that a shallower diurnal decline in 

cortisol predicts less of an increase in lymphocyte counts over the day, but has no 

relationship with changes in granulocyte cell counts. The relationship between slope 

and diurnal lymphocyte count is mainly driven by an association with afternoon 

lymphocyte counts (Supplementary Table 4.1b). This suggests that maintaining 

higher levels of cortisol through the afternoon may have a role in suppressing 

lymphocyte presence in the periphery, leading to less of a diurnal increase. Blunted 

diurnal cortisol suppresses the diurnal increase in peripheral lymphocytes, most 

likely by redistributing lymphocyte subsets to other immune compartments, rather 

than decreasing actual production of lymphocytic cells (Fauci, 1975; McEwen et al., 

1997). Lymphocytes are comprised largely of cells responsible for cell-mediated 
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immunity and tissue repair and maintenance (T- and NK- cells account for 

approximately 75% of lymphocytes) (Giudice & Gangestad, 2001; Karin & Clevers, 

2016). However, cortisol also enhances the differentiation of B-cells into Ig-

producing plasma cells in the periphery (Jefferies, 1991). Though B-cells tend to be 

known for anti-inflammatory properties, there is increasing evidence in that B-cells 

are critical regulators of inflammation due to their direct ability to promote 

proinflammatory T-cell function and secrete a proinflammatory cytokine profile, in 

particular when coupled with obesity (DeFuria et al., 2013). 

 

Granulocytes and cortisol 

 Unlike numerous previous studies that have shown that high glucocorticoid 

levels increase circulating number of granulocyte subsets, we did not see any 

association between morning, evening, or diurnal change in granulocyte cell counts 

(Boomershine, Wang, & Zwilling, 2001; Dale, Fauci, Guerry IV, & Wolff, 1975). 

Though there is an association between cumulative cortisol and proportions of 

granulocytes, these relationships are inconsistent, and completely mediated by 

cortisol slope. The lack of associations between independent time points and diurnal 

change may be explained by a combination of factors. First, this study was 

conducted in a relatively high-pathogen context, where overall inflammatory 

immunity may be up-regulated and thus, in this ecological context, base measures of 

cortisol and inflammation may not show the same correspondence as in lower-

pathogen settings, or, like most lab-studies, under circumstances where a bolus of 
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exogenous cortisol is introduced into the system.  Further, focusing on a single point 

measure in the morning may also be problematic due to the fact that peripheral 

granulocytes reach their nadir in the early morning before waking; in this study, 

waking time was in fact a much more significant predictor of morning granulocyte 

count than AUC (Ackermann et al., 2012). Finally, the inconsistent associations may 

have interesting allusions from an ecological immunological perspective, and further 

complicate the use of single-point measures in stress and immune studies.  

Our findings of inconsistent relationships between AUC and granulocytes may 

provide preliminary evidence of variation in the relationship between base levels of 

cortisol and immunity in different ecological contexts. Granulocytes are a marker of 

generic inflammatory response, fulfilling a critical role in protecting against novel 

pathogens. In populations where there is higher pathogenic exposure there may be 

more utility in maintaining an up-regulated general inflammatory response (McDade, 

Georgiev, & Kuzawa, 2016). Further, in the context of this study, we are looking at 

immune response in immigrants from the Honduran mainland to the island of Utila, 

and it is entirely possible that pathogen type and prevalence may be markedly 

distinct on the island in comparison to the mainland.  Such a scenario may further 

favor ramping up innate immunity in the face of potentially novel immunological 

stressors. Though there is no accessible data on specific variation in disease 

prevalence between the bay islands and the mainland, the island ecology of Utila is 

likely quite different from the inland region of the mainland, from where many of the 

women in this study migrated. As an example, there been no reported cases of 
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malaria, dengue, or chikungunya on the island in at least the last five years, though 

these diseases are highly prevalent on the mainland (personal communication from 

Centro de Salud personnel). In general, broad measurements like AUC or single 

point immune markers may not correspond in the same way in natural settings (in 

particular higher pathogen areas) as is seen in more sterile environments. To this 

point, that we also found nearly no associations between factors typically thought to 

influence cortisol and immunity, further suggests that if immune responses are in 

general more up-regulated, these other factors may not have a strong additional 

effect. 

 

Beyond function: what might these neuroendocrine-immune relationships tell us? 

 On a more global scale, the difference of which cortisol parameters predict 

diurnal changes in lymphocyte versus granulocytes may provide important insights 

into how stressors influence various aspects of immunity and disease risk. An 

important consideration that may explain the variation in the relationships found 

between cortisol and leukocyte subsets at differing time points is the difference in 

the hormonal milieu that coincides with natural diurnal rhythmicity versus potential 

‘stress-induced’ alterations to the HPA and immune systems. For instance, neural 

and adrenal catecholamines, and other hormones that are expressed in coordination 

with HPA activation and stress-related cortisol release affect leukocyte trafficking. 

However, these molecules are not elicited as a part of the normal diurnal increase in 

cortisol nor do they follow parallel diurnal profiles (Dhabhar et al., 1994; Glaser & 
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Kiecolt-Glaser, 2005; Kim et al., 2014). This may also explain, in part, the observed 

relationship between cortisol slope and diurnal lymphocytes, since a blunted slope 

results from cortisol levels failing to fall in the evening, which is perhaps more 

indicative of an aberration from the ‘typical’ diurnal rhythm of cortisol than overall 

higher or lower levels of cumulative cortisol. In the context of disease risk, these 

considerations are especially interesting because of what it may tell us about how 

stress influences immunity, given that psychosocial stress has been shown to alter 

diurnal decline in cortisol (Agbedia et al., 2011; García et al., 2017; Miller, Cohen, & 

Ritchey, 2002; Squires et al., 2012).  

HPA response to a psychosocial stressor varies widely, dependent on the 

type of stress and length of exposure. For instance, short-term caloric restriction 

(fasting) can alter overall production of cortisol, but does not typically alter the 

diurnal rhythm of cortisol (Mazurak et al., 2013), while calorie-restricted dieting that 

requires personal monitoring may actually increase cortisol production and alter 

diurnal rhythms, likely a result of increased psychosocial stress associated with 

increased vigilance (Tomiyama et al., 2010). Alternately, experience of an acute 

psychological stressor (e.g. being discriminated against) can alter the diurnal profile 

of cortisol, but the severity and its effect on cumulative cortisol exposure across the 

day will depend on the frequency of the experience and/or how long the stressor 

was sustained (review: Dickerson & Kemeny, 2004). Research using animal models 

has shown that chronic exposure to threats (e.g. mice exposed to cats for extended 

periods) resulted in associative long-term hyper-stimulation of the HPA axis and 
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dysregulation of normative diurnal rhythm (Adamec, Blundell, & Burton, 2005). A 

variety of social stressors may be analogous to this type of ‘fear-conditioning’ model, 

and have similar effects on the glucocorticoid system (Flinn, 2006). Indeed, 

experiences like perceived lack of sufficient material wealth, social isolation, 

compromised social networks, depression, and post-traumatic stress disorder, which 

are characterized by a lack of control or predictability— as often is the case for many 

psychosocial threats— have been consistently linked to perturbations of diurnal 

rhythmicity of cortisol (Cole, 2008; Cole et al., 2015; Jarcho et al., 2013; Tung et al., 

2012). In these contexts, if psychosocial stressors are taken as cues of threat, the 

fact that lymphocyte distribution is more highly sensitized to diurnal fluctuations in 

cortisol than absolute cortisol levels is likely adaptive, given that redistribution occurs 

in part, as a preparation for the optimal response to a potential assault on the 

immune system.  

However, from the perspective of disease risk, this is also hugely problematic. 

Responding to such cues, cortisol may have a dual effect on lymphocyte subsets, 

functioning to suppress cell-mediated immune function and repair, while boosting 

proliferation of cell types that provoke cytokine and other inflammatory responses, 

thus reinitiating the triggers that lead to chronic inflammation. In the case of the 

Honduran immigrant women in this study, this is especially troublesome, as they 

face a high risk of experiencing these chronic psychosocial stressors, which is 

coupled with an already high level of obesity.  
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Limitations 

 Though it is a strong preliminary study assessing neuroendocrine and 

immune relationships in ecological context, there are limitations worth mentioning. 

Though usually taken within a day or two of each other, the challenge of the field 

setting and our sampling protocols prohibited us from collecting blood and saliva 

samples on the same exact day, which means that we are not able to see evidence 

of a true functional relationship between cortisol and leukocyte subsets. However, 

we find it very encouraging that despite imperfect alignment, we still see such 

significant associations between our variables of interest. A second limitation is the 

cross-sectional study model. Cross-sectional studies like this one cannot unpack 

one of the most important questions in the literature of psychosocial stress response 

and neuroendocrine-immune interactions: whether the relationships observed 

between diurnal cortisol and immune function are temporary state responses, or are 

indicative of established traits. In order to begin to untangle this huge question would 

require a large longitudinal sample. This study does, however, provide initial insight 

into the impacts of social and environmental factors that mediate the influence social 

stress has on neuroendocrine-immune interactions.  

 

4.5. Conclusion 

 The present findings are consistent with the theory that cortisol and HPA 

activity regulates immune response through up and down-regulating particular 

aspects of immune function, as well as controlling immune cell trafficking between 
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the periphery and specific organs and tissues (Chrousos, 1995; Dhabhar, 2014; 

Dimitrov et al., 2009; Kim et al., 2014; Padgett & Glaser, 2003). However, it also 

adds a new perspective from ecological immunology and presents potential 

evidence that some relationships (particularly between base levels of 

neuroendocrine and immune markers) vary by ecological context. Further, generally 

up-regulated immunity may mask the effects that other behavioral conditions (e.g. 

smoking, sleep) have on the relationship between cortisol and immune function. 

