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Abstract 

This dissertation examines the high burden of infectious diseases and factors 

influencing health outcomes in rural Madagascar through the lens of the One Health 

Disparities (OHD) framework. Using a multi-dimensional approach. I identified how 

variation in exposure and susceptibility contributes to infection risk. Specifically, I 

found that Blastocystis exposure is associated with hand hygiene practices, while 

decreased sleep efficiency is linked to greater infection susceptibility. I also investigated 

the association of sleep, stress, and hypertension and did not identify an association 

between sleep and stress or between sleep and hypertension, but I did identify gender 

and age-related health outcomes. First, in Chapter 2, I investigated Blastocystis infection 

in a low-resource setting, focusing on wealth, hand hygiene, and animal contact, as 

potential predictors of infection. Among 783 participants, 76.5% were infected with 

Blastocystis. Overall, I identified individuals who washed their hands without soap had 

higher odds of infection, while gender disparities also played a role, with women having 

higher odds of infection. This study underscores the importance of hand hygiene and 

access to clean water in reducing infection risk and highlights gaps in our understanding 

of Blastocystis pathways of transmission. Next, in Chapter 3, I explored the relationship 

between sleep, stress, and hypertension. Using actigraphy-based measurements from 33 

participants, I found that while perceived stress did not correlate with sleep, significant 

gender differences in sleep patterns emerged. Additionally, age was associated with 

elevated blood pressure, with cases observed as early as 20 years old. These findings 

highlight the importance of early hypertension screening and further research on the 

sociocultural drivers of cardiovascular risk in young adults. Finally, in Chapter 4, I 
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examined the role of sleep in infection susceptibility using actigraphy data and 

serological analysis. I identified a significant negative association between sleep 

efficiency and antibody richness, suggesting that better sleep quality may support 

immune resilience. These findings emphasize the importance of incorporating sleep 

quality into global health research. 
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1. Introduction 

1.1. Social Determinants of Health and Evolutionary History 

Social determinants of health (SDH) are defined by the World Health Organization as “conditions 

in which people are born, grow, work, live, and age and the wider set of forces and systems 

shaping the conditions of daily life” (WHO, 2024). These social conditions can vary both within 

and between countries; one condition may be beneficial, while another may be detrimental, 

leading to health consequences (WHO, 2024). Social factors that positively and negatively affect 

human health include those influencing income, education, job security, food security, housing, 

and social inclusion (WHO, 2024).  

The term "health disparity," first introduced in the U.S. during the 1990s, originally 

referred to adverse health outcomes observed among socially disadvantaged groups based on 

race, ethnicity, and low socioeconomic status (Braveman 2014). Over time, the definition has 

broadened to encompass additional populations who systematically face greater social and 

economic barriers, including race, ethnicity, and socioeconomic status, along with gender, age, 

mental health, religion, cognitive or sensory impairments, physical disabilities, sexual orientation, 

gender identity, and geographic location (Braveman 2014). The physical and sociocultural 

environments affect the health and well-being of disadvantaged populations (Morgan, Stern et al. 

2022). Socially and economically disadvantaged populations are more likely to experience poor 

health, thus contributing to health disparities(Morgan, Stern et al. 2022).  

One of the earliest studies that measured social differences between populations and 

characterized the direct association between social status and health was the Whitehall study of 

British Servants (Stringhini, Berkman et al. 2012). This study commenced in 1964 and was 

among the first to describe how the variation in social environment was associated with health. 

The understanding of social determinants of health was further solidified through later research 

on the Chinese famine (1959-1961) and the Dutch Hunger Winter (1944-1945). The Chinese 
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famine was one of the world’s largest famines in which approximately 30-40 million Chinese 

starved to death (Smil 1999). Notable differences in height, weight, and educational attainment 

were documented in children who were young children or were in utero during the famine (Lay 

and Norling 2020). Similar life course outcomes were identified in adults who were young 

children or in-utero during the Dutch Hunger Famine (Lumey and Van Poppel 1994, Smil 1999).  

Research focused on understanding and identifying health consequences in relation to the 

social environment is in its infancy. Two fundamental questions that persist today are why human 

health is shaped by the social environment and how these effects are mediated. These outstanding 

questions within the field of public and global health can be addressed by studying non-human 

primates and other social mammals to identify the evolutionary origin of traits. It is difficult to 

measure the degree of impact that the social environment has on human health due to various 

sociocultural confounds, and studying non-human primates provides a window into the 

evolutionary history of human health.  

A prominent question in human biology is understanding the evolutionary origins of 

sociality and the fitness benefits of sociality. An approach to investigate the role of sociality on 

fitness benefits and consequences in humans is a comparative approach across non-human 

primates. Overall, primatology research has shown that social status and social integration predict 

morbidity and mortality across the life course (Holt-Lunstad, Smith et al. 2010, Snyder-Mackler, 

Burger et al. 2020). Strong social integration is overwhelmingly associated with survival in pro-

social animals. Individual non-human primates that experience week social bonds have 

significantly shorter lifespans (Campos, Villavicencio et al. 2020). Non-human primates who are 

of lower social status have more cortisol expression, inflammation, and methylation than primates 

of higher social status (Snyder-Mackler, Burger et al. 2020). This translates to the understanding 

of why humans who experience adverse social conditions and lower social status exhibit higher 

rates of stroke, asthma, and heart disease and tend to have shorter lifespans  (Snyder-Mackler, 

Burger et al. 2020).  
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Another approach to further understanding social determinants of health in non-

industrialized settings is to study hunter-gatherer, semi-nomadic, and agriculturalist societies and 

the varying relationship between health and social status. Research has revealed a strong 

association between social environments and social status and health across cultures. For 

example, the Hadza are an Indigenous ethnic group of hunter-gatherers located in Northern 

Tanzania. In small-scale egalitarian hunter-gatherer societies, social status is based more on 

factors like social prestige, including popularity and foraging reputation, rather than material 

wealth (Fedurek, Lacroix et al. 2020, Fedurek, Lehmann et al. 2023). Additionally, status does 

not predict stress levels in either women or men (Fedurek, Lacroix et al. 2020, Fedurek, Lehmann 

et al. 2023). A different pattern is found in the Daasanach pastoralists in northern Kenya, who 

have lived in semi-arid environments for approximately 1,000 years (Hildebrand, Grillo et al. 

2018). Daasanach pastoralists have adapted to semi-arid environments and alleviated water 

scarcity by frequent mobility of herds, confining herd size, and selling necessary livestock during 

times of restricted water access (Ford, Bethancourt et al. 2022). Water insecurity coping strategies 

vary by social status and social networks, and water insecurity is associated with psychosocial 

distress (Achore and Bisung 2022). These studies provide a broad understanding of the variation 

of perceived social status while also highlighting the population-specific benefit of social status.  

However, there are also costs to higher social status in urban settings. The impact of 

adverse social environments is amplified in urban areas, where inequality, discrimination, racism, 

and colonialism contribute to higher global rates of morbidity and mortality (Gurven, Sarrieddine 

et al. 2024). For example, the Turkana of northwest Kenya are traditional pastoralists who are 

transitioning towards urban market integration and found that increased material wealth, as a 

proxy for socio-economic status, was associated with improved self-reported health but worse 

cardiometabolic health (Lea, Martins et al. 2020, Lea, Waigwa et al. 2021). A similar association 

is seen among lowland Bolivia's Tsimane and Moseten communities. The Tsimane and Moseten 

are ethnically related; however, the Moseten have greater market wealth and are more integrated 
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into the market economy than the Tsimane (Gatz, Mack et al. 2023). Despite this, they exhibit 

higher rates of elevated blood pressure and obesity (Kraft, Stieglitz et al. 2018). This evolutionary 

mismatch, resulting from a changing social environment, may trigger physiological costs such as 

stress and elevate “allostatic load,” a maladaptive response to prolonged exposure to novel 

stressors (Seeman, McEwen et al. 2001). Chronic stress has additional cascading consequences, 

such as dampened immune response, and altered physiological responses, such as changes in 

systolic blood pressure and C-reactive protein (Yang, Boen et al. 2016, Yang, Schorpp et al. 

2018). In summary, while greater wealth can indicate high socio-economic status and potentially 

higher social status, it also entails costs, such as adverse effects on mental health, cardiovascular 

health, sleep, and immune function. 

1.2. Dissertation Outline 

To synthesize social characteristics in a way that informs health outcomes related to 

infectious diseases, I developed the One Health Disparities (OHD) framework (Solis and Nunn, 

2021). My dissertation builds on this framework to explore how variations in the social 

environment contribute to differences in both exposure to and susceptibility to infection and 

disease. The OHD framework enhances our understanding of the social and systemic factors 

driving these disparities in vulnerable populations.  

The OHD framework integrates social determinants with the One Health framework, 

emphasizing the interconnectedness of human, animal, and environmental health. When applying 

this framework, we examine disparities in three key components of disease transmission: 

exposure, susceptibility, and disease expression. Exposure disparities arise from variations in 

contact with the pathogen. Meanwhile, disparities in susceptibility and disease expression are 

shaped by both biological and social factors, such as diabetes and obesity, as well as differences 

in access to healthcare. By taking this comprehensive approach, we can better identify the factors 

contributing to unequal health outcomes during pandemics.  
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In Chapter 2: One Health Disparities and Blastocystis Infection among Smallholder 

Farmers in Northeastern Madagascar, I focus on understanding the transmission of Blastocystis, a 

globally transmitted gastrointestinal protozoan that commonly infects people living in low- and 

middle-income countries. However, the specific factors that influence infection in low-resource, 

rural settings remain unclear. I applied the One Health Disparities framework to consider the 

interconnectedness of human, nonhuman animal, and environmental health to investigate 

disparities in Blastocystis exposure and infection in rural northeastern Madagascar. I focused on a 

suite of predictors, including wealth, animal contact, hand hygiene, and demographic factors. 

First, I investigated the hypothesis that lower SES is associated with increased infection risk due 

to limited access to healthcare and safe housing infrastructure. Second, I investigated whether 

people acquire Blastocystis from animals by testing the prediction that people who report higher 

rates of animal interactions exhibit a higher risk of Blastocystis infection. This hypothesis is 

based on the wide host range of Blastocystis and the close contact between humans and other 

animals in our study population. Finally, I investigated the hypothesis that people’s understanding 

of disease transmission impacts infection risk, predicting that poorer hygiene practices and 

limited understanding of zoonotic diseases are associated with a greater risk of Blastocystis 

infection.  