Additionally, our findings are in line with the emerging chronobiology literature that 

suggests circadian rhythmicity of the HPA axis, in addition to acute interactions, are 

responsible for broader immunoregulation and energetic allocation (Cermakian et 

al., 2013; Dumbell et al., 2016; Man et al., 2016; Petrovsky, 2001). The way in which 

neuroendocrine and immune interactions relate to disease risk is complex. However, 

chronobiological and eco-evolutionary theory lay the foundation for understanding 

these responses and interactions through the lens of adaptation and plasticity, which 

allows us to consider why and how diverse social scenarios may have similar 

physical manifestations.  
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CHAPTER V: Chronic stressors lead to dysregulated endocrine-

immune function and diabetes risk in Utila women 

 

5.1. Introduction 

 

Adverse social conditions including discrimination, depression, or loneliness are 

consistently linked to higher risk of metabolic pathologies like type 2 diabetes 

(T2DM) (Cacioppo, Cacioppo, Capitanio, & Cole, 2015; Goodman, McEwen, Huang, 

Dolan, & Adler, 2005; Lerman, 2013; Mezuk, Eaton, Albrecht, & Golden, 2008; 

Sapolsky, 2004). Though these links have been found across socioeconomic and 

cultural gradients, marginalized individuals tend to be at higher risk of both harsh 

social conditions and T2DM. For instance, in the U.S., Blacks and Hispanics face 

more discrimination, have higher rates of depression, and disproportionately bear 

the burden of T2DM, regardless of socioeconomic status (Budhwani, Hearld, & 

Chavez-Yenter, 2015; Center for Disease Control and Prevention, 2014). 

Depression, loneliness, and discrimination, along with a constellation of other social 

conditions characterized by psychosocial stress, have been suggested to influence 

disease risk in part through their effect on the neuroendocrine and immune systems 

(Dhabhar, 2014; McEwen et al., 1997). However, why a diverse suite of social 

experiences stimulates similar neuroendocrine or immune responses, and how this 

relates to a common pathway that influences disease risk, is not well understood. In 

this study, we pose an evolutionary explanation that synthesizes the common 
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influence social conditions exert on neuroendocrine and immune function, and how 

such seemingly disparate conditions converge on higher risk of T2DM, and other 

metabolic diseases.   

 

The evolution of neuroendocrine-immune responses to social cues 

The immune system is crucial to the survival and reproduction of all 

organisms. Most inflammatory immune markers follow circadian rhythms, which are 

antiphasic to the circadian rhythm of neuroendocrine hormones. One theory 

suggests that the staggered circadian rhythmicity of components of the immune 

system is an adaptation that decreases the costs of immune activation while also 

minimizing the risk of run-away immune response, as seen is autoimmune disorders 

and sepsis (Man, Loudon, & Chawla, 2016). Correspondently, glucocorticoids 

(cortisol, in humans) produced by the hypothalamic-pituitary-adrenal (HPA) axis of 

the endocrine system, regulate myriad proinflammatory immune markers, and serve 

to further optimize immune responses through bidirectional signaling and negative 

feedback processes (Petrovsky, 2001; Vukelic et al., 2011; Chrousos, 1999; 

Dhabhar & Mcewen, 1997; Fauci, 1975). In humans, non-human primates, and other 

social organisms, the HPA axis is also sensitized to social cues, implying it serves 

dual adaptive functions (Flinn, 2006). Here we will focus on three particularly salient 

social cues, discrimination, depression, or loneliness that have previously been 

linked to pathologies (Cole, 2008; Lerman, 2013; Mezuk et al., 2008; Miller et al., 

2009). 
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 In response to social stress, the HPA axis and the synergistic activity of the 

immune response initiate a state of “preparedness”, followed by a return to baseline 

once the stressor has passed. Upon stimulation by a stressor, the HPA system 

responds with a release of glucocorticoids and catecholamines, which function to: 1) 

mobilize energy stores by impairing insulin-dependent glucose uptake in the 

periphery and enhancing glucogenesis in the liver (Andrews & Walker, 1999), and 2) 

redistribute lymphocytes away from the periphery, and suspend apoptosis of 

neutrophils, effectively altering the proportions of leukocyte subsets to prioritize 

innate immunity and depress peripheral adaptive immunity (Fauci, 1975; Liles, Dale, 

& Klebanoff, 1995). A similar pattern of response to stress is found across a wide 

variety of vertebrate taxa, including mice (Avitsur et al., 2007), rats (Hermes et al., 

2009; Serra et al., 2000), pigs (Kanitz, Hameister, Tuchscherer, Tuchscherer, & 

Puppe, 2016), humans (Cohen et al., 2012; Dhabhar, 2008; Miller, Cohen, & 

Ritchey, 2002) and non-human primates (Snyder-Mackler et al., 2016; Tung et al., 

2012).  

 One adaptive interpretation of the neuroendocrine and immunological shifts 

that occur in response to stress considers the body prioritizing the immediate 

benefits of innate immunity and energetic availability over longer-term costs of 

cumulative damage by up-regulated generic inflammatory responses and 

glucocorticoids. Co-opting this HPA “flight or flight” to also respond to social cues 

would likely have been adaptive over the course of evolution given the highly social 

nature of many social species. For instance, glucocorticoids increase social acuity 
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by facilitating rapid recollection of salient social information (e.g. remembering 

names and past interactions) (Adamec et al., 2005; Flinn, 2006). And further, 

increased population densities would likely intensify the potential for intragroup 

cooperation and competition over resources and mates, favoring the ‘fight or flight’ 

HPA response to cues of social conflict (Petrovsky, 2001).  

 This strategy (of prioritizing immediate gains over long-term costs) suggests 

that HPA sensitivity to social inputs is likely optimized to respond to relatively short-

term energetic demands. However, certain psychosocial experiences characterized 

by a persistent lack of control or predictability may chronically stimulate the HPA axis 

and result in sustained psychosocial stress. Chronic disturbances to the HPA axis 

alter the synergistic interactions of neuroendocrine-immune responses, which can 

lead to dysregulation of both systems and impair glucocorticoid receptor function, 

contributing to the development of glucocorticoid resistance (Silverman & Sternberg, 

2012). The biological effects of glucocorticoids are mediated through glucocorticoid 

receptors (Chrousos, 1999). Glucocorticoid resistance is a desensitization of these 

receptors on immune cells to glucocorticoid signaling, which typically terminates 

inflammatory responses (Chrousos, 1995; Leistner & Menke, 2018). Compromised 

immunomodulation, coupled with the effects of glucocorticoids on insulin receptors 

and glucose, increases risk for T2DM (Andrews & Walker, 1999; Di Dalmazi, 

Pagotto, Pasquali, & Vicennati, 2012).  

 

GCR, social adversity, and T2DM 
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Glucocorticoids exert effects on a number of metabolic processes that 

increase risk for obesogenic diseases such as T2DM, in large part through their 

effects on glucocorticoid receptor sensitivity (Björntorp & Rosmond, 2000; Di 

Dalmazi et al., 2012). For instance, glucocorticoids impair the uptake and 

metabolism of glucose in β-cells in the pancreas though modulation of gene 

expression by glucocorticoid receptors, which compromises insulin secretion (Seino, 

Shibasaki, & Minami, 2010). Glucocorticoid resistance often presents as part of a 

constellation of risk factors for diabetes, which exacerbate the negative effects 

caused by immunological resistance to signaling. For example, glucocorticoid 

resistance and impaired leukocyte homeostasis are common co-occurrences in 

overweight and obesity individuals (McInnis et al., 2015). Similarly, numerous 

studies have shown links between lower glucocorticoid and mineralocorticoid 

receptor sensitivity in response to stressful social conditions, and risk factors for 

diabetes, in humans and non-human primates (Carvalho et al., 2015; Moraitis et al., 

2017). These findings suggest that glucocorticoid resistance can influence disease 

risk through being desensitized to both immunological and social stressors. 

 

Hypothesis and Predictions  

 We hypothesize that one major link between adverse social conditions and 

increased T2DM risk stems from chronically stimulated HPA axis activity, which 

results in decreased sensitivity of leukocytes to regulation by cortisol (i.e. 

glucocorticoid resistance (GCR)) and increased peripheral glucose due to the 
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opposing action glucocorticoids have on insulin. Based on these hypotheses, we 

predict that among individuals experiencing persistent psychosocial stress (e.g. 

discrimination, depression, or loneliness in the current context) (P1a, P1b, P1c), 

diurnal cortisol will have a diminished regulatory effect on diurnal changes in 

lymphocyte counts (proxy for GCR) compared to individuals without the stressors; 

and, (P2) individuals with evidence of glucocorticoid desensitization will have higher 

glucose levels.  

 

Study Population  

This research was conducted among Honduran immigrant women on the bay 

island of Utila. Utila is a heavily-touristed island with extreme social and economic 

inequality. Discrimination is overt on Utila; native Islanders openly use derogatory 

epithets for Honduran immigrants. Many immigrant women have come to the island 

alone, or with only their children, seeking work or fleeing the violence on the 

mainland. This, in addition to the isolationist ‘machisimo’ culture, results in many 

women having very small or unstable social networks. Immigrant women remain the 

most marginalized group and are perhaps at the highest risk of immune activation 

and altered HPA activity, due to both marginalization and gender-based inequalities 

that are prevalent on the island. In previous research on the island (n=103), 

Honduran immigrant women also had the highest rate of metabolic syndrome, with 

68% having 3+ metabolic risk factors, compared to 55% among other groups 

(Garcia, in prep).   
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5.2. Methods.  

 

Participants and Recruitment  

 Semi-random sampling was used to recruit a representative sample of 134 

Honduran immigrant women as part of a project focusing on marginalization, stress, 

immunity, and metabolic disease risk on the Honduran island of Utila. Individuals 

were recruited through the Centro de Salud (community clinic), snowball sampling, 

and outreach, in an effort to draw from a wide range of areas on the island. All 

interested participants were invited to visit the clinic in the morning for an 

explanation of the research, participation, and informed consent. From this initial 

sample of 134 individuals, 11 women did not provide salivary cortisol, 7 lacked 

morning or evening lymphocyte counts, and 2 were missing data on social stressors; 

final sample size is thus 114 women. The lead researcher or a trained research 

assistant conducted all interviews and gave directives in Spanish. Participants were 

compensated for any part of the research in which they participated, with those that 

participated in all aspects being paid the maximum of 200 Honduran Lempira 

(~8USD or ~2.5 hours of typical wage labor).  

 All data collection protocols were approved by the Institutional Review Board 

at University of California Santa Barbara, as well as the Honduran governance and 

community health center on Utila. Consent was given by all study participants.  
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Biomarker collection and analysis 

Blood samples. To quantify lymphocyte counts and fasting glucose, fasting blood 

samples were taken via a venous blood draw and were collected into EDTA-coated 

vacutainers. Approximately 8 hours later, a second, non-fasting, blood sample from 

each participant at her home or another agreed upon location was collected, using 

the same protocol as for the morning. Within 2 h of venipuncture, leukocyte (white 

blood cell) counts, percent and count granulocytes, percent and count 

lymphocytes/monocytes were determined in both morning and evening peripheral 

blood samples by a complete blood count assay with two-part differential using a 

QBC Autoread Plus dry hematology system (Drucker Diagnostics, PA), according to 

the manufacturer’s protocol. Fasting glucose was analyzed from morning blood 

draws, using a Cholestech LDX lipid profile analyzer (Alere San Diego, CA).  

Saliva samples. Four saliva samples were collected from participants over two 

consecutive days at (i) waking, (ii) 30- minutes, (iii) 45- minutes, and (iv) eight hours 

after waking (a total of 8 samples) to establish diurnal cortisol profiles. Saliva was 

collected by the passive drool technique (Adam and Kumari, 2009) into 2.0 mL 

Nalgene cryovials (Thermo Scientific, USA). 

Saliva samples were stored at -20ºC until the end of the field season (~3 

months), then transported to the U.S. and kept at -80ºC at the UCSB Human 

Biodemography Lab until analysis (2-4 months). Samples were thawed and 

centrifuged at 1500g for 20 minutes, and the aqueous layer assayed in duplicate 

using a validated in-house enzyme immunoassay utilizing C. Munro’s R4866 anti-
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cortisol antibody (Munro and Stabenfeldt, 1985; Trumble et al., 2010). The limits of 

detection for this assay are 78.125 pg/mL to 10,000 pg/mL (Munro and Stabenfeldt, 

1985). The within and between assay CVs for cortisol (n = 27 plates) were 5.63% 

and 2.04% for the high (4622.05 pg/ml), and 5.94% and 3.39% for the low (726.30 

pg/ml) in-house controls, respectively.  

 

Diurnal cortisol and leukocyte modeling and controls 

 Cortisol values were natural log transformed before analysis due to skewed 

distributions and because a log-linear model fit the pattern of cortisol decline across 

the day better than a linear model. To facilitate interpretation of the shape of the 

cortisol profile with terms for the cortisol awakening response (CAR, slope of the 

increase from waking to peak morning cortisol), and the slope of decline during the 

latter part of the day, we modeled cortisol relative to the within sampling day peak 

cortisol value. Time was then converted to two variables, time before the peak (TU), 

and time since the peak (TD), with TU=0 after the peak, and TD=0 before the peak 

time. Random effects include intercepts for individual and sampling day (nested 

within individual), slopes for TU and TD by individual, and slopes for each sampling 

day, nested within individual. Figure 4.1 (in Chapter 4) shows the individual level 

diurnal fits and distribution of estimated components for the full sample. The cortisol 

model was fit using linear mixed models with lme in the nlme package in R 3.5.0 (R 

Core Team, 2013).  

 Diurnal change in lymphocyte counts was calculated using a two-point slope 
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formula, converted into percent change: ((m2-m1)/m1)/(t2-t1), where m1 and m2 

represent the measurements at each sampling point and t1 and t2 are the times 

when each sample was taken in hours. 

 

Cortisol and lymphocyte controls  

Behavioral and health-related variables that have been shown to have 

independent effects on cortisol were measured to include as controls in statistical 

models including: sleep (amount and quality), cigarette smoking, medication for 

diabetes, high blood pressure, and thyroid, menstrual phase, hormonal birth control 

use, current illness, age, and high body fat (Badrick, Kirschbaum, & Kumari, 2007; 

Hellhammer, Wu, & Kudielka, 2009; Nicolson, 2007; Björntorp & Rosmond, 2000; 

Champaneri et al., 2013). Due to the (potentially non-linear) influence of age, both 

age and age-squared were included as covariates. We reserved in our final models 

only variables that had a significant influence on cortisol or lymphocyte count. As 

such, our final models include the following covariates (unless otherwise noted): 

age, age-squared, smoking status, and total white blood cell count.  

 

Social stressors: depression, discrimination, and loneliness (for instruments used, 

see Supplementary Materials 5.1).  

 

Depression. As part of a health history interview, women were asked how 

frequently they felt depressed, to which they could respond: 1) rarely, 2) only on 
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occasion, 3) sometimes, 4) a lot of the time, 5) almost all or all of the time. 

Individuals who reported depressive symptoms more than ‘rarely’ or ‘only on 

occasion’ were asked a follow up question about the severity of their experiences of 

depression (i.e. whether it ever affected their daily activities). To minimize the noise 

of minor perturbations of mental stress, and capture depression that may be more 

chronic in nature, a binary variable noting severe depression (impacting daily 

activities) versus non-severe depression, was used for analyses.  

Discrimination. Women were asked if, in the past year, they felt they had been 

discriminated against across any of the following domains: sex, religion, style of life, 

income, family, or ethnicity. For analyses, we converted this into a simple binary 

variable which categorized feeling discriminated against as 1, otherwise a zero.  

Loneliness. Individuals were asked how often they felt lonely, with the possible 

responses being: 1) rarely or never, 2) some of the time, or 3) most or all of the time.  

For analyses, this was converted to a binary variable, in which individuals that 

reported feeling lonely between some and all of the time were coded as 1, whereas 

individuals that rarely experienced loneliness were coded zero.    

 

Glucocorticoid Resistance 

 There is a strong inverse physiologic correlation between diurnal cortisol 

levels and diurnal change in the number of circulating lymphocytes, but only if 

lymphocyte glucocorticoid receptors are sensitive to cortisol (i.e., signaling cells to 

redistribute) (Cohen et al., 2012). A relative lack of association between an 



      

   184 

individual’s change in cortisol and their change in lymphocyte counts over the day, 

suggests immune cells lack sensitivity to cortisol signaling, which is evidence for 

glucocorticoid resistance (GCR) (Cole, 2008). As a proxy for GCR we examined 

individual variation in associations between diurnal cortisol change and diurnal 

lymphocyte change. To obtain our measure of GCR for each woman in our sample, 

we first constructed a linear mixed effects model that assesses the association 

between diurnal cortisol and diurnal lymphocyte counts for individuals that did not 

report any social stressors (depression, discrimination, loneliness). This model 

controls for age, BMI, smoking status, and total white blood cell count. We used this 

model to predict a group-level mean slope for ”healthy” bidirectional signaling or 

regulation between diurnal cortisol and lymphocytes. Finally, a woman’s GCR was 

measured as the residual of her individual cortisol by lymphocyte slope from the 

mean “healthy” slope. The farther an individual falls below the “healthy” bidirectional 

signaling slope, the more resistant the lymphocyte glucocorticoid receptors are to 

cortisol signaling (Figure 5.1). 
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Figure 5.1. A measure of glucocorticoid resistance (GCR) was constructed in the following manner: 
First, the diurnal cortisol was plotted as a function of diurnal lymphocytes for individuals that did not 
experience social stress across any domain (depression, discrimination, loneliness). Next, a group-
level mean slope that was estimated from this initial model- used to represent ‘healthy’ signaling 
between these systems. All diurnal cortisol and lymphocytes individuals were then plotted against this 
‘healthy’ slope for all individuals in the sample. Finally, residuals were extracted from this model, 
which represent deviation from ‘healthy’ signaling between cortisol and lymphocytes. These residuals 
were used in subsequent models as a measure of glucocorticoid resistance. The dashed purple line 
represents the group-level slope for ‘healthy’ signaling between diurnal lymphocytes and diurnal 
cortisol. Red stars represent slopes of association between these systems for individuals from the full 
sample. The grey lines that measure the distance any one individual falls from the ‘healthy’ slope of 
bidirectional signaling represents the residuals.  
 