In my later chapters, I investigate sleep as a connector between the social environment 

and health outcomes. Evolutionary history provides insights into why humans are susceptible to 

physical and mental health consequences when sleep is insufficient (Nunn, Samson et al. 2016). 

Among primates, humans require the least amount of sleep, averaging only seven hours per night. 

However, a phylogenetic predictive model estimates that humans should sleep approximately 

9.55 hours based on factors like body mass, brain size, predation risk, foraging demands, diet, and 

sexual selection (Nunn and Samson 2018). This 36% reduction in sleep, known as the “Human 

Sleep Paradox,” is thought to be an adaptive response to predation, crucial for early human 
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migration out of Africa and survival in diverse environments with varying light and temperature 

conditions (Samson 2021). Since humans had to significantly shorten sleep it is more efficient 

compared to other primates, as described by the sleep intensity hypothesis (Samson and Nunn 

2015). Thus, when humans lose sleep by even one hour, it can significantly elevate the risk of 

acute myocardial infarction (e.g., heart attack) (Sandhu, Seth et al. 2014).  

In Chapter 3: Sleep, stress, and Hypertension in a Small-scale Agricultural Community in 

Madagascar, I delve deeper into the connection between sleep, stress, and hypertension to 

investigate the broader link between social environments and health. Sleep disparities, often 

resulting from stressful environments, are a recognized risk factor for hypertension in high-

income countries (Jackson, Walker et al. 2020). However, these associations remain understudied 

in low- and middle-income countries, where most hypertension cases are found (Lim, Najafi et al. 

2023). To address this gap, I investigated the relationship between sleep quality, stress, and blood 

pressure among rural agriculturalists in Madagascar. Using actigraphs, I measured sleep duration, 

sleep efficiency, fragmentation, and variation, and with survey instruments, I evaluated stress and 

daytime sleepiness. First, I tested the hypothesis that increased stress is associated with decreased 

sleep quantity (duration), decreased quality (efficiency, variability, fragmentation, and 

satisfaction), and increased daytime sleepiness. I predicted that individuals who report 

experiencing higher perceived stress will have shorter sleep durations, decreased efficiency, 

greater sleep fragmentation, higher sleep variability, less satisfaction with their sleep, and higher 

daytime sleepiness. Second, based on existing knowledge of the connections between sleep and 

blood pressure, I hypothesized that decreased sleep quality, quantity, and increased daytime 

sleepiness are associated with increased blood pressure. I predicted that individuals who 

experience shorter sleep durations, decreased efficiency, greater sleep fragmentation, higher sleep 

variability, less satisfaction, and higher daytime sleepiness will have higher systolic and diastolic 

blood pressure readings. Finally, I hypothesized that people with reported sleep disorder 
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symptoms will have lower quality and quantity of sleep more daytime sleepiness, and less 

satisfaction with sleep. When testing these predictions, I controlled for the influence of age and 

gender on the response variables. This chapter highlights the impact of the social environment on 

stress, its effects on sleep, and its role in shaping the risk of hypertension. By exploring these 

relationships, I aim to highlight how social conditions and sleep health contribute to the 

development of comorbidities. 

The next chapter evaluates the role of sleep in influencing exposure and susceptibility to 

infection. While Chapter 2 delves into the factors that drive exposure to infectious diseases, it is 

important to recognize that exposure does not necessarily lead to infection. The likelihood of 

infection is influenced by variations in the host’s immunological response. As observed in the 

One Health Disparities (OHD) framework for COVID-19, individuals with more comorbidities or 

those who were immunocompromised were more likely to become infected and faced higher rates 

of morbidity and mortality. 

Chapter 4: Rest and Resistance: Sleep and Infection Susceptibility in a Small-Scale 

Agricultural Community in Madagascar, explores the relationship between infectious disease risk 

and sleep. This chapter utilizes the One Health Disparities (OHD) framework to examine how 

social determinants affect disease susceptibility, contributing to sleep disparities in rural 

Madagascar. Sleep, essential for immune function and overall well-being, has significant 

evolutionary importance but is often disrupted by social and environmental changes. Poor sleep 

not only increases the risk of non-communicable diseases but also undermines immune defenses. 

In high-income countries, sleep disparities among marginalized populations are often associated 

with social determinants such as discrimination and low socioeconomic status. This study extends 

these findings to Madagascar, where rapid social and environmental changes impact sleep health. 

I investigated the effects of sleep disruption on disease susceptibility through a combination of 
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actigraphy data, health surveys, and serological analyses. I assessed sleep's role in exposure and 

susceptibility to infection, emphasizing the need to address sleep disparities to promote health 

equity in low-resource settings. 

Chapter 5: Conclusion synthesizes the findings of my dissertation, providing a broader 

context and discussing caveats in the methodology. I further evaluate the outstanding questions 

and highlight future research directions.  

1.3. Conclusions 

This dissertation emphasizes the intricate connections between social, environmental, and 

biological factors in shaping health outcomes. Through three research chapters, I illustrate how 

the social environment affects health among farmers in northeast Madagascar. I found a high 

prevalence of Blastocystis infections and significant rates of hypertension, as well as assessed five 

dimensions of sleep. Together, these findings enhance the understanding of the factors driving 

pathogen exposure and hand hygiene practices while also linking an understudied aspect of sleep 

to infection susceptibility. Additionally, I discuss the limitations of my research and describe the 

value of One Health Disparities, presenting opportunities to improve the application of this 

framework.   
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2. One Health Disparities and Blastocystis infection among 
smallholder farmers in northeastern Madagascar 

2.1. Introduction 

Blastocystis is a globally distributed, enteric protozoan that infects humans and a wide 

range of non-human animals (hereafter, “animals”) that include mammals, amphibians, reptiles, 

and arthropods (Wawrzyniak, Poirier et al. 2013, Khorshidvand, Khazaei et al. 2021), making it 

one of the most common gastrointestinal protozoa (Khorshidvand, Khazaei et al. 2021). 

Approximately 1 billion people worldwide are infected with Blastocystis (Ramírez, Flórez et al. 

2017), although prevalence is especially high in low-income countries (Wawrzyniak, Poirier et al. 

2013, Popruk, Adao et al. 2021).  Research on Blastocystis infection is concentrated in Europe, 

Asia, and Latin America, and data on prevalence and diversity in Africa remains limited, leaving 

critical questions about the prevalence of infection and transmission dynamics in rural settings 

unanswered (Khaled, Gantois et al. 2020). 

 Identifying Blastocystis infection is challenging due to the wide range of symptoms and 

high rate of asymptomatic infections. Blastocystis infections are often asymptomatic, though 

symptoms can include gastrointestinal distress such as diarrhea, abdominal pain, vomiting, 

excessive gas, and bloating (Boorom, Smith et al. 2008, Tan, Mirza et al. 2010, Clark, van der 

Giezen et al. 2013). The variation in symptoms may be partially attributed to the broad genetic 

diversity of the parasite (Clark, van der Giezen et al. 2013, Skotarczak 2018), which arises from 

Blastocystis’ wide geographic and host distributions. To date, 28 unique subtypes (ST) have been 

identified (Delshad, Saraei et al. 2020, Jiménez, Muñoz et al. 2022), of which 15 are associated 

with both human and animal hosts (Alfellani, Taner-Mulla et al. 2013). STs 1-4 are commonly 

reported in people, with ST3 being the most common, followed by ST1 (Tan, Mirza et al. 2010, 

Jiménez, Muñoz et al. 2022). 
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 Determining the transmission route of Blastocystis is complicated by this genetic 

diversity and the range of potential factors associated with physical, biotic, and social 

environments. Commonly proposed risk factors for Blastocystis infection include consumption of 

contaminated water and interactions with infected animals (Popruk, Adao et al. 2021, Shams, 

Shamsi et al. 2022). Due to the risk of transmission via consumption of contaminated water, 

limited access to adequate hygiene infrastructure may also influence transmission (Pietrzak-

Makyła, Korzeniewski et al. 2023). Infected individuals shed Blastocystis in feces, providing 

opportunities for transmission via the fecal-oral route (Clark, van der Giezen et al. 2013, Ramírez, 

Flórez et al. 2017, Attah, Sanggari et al. 2023) , and diagnosis is made through stool samples 

(Clark, van der Giezen et al. 2013). Due to variation in symptoms and lack of testing, the 

prevalence and burden of Blastocystis is likely underestimated, especially in low-resource settings 

where health authorities lack the resources to diagnose infection (Matovelle, Tejedor et al. 2022).   

Understanding Blastocystis transmission requires considering interconnected factors 

among humans, animals, and the environment, a concept embodied in the One Health approach 

(Zinsstag, Schelling et al. 2011). Integrating the human social environment, the One Health 

Disparities (OHD) framework adds another dimension (Solis and Nunn 2021). While One Health 

highlights the interconnectedness of human, animal, and environmental health (Lerner and Berg 

2015), it often overlooks the sociocultural environment's impact on human-animal-environment 

interactions (Morgan, Stern et al. 2022). Addressing these gaps is crucial for mitigating disease 

because factors like access to clean water, sanitation, and healthcare play a significant role in 

disease risk (Morgan, Stern et al. 2022). Similarly, sociocultural factors influence human-animal 

interactions, such as pet ownership, raising livestock, food handling, and consumption (Morgan, 

Stern et al. 2022). This study applies the OHD framework to investigate the variation of a 

gastrointestinal pathogen, Blastocystis, infection among smallholder farmers in northeast 

Madagascar, focusing on hypotheses that assess characteristics of wealth, hygiene practices, and 

human-animal interactions. 
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 Farmers in northeast Madagascar have a high level of animal interaction, variable access 

to clean water, and limited availability of high-quality hygiene products like soap, all of which 

may influence the risk of Blastocystis infection. Rural populations in low- and middle-income 

countries (LMICs) often have limited access to healthcare compared to more readily available 

health resources in urban settings (Chen, Orom et al. 2019, R.A. Kramer 2023). In addition, 

access to improved housing materials, including floors that are constructed from purchased 

materials rather than naturally sourced materials, are associated with lower odds of infection with 

enteric parasites (Legge, Pullan et al. 2023), potentially because earthen walls or floors may be 

more hospitable environments for parasite survival. Moreover, low socioeconomic status (SES) is 

linked to food insecurity and malnutrition, which can increase susceptibility to infectious diseases 

(Cai 2023). Overall, low SES is a key determinant of health associated with increased morbidity 

and mortality (Barakat and Konstantinidis 2023). 

To improve understanding of Blastocystis transmission and OHD in low-income settings, 

we investigated three hypotheses. First, we investigated the hypothesis that lower SES is 

associated with increased infection risk due to limited access to healthcare and safe housing 

infrastructure. Second, we investigated whether people acquire Blastocystis from animals by 

testing the prediction that people who report higher rates of animal interactions exhibit higher risk 

of Blastocystis infection. This hypothesis is based on the wide host range of Blastocystis and the 

close contact between humans and other animals in our study population. Finally, we investigated 

the hypothesis that people’s understanding and education of disease transmission impacts 

infection risk, predicting that poorer hygiene practices and limited understanding of zoonotic 

diseases is associated with greater risk of Blastocystis infection. In addition to the variables listed 

above, we investigated age and gender as demographic factors that explain variation in 

Blastocystis infection.  
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2.2. Methods 

2.2.1. Ethical Statement 

The Institutional Review Board of Duke University (IRB: 2019-0560) and the Malagasy 

Ethics Panel (Permit Number 114 MSANP/AGMED/CERBM) approved the protocol used in this 

study. Surveys were conducted in the local Malagasy language by trained research assistants, and 

survey responses were recorded on Samsung tablets using Qualtrics software (Barrett, Titcomb et 

al. 2024). All survey participants were 18 years of age or older and provided oral and written 

informed consent. Participants were compensated with pre-paid mobile phone credits.  

2.2.2. Study Area and Population 

Data collection occurred between 2019 and 2023 across three villages in 

northeastern Madagascar on the periphery of Marojejy National Park. For community 

privacy, hereafter the village sites will be described as Village A, Village S, and Village 

M.  The three villages are small-scale farmer communities with varying population sizes, 

ranging from 900 to 2,700 people.   

2.2.3. Survey Questions 

We developed a survey instrument to capture wealth, animal contact patterns, and 

hygiene practices (S1: supplemental). We used two proxy numerical variables to assess wealth. 

First, we asked three questions about the material used for a household’s outer wall, roof, and 

floor. The three questions had the same options: thatch, compacted earth, burnt brick, metal 

sheets (iron, aluminum), mud, mud brick, concrete/cement, bamboo, wood planks, travelers palm, 

raffia palm. We excluded participants who selected "other" due to the insufficient number of 

individuals in that category. The material used for each of the three categories was numerically 

ranked from 1 to 4 based on whether the materials could be sourced locally and their costs 

(Liebert, Snodgrass et al. 2013, Barrett, Titcomb et al. 2024). We then summed across the three 
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questions to create the housing material index score, potentially ranging from 3 to 12 (S2 Fig).  

The second wealth index variable captured the sum of commercial goods and land owned.  For 

this, we asked participants whether their household owned any of the following durable goods: 

mobile phone, radio/CD, television, computer, refrigerator, generator, bicycle, 

motorcycle/scooter, car/truck, boat, animal drawn cart (Bindon, Knight et al. 1997, Barrett, 

Titcomb et al. 2024). We also asked if they owned land, scored as a binary variable.  We then 

summed across all responses to create the sum of goods and land owned index score, potentially 

ranging from 0 to 12.  

To test our second hypothesis involving human-animal interactions, we used two 

numerical variables to measure the sum of animal contact and sum of all animal interactions (Li, 

Mendelsohn et al. 2019). First, we asked questions about eight types of animal interactions: 

owning a pet, seeing an animal inside their dwelling, handling live animals, raising an animal, 

eating raw or undercooked animal tissues, eating an animal that was sick, sharing a water source 

with animal(s) for washing, and seeing animal feces in or near their food prior to eating.  These 

questions further requested participants to specify the animals they interact with, drawing from 11 

categories: rodents/shrews, tenrecs, wild birds, carnivores, poultry, goats/sheep, domestic pigs, 

bush pig, cattle, dogs, or cats (S1 Fig).   

From the eight questions, we created two numerical variables to measure human-animal 

contact. First, we calculated the total number of animal species with which a person interacted, 

which hereafter is called animal richness and had a potential range from 0 to 11. Second, we 

calculated the total number of types of animal interactions reported by a participant, which we 

hereafter call animal interactions, with a potential range from 0 to 8.  

To assess hygiene practice and zoonotic disease literacy we incorporated two variables.  First, to 

create the Zoonoses Awareness variable, we asked if participants were aware of human-animal 

disease transmission, scored as a binary (yes/no) variable. In addition, to create the Handwashing 

Practice variable, we asked how they typically wash their hands, with the following responses as 
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options: soap, ash, sand, water only, or do not wash hands. No respondents reported using ash, 

sand, or none.  Socio-demographic characteristics included in all our models were gender 

measured as a binary categorical variable (M/F), age (years), and education as a binary 

categorical variable scored as either “primary education or less” versus “secondary education or 

higher,” and village. 

2.2.4. Blastocystis DNA Extraction and Sequencing 

Fecal samples were collected by participants and transferred into a 2ml Eppendorf tube 

with Zymo DNA/RNA Shield or nucleic acid preservation (NAP) buffer (Camacho-Sanchez, 

Burraco et al. 2013) then stored at room temperature for up to 7 days before being transferred to 

the Duke Lemur Center office in Sambava and stored at -20°C.  

To detect Blastocystis among survey participants, DNA was extracted from fecal samples 

using Zymo Miniprep Fecal Kits (Zymo Research, Irvine, California) and DNA was amplified, 

using polymerase chain reaction (PCR) Guanine-quadruplex (G4) primer set for protozoan 

organisms, which targets the hypervariable regions of the 18S ribosomal RNA (Krogsgaard, 

Andersen et al. 2018, Gogarten, Calvignac-Spencer et al. 2020). PCR reactions were performed 

with dual-indexed barcodes of 8 nucleotide primers carried out in 15μL volumes that consisted of 

the following: 3μL of forward primer (2mM stock concentration), 3μL of reverse primer (2mM 

stock concentration), 2μL of template DNA, and 7μL of Mastermix (0.7μL of Amplitaq Gold 

polymerase, 1μL MgCl2, 150μL Amplitaq Gold buffer, 12μL BSA, 6μL DMSO, and 344μL 

water). PCR cycling conditions for the G4 primer set were: 10min hot-start activation, 35x cycles 

of 15s at 95°C, 30s at 57°C, 40s at 72°C, with a final 5-minute extension at 72°C.  

After amplification, final DNA concentrations were measured using Promega One 

Quantifluor kits on a Tecan plate reader. PCR product concentrations were adjusted to 7ng/mL 

before pooling, and the product was cleaned using MinElute columns and magnetic bead cleanup 

with a bead:DNA ratio of 8:10. The final libraries were multiplexed together before sequencing at 
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the UC Davis Genome Center, and Illumina adapters were ligated to the final library. For 

sufficient read depth, three repeated sequencing runs on an Illumina MiSeq (v3 2x300bp, 25M 

reads) were performed, with a PhiX spike-in of 15% per run.  

Individual samples were then demultiplexed using cutadapt with zero error tolerance 

(Martin 2011). Further filtering steps were then performed using the dada2 R package workflow 

(Callahan, McMurdie et al. 2016) to remove errors, dereplicate, trim and filter amplicons 

(minimum length = 100, 15% PhiX removed), merge pairs, and finally determine amplicon 

sequence variants (ASVs) with the pseudo-pooling method (Gogarten, Calvignac-Spencer et al. 

2020). The relative read abundance of each ASV in each sample was calculated. To avoid 

potential sequencing errors or tag jumps, ASVs that had less than 2% of a sample’s relative read 

abundance were removed.   

To assign taxonomy to all ASVs, we compared results from the assignTaxonomy 

function in dada2 to the IdTaxa function in the DECIPHER package in R to identify consensus 

Blastocystis IDs (Murali, Bhargava et al. 2018). We then used the NCBI GenBank database 

identify Blastosystis STs using the blastn function. We calculated the mean percent identity for 

each taxonomic identification derived from the top 100 hits and the ST with highest percent 

identity was assigned to each ASV.  

2.2.5. Statistical Analysis 

All statistical analyses were performed using R version 4.3.2 (R.Core.Team 2023). We fit 

five generalized linear models (GLMs) to test our hypotheses, with the following response 

variables: (a) Blastocystis infection with any subtype as a binary response (0,1), (b) ST richness 

(sum of infections with ST1, ST2, and ST3) as a numerical response, and (c) infection (0,1) with, 

and only with, each of the subtypes ST1, ST2, and ST3 (i.e., we excluded participants who were 

coinfected with 2 or more ST infections). We focused on individuals with only one ST to avoid 

any interactions that might occur among sub-types in co-infection. All five models included the 



 

 

16 

same predictive variables (e.g., Response Variable ~ Gender+ Age +Education + Housing 

Material + Sum of Good Owned + Handwashing + Zoonotic Literacy +Animal Interactions + 

Animal Richness + Village). For the binary-response models, we used GLMs fit to binomial 

distributions to predict the odds of Blastocystis infection. For analyses of ST richness, we fit the 

GLMs to a Poisson distribution to predict the number of infections and co-infections with ST1, 

ST2, and ST3. Using the GLM coefficients, we calculated odds ratios (OR) for the logistic 

regressions and rate ratios (RRs) for the Poisson regressions, as well as 95% confidence intervals 

(CI) and standard p-values ≤ 0.05 to determine statistical significance.    

To evaluate the statistical models, we first conducted a multicollinearity analysis among 

the predictor variables using the car package (Fox and Weisberg 2019), using the Variance 

Inflation Factor (VIF) score. The model’s overall fit was evaluated using Pseudo R-squared 

values using the pscl package (Jackmon 2024) and for the Poisson regression model, we further 

assessed the model for overdispersion by calculating the dispersion ratio using the MASS package 

(Venables and Ripley 2022) . 

2.3. Results  

2.3.1. Participant Characteristics and Blastocystis Screening 

We sampled 776 adult participants from villages A, S, and M. Table 1 provides a 

summary of socio-demographic details and variation in predictor variables used to test 

hypotheses). We screened 776 individuals’ fecal samples, of which we detected Blastocystis in 

583 (76.5%) people. Blastocystis screening was conducted on all 776 fecal samples from 

participants across three villages: Village M (n=171), Village S (n=220), and Village A (n=385) 

(Table 1).  Overall, 583 (76.5%) participants were infected with Blastocystis, and we identified 

three main subtypes: ST1, ST2, and ST3 (Figure 1). Of the infected people, 19% (n=147) were 

co-infected with two or more subtypes. 
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Figure 1: Prevalence (%) of Blastocystis infection and prevalence of infection by 
subtype (ST) 1-3 by village. 