Statistical analyses 

 We first used linear mixed effects regression analyses and generalized linear 

models to assess variation in diurnal slopes of cortisol and lymphocytes between 

individuals that experienced the stressors versus those that did not. Mixed effects 

models included random effects for individual and intercept, to account for the two 

measures per individual for cortisol slope (see Chapter 4.2.5 for cortisol model). To 

test our predictions, we then conducted three sets of mixed effects linear regression 

analyses, predicting the percentage change in lymphocyte count over the day as a 

Cortisol decline
shallowersteeper +	_	%

 c
ha

ng
e 

ly
m

ph

*	*	 *	

*
*	 *	

*	
*	*	



      

   186 

function of diurnal cortisol and each substantive social variable of interest. Finally, 

we conducted a general linear estimating equation (GEE) (geeglm) analysis 

predicting peripheral glucose from the level of glucocorticoid resistance, which 

allowed us to cluster repeat measures within individual (Hajsgaard, Halekoh, & J., 

2006; Yan, 2002; Yan & Fine, 2004). The first three sets used to assess our 

predictions included the standard covariates, dichotomous variables representing 

depression (1 = depressed, 0 = not depressed), discrimination (1 = experienced 

discrimination, 0 = did not experience discrimination), and loneliness (1 = semi-

frequent loneliness, 0 = rarely or never lonely), diurnal salivary cortisol slope, and 

the interactions between depressive (or discrimination, loneliness) status and 

cortisol slope. Prediction (P1) posits an interaction effect whereby change in diurnal 

lymphocyte counts should co-vary with diurnal slope of cortisol only for those women 

not reporting any depression, discrimination, or loneliness. Our second regression 

analysis tested the prediction that more negative residuals predicted higher fasting 

glucose levels. All analyses were done using R statistical programming (R Core 

Team, 2017). All values are reported as unstandardized betas and p-values 

represent two-sided significance levels, unless otherwise noted.       

 

5.3. Results  

 The average age for the sample was 36.7 (range 18-82, standard deviation 13.4) 

and a mean BMI of 29.2 (standard deviation 6.1). Of the sample, 41.7% of women 

reported that they experienced depression so severe that it impacted their daily 
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activities, 27.5% report experiencing at least one type of discrimination, and 57% 

reported chronic feelings of loneliness (Table 5.1). Only 25% of women reported not 

having experienced any of the three stressors, whereas 8.3% reported having 

experienced all three. While our three measures of social stress (depression, 

loneliness, or discrimination) may be expected to co-vary, correlations across 

stressors are small to moderate is highly correlated (r<0.22), suggesting they 

capture distinct aspects of social stress (see Supplement Table 5.1). 13.2% of the 

women had prediabetic morning glucose levels (101-125 mg/dL), and 7.0% had 

diabetic levels (>125 mg/dL).  

There is a significant difference in the cortisol slopes between individuals that 

report depression versus those that do not, with depressed individuals having, on 

average, less blunted slopes (i.e. a steeper decline) than depressed women (b= -

0.03, p=0.01; Supplement Figure 5.1a). There was no significant difference 

between cortisol slope of those that were discriminated versus non-discriminated 

individuals (b=0.02, p=0.16) or lonely versus non-lonely individuals (b= -0.01, 

p=0.53; Supplement Figures 5.1b and 5.1c). Full descriptive statistics for the 

sample are shown in Chapter 4, Table 4.2. 
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Table 5.1. Descriptive Data  
Basic Info   
N  114 
Age 36.7 (18 - 82) years 
Body mass index (BMI) 29.2 (15.6 - 46.2) 
Fasting Glucose 95.2 (55 - 310) 
Pre-diabetic (fasting glucose > 100) 20.5% 
Psychosocial Stressors   
Discrimination (%)   

ethnicity 4.6 
sex 5.3 
religion 3.8 
style of life 10.7 
income 6.9 
family 6.1 
mean # of events  0.37 (0-4) 
any discrimination 27.5 

Depression (%)   
Almost Never or Never 29.8 
Not often 21.4 
Sometimes 46.6 
Most of the time 9.9 
Always 3.8 
Affects daily activities 41.7 

Loneliness (%)   
Rarely or Never 43 
Sometimes 38.6 
Almost always or Always 18.4 

Neuroendocrine and immune markers   
Cortisol, slope of decline -0.122 log pg/mL/hr 
Cortisol (AUCg 12hrs) 148.11 ng/mL 
morning WBC count 7.4 x 10^9 (2.9 - 15.1) cells 
evening WBC count 8.4 x 10^9 (2.9 - 16.2) cells 
Leukocyte distributions (morning) 66.7% granulocytes 
  33.3% lymphocyte/mono 
Leukocyte distributions (evening) 64.8% granulocytes 
  35.2% lymphocyte/mono 
Leukocyte counts (morning) 5.17 x 10^9 granulocytes 
  2.45 x 10^9 lymphocyte/mono 
Leukocyte counts (evening) 5.44 10^9 granulocytes 
  2.92x 10^9 lymphocyte/mono 
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Prediction 1. Social conditions and bidirectional signaling between diurnal cortisol 

and lymphocytes  

In the full sample, the diurnal slope of cortisol is significantly associated with 

diurnal change in lymphocyte count, controlling for age, BMI, smoking status, 

cortisol-altering medication, and hormonal birth control, see also (Garcia et al., 

Dissertation Ch4). When divided based on presence of stressors, we found the 

expected positive associations between diurnal change in lymphocyte counts and 

diurnal cortisol among those who did not experience depression, discrimination, or 

loneliness stressors. However, consistent with our prediction (P1) that chronic stress 

should result in GCR, we found no associations between cortisol and leukocytes 

among those who experienced a stressor. Initial correlational analyses quantified the 

association between diurnal cortisol and changes in lymphocyte cell counts for 

Table 5.2. Social stress-related differences in glucocorticoid 
sensitivity 

Social Stressors % Change in Lymphocytes  

Non Depressed r= -0.476 
  p<0.001 

Depressed r= -0.124 
  p=0.20 

Non Discriminated r= -0.418 
  p<0.001 

Discriminated r= -0.039 
  p=0.80 

Non Lonely r= -0.439 
  p<0.001 

Lonely r= -0.198 
  p=0.03 
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stressed and non-stressed groups, separately for each type of stressor (Table 5.2).  

In each case, the relationship between cortisol slope and change in lymphocytes is 

more blunted among women who did not report experiencing the stressor. Full 

models that include relevant controls show a similar blunted relationship between 

diurnal cortisol and lymphocyte change for stressed women, and a steeper slope for 

non-stressed women (Table 5.3; Figures 5.1a-c). Statistical significance in the 

differences in slopes between stressed and non-stressed individuals was assessed 

by testing the interaction between each stressor and percent change in lymphocytes 

over the day on cortisol slope. Slopes significantly differed between depressed 

(b=0.01, p= 0.01) and discriminated (b=0.01, p=0.03) individuals compared to their 

non-stressed counterparts. In the same direction, the slopes of individuals that 

experienced loneliness differed from those that did not (b=0.004, p=0.153); however, 

this did not reach significance (see Tables 5.3-5.5 for full models).  

To investigate whether having experienced multiple stressors had a dose-

response effect on the relationship between cortisol slope and lymphocyte change, 

we summed the number of stressors experienced by each woman (range 0-3; 

mean±SD=1.24±0.93). A significant interaction between number of stressors and 

percentage change in lymphocytes is consistent with a dose-response interpretation 

(b=0.003, p=0.02). Women who did not experience any stressors show the steepest 

relationship between cortisol slope and lymphocyte variation, whereas those having 

experienced depression, discrimination and loneliness had a slope indistinguishable 

from zero.  
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Table 5.3. Mixed effects model associating depression with glucocorticoid desensitizationa 

 
Predictor Association B ± SE t value p value 

Intercept -0.11 (0.02) -5.77 0.000 
Age 0.00 (0.00) 0.82 0.416 
Smoker (yes=1) 0.06 (0.02) 2.68 0.009 
WBC Count 0.00 (0.00) 1.02 0.309 
% Change in Lymphocytes -0.01 (0.00) -5.43 0.000 
Depression -0.05 (0.01) -3.95 0.000 
% Change in Lymph x Depression 0.01 (0.00) 2.59 0.011 
aRandom effects for intercept and individual     

 
      

 
Table 5.4. Mixed effects model associating discrimination with glucocorticoid desensitizationa 

 
Predictor Association B ± SE t value p value 

Intercept -0.124 (0.020) -6.07 0.000 
Age 0.00 (0.00) 0.92 0.359 
Smoker (yes=1) 0.056 (0.023) 2.40 0.018 
WBC Count 0.002 (0.002) 0.64 0.522 
% Change in Lymphocytes -0.008 (0.002) -5.10 0.000 
Discrimination -0.003 (0.013) -0.26 0.799 
% Change in Lymph x Discrimination 0.007 (0.003) 2.27 0.025 
aRandom effects for intercept and individual     
	

Table 5.5. Mixed effects model associating loneliness with glucocorticoid desensitizationa 

 
Predictor Association B ± SE t value p value 

Intercept -0.102 (0.021) -4.82 0.000 
Age 0.000 (0.000) 0.64 0.526 
Smoker (yes=1) 0.058 (0.024) 2.42 0.017 
WBC Count 0.001 (0.002) 0.24 0.814 
% Change in Lymphocytes -0.008 (0.002) -4.51 0.000 
Loneliness -0.024 (0.013) -1.86 0.065 
% Change in Lymph x Loneliness 0.004 (0.003) 1.44 0.153 
aRandom effects for intercept and individual   
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Though not part of our primary prediction, we also ran models using 

cumulative cortisol (AUC) instead of slope and did not find any significant 

associations between having each stressor (or any combination of stressors) and 

change in lymphocytes on AUC (Supplement Tables 5.2a-c). This lack of 

association supports the notion that it is disruption to the diurnal rhythmicity of 

cortisol—rather than general cortisol exposure—that alters the synergistic 

relationship between cortisol and lymphocyte changes over the day. That all three 

measures of social stress showed similar effects on the relationship between diurnal 

cortisol slope and diurnal change in lymphocyte counts provides evidence for an 

emergence of GCR among those that experience major social stressors.  