Prevalence of participants who were positive for Blastocystis infection across all subtypes 

(ST) indicated by village. Additionally, the prevalence of participants positive for ST1, ST2, and 

ST3 infection reported for each village. Infection status was determined using DNA 

metabarcoding of fecal samples, and subtype was identified using GenBank database.  
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Table 1: Demographic characteristics and survey summary responses across all three 
villages 

  Total (N=7761) A (N=3851) S (N=2201) M (N=1711) 

Gender 

Female 370 (48%) 191 (50%) 96 (44%) 83 (49%) 

Male 406 (52%) 194 (50%) 124 (56%) 88 (51%) 

Age 

 34 [25,49] 34 [25,48] 30 [23,46] 40 [31,54] 

Education 

</=Primary Education 386 (51%) 179 (47%) 96 (44%) 111 (65%) 

>Primary Education 390 (50%) 206 (54%) 124 (56%) 60 (35%) 

Handwashing 

Water only 348 (45%) 158 (41%) 73 (33%) 117 (68%) 

Soap and Water 428 (55%) 227 (59%) 147 (67%) 54 (32%) 

Zoonoses Awareness 

Yes 591 (76%) 308 (80%) 162 (74%) 121 (71%) 

No 185 (23%) 77 (20%) 54 (25%) 50 (29%) 

Housing Material Score 

 6.00[4.00,8.00] 6.00[4.00,8.00] 7.00[5.75,8.00] 5.00[4.00,8.00] 

Sum of Goods Owned 

 3.00[2.00,4.00] 3.00[2.00,4.00] 3.00[2.00,4.00] 3.00[2.00,4.00] 

Animal Interactions 

 5.00[4.00,6.00] 5.00[4.00,6.00] 5.00[4.00,6.00] 5.00[4.00,6.00] 

Animal Richness 

 5.00[4.00,6.00] 5.00[4.00,5.00] 5.00[4.00,6.00] 5.00[4.00,6.00] 

 1n (%); Median [IQR] 
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2.3.2. Predictors of Blastocystis Infection 

The binomial logistic regression model of infection that predicted infection showed that 

men had lower odds of infection than women (OR = 0.72, CI95 = [0.50, 1.01]) and participants 

from both Village A and Village S had twice the odds of infection compared to Village M (OR = 

2.16, CI95[1.42,3.29], OR=2.31, CI95[1.43,3.75]; Table 2).  In tests of our first and second 

hypotheses, we did not find a significant effect of housing material, sum of goods and land, and 

animal interactions. In tests of our third hypothesis, respondents that reported handwashing with 

only water had 1.39 odds of infection (CI95 = [0.98, 1.99]) compared to washing hands with soap 

and water, while zoonotic literacy was not significantly associated with Blastocystis infection.  
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Table 2: GLM results for Blastocystis binomial infection (1,0) and richness (sum of 
ST’s) 

   Binomial Infection  ST Richness  

Variable  Odds Ratio [95% 

CI]  

Rate Ratio [95% 

CI]  

Intercept  0.98[0.32,3.03]  0.66[0.39,1.11]  

Male   0.72[0.50,1.01] †  0.95[0.81,1.11]  

Age  1.01[1.00,1.02]  1.00[1.00,1.01]  

Education Level 

> Primary Education 

1.13[0.78,1.64]  1.07[0.91,1.26]  

Housing Material  0.99[0.90,1.09]  0.98[0.94,1.03]  

Sum of Goods Owned  1.05[0.93,1.19]  1.02[0.97,1.08]  

Handwashing without 

Soap 

 1.39[0.98,1.99] †  1.11[0.95,1.30]  

Zoonotic Literacy  0.90[0.60,1.34]  0.95[0.80,1.14]  

Animal Interactions  1.03[0.97,1.10]  1.02[0.99,1.04]  

Animal Richness  0.98[0.81,1.18]  0.97[0.89,1.06]  

Village A  2.16[1.42,3.29] *  1.23[1.01,1.52] *  

Village S  2.31[1.43,3.75] *  1.34[1.07,1.68] *  

*p ≤ 0.05; †p <0.1 

Next, we investigated whether any of these variables predicted ST richness by fitting a 

Poisson GLM to the number of different Blastocystis subtypes that were isolated from each 

person (Table 2).  We only identified support for an effect of village, with no statistical support 

for the variables predicted by our hypotheses. The effect was the same as in the main analysis, 
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with higher ST richness in Villages A (RR = 1.41, CI95[1.18,1.71]), and S (RR = 1.45, 

CI95[1.18,1.79]), compared to Village M. 

Finally, we investigated the predictors of infection with each subtype of Blastocystis 

(Table 3). Washing hands with only water, as compared to soap and water, increased the risk of 

infection for ST1 (OR = 1.81, CI95[1.10,3.01]) and ST2 (OR = 1.70, CI95[1.01,2.89]). In addition, 

males had a lower risk (OR = 0.52, CI95[0.33,0.80]) of infection than females for ST3. Age had a 

marginal effect in increasing the odds of infection for ST3. We also identified that Village A and 

Village S had higher odds of infection compared to Village M for all three subtypes. None of the 

other variables were statistically significant.   

Table 3: GLM results for infection of ST1, ST2, and ST3 

   ST1 (n=138) ST2 (n=103)  ST3(n=173)  

Variable  Odds Ratio [95% CI] Odds Ratio [95% CI] Odds Ratio [95% CI]  

Intercept  0.40[0.08,1.97] † 0.34[0.06,1.96] 0.21 [0.04,0.97]  

Male  0.78(0.49,1.26] 1.09[0.65,1.82] * 0.52[0.33,0.80] * 

Age  1.00[0.98,1.01] 0.99[0.97,1.00] 1.01[1.00,1.03] †  

Education Level 

>Primary 

Education 

0.93(0.56,1.53] 0.88[0.50,1.54] 0.98[0.61,1.57]  

Housing Material 1.03[0.90,1.18] 0.98[0.84,1.14] 1.03 [0.91,1.17] 

Sum of Good Owed  1.03[0.87,1.21] 1.13[0.95,1.35] 1.07(0.92,1.35]  

Handwashing w/o 

soap  

1.86[1.16, 2.99] * 1.70[1.01,2.89] * 1.09[0.69,1.72]  

Zoonoses Literacy  0.73[0.44,1.22] 0.90[0.50,1.64] 1.32[0.78,2.25]  

Animal Interactions  0.84[0.69,1.02] 0.92[0.74,1.15] 0.87[0.72,1.05]  
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Animal Richness  1.18[0.97,1.45] 1.11[0.90,1.38] 1.12[0.92,1.35]  

Village A  2.18[1.24,3.94] * 1.59[0.85,3.05] 2.23[1.27,3.97] *  

Village S 1.99[1.03,3.89] * 1.93[0.94,4.04] † 2.81[1.51,5.35] * 

 *p ≤ 0.05; †p <0.1 

2.4. Discussion 

We applied the One Health Disparities (OHD) framework to investigate the predictors of 

Blastocystis infection among rural farmers in northeast Madagascar. This framework expands on 

the One Health concept by integrating the human social environment, allowing us to assess the 

influence of sociocultural factors on zoonotic disease transmission. Understanding these 

sociocultural influences is crucial for effectively reducing disease risk. Overall, we identified 

76.5% overall infection prevalence of Blastocystis across three villages, which is comparable to a 

study that identified 64.5% Blastocystis prevalence in an urban area of northwest Madagascar 

(Greigert, Abou-Bacar et al. 2018). We tested a priori hypotheses related to wealth, animal 

interaction, and hygiene behaviors, along with relevant demographic variables, aiming to reveal 

the social factors that influence transmission, including differences among villages. Finally, we 

explored infection status by ST, focusing on individuals with only one ST to avoid any 

interactions that might occur among sub-types in co-infection. Through this stratified approach, 

we were able to identify handwashing and gender to be uniquely associated with different STs. 

We identified that both ST1 and ST2 were associated with increased odds of infection in people 

who reported washing their hands with only water. Females and older individuals had increased 

odds of ST3 infection. Notably, across all models we identified a strong effect for village.  

First, found no evidence supporting our wealth hypothesis, as neither wealth index 

variable significantly influenced the odds of infection. Our results align with a previous study that 

also did not identify commercial goods or household infrastructure as significant predictors of 

infection (Barrett, Titcomb et al. 2024). Future research could include additional wealth metrics, 
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such as measures of agricultural wealth, as prior research has suggested that material goods asset 

assessments may be less effective at capturing wealth in rural settings (Hadley, Maxfield et al. 

2019, Lachaud, Hruschka et al. 2020, Hackman, Hruschka et al. 2021, Hoke and McCabe 2022). 

It is also important to note that the population studied represents a relatively narrow range of 

wealth, with most individuals being relatively poor in a global context. This may indicate that the 

wealth gap relevant to influencing odds of infection may emerge at higher levels of wealth 

disparity. Incorporating individuals from more diverse economic backgrounds in future studies 

could offer valuable insights into whether significant differences in infection odds occur within 

urban areas and between urban and rural populations. 

We also failed to find an association between Blastocystis infection and contact with 

potential animal reservoirs (Barrett, Titcomb et al. 2024). To further understand the role of 

human-animal transmission of Blastocystis, future research could sample a subset of the most 

common animals for specific Blastocystis STs. For example, participants often reported 

interactions with poultry, cats, and dogs, as well as observing rodents inside their homes and 

consuming food in proximity to fecal matter (Fig. S1). A limitation of our analysis was that we 

analyzed the number of different types of interactions rather than the intensity of interactions, 

either in terms of frequency or number of specific animals of a given species with whom an 

individual interacts (Klim, William et al. 2023). Since transmission is the product of contact rate 

and probability of infection given contact, a future metric could obtain data on the frequency of 

contact with animals and feces, along with details on the number of individual animals involved.  

We found some associations between handwashing and infection status. Study 

participants who reported using only water, as compared to soap and water, to wash their hands 

had increased odds of infection for ST1 and ST2. Our results align with an ongoing issue 

throughout Madagascar. From 2000 to 2020, Madagascar has not seen any significant changes in 

access to clean water, with approximately 80% of the rural population having limited or no access 

to water for hygiene (WHO/UNICEF/JMP 2023). Hand washing with soap is essential for human 
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health and is protective against GI and respiratory diseases (Aiello, Coulborn et al. 2008). 

However, low-income countries face inadequate access to soap and water (Brauer, Zhao et al. 

2020, Freeman and Caruso 2020). Globally, approximately 2.3 billion people lack household 

handwashing facilities with soap and water (Gizaw, Demissie et al. 2023). Limited access to 

water and soap has been previously identified as a significant contributor to limited practice of 

effective hand hygiene in rural communities (Dobe, Mandal et al. 2013, Soboksa 2022, Gizaw, 

Demissie et al. 2023). Future research could investigate barriers to accessing soap, in addition to 

increasing understanding about handwashing frequency, source of water used to practice hand 

hygiene, and pathogen occurrence in the water sources used to wash hands, dishes, and clothing.  

Overall, we identified the highest infection rate of ST3 (39%), followed by ST1 (35%), 

consistent with other studies that report ST3 as being highly prevalent in humans, with ST1 being 

the second-most common (Rudzińska and Sikorska 2023). This pattern was not consistent in 

Village A, where ST1 had a slightly higher prevalence than ST3. Due to the high global 

prevalence of ST3 in humans, it is considered to be the most human-specific ST and is thought to 

predominantly transmit via human-to-human contact (Rudzińska and Sikorska 2023). ST3 has 

been described to have less intra-subtype genetic diversity compared to other subtypes (Rojas-

Velázquez, Maloney et al. 2019, Sarzhanov, Dogruman-Al et al. 2021, Hernández, Maloney et al. 

2023). This reduced diversity may be attributed to its host specificity in humans, while a greater 

diversity in ST1 and ST2 may be explained by their broader host range and varied transmission 

modes. This may explain the observed gender difference in ST3 infection, with females showing 

a higher risk of infection than males. This disparity could be attributed to unmeasured gender 

roles, such as caregiving responsibilities, which may increase human-to-human transmission of 

Blastocystis (citation).  

In conclusion, we identified a high prevalence of infection with the protozoan 

Blastocystis in rural Malagasy farmers. Our findings provide further evidence about the risk of 

microbial transmission pathways in rural farmers through inadequate hand hygiene practices, but 
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less evidence for effects of interspecies interactions. Investigating the determinants of disease 

exposure is crucial because rural populations face severe health inequities exacerbated by limited 

access to clean water and basic sanitation services. Our findings suggest that access to clean water 

and hygiene products plays a critical role in reducing the risk of Blastocystis infection in this 

region of Madagascar. In addition, a social network analysis in the same villages found that 

shared environments, both within and between villages, predicted infection risk of Blastocystis, 

likely due to environmental transmission through shared water sources (Barrett, Titcomb et al. 

2024). By leveraging the OHD framework, future studies could further explore the social and 

systemic barriers that restrict access to clean water and sanitation in rural areas. Notably, ensuring 

clean water and sanitation aligns with Sustainable Development Goal 6 of the United Nations. In 

2022,  Madagascar received $2.2 million in National Water Project funding from The World 

Bank to increase access to clean water in the capital city Antananarivo and surrounding areas 

(GWP 2021). However, additional efforts are needed to address the challenges highlighted by our 

study in rural regions globally. 
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3. Sleep, stress, and hypertension in a small-scale agricultural 
community in Madagascar 

3.1 Introduction 

Sleep is essential to human health due to its association with multiple neurological and 

physiological processes, including immune function, growth and healing, and mental health (Lim, 

Najafi et al. 2023, Sharon, Ben Simon et al. 2024). The adverse health implications of insufficient 

sleep (6 hours or less per day) are associated with an increased risk of cardiometabolic 

dysfunction and mental health conditions, including obesity, type 2 diabetes, cardiovascular 

disease, and depression (Chattu, Manzar et al. 2018, Keene and Duboue 2018, Jackson, Walker et 

al. 2020, Ahn, Lobo et al. 2021, Lim, Najafi et al. 2023). In addition, sleep disorders are 

estimated to affect up to 70% of the global population, with insomnia and obstructive sleep apnea 

being the most prevalent (Canever, Zurman et al. 2024). Notably, insomnia and obstructive sleep 

apnea are strongly associated with cognitive decline, such as Alzheimer’s disease (Canever, 

Zurman et al. 2024).  

Sleep health encompasses multiple sleep dimensions (duration, efficiency/fragmentation, 

regularity/variability, timing, alertness/sleepiness, and satisfaction) and captures how sleep 

impacts physical and mental health (Buysse 2014, Lim, Najafi et al. 2023). Good sleep health is 

assessed based on subjective satisfaction, adequate duration and efficiency, sustained daytime 

alertness, and appropriate timing  (Buysse 2014). These dimensions have been studied 

independently and in combination to explore the environmental and social factors influencing 

sleep and evaluate health outcomes. For example, disrupted sleep continuity, which is 

characterized by reduced efficiency and increased fragmentation, is associated with impaired 

cognition, whereas an inconsistent sleep schedule, measured through regularity/variability (the 

day-to-day variation in sleep hours) and timing (the placement of sleep within a 24-hour day), is 

linked to higher blood pressure (Benkirane et al. 2022). Despite the established connection 

between sleep and overall health, sleep is often overlooked in global public health, leading to 
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significant gaps in understanding the social determinants that affect sleep and the importance of 

sleep in addressing global health challenges.   

Sleep is closely connected to the social environment, with sleep deficiency resulting from 

adverse social factors, such as discrimination, hunger, threats to safety, occupational demands, 

adverse childhood experiences, and the stress of assimilating into a new culture (Jackson, Walker 

et al. 2020, Ahn, Lobo et al. 2021, Healy, Jean-Louis et al. 2022). The accumulation of 

challenging social conditions can heighten the stress response and elevate levels of the stress 

hormone cortisol, which typically follows a natural diurnal pattern aligned with the body’s 

circadian rhythm (Mohd Azmi, Juliana et al. 2021). However, prolonged stress can lead to 

persistently elevated cortisol levels, dysregulating the natural cortisol fluctuation and interfering 

with the body’s circadian rhythm (Elverson and Wilson 2005, Stephens and Wand 2012, Sharon, 

Ben Simon et al. 2024). Therefore, stress serves as a valuable indicator of an adverse social 

environment and is crucial for understanding why some individuals receive sufficient sleep while 

others do not.  

An understanding of sleep is important for addressing hypertension. An estimated 1.28 

billion adults worldwide have hypertension, with low- and middle-income countries (LMICs) 

accounting for nearly two-thirds of global cases of hypertension (WHO 2023, Randrianarisoa, 

Randrianambininjanahary et al. 2025). Sleep affects both the hypothalamic adrenal pathway and 

the sympathetic nervous system, contributing to increased blood pressure (Krause, Simon et al. 

2017, Sharon, Ben Simon et al. 2024). Following decades of research that have demonstrated 

relationships between sleep characteristics and cardiovascular health, the American Heart 

Association added sleep as one of “Life’s Essential Eight” for heart health (Lloyd-Jones, Ning et 

al. 2022). Despite the well-documented relationship between sleep and hypertension in high-

income countries, there remains a significant research gap in understanding the relationship 

between sleep and hypertension in LMICs.  
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To investigate the relationship between sleep, hypertension, and stress in LMICs, we 

focused on Madagascar, where high rates of hypertension have been recorded in a rural farming 

community and urban settings (Manus, Bloomfield et al. 2018, Randrianarisoa, 

Randrianambininjanahary et al. 2025). In the same rural study population examined by Manus et 

al. (2018), which reported high rates of hypertension, a separate study found an average sleep 

duration of 6.5 hours and a sleep efficiency of only 66% (Samson, Manus et al. 2017). However, 

the role of sleep in explaining the high rates of hypertension in rural Madagascar populations has 

yet to be explored. Moreover, the northeastern region of Madagascar, where these studies took 

place, has undergone significant social and economic changes, including increased urbanization, 

greater market integration, and increased access to artificial light via greater access to electricity, 

all of which may be contributing to changes in sleep characteristics (Gurven, Sarrieddine et al. 

2024, Watowich, Arner et al. 2024).  

To improve understanding of sleep and health in low-income settings, we used actigraphy 

devices, which were previously validated against polysomnography as a reliable tool for 

quantifying sleep characteristics (Elbaz, Yauy et al. 2012, Marino, Li et al. 2013) and have been 

previously used to assess sleep characteristics among a rural farming community in northeast 

Madagascar (Samson, Manus et al. 2017). Using the actigraphy data, we quantified four sleep 

characteristics (duration, efficiency, variability, and fragmentation). Additionally, through 

surveys, we inquired about participants' sleep satisfaction, daytime sleepiness, and symptoms 

associated with two sleep disorders (sleep apnea and restless leg syndrome).  

We investigated three hypotheses. First, we tested the hypothesis that increased stress is 

associated with decreased sleep quantity (duration), quality (efficiency, variability, fragmentation, 

and satisfaction), and increased daytime sleepiness. We predicted that individuals who report 

experiencing higher perceived stress would have shorter sleep durations, decreased efficiency, 

greater sleep fragmentation, higher sleep variability, less satisfaction with their sleep, and higher 

daytime sleepiness. Second, based on existing knowledge of the connections between sleep and 
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blood pressure, we hypothesized that decreased metrics of sleep health are associated with 

increased blood pressure. Thus, we predicted that individuals who experience shorter sleep 

durations, decreased efficiency, greater sleep fragmentation, higher sleep variability, less 

satisfaction, and higher daytime sleepiness would have higher systolic and diastolic blood 

pressure readings. Finally, we hypothesized that people with reported sleep disorder symptoms 

will have lower quality and quantity of sleep, more daytime sleepiness, and less satisfaction with 

sleep. When testing these predictions, we controlled for the influence of age and gender on the 

response variables.  

3.2 Methods 

3.2.1 Study Area and Population 

Data collection occurred between July and August 2023 in a village in northeastern 

Madagascar on the periphery of Marojejy National Park. For community privacy, the village sites 

will be described as Village A. The village is a small farmer community with an approximate 

population of 900 people.   

3.2.2 Ethical Statement 

The Institutional Review Board at Duke University (IRB: 2019-0560) and the Malagasy 

Ethics Panel (Permit Number 114 MSANP/AGMED/CERBM) approved the protocol. Surveys 

were administered in the local Malagasy dialect by trained research assistants from the region, 

and deidentified survey responses were recorded using Samsung tablets with Duke Qualtrics 

software. All survey participants were 18 years or older and provided written informed consent. 

Participants received compensation via prepaid mobile phone credits.  