      

   

193 

 

 

Figures 5.2a-c show sensitivity of circulating lymphocytes to diurnal cortisol. Regression lines indicate the variation in 
lymphocytes as a function of diurnal cortisol in (a) non-depressed participants (solid line) and depressed participants (dashed 
line), (b) individuals that did not experience discrimination (solid line) and those that did (dashed line), and (c) non-lonely 
individuals (solid line) and lonely individuals (dashed line). p values report significance of social stress-related differences in 
relationships between diurnal cortisol and diurnal lymphocytes.  

a) Depressed: p=0.20 
  Non-depressed: p<0.001 
 Difference: p=  0.011 

b) Discriminated: p= 0.80 
  Non-discriminated: p<0.001 
 Difference: p= 0.025 

c) Lonely: p= 0.03 
  Non-lonely: p= p<0.001 
 Difference: p= 0.153   
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Prediction 2. Evidence of glucocorticoid resistance (GCR) association with fasting 

glucose 

 

To test our prediction that GCR is associated with higher fasting glucose, we 

used a general estimation logarithmic equation model that controls for age and 

clusters residuals within individual. We found a nonlinear trend in the relationship 

between an individual’s residual slope with the “healthy” group-level mean and 

fasting glucose (Supplement Figure 5.2). In concordance with our prediction, 

individuals that have a reduced association between diurnal cortisol and 

lymphocytes (as indicated by negative residuals), have higher fasting glucose levels 

(b= -0.91, p=0.03, Figure 5.3). Near the “healthy” population mean, there appears to 

be no relationship between residuals and glucose levels, whereas the farther a 

residual falls above the mean slope, there is a slight but insignificant increase in 

glucose (Supplement Figure 5.2). Our finding that blunted bidirectional signaling 

between diurnal cortisol and lymphocytes predicts higher glucose suggests that, 

indeed, individuals that experience chronic social stress may be at higher risk of 

impaired glucose due to GCR. 
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Figure 5.3. Glucocorticoid resistance (as evidenced by negative residuals) is significantly associated 
with higher fasting glucose levels. Negative residuals denote less association between diurnal cortisol 
and lymphocytes. Residuals were extracted from a model in which individual-level associations 
between diurnal cortisol and lymphocytes were subtracted from a group-level “healthy” mean slope, 
based on individuals that did not report chronic depression, discrimination, or loneliness. Based on a 
geeglm model that clusters residuals within individuals.   
 

5.4. Discussion  

Overall, we find support for our prediction that a variety of adverse social stressors 

can similarly lead to glucocorticoid resistance, as evidenced by the consistent 

associations across the three stressors that we evaluated: depression, loneliness, 

and discrimination. We also found that experience with multiple stressors exhibited 

additive effects on the worsening of bidirectional signaling between HPA axis and 

immune activity. Though discrimination was not a significant predictor of GCR, the 

direction and effect size were consistent with the other measures, suggesting the 
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lack of significance was likely due to our relatively small sample size. These findings 

support the theory that chronic psychosocial stressors may be analogous to a ‘fear-

conditioning’ response also seen in other animal models (Flinn, 2006). Chronic 

exposure to threats (e.g. mice exposed to cats for extended periods), for instance, 

results in associative long-term hyper-stimulation of the HPA axis and dysregulation 

of normative diurnal rhythm and/or a breakdown in the ability of cortisol to regulate 

key components of the immune system (Adamec et al., 2005). Indeed, a number of 

human studies find that, depression (Jarcho, Slavich, Tylova-Stein, Wolkowitz, & 

Burke, 2013), discrimination (Cohen et al., 2012; Miller et al., 2002; Squires et al., 

2012), and social isolation (Cole, 2008; Hermes et al., 2009), are linked to 

dysregulated diurnal cortisol and glucocorticoid resistance.  

 We also find that a weaker association between individuals’ diurnal cortisol 

and diurnal lymphocyte counts predicts higher levels of fasting glucose. A weaker 

association may signify impairment in the ability of cortisol to regulate immune 

redistribution, and thus is indicative of glucocorticoid resistance. Because 

glucocorticoid receptors determine the biological effects of glucocorticoids, altered 

receptor function likely explains a main pathway through which glucocorticoids 

increase risk for impaired glucose and T2DM. A T2DM phenotype is most often 

characterized by a combination of impaired glucose, insulin resistance, obesity, and 

inflammation (Dandona, Aljada, Chaudhuri, Mohanty, & Garg, 2005). GCR is linked 

to insulin resistance, in part, through the enzyme 11β-HSD1, which re-activates 

cortisone to cortisol in many tissues, including the liver, and alters insulin sensitivity 
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(Andrews & Walker, 1999). In addition, 11β-HSD1 functions to suspend 

glycogenesis, promoting the conversion of glucose to adipose tissue (Whorwood, 

Donovan, Flanagan, Phillips, & Byrne, 2002). Resistance to glucocorticoid signaling 

also facilitates exaggerated adrenocortical and immune responses (Miller et al., 

2009), creating a feedback loop, which may further exacerbate the independent 

effects of glucocorticoids on insulin receptor sensitivity, fat deposition, and 

inflammation.   

While our findings provide initial evidence for a link between adverse social 

stressors and T2DM risk, the potential for chronic stress or chronic activation of HPA 

and immune function is not expected to be unique to our species. The synergistic 

relationship between glucocorticoid and immune function is likely highly conserved, 

as it serves an adaptive function in response to social and ecological cues. For 

example, in a study of rhesus macaques, individuals’ status in a social hierarchy was 

almost immediately identifiable by their immunological phenotype, whereby low-

ranking individuals exhibited decreased GC negative feedback and altered 

production of CD8+ (cytotoxic) T-cells, suggesting decreased GC sensitivity (Tung et 

al., 2012). From a life-history perspective, despite potentially negative cumulative 

effects on health, prioritizing immediate benefits may be the best option, in particular 

if threat cues tend to be reliable. However, deleterious diabetes-related health 

effects may not be triggered under all environmental conditions. For instance, while 

T2DM is not uncommon among non-human primates and other mammals, the vast 

majority of these cases are found in domesticated or captive animals with altered 
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diets, activity levels, novel stressors and in some cases, hormonal birth control 

(Harwood, Listrani, & Wagner, 2012). Taking an evolutionary approach to evaluate 

susceptibilities and triggers of metabolic pathologies like T2DM can provide insights 

about how a suite of evolved responses may react under novel socio-environmental 

or ecological conditions.  

 Though the worldwide emergence of T2DM as a major cause of morbidity and 

mortality worldwide is relatively recent, disease risk remains unevenly distributed. 

On a global scale, two-thirds of all diabetes cases occur in low- to middle-income 

countries (Hu, 2011) and, at a population level, marginalized individuals within a 

population tend to be at highest risk (Center for Disease Control and Prevention, 

2014). Though causes behind the global emergence of T2DM are myriad, we briefly 

discuss three potentially evolutionarily novel key factors that are especially salient in 

this population: 1) caloric abundance; 2) inequality; and 3) social support. Though 

chronic HPA axis and immune activation in response to social stress may increase 

susceptibility to T2DM, it is possible that in the absence of hyper-abdundant calories 

the disease does not fully manifest. In fact, there is some evidence for the beneficial 

pleiotropic effects of T2DM risk factors, like insulin resistance, that suggest it may be 

adaptive under certain calorie-constrained conditions (Odegaard & Chawla, 2013). 

Access to calories is no longer an issue for most developing populations, where 

there is relatively easy access to foods like flour, sugar, and oil. There is, however, 

variation in diet and access to nutrient-rich foods, whereby poor and marginalized 

individuals tend to rely on carbohydrate-rich, protein-poor foods more so than 
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individuals higher up in the social hierarchy (Darmon & Drewnowski, 2008). 

Overabundance of calories and a socioeconomic gradient in access may exacerbate 

risk among marginalized individuals or populations. Though Utila is an island with a 

thriving artisanal fishing community that also caters to tourist diets, there are cultural 

mores against Honduran mainlanders fishing and many healthy food alternatives are 

prohibitively expensive for Hondurans; the main staples of the Honduran diet 

continues to be dominated by foods like baleadas (made with bleached flour, lard, 

and refried beans) or pastelitos (fried flour-based dough, filled with rice and ground 

beef).  

In the context of inequality, though status-derived social stress is perhaps not 

a new phenomenon, increasing inequality both across and within societies over the 

past half century may increase the potential of experiencing chronic stress 

precipitated by poor social conditions. On global and local scales, socioeconomic 

inequality continues to rise, with a recent report showing that 8 men hold as much 

wealth as the poorest half of the world (OXFAM, 2016). On Utila, there is a high level 

of inequality because of both socioeconomic and cultural disparities between 

tourists, Utilians, and Honduran immigrants. Utilians operate or work in tourism-

based organizations, or work as merchant marines, while Honduran immigrants work 

primarily in jobs that support aspects of tourism, such as house-cleaners, 

launderers, tuk-tuk (taxi) drivers, or cooks. Hondurans are also less-acknowledged 

(and more dehumanized) by the broader island and tourist community. For instance, 

it would be rare to encounter a non-Honduran in Barrio Camponado, where the vast 
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majority of Hondurans live, which was described by one tourist’s account as “…really 

a floating garbage dump” (“Utila Blog,” 2010).  

Finally, lack of social support may compromise the ability to buffer socially-

derived stressors, leading to more pronounced biological effects of stress. Stress 

research has shown the ability to buffer adverse experiences through reliance on 

one’s social network can be important for mitigating the biological effects of 

psychosocial stress (Hennessy, Kaiser, & Sachser, 2009). Many of the women in 

this study, who migrated alone or with only their children, lack that privilege. We 

suspect that the amount of social support one has could help buffer the effects of 

discrimination and depression on glucocorticoid resistance.  