3.2.3 Sleep Survey and Blood Pressure Collection 

Using the Epworth Sleepiness Survey, the survey instrument aimed to capture sleep 

health-related metrics, including sleep satisfaction, sleep apnea, restless leg syndrome, and 

daytime sleepiness (Johns 1991). The survey was previously validated and deployed to a 
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neighboring small-scale agriculturist society in Madagascar (Samson, Manus et al. 2017). First, 

we asked each participant if they were satisfied with their sleep (yes/no). Then, to assess potential 

sleep disorders, we asked three questions about sleep apnea (do you snore or have been told you 

snore, wake up choking or gasping, and have been told you stop breathing in your sleep?) and one 

question about restless leg syndrome (do you have problems keeping leg still at night or need to 

move them around to feel comfortable?) (S1). The ordinal (four-scale) responses to these 

questions were summed to create separate sleep apnea and restless leg scores. To measure 

daytime sleepiness, we used the Epworth Sleepiness Scale survey and used the standardized 

protocol to create a daytime sleepiness score (Johns 1991). We measured stress through the 

Perceived Stress Scale (PSS) survey and scored it numerically based on a standardized protocol 

(Cohen, Kamarck et al. 1983). We also collected data on gender (male, female) and self-reported 

age. 

Blood pressure readings were taken using an Omron 10 Series Upper Arm Blood 

Pressure Monitor (Omron Healthcare, Inc.). All participants were required to sit during the 

readings, and blood pressure was recorded three times with five-minute intervals between 

readings. The three readings were averaged to create a single systolic (mm Hg) and diastolic (mm 

Hg) blood pressure reading for each participant.  

3.2.4 Actigraphy Data Collection and Scoring 

We used the Motionwatch 8 actigraph (CamNtech) using a built-in bi-axial sleep mode 

accelerometer with 30s epoch data collection intervals. We set sleep and nap parameters as 

previously described (Samson, Manus et al. 2017, McKinnon, Samson et al. 2022). Following 

previous guidelines, we used the algorithmic high-sensitivity settings (20 counts threshold) to 

distinguish sleep from periods of awakeness (Kanady, Drummond et al. 2011, Samson, Manus et 

al. 2017). Participants were asked to wear the devices for up to 21 days on their non-dominant 

wrist. Data was scored using CamNtech Montionware analysis software, which generated sleep 
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variables used in the analysis, namely sleep duration, sleep efficiency (%) (the percentage of 

sleep duration over the time in bed), and fragmentation index (calculated as the sum of two 

percentages: (a) the percentage of sleep epochs spent moving and (b) the percentage of immobile 

bouts that last ≤ 1 minute, this serves as a quantitative index of restlessness during the sleep 

period). The fragmentation index measure reflects the degree of sleep fragmentation and can be 

used to assess sleep quality (or poor sleep quality) where a higher value suggests more 

fragmentation, indicating lower sleep quality due to frequent movement and short periods of 

stillness. To measure sleep variability, we converted sleep duration to minutes, and measured the 

standard deviation from the mean for each participant.  

3.2.5 Statistical Analysis 

All statistical analyses were conducted using R version 4.3.2. To test the first hypothesis, 

we fit three generalized mixed models using data on nights for each sleep characteristic: sleep 

duration, efficiency, and fragmentation index, utilizing the lme4 package (Bates, Mächler et al. 

2015) while adjusting for gender and age in each model. We scaled age and perceived stress 

scores and controlled for repeated measures by including the participants’ unique ID as a random 

effect (e.g., Sleep Characteristic ~ Perceived Stress Score + Age +Gender + (1|UniqueID)). We 

also fit three more generalized linear models using a single measure for sleep variability, sleep 

satisfaction, and daytime sleepiness scores, adjusting for gender and age in each model. We 

employed categorical responses for sleep satisfaction (yes/no) (e.g., Sleep Characteristic ~ 

Perceived Stress Score + Age + Gender).  

To test our second hypothesis, we fit six generalized linear models, using a single 

measure, for systolic (mm Hg) and diastolic (mm Hg) blood pressure, adjusting for gender and 

age in each model. We first averaged sleep characteristics with repeated measures across nights 

(sleep duration, fragmentation index, and efficiency). Then, we scaled all numerical responses 

and predictor variables (diastolic blood pressure, systolic blood pressure, sleep duration, 
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fragmentation index, efficiency, sleep variability, daytime sleepiness, and age). We used 

categorical responses for sleep satisfaction (yes/no) and gender (M/F) (e.g., Diastolic (mmHg) ~ 

Averaged Sleep Characteristic + Age + Gender; Systolic (mmHg) ~ Averaged Sleep 

Characteristic + Age + Gender).  

Finally, for the third hypothesis, we fit three generalized mixed models, using total nights 

of data) for sleep duration, efficiency, and fragmentation using the lme4 package (Bates, Mächler 

et al. 2015). We used the following predictor variables: gender, age, sleep apnea score (single 

unit), and restless leg score (single unit).  We scaled the sleep apnea score, restless leg score, and 

age. We controlled for repeated measures by including participants’ unique ID as a random effect 

(e.g., Sleep Characteristic ~ Sleep Apnea Score+ Restless Leg Score + Age +Gender + 

1|UniqueID). In addition, we fit three additional generalized linear models, using a single 

measure, for sleep variability, sleep satisfaction, and daytime sleepiness score with the following 

predictor variables: sleep apnea score, restless leg score, gender, and age (e.g., Sleep 

Characteristic ~ Sleep Apnea Score+ Restless Leg Score + Age +Gender).  

We used a p-value of 0.05 to assess statistical significance for all models and used 95% 

confidence intervals when assessing effect sizes.  

 

3.3 Results 

3.3.1 Participant Demographic, Sleep, and Health Characteristics 

The study included 33 participants composed of 10 men and 23 women, with a median 

age of 29 years (Table 1). In total, we had 454 nights of actigraphy sleep data with a minimum of 

2 nights and maximum of 19 nights. The median sleep duration was 7.2 hours of sleep with 80% 

sleep efficiency. The median sleep fragmentation index was 31 and sleep variability (standard 

deviation of sleep duration) was 74 min. Sleep satisfaction was reported by 42% of participants, 

while 66% experienced a daytime sleepiness score (ESS) of 10 (out of 24 maximum), indicating 
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significant daytime sleepiness. The majority (52%) of participants reported experiencing sleep 

apnea related symptoms of “often to very often” and 72% reported experiencing the restless leg 

related symptom of “often to very often”. The median perceived stress score (PSS) was 17 (out of 

40 maximum), which indicates a “moderate” stress level. Blood pressure levels had a median 

systolic pressure of 126 mmHg and diastolic pressure of 87 mmHg. 

Table 4: Demographic, sleep health, stress, and blood pressure of study population 

Characteristic Overall, N = 331 

Gender  

Male 10 (30%) 

Female 23 (70%) 

Age 29 (22, 44) 

Sleep Duration (hours) 7.20 (6.57, 7.73) 

Sleep Efficiency (%)  80 (77, 84) 

Sleep Fragmentation 31 (26,37) 

Sleep Variability (min) 73 (53,103) 

Sleep Satisfaction  

Yes 14 (42%) 

No 19 (57%) 

Daytime Sleepiness Score 10 (8, 12) 

Restless Leg Score    1 (0,3) 

Sometimes or less    9 (27%) 

Often to Very Often    24(73%) 

Sleep Apnea Score 7 (5,8) 

Sometimes or less 16 (48%) 
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Often to Very Often 17 (52%) 

Stress (PSS Score) 17 (14, 21) 

Diastolic (mmHg) 87 (78, 97) 

Systolic (mmHg) 126 (114, 143) 

1 n (%) or median (IQR)  

 

3.3.2 Stress and Sleep Quantity, Quality, and Daytime Sleepiness 

In tests of the first hypothesis that increased stress was linked to sleep characteristics and 

sleepiness, we did not identify an association (Figure 1). However, our analyses revealed that 

gender and age were associated with different sleep characteristics. Thus, compared to women, 

sleep variability was significantly higher in men (β =0.93,CI95 [0.23 – 1.62], p = 0.009) and 

experienced significantly less daytime sleepiness (β = -0.81, CI95[-1.52 – -0.11], p = 0.03). We 

also identified a trend that men experienced less sleep satisfaction (β =-0.26, CI95[-0.65 – 0.13], p 

= 0.19), and a trend that men had less sleep duration (β = -0.34, CI95[-0.80, 0.12], p=0.14) than 

women. We did not identify a significant difference in sleep efficiency and fragmentation 

between men and women. Older participants exhibited significantly higher daytime sleepiness 

(β=0.35, CI95[0.04 – 0.67] p = 0.035,) and significantly higher sleep fragmentation (β=0.02, 

CI95[0.00 – 0.03], p = 0.033). Older participants also had a trend of less sleep variation (β=-0.24, 

CI95[-0.55 – 0.07], p = 0.135). We did not identify a significant effect of age on sleep duration, 

sleep efficiency, and sleep satisfaction.  
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Figure 2: Association between predictor variables (age, gender, and perceived stress score) and 
sleep outcomes in a sample population. Points represent the estimated effects of each predictor on 
sleep duration, efficiency, fragmentation, variability, satisfaction, and daytime sleepiness. Error 

bars indicate 95% confidence intervals. The models for sleep duration, efficiency, and 
fragmentation include participants’ unique ID as a random effect to account for repeated 

measures, while models for sleep variability, satisfaction, and daytime sleepiness do not include a 
random effect. *p-values ≤ 0.05. 
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3.3.3 Systolic and Diastolic Blood Pressure and Sleep 

In tests of the hypothesis that sleep characteristics are associated with higher blood 

pressure, adjusted for age and gender, we did not identify statistical support for this hypothesis 

evaluating the association between diastolic (Fig. 2) and systolic (Fig. 3) blood pressure. We did 

identify a statistically significant effect of age for both systolic and diastolic blood pressure. First 

for diastolic, we identified increased aged was associated with higher diastolic blood pressure in 

all model adjusting for sleep duration (β= 0.46,CI95 [0.15 – 0.77], p=0.04),  efficiency (β= 

0.50,CI95 [0.18 – 0.83], p=0.002),  fragmentation index (β= 0.50,CI95 [0.16 – 0.84], p=0.004),  

variation (β= 0.50,CI95 [0.17 – 0.82], p=0.003),  daytime sleepiness (β= 0.43,CI95 [0.09 – 0.77], 

p=0.014),  and sleep satisfaction (β= 0.47,CI95 [0.14 – 0.80], p=0.005). We identified a further 

support for the association between age and increase systolic blood pressure, with a higher effect 

estimate in comparison to the diastolic models. Age was associated with high systolic blood 

pressure in all model adjusting for sleep duration (β= 0.64, CI95 [0.37 – 0.92], p=0.001),  

efficiency (β= 0.66,CI95 [0.38 – 0.95], p=0.001),  fragmentation index (β= 0.66,CI95 [0.37 – 0.96], 

p=0.001), variation (β= 0.67,CI95 [0.39 – 0.95], p=0.001), daytime sleepiness (β= 0.66,CI95 

[0.36 – 0.95], p=0.001), and sleep satisfaction (β= 0.67,CI95 [0.39 – 0.95], p=0.001).  with 

increased age being associated with increased diastolic blood pressure in all models. We did not 

identify a significant difference in blood pressure, both diastolic and systolic, for men and 

women.  
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Figure 3: Systolic blood pressure (mmHg) and predictor variables: sleep duration, efficiency, 
fragmentation, variability, satisfaction (reference: no), daytime sleepiness, age (reference: 
women), and gender. Error bars indicate 95% confidence intervals. The models for sleep 

duration, efficiency, and fragmentation include participants’ unique ID as a random effect to 
account for repeated measures, while models for sleep variability, satisfaction, and daytime 

sleepiness do not include a random effect. *p-values ≤ 0.05. 
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Figure 4: Systolic blood pressure (mmHg) and predictor variables: sleep duration, efficiency, 

fragmentation, variability, satisfaction (reference: no), daytime sleepiness, age (reference: 
women), and gender. Error bars indicate 95% confidence intervals. The models for sleep 

duration, efficiency, and fragmentation include participants’ unique ID as a random effect to 
account for repeated measures, while models for sleep variability, satisfaction, and daytime 

sleepiness do not include a random effect. *p-values ≤ 0.05. 
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3.3.4 Sleep Disorders and Sleep Characteristics 

In tests of the third hypothesis, we did not find statistical support for the association 

between sleep characteristics with reported sleep disorder symptoms of sleep apnea and restless 

leg syndrome (Fig. 5). We did find that increased age was associated with increased sleep 

fragmentation (β= 0.02, CI95 [0.00 – 0.03], p=0.04) and daytime sleepiness (β=0.32, 

CI95[0.00 – 0.63], p = 0.05). We also found that men had significantly more sleep variation than 

women (β=1.01, CI95[0.29 – 1.74], p = 0.006) but less daytime sleepiness (β = -0.79, CI95[-

1.53 – -0.06] p = 0.03) and a trend towards less sleep satisfaction (β = -0.38, CI95[0.01 – 0.54], p 

= 0.06). All other variables did not have a strong effect size or statistical significance. 

3.4 Discussion 

Sleep duration was similar to what is found in industrialized United States populations 

and a small-scale agriculturalist Maya population (McKinnon, Samson et al. 2022). Sleep was 

more efficient than the Hadza hunter-gatherers (68.9%), Himba pastoralists (66.4%), and 

Malagasy small-scale agriculturalists (70.7%) situated in a nearby village (Samson, Crittenden et 

al. 2017, Prall, Yetish et al. 2018). In addition, the fragmentation index was 31, which is 

suggestive of restless sleep, in comparison to an average fragmentation index of 6.1 in the United 

States, but lower than the fragmentation index of 45 previously described in rural Madagascar 

(Dashti, Zuurbier et al. 2016, McKinnon, Samson et al. 2022). In addition, sleep duration varied 

by over 1 hour, which is associated with higher BMI in industrialized populations (Jaiswal, Quer 

et al. 2020). The majority (57%) of participants reported being unsatisfied with their sleep and 

daytime sleepiness levels, which vary from normal sleepiness (score of 0-9) to excessive daytime 

sleepiness (score of 16-24), suggestive of potential sleep disorders (Johns 1991).  

Our hypotheses received mixed support. First, we did not identify strong support for our 

first hypothesis; increased stress was not associated with decreased sleep quantity, quality, and 

daytime sleepiness. Notably, based on the PSS score, all individuals either had a score in the 
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“moderate” or “low” perceived stress category with no scores in the “high” stress category. 

Previous research investigating the association between PSS score and sleep characteristics 

identified an association among individuals with a PSS score of 28 or higher categorized as “high 

stress” with short sleep duration (Rebello, Kallingappa et al. 2018). In our study population, the 

highest stress score reported was 25, out of the maximum of 40, suggesting that this study 

population experiences stress, but those stressors may not be high enough to limit productivity. 

Nonetheless, future research could investigate the factors contributing to stress, such as the 

vanilla harvest, food insecurity, and ecological changes like natural disasters and climate change. 

For instance, climate change poses an increasing threat to the physical and mental well-being of 

farmers (Talukder, van Loon et al. 2021). Although current stress levels are low to moderate, 

within the study population, the escalating impacts of climate change—including rising 

temperatures, more frequent natural disasters, and reduced precipitation—will impact farmers’ 

livelihoods. Their ability to adapt to environmental stressors is likely to be limited. (Barrett, 

Soarimalala et al. 2025)These factors may provide a more nuanced understanding of the broader 

environmental and sociocultural influences on sleep and cardiovascular health in the future.  

In tests of the second hypothesis, measuring the association between high blood pressure 

and decreased sleep quantity, quality, and daytime sleepiness, we did not identify support for the 

effects of sleep characteristics on blood pressure readings. We also found no significant 

difference in blood pressure between men and women, consistent with previous research in rural 

Madagascar (Ratovoson, Rasetarinera et al. 2015, Manus, Yu et al. 2017). However, we found 

blood pressure significantly increases with age, consistent with findings from multiple studies. 

(Buford 2016, Rodgers, Jones et al. 2019, Mills, Stefanescu et al. 2020). The risk of hypertension 

significantly increases after the age of 40 years old (Rodgers, Jones et al. 2019) , and individuals 

in our study population exhibited elevated blood pressure as early as age 20 years old (S3). While 

blood pressure typically rises with age, the onset of hypertension in this study population appears 

to occur significantly earlier than in other Western populations (Mills, Stefanescu et al. 2020). 
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Additional factors contributing to the risk of hypertension are worth exploring. For example, age-

related increases in blood pressure are not identified among the Tsimane but instead are strongly 

associated with factors such as distance to market and body mass index (Gurven, Blackwell et al. 

2012). Based on our limited study population, we identified a moderate trend between BMI, 

diastolic, and systolic blood pressure (S3). Future research can examine how urbanization and 

dietary changes influence hypertension risk, providing insight into potential evolutionary 

mismatch. 

For our third hypothesis, self-reported symptoms of sleep apnea and restless leg 

syndromes were not significantly related to sleep characteristics. Remarkably, however, most of 

our participants experienced symptoms related to sleep disorders (S1), and future studies can 

further evaluate sleep quality using well-established questionnaires such as the Pittsburgh Sleep 

Quality Index or the Sleep Quality Scale, which could provide a more comprehensive assessment 

of sleep health (Buysse, Reynolds et al. 1989, Snyder, Cai et al. 2018). In addition, our study did 

not include questions related to insomnia, which could be an important factor to address in future 

studies to fully capture the spectrum of sleep disorders, as sleep apnea and insomnia are the two 

most common sleep disorders globally (Ong, Crawford et al. 2021). Finally, to further evaluate 

sleep apnea, the use of the Calgary Sleep Apnea Quality of Life Index or the Sleep Disorders 

Questionnaire could offer insights into how sleep-disordered breathing may contribute to sleep 

and cardiovascular outcomes (Douglass, Bornstein et al. 1994, Flemons and Reimer 1998). 

In addition, our analyses did reveal sleep differences between men and women. Men, in 

comparison to women, experienced more sleep variation, less daytime sleepiness, and a trend of 

shorter sleep duration. More sleep variation in men could be explained by potential gendered 

labor roles and social norms within the community. For example, men have more sleep variability 

than women in the Kaqchikel Maya community, where women have early morning domestic 

responsibilities, such as cooking, and men socialize at night driving and have a more variable 

sleep schedule than women (McKinnon, Samson et al. 2022). Among Bolivian Tsimane forager-
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horticulturalists, sleep patterns vary by gender, with women sleeping longer than men likely due 

to gendered differences in hunting and fishing activities (Yetish, Kaplan et al. 2018). Notably, 

although men had more variable sleep and exhibited a trend toward shorter sleep duration, they 

reported less daytime sleepiness. This could suggest that although men’s sleep is shorter and 

more variable, they are still getting sufficient sleep. Alternatively, there has also been evidence 

describing the underreporting of daytime sleepiness by men and the overreporting of daytime 

sleepiness by women using the Epworth Sleepiness Scale (ESS) (Packard, Bautista et al. 2021). 

To augment the understanding of gendered differences in daytime sleepiness, future research 

could include the use of a sleep diary to capture daily differences in sleep quality (Carney, Buysse 

et al. 2012). 

Our study had numerous caveats, including limited sample size, limited observations 

across gender and age groups, and reliance on a single blood pressure measurement. These 

limitations reduced our statistical power to detect effects, yet they also reflect the challenges of 

working in rural low-resource settings. These constraints may have impacted the generalizability 

of our findings, and future studies with larger, more diverse samples and multiple blood pressure 

measurements would be beneficial.  

In conclusion, our study expands our understanding of sleep health, stress, and 

hypertension in rural settings while highlighting limitations of sleep research, and they offer a 

valuable baseline for further investigation into the high burden of cardiovascular disease and its 

predictors in Madagascar. In a global health context, the WHO aims to reduce the prevalence of 

hypertension by 33% between 2010 and 2030 (WHO 2023). While the WHO identifies several 

well-established risk factors for high blood pressure, such as age, genetics, weight, physical 

activity, high-salt diet, and alcohol consumption, sleep is not currently recognized as a 

contributing factor (WHO 2023, WHO 2023). This omission presents an opportunity for future 

research to investigate the role of sleep in the development and management of hypertension in 

LMICs. 
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4. Rest and Resistance: The Relationship between Sleep and 
Infection 

4.1 Introduction 

The COVID-19 pandemic has demonstrated that disease exposure, susceptibility, and 

disease outcomes are unevenly distributed. A new framework coined ‘One Health Disparities’ 

describes recent efforts to understand socially driven health disparities in a One Health context, 

with a focus on how these disparities are generated through variation in disease exposure, 

susceptibility, and morbidity (Solis and Nunn 2021). Recent research has made important steps in 

illustrating how variation in these outcomes is mediated by disparities in occupation, housing, co-

morbidities, stressful environments, pollutant exposure, and healthcare access (Allen, Williams et 

al. 2017, Patel, Nielsen et al. 2020, Mena, Martinez et al. 2021, Miller, Wherry et al. 2021, Solis 

and Nunn 2021). Sleep, which accounts for about one-third of human life, is a critical yet under-

explored dimension to human health. It is inexorably tied to social factors, and it also shapes 

variation in exposure, susceptibility, and morbidity of infection. Integrating sleep into this 

framework will, therefore, deepen understanding of how the social environment influences 

disease risk and health outcomes across diverse populations.   