 

Limitations  

Though we believe this paper can offer some important insights into how 

chronic stress influences diabetes risk, we recognize some limitations. First, though 

usually taken within a day or two of each other, the challenge of the field setting and 

our sampling protocol prohibited us from collecting blood and saliva samples on the 

same day, which means that we are not able to see evidence of a true functional 

relationship between cortisol and lymphocytes. However, we find it very encouraging 

that despite imperfect alignment, we still see significant associations between diurnal 

cortisol and lymphocytes. Moreover, observing this relationship is especially 

noteworthy given that both cortisol and lymphocytes are extremely sensitive to social 

and environmental stressors, such that minor perturbations could have obscured a 
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correspondent antiphasic diurnal signal in the data. Second, while our approach for 

assessing GC sensitivity provided a reasonable proxy, a more ‘gold standard’ 

approach would be to measure abundance and changes in receptor density, as well 

as corticosteroid binding globulin, since both are affected by stress and further 

moderate some of the physiological effects of HPA activation and cortisol (Spencer 

et al., 1996). Other limitations include our relatively small sample size and the 

simplicity of our measures used to assess chronic stress as well as diabetes risk. 

Future work will be strengthened by a longitudinal design, allowing us to track both 

the chronicity of stressors, as well as neuroendocrine-immune interactions, in 

relation to T2DM risk and the use of oral glucose tolerance tests will provide a more 

precise measure of the body’s management of glucose. Most risk factors (e.g. 

obesity, impaired glucose, desensitized GC receptors) for T2DM are cumulative by 

nature; having repeat measurements on these women would allow us to track how 

neuroendocrine-immune interactions affect these risk factors over time.  

 

5.5. Conclusion 

T2DM is the result of a constellation of interrelated factors, reinforced by feedback 

loops; the biological factors that influence risk have been shaped by sociopolitical 

processes and exacerbated by lifestyle factors (e.g. diet and activity), which are 

themselves partially an outcome of sociopolitical and ecological factors. Because of 

this complexity, it is critical to tease out the pathways linking subjective experiences 

(e.g. social stressors) and disease, in order to target interventions to prevent T2DM. 
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This paper uses an evolutionary perspective to begin evaluating the relationships 

between social stressors and alterations to diurnal functioning of the HPA and 

immune systems. To our knowledge, this is the first study to map the interactions 

between several types of social stress and diurnal endocrine and immune function 

onto glucose levels within the same individuals in a natural and free living setting. 

Future research in this population will be aimed at unpacking individual-level factors 

that may ameliorate or worsen the influences of social stress on biological systems. 

Elucidating the links between social stressors and elevated disease risk will 

hopefully further our understanding of how to modify (and disrupt) the feedback 

cycle that permits health inequalities to persist through generations.  
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VI. Conclusion 

 

Within and between populations, there can be radical variation in life history traits, 

and correlated aspects of health and disease risk (Charnov, 1991; Kuzawa & Bragg, 

2012). Variation is a consequence of the confluent effects of long-term and 

contemporary environmental conditions related to differences in nutritional status 

(diet, exercise), socioeconomic and ecologic exposure (Hoke & McDade, 2015; 

Lochmiller & Deerenberg, 2000). Most, or all, life history traits exhibit some degree 

of plasticity, either during development or through phenotypic adjustment to cope 

with environmental variability (West-Eberhard, 2003). However, in some instances 

(e.g. if environmental inputs are too chronic or excessive), the ability to effectively 

buffer environmental instability becomes impossible. This dissertation evaluates 

plasticity in biological responses in relation to health, and addresses three important 

but under-studied factors that contribute to variation in health and disease risk: 

pathogen exposure (McDade, Georgiev, & Kuzawa, 2016), status inequality 

(Snyder-Mackler et al., 2016), and psychosocial stress (Nesse, Bhatnagar, & Ellis, 

2016).  

 In order to evaluate hypotheses about plasticity in traits across a range of 

environments, this dissertation research focuses on two populations that differ in 

their nutritional and ecological context: Tsimane children of Bolivia and inhabitants of 

the island of Utila. For the last two chapters, research focuses on Honduran 
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immigrant women, who are among the most marginalized and highest metabolic risk 

individuals in the population.  

 

6.2. Summary of findings  

In Chapter Two, we use a life history approach to investigate variation in 

investment in early life growth and innate and adaptive immunity, within a sample of 

Tsimane children. Tsimane children face high pathogenic exposure, as evidenced by 

high levels of infant and child mortality from infectious diseases (Gurven, Kaplan, & 

Supa, 2007). Past research among the Tsimane has shown that there is high 

investment in overall immunity, in comparison to U.S. and European reference 

populations, as well as a high degree of stunting ( Blackwell et al., 2016; Blackwell et 

al., 2017).  

In support of our hypothesis, we show that adaptive immunity does not vary as a 

result of moderate variation in energetic resources. Further, among Tsimane 

children, though maternal nutritional environment may independently buffer child 

height, adaptive immunity still seems to be prioritized over growth in height, except 

for those that can afford both. In this high pathogen environment where there is 

strong selection against infant mortality, investment in adaptive immunity over height 

should be the optimal strategy. While the relative fitness gained as a function of 

being taller may be variable, the cost of not investing heavily in adaptive immune 

responses early on could be lethal. 
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In Chapters Three, Four, and Five, focus is shifted to the other side of the 

spectrum, looking at how the physiological mechanisms that underlie stress and 

metabolic risk respond in a contemporary context characterized by overly-abundant 

calories and a high level of inequality. In these chapters, the focus is on the role 

neuroendocrine and immune systems play in mediating social influences on disease 

risk.  

In Chapter Three, we investigate whether objective and perceived socioeconomic 

status (SES) are predictors of HPA function among residents on Utila, as measured 

by diurnal decline and cumulative daily exposure (AUC) in salivary cortisol. We find 

that higher perceived lifestyle discrepancy predicted blunting of the diurnal cortisol 

slope. When included in the same model, the effect of objective SES was greatly 

reduced while perceived lifestyle discrepancy remained a significant predictor of a 

blunted cortisol decline and AUC, suggesting that effects of objective SES are 

largely mediated by perceived lifestyle discrepancy.  

This study provides important preliminary insights into the effects of 

perceptions of stress on biological stress responses. We find that elements of the 

“lived experience” of SES play a role in the relationship between SES and 

physiological stress. This role of perceived SES may be either more inclusive, or 

independent, of objective measures of SES. Perceived SES incorporates current 

and future potential, based in part on past experiences, and current resource access 

that may be extended or crippled by aspects of social capital. In this context, 

perceived SES may incorporate objective income and assets along with the ability to 
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buffer lack of assets through other forms of capital. In addition, because perceived 

SES incorporates overall interest in material assets, it may stand apart as a signal of 

an individual’s relative acceptance of his or her own status, independent of objective 

SES. On Utila, like in many developing areas where economic inequality is growing, 

shifts in wealth and opportunity can lead to a psychosocial reframing. As the island’s 

tourist industry becomes increasingly insular, Utilians and Hondurans alike struggle 

to sustainably capitalize on the industry. However, as we find here, Honduran 

women are at higher risk of low perceived SES. Given the established connection 

between HPA function and chronic diseases, and the high risk of metabolic disease 

among women in this context, it is vital to understand how environmental 

experiences or conditions that may be unique to Honduran immigrant women relate 

to stress and HPA activation, and downstream consequences of morbidity and 

mortality.  

Following from the findings in the previous study, the last two chapters of the 

dissertation focus on the highest risk group for metabolic syndrome and low 

perceived SES: Honduran immigrant women. Chapter Four evaluates the 

relationship between diurnal salivary cortisol and leukocyte subsets in a sample of 

Honduran immigrant women on the island of Utila. A number of experimental studies 

have shown alterations to one system consequently affects the other (Besedovsky, 

Del Rey, Sorkin, Lotz, & Schwulera, 1985; Dhabhar, Miller, Stein, McEwen, & 

Spencer, 1994; Fauci, 1975; Petrovsky, 2001). However, the majority of these 

studies use in vitro experimental stimulation and, as far as we know, no other study 
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has looked at these interactions endogenously in ecological context. This study is 

also novel in that it looks at these systems in a free ranging population, in an area 

where environmental inputs into the system are unique from the standard western 

context where the vast majority of research is focused.  

We find that shallower cortisol slope is associated with less of an absolute 

and proportional change in lymphocytes across the day. These findings are 

consistent with the theory that cortisol and HPA activity regulate immune responses 

by up and down-regulating particular aspects of immune function, as well as 

controlling immune cell trafficking between the periphery and specific organs and 

tissues (Chrousos, 1995; Dhabhar, 2014; Dimitrov et al., 2009; Kim et al., 2014; 

Padgett & Glaser, 2003). That we continue to find strong relationships between 

cortisol and immune function supports our hypothesis that these more ‘upstream’ 

regulatory relationships are likely canalized, and thus should not vary by ecological 

context. Additionally, our findings are in line with the emerging chronobiology 

literature that suggests circadian rhythmicity of the HPA axis, in addition to acute 

interactions, are responsible for broader immunoregulation and energetic allocation 

(Cermakian et al., 2013; Dumbell et al., 2016; Man, Loudon, & Chawla, 2016; 

Petrovsky, 2001). The way in which neuroendocrine and immune interactions relate 

to disease risk is complex. However, chronobiological and eco-evolutionary theory 

lay the foundation for understanding these responses and interactions through the 

lens of adaptation and plasticity, which allows us to consider why and how diverse 

threats and stressors may have similar physical manifestations.  
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Pulling together the different pieces of the pathway from social factors to 

health outcomes, in Chapter Five we investigate whether neuroendocrine-immune 

signaling mediates the influence of aspects of social adversity on diabetes risk.   

This paper uses an evolutionary perspective to begin evaluating the relationships 

between social stressors and alterations to diurnal functioning of the HPA and 

immune systems. Overall, we find support for our prediction that a variety of adverse 

social stressors can similarly lead to glucocorticoid resistance, as evidenced by the 

consistent associations across the three stressors that we evaluated: depression, 

loneliness, and discrimination. We also found that experience with multiple stressors 

exhibited additive effects on the worsening of bidirectional signaling between HPA 

axis and immune activity. To our knowledge, this is the first study to map the 

interactions between several types of social stress and diurnal endocrine and 

immune function onto glucose levels within the same individuals in a natural and 

free-living setting.  

 

6.3. Future Research: On the limits of plasticity and a potential for 

“Evolutionary Mismatch” 

This dissertation lays out pathways through which social, nutritional, and ecological 

conditions can influence health and disease risk, through their effects on evolved 

neuroendocrine and immune responses. However, there is still a long way to go in 

teasing out the specific features that can explain the emergence of metabolic 
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diseases as the major causes of morbidity and mortality worldwide, as well as the 

patterning of disease risk within populations.  

Here, four explanatory features in the emergence and patterning of chronic 

metabolic diseases across populations will be highlighted: 1) caloric abundance and 

social gradients in diet; 2) rise in inequality; 3) lack of kin/social support; and 4) loss 

of coevolved parasites. Though chronic HPA axis and immune activation in 

response to social stress may increase susceptibility to diseases, it is possible that 

in the absence of hyper-abundant, carbohydrate-rich, calories the disease does not 

fully manifest. In fact, there is some evidence for the beneficial pleiotropic effects of 

metabolic risk factors, like insulin resistance, that suggest it may be adaptive under 

certain calorie-constrained conditions (Odegaard & Chawla, 2013). Access to 

calories is no longer an issue for most developing populations, where there is 

relatively easy access to foods like flour, sugar, and oil. There is, however, variation 

in diet and access to nutrient-rich foods, whereby poor and marginalized individuals 

tend to rely on carbohydrate-rich, protein-poor foods more so than individuals higher 

up in the social hierarchy (Darmon & Drewnowski, 2008). Overabundance of calories 

and a socioeconomic gradient in access may exacerbate risk among marginalized 

individuals or populations.  

In the context of inequality, though status-derived social stress is perhaps not 

a new phenomenon, increasing inequality both across and within societies over the 

past half century may increase the potential of experiencing chronic stress 

precipitated by poor social conditions. On global and local scales, socioeconomic 
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inequality continues to rise, with a recent report showing that 8 men hold as much 

wealth as the poorest half of the world (OXFAM, 2016).  

Lack of social support may also compromise the ability to buffer socially-

derived stressors, leading to more pronounced biological effects of stress. Stress 

research has shown the ability to buffer adverse experiences through reliance on 

one’s social network can be important for mitigating the biological effects of 

psychosocial stress (Hennessy, Kaiser, & Sachser, 2009). In our research among 

Honduran immigrant women, we have found preliminary support that the amount of 

social support one has could help buffer the effects of social stressors on 

glucocorticoid resistance.  

Finally, loss of co-evolved parasites may put physiological systems more at 

risk for over-responsiveness, both to immunological and social stressors (Raison, 

Lowry, & Rook, 2010). For the vast majority of human history people had no 

sanitation or running water, and as a result parasitic infections were nearly 

ubiquitous (Brachman, 2003). A growing body of evidence suggests that humans 

coevolved with a diverse array of parasites (i.e. ‘Old Friends’), and therefore have an 

‘evolved dependency’ on certain parasites to play immunomodulatory roles, thereby 

keeping the hypothalamic pituitary adrenal (HPA) and pro-inflammatory immune 

responses in check (Rook, Lowry, & Raison, 2013; von Hertzen, Hanski, & Haahtela, 

2011). This regulation may keep HPA and inflammatory responses from becoming 

overly sensitized to other immune activators such as psychosocial stressors. Higher 

prevalence of metabolic pathologies in developed areas is potentially linked, in part, 
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to the loss of effective immunoregulation and exaggerated immune responses that 

come with reduced pathogen exposure.  

This dissertation made several novel contributions to the literature, and 

developed novel areas for future research. First, these chapters examined several 

potential mechanisms for how socioeconomic status and discrimination could 

influence both psychosocial stress, as well as downstream health outcomes. Instead 

of taking a “black box” approach to the mechanism by which stress could impact 

metabolic health, these studies tested potential hypotheses, including HPA-immune 

cross talk, as well as how glucocorticoid resistance could result in metabolic issues. 

By testing the same issues in multiple non-industrial populations from various 

angles, this project was better able to evaluate how stress “gets under the skin”, and 

broaden the variation of populations beyond just high income populations or 

undergraduate psychology majors. 

Future research should explore how these factors moderate or mediate social 

influences on disease risk, assessing how parasite burden impacts the pathways by 

which social factors influence metabolic risk, via alterations to neuroendocrine and 

pro-inflammatory gene expression. This research is led by the hypothesis that 

increased social stratification and inequality exert effects on disease risk in part 

because our microbial ecology has changed over time, and now leaves the 

neuroendocrine and immune systems more vulnerable to dysregulation by social-

environmental influences. More broadly, the question is: can the framework 

presented in this dissertation be used to make predictions about how chronic stress 
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can increase risk across a range of diseases? Elucidating the links between social 

stressors and elevated disease risk will hopefully further our understanding of how to 

modify (and disrupt) the feedback cycle that permits health inequalities to persist 

through generations.  
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APPENDIX: 

Supplemental Information 

Supplemental Information for Chapter III

 

Table S3.1 Missing data 
 
Variable  No. missing 
Income 2 
Education 4 
food ever 3 
food now 3 
computer score 2 
TV score 2 
car/truck score 5 
scooter/golf cart score 3 
dory score 2 
bicycyle score 2 
cellular score 2 
wash score 2 
refrigerator score 2 
microwave score 3 

 



      

   227 

 

 

Table S3.2 Material Style of Life 

Item 
Mean Value Score 

(SD)*  Mean Ownership (in %) 
(range 1-5)  

Fishing Line 1.0 (0.0) 38 
Car or Truck 2.8 (1.7) 2 
Microwave 3.0 (1.6) 51 
Boat/Dory 3.0 (1.7) 11 
Scooter, Motorbike, Golf 
cart 3.1 (1.4) 32 

Bicycle 3.4 (1.4) 47 
Television 3.4 (1.4) 91 
Computer 3.9 (1.4) 45 
Washing Machine 4.4 (1.1) 57 
Mobile Phone 4.4 (1.0) 98 
Refrigerator 4.5 (1.0) 83 
Own House 4.7 (0.9) 57 
*scoring: 1 = not important, 5 = very important   
	

Table S3.3 Welch's two sample t-test for mean differences between Hondurans and Utilians 
 
  Honduran Immigrant Utilian t p-value 
Objective         
Objective SES (z-scored) 0.19 0.18 0.11 0.91 
Subjective         
Lifestyle discrepancy (0-100) 38.38 25.11 2.62 0.02 
Perceived social status (0-8)  4.29 5.40 -1.82 0.10 
AUC cortisol (pg/mL ) 6972.98 6141.46 0.94 0.36 
*AUC is calculated across 11 hours       
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Table S3.4. Comparison of Objective and Subjective measures of SES on time points. 
 
  Model   30 min  2 hour  8 hour 

     β  p-value  β  p-value  β  p-
value 

1)                  
  Objective SES  0.016 0.894  0.074 0.568  -0.082 0.579 

  Age  0.010 0.179  0.002 0.765  0.015 0.127 
  Sex  -0.101 0.623  -0.181 0.426  0.041 0.875 

2)                  

  
Perceived 
Discrepancy 

 
0.099 0.331 

 
0.020 0.854 

 
0.232 0.069 

  Age  0.005 0.546  -0.004 0.642  0.011 0.293 
  Sex  -0.132 0.565  -0.339 0.180  0.034 0.905 

3)                  

  
Perceived Social 
Status 

 
0.032 0.757 

 
0.024 0.838 

 
-0.068 0.604 

  Age  0.009 0.258  0.001 0.895  0.017 0.090 
  Sex  -0.099 0.630  -0.168 0.458  0.028 0.913 

4)                  

  
Perceived 
Discrepancy 

 
0.105 0.414 

 
0.089 0.521 

 
0.249 0.119 

  ObjSES  0.012 0.940  0.148 0.409  0.036 0.859 
  Age  0.005 0.549  -0.003 0.782  0.011 0.292 
  Sex  -0.133 0.567  -0.353 0.164  0.030 0.916 

5)                  

  
Perceived Social 
Status 

 
0.031 0.780 

 
0.001 0.996 

 
-0.048 0.736 

  ObjSES  0.003 0.978  0.073 0.598  -0.062 0.695 
  Age  0.009 0.277  0.002 0.791  0.016 0.131 
  Sex  -0.099 0.634  -0.181 0.432  0.037 0.886 

All parameter estimates are standardized betas. Slope steepness refers to rate of decline 
over the sampling period.  
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Table S3.5. Independent models using subcomponents of Objective SES.  
 
  Model  AUC Slope 
    β  p-value β  p-value 

1)           

  
Educational 
Attainment 0.073 0.607 -0.007 0.470 

  Age 0.017 0.118 0.001 0.502 
  Sex 0.194 0.491 0.031 0.122 

2)           
  Occupational Rank -0.216 0.108 -0.028 0.003 

  Age 0.015 0.145 0.001 0.124 
  Sex 0.158 0.577 0.039 0.049 

3)           
  Income -0.243 0.074 -0.016 0.114 
  Age 0.003 0.804 0.000 0.626 
  Sex 0.101 0.724 0.047 0.027 

4)           

  
Perceived 
Discrepancy 0.284 0.057 0.031 0.008 

  
Educational 
Attainment 0.074 0.624 0.003 0.811 

  Age 0.008 0.473 0.001 0.261 
  Sex 0.121 0.682 0.046 0.037 

5)           

  
Perceived Social 
Status 0.236 0.125 0.027 0.043 

  Occupational Rank -0.121 0.437 -0.013 0.352 
  Age 0.007 0.535 0.001 0.100 
  Sex 0.100 0.742 0.049 0.026 

5)           

  
Perceived Social 
Status 0.241 0.126 0.030 0.014 

  Income -0.124 0.451 -0.001 0.928 
  Age 0.002 0.874 0.001 0.311 
  Sex 0.103 0.739 0.047 0.041 

*all values are standardized betas 
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Table S3.6. Correlations Matrix for determinants of PLD 

 

 

Supplemental Information for Chapter IV 

 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14
1 Age ! "0.25 "0.02 "0.20 "0.13 "0.21 0.13 0.02 "0.16 "0.15 0.63 "0.12 "0.32 "0.02
2 Sex "0.25 ! "0.14 "0.04 0.30 0.08 "0.03 "0.18 "0.12 0.12 "0.23 0.09 0.16 "0.04
3 Immigration Status "0.02 "0.14 ! "0.05 0.05 0.09 0.06 "0.06 "0.03 "0.36 0.08 "0.19 "0.04 "0.08
4 Sanitation "0.20 "0.04 "0.05 ! "0.06 0.16 "0.10 "0.13 "0.17 0.54 "0.43 "0.21 0.12 0.03
5 Owes Money "0.13 0.30 0.05 "0.06 ! 0.42 0.00 0.10 0.27 0.10 "0.02 0.15 "0.30 "0.12
6 Borrowed Money "0.21 0.08 0.09 0.16 0.42 ! 0.11 0.05 0.21 0.15 "0.14 0.27 "0.13 "0.04
7 Lent Money 0.13 "0.03 0.06 "0.10 0.00 0.11 ! "0.12 "0.08 "0.01 "0.18 0.09 0.11 0.02
8 Lifetime Food Scarcity 0.02 "0.18 "0.06 "0.13 0.10 0.05 "0.12 ! 0.59 0.06 0.29 0.30 0.01 "0.13
9 Current Food Scarcity "0.16 "0.12 "0.03 "0.17 0.27 0.21 "0.08 0.59 ! "0.08 0.11 0.43 "0.19 "0.16
10 Neighborhood "0.15 0.12 "0.36 0.54 0.10 0.15 "0.01 0.06 "0.08 ! "0.35 0.02 0.20 0.21
11 Number of Children 0.63 "0.23 0.08 "0.43 "0.02 "0.14 "0.18 0.29 0.11 "0.35 ! 0.14 "0.38 "0.02
12 Household Size "0.12 0.09 "0.19 "0.21 0.15 0.27 0.09 0.30 0.43 0.02 0.14 ! "0.22 "0.06
13 Emergency Savings "0.32 0.16 "0.04 0.12 "0.30 "0.13 0.11 0.01 "0.19 0.20 "0.38 "0.22 ! 0.22
14 Works in tourism "0.02 "0.04 "0.08 0.03 "0.12 "0.04 0.02 "0.13 "0.16 0.21 "0.02 "0.06 0.22 !

S3. Correlation matrix for all variables evaluated as determinants of perceived lifestyle discrepancy. 

Supplementary Figure 4.1a.  
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Supplementary Figures 4.1a and 4.1b. Variation in cortisol by menstrual phase: a) AUC cortisol and 
b) cortisol slope. Menstrual phases are broken down into the following five phases: F=follicular (6-13 
days following the onset of menses); L=luteal phase (18-28 days following the onset of menses); 
M=currently menstruating; O=ovulating (14 days following the onset of menses); P=post-menstrual 
(has not menstruated in 1+ years). 
 

 

Supplementary Figure 4.1b.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplement Tables 4.1a and 4.1b.  Percent lymphocytes as a function of 
cortisol by time of day.  

Supplementary Table 4.1a AUC cortisol and Lymphocyte Counts 

		 morning evening 
Independent Variables beta p-value beta p-value 
Intercept 0.24 0.71 1.40 0.13 
Age (in years) 0.00 0.15 0.00 0.12 
BMI 0.01 0.00 0.01 0.02 
Smoker (yes = 1) -0.01 0.95 0.10 0.39 
sleep (hours) 0.00 0.73 -0.01 0.53 
medicine use 0.01 0.91 -0.07 0.26 
sample time (morning) -0.05 0.03 --- --- 
sample time (evening) --- --- -0.03 0.27 
AUC 0.06 0.20 0.00 0.95 
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Supplemental Information for Chapter V 

S5.1 Supplementary Materials: Interview sections on discrimination, 
depression, and loneliness 
 
DISCRIMINACION  
En el último año, alguien ha tratado de hacerlo sentir inferior por… 
___ ¿Tu etnia? 
___ ¿Tu sexo? 
___ ¿Tu religión? 
___ ¿Tu estilo de vida? 
___ ¿Tu nivel de ingreso? 
___ ¿Tu familia? 
 

SOLITARIA 
Con que frequencia te sientes solitaria (como falta compañía)? 
___ Casi nunca o nunca  
___ A veces  
___ A menudo  
 

DEPRIMIDO 
¿Con qué frecuencia se siente deprimido?  
  Casi nunca o nunca   No muchas veces   Algunas veces  La mayoridad 
del tiempo  Siempre 
 
¿Hay momentos tan malos que no puedes hacer tus actividades diarias? Sí  No 
 

Supplementary Table 4.1b Cortisol Slope and Lymphocyte Counts 

		 morning evening 
Independent Variables beta p-value beta p-value 
Intercept 1.07 0.00 1.35 0.01 
Age (in years) 0.00 0.11 0.00 0.11 
BMI 0.01 0.00 0.01 0.02 
Smoker (yes = 1) -0.02 0.86 0.10 0.39 
sleep (hours) 0.00 0.77 -0.01 0.53 
medicine use 0.00 0.96 -0.07 0.26 
sample time (morning) -0.06 0.02 --- --- 
sample time (evening) --- -- -0.03 0.27 
Slope Down 0.32 0.24 -0.93 0.01 
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a) 

  

b) 

  

c)  

 

Figure S.5.1a-c. Boxplots showing difference in cortisol slope between individuals that: a) are not 
depressed (0) versus those that are (1); b) have not experienced discrimination (0) versus those that 
have (1); and, c) do not report feeling lonely (0) versus those that do (1). Boxplots are based on 
mixed effects linear models that control for age, smoking, and medication use, with random effects for 
individual and intercept. Non-depressed individuals have significantly more blunted slopes compared 
to depressed individuals. There are no significant differences between other groups.  
 

Depression		

Discrimina)on		

Loneliness	
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Figure S.5.2. Positive and negative deviation from “healthy” group-level mean slope shows variable 
associations with fasting glucose levels. Both positive and negative residuals are associated with 
higher fasting glucose, however, this is only significant for negative residuals.  
 

 

 

Table S.5.1 Correlations between social variables and cortisol 
  1 2 3 4 
1) Depression         
2) Discrimination 0.181       
3) Loneliness 0.215 -0.004     
4) Cortisol Slope -0.189 0.131 -0.076   
5) AUC -0.057 0.143 0.063 0.178 
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Table S5.2a-c. No differences in AUC between social condition dyads 
  
a) Depressed vs. non-depressed 
      
  Value Std.Error t-value p-value 
(Intercept) 11.39 0.13 87.80 0.00 
Age 0.00 0.00 -1.60 0.11 
Depression (1) -0.01 0.07 -0.10 0.91 
Smoker (1) 0.13 0.16 0.80 0.40 
WBC 0.00 0.02 0.30 0.79 
  
         
b) Discriminated vs. non-discriminated 
     
  Value Std.Error t-value p-value 
(Intercept) 11.33 0.13 85.30 0.00 
Age 0.00 0.00 -1.50 0.14 
Discriminated (1) 0.11 0.07 1.60 0.12 
Smoker (1) 0.14 0.15 0.90 0.36 
WBC 0.01 0.02 0.50 0.64 
          
b) Lonely vs. not lonely 
       
  Value Std.Error t-value p-value 
(Intercept) 11.35 0.13 85.70 0.00 
Age 0.00 0.00 -1.70 0.09 
Lonely (1) 0.07 0.07 1.10 0.29 
Smoker (1) 0.11 0.16 0.70 0.47 
WBC 0.00 0.02 0.30 0.78 
	
Supplemental Table 5.3. No difference in diurnal change in lymphocytes between groups 
 

% change in lymphocytesa   
  beta SE beta p value 
Depressed -0.22 0.77 0.77 
Discriminated -0.48 0.84 0.57 
Lonely -0.38 0.78 0.62 

 
aAnalyses control for age, smoking status, and total white blood cell count.  
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Supplement Table 5.4. Interaction between social stressor x lymphocytes as associated 
 with AUC cortisol 

Predictor of AUC Association B ± SE t value p value   
Depression -0.08 (0.08) -1 0.34   
% Change in Lymph x Depression 0.02 (0.02) 1.3 0.184   
Discrimination 0.17 (0.08) 1.9 0.062   
% Change in Lymph x Discrimination -0.02 (0.02) -1.2 0.248   
Loneliness 0.03 (0.08) 0.4 0.721   
% Change in Lymph x Loneliness 0.01 (0.02) 0.6 0.57   

 