Sleep is an evolutionarily conserved process essential for health, yet social and 

environmental factors can significantly shape its duration and quality, leading to disparities that 

impact overall health. Adequate sleep has functional benefits such as energy conservation, 

supporting a robust immune system, and memory consolidation (Berger and Phillips 1995, 

Besedovsky, Lange et al. 2012, Rasch and Born 2013, Keene and Duboue 2018). Across species, 

proposed benefits for sleeping less are the increased need for foraging and increased predation 

risk (Eban-Rothschild, Giardino et al. 2017, Keene and Duboue 2018).  Humans have the shortest 

sleep of all primates, which likely results from increased predation in open habitats and the 

benefits of wakefulness for social learning and material culture (Nunn and Samson AJBA).  
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The same adaptations for sleeping less can become detrimental in societies where chronic 

stress and night-shift occupations interfere with sleep health (Piccolo, Yang et al. 2013, Nunn, 

Samson et al. 2016, Jackson, Walker et al. 2020). In the United States, sleep disparities are 

especially tangible in Black and Hispanic communities, who report shorter sleep duration (<6 

hours per night) and poor sleep quality in comparison to white populations (Chen, Wang et al. 

2015). These disparities often arise due to housing in noisy areas, racial discrimination, low 

socio-economic status, and adverse childhood experiences (Jackson, Hu et al. 2014, Chen, Wang 

et al. 2015, Ahn, Lobo et al. 2021, Ahn, Lobo et al. 2021).  

A growing body of evidence describes potential mechanisms in which short sleep 

durations contribute to both non-communicable and communicable disease susceptibility. Sleep 

loss and sleep deprivation have significant costs to overall health, including cardiometabolic 

dysfunctions such as obesity, type 2 diabetes, and cardiovascular disease (Jackson, Walker et al. 

2020). In addition, sleep deprivation has been linked to an altered immune response to infectious 

disease and has been demonstrated to impact disease susceptibility to both the common cold and 

rhinovirus in experimental studies (Cohen, Doyle et al. 2009, Irwin 2012), while sleep loss has 

been reported to suppress immunological responses in both hepatitis B and pneumonia (Patel, 

Malhotra et al. 2012). Inadequate sleep impacts the central nervous system, which has cascading 

effects on the hypothalamic pituitary adrenal (HPA) axis and the sympathetic nervous system 

(SNS). Change in SNS signaling upregulates transcription of pro-inflammatory cytokines, 

including IL1B, TNF, and IL6 (Cole, Arevalo et al. 2010). HPA is a major signaling pathway that 

mediates the human stress response, and a change in the HPA axis inhibits antiviral and pro-

inflammatory genes (Stephens and Wand 2012).  

We investigated the relationship between sleep and disease susceptibility in Madagascar. 

Studying this question in rural Madagascar is important given the high incidence of infectious 

diseases in this low-income country, including outbreaks of measles and plague (Ratovonjato, 

Rajerison et al. 2014, Nimpa, Andrianirinarison et al. 2020), and the Malagasy population is 
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impacted by pathogens that are environmentally transmitted and infect mammals (rodents, 

domestic animals, and livestock)(Herrera, Wickenkamp et al. 2020). Moreover, the shift toward 

urban lifestyles may impact sleep patterns through increased exposure to artificial light, noise 

pollution, and stress (O, Pugh-Jones et al. 2021). Understanding the relationship between sleep, 

pathogen exposure, and disease susceptibility in Madagascar is a pressing public health concern, 

particularly for village communities and farmers, given their exposure to animals and, thus, 

elevated risk of zoonotic disease spillover. 

This study aimed to investigate the association between sleep and zoonotic disease 

susceptibility by (a) measuring four dimensions of sleep metrics and (b) using blood spots for 

serological analysis to determine infection history. To capture sleep characteristics, we used 

actigraphy devices, which were previously validated against polysomnography as a reliable tool 

for quantifying sleep characteristics (Marino et al. 2013; Elbaz et al. 2012).  Using the actigraphy 

data, we quantified four sleep characteristics (duration, efficiency, variability, and 

fragmentation).   

To assess infection history we used Phage-ImmunoPrecipitation Sequencing (PhIP-Seq) 

(Tiu, Zhu et al. 2022). PhIP-Seq is a high-throughput assay that provides a broad assessment of 

infection history by screening for antibodies. This approach allows us to quantify antibody 

richness, the sum of detected viral antibodies, which may reflect variation in immune function. 

We used dried blood spots (DBS) as a minimally invasive and easily stored alternative to whole 

blood collection. By combining DBS with PhIP-Seq, this approach provides a detailed profile of 

past viral infections.  

We hypothesized that decreased sleep duration and quality are associated with increased 

susceptibility to infection. We predicted that individuals with lower sleep quantity and poorer 

sleep quality would have a higher antibody richness. When testing predictions involving sleep 

duration, we controlled for variation in exposure by accounting for home range size, as it can 
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covary with sleep duration and influence infection risk. Additionally, age and gender were 

included as covariates in all models to account for their potential effects on immune function and 

sleep patterns. 

4.2 Methods 

4.2.1 Study Area and Population 

Data collection occurred during July through August of 2023 in a village in northeastern 

Madagascar on the periphery of Marojejy National Park. For community privacy, hereafter the 

village sites will be described as Village S.  The village is a small-scale farmer community with 

an approximate population size of 900 people.   

4.2.2 Ethical Statement 

The Institutional Review Board of Duke University (IRB: 2019-0560) and the Malagasy 

Ethics Panel (Permit Number 114 MSANP/AGMED/CERBM) approved the protocol used in this 

study. Surveys were conducted in the local Malagasy language by trained research assistants, and 

survey responses were recorded on Samsung tablets using Qualtrics software  (Barrett, Titcomb et 

al. 2024, Barrett, Titcomb et al. 2024). All survey participants were 18 years of age or older and 

provided oral and written informed consent. Participants were compensated with pre-paid mobile 

phone credits.  

4.2.4 GPS and Home Range Size  

To calculate home range size, we used GPS data. To collect GPS data, we distributed 

GPS trackers (iGot-U 120; Mobile Action, New Taipei City, Taiwan) to consenting participants 

(n = 22). The average reported location estimation accuracy across varying degrees of cover for 

the iGot-U 120 is 9.2 m (±0.2 m), and they were set to record the participant’s location every 3 

minutes. The devices were attached to a lanyard and were distributed to participants on Fridays 

and Saturdays and collected one week later. Participants were asked to wear the GPS tracker all 

day and to set it close by during times such as sleeping or bathing. Using the GPS data, we 
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calculated the home range size (km2) as previously described by Kauffman and colleagues 

(Kauffman, Werner et al. 2022). Home Range size is defined as the area a person moved within 

over the course of GPS monitors. We then calculated the 95% utilization distribution for the time 

participants wore GPS devices.  

4.2.5 Actigraphy Collection and Data Scoring 

We used the Motionwatch 8 actigraph (CamNtech) using a built-in bi-axial sleep mode 

accelerometer with 30s epoch data collection intervals. We set sleep and nap parameters as 

previously described in studies (Samson, Manus et al. 2016, Samson, Manus et al. 2017, 

McKinnon, Samson et al. 2022). Following previous guidelines, we used the algorithmic high-

sensitivity settings (20 counts threshold) to distinguish sleep from periods of awakeness  

(Kanady, Drummond et al. 2011, Samson, Manus et al. 2017). Participants were asked to wear 

the devices for up to 21 days on their non-dominant wrist. Data was scored using CamNtech 

Montionware analysis software, which generated sleep variables used in the analysis, namely 

sleep duration, sleep efficiency (%) (the percentage of sleep duration over the time in bed), and 

fragmentation index (calculated as the sum of two percentages: (a) the percentage of sleep epochs 

spent moving and (b) the percentage of immobile bouts that last ≤1 minute, this serves as a 

quantitative index of restlessness during the sleep period). The fragmentation index measure 

reflects the degree of sleep fragmentation and can be used to assess sleep quality (or poor sleep 

quality), where a higher value suggests more fragmentation, indicating lower sleep quality due to 

frequent movement and short periods of stillness. To measure sleep variability, we converted 

sleep duration to minutes and measured the standard deviation from the mean for each 

participant.  

4.2.6 Phage Immunoprecipitation Sequencing (PhIP-Seq)  

Dried blood spots were collected by a Malagasy-trained healthcare worker and stored on 

W903 cards. W903 cards were stored at -80C until processed using PhIP-Seq to analyze antiviral 
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antibodies (Xu, Kula et al. 2015, Tiu, Zhu et al. 2022). PhIP-Seq incorporates four elements: 

DNA customization using sequences of all known human viruses, T7 bacteriophage display (1 

viral epitope displayed by each phage particle), immunoprecipitation of reactive phages, and Next 

Gen Seq of the immunoprecipitated phages. This approach was applied to establish a 

comprehensive analysis of viral antibodies, including 206 different viruses across multiple viral 

families including: Adenoviridae, Coronoviridae, Herpeseviridae, Hantaviridae, and 

Retroviridae. A library of protein sequences was downloaded from open-source UniProt 

[https://www.uniprot.org/uniprot/?query=orthohantavirus&sort=score]. For analysis, first PBS 

negative controls were averaged for each oligopeptide using normalized counts data, and then 

samples were analyzed against the negative controls to calculate fold over Tukey’s Higher Fence 

(FOBO), i.e. fold change values to identify outliers (positives) and determine a cutoff value.  

4.2.7 Statistical Analysis 

All statistical analyses were performed using R version 4.3.2. To test our hypothesis, we 

fit six generalized linear models to a Poisson distribution to predict antibody richness by each 

sleep characteristic: sleep duration, efficiency, fragmentation, sleep variability, daytime 

sleepiness, and sleep satisfaction. For everyone, we averaged their sleep duration, efficiency, and 

fragmentation to use a single measure in each model. Then, we scaled numerical predictors, sleep 

characteristics, and age.  We used the following model: Antibody Richness ~ Sleep 

Characteristic + Gender + Age. We further evaluated the effect of sleep duration on antibody 

richness by including home range size as a potential confounder with the following model: 

Antibody Richness ~ Sleep Duration + Home Range Size (km2) + Gender + Age. We then 

measured potential collinearity between sleep duration and home range size using the car 

package (Fox and Weisberg 2011), where collinearity would be indicated by a variance inflation 

factor greater than 5. Then, using the GLM coefficients, we calculated the risk ratios (RR) for the 

Poisson regression, as well at 95% confidence intervals (CI) and standard p-values ≤ 0.05 to 
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determine statistical significance. The model’s overall fit was evaluated using Pseudo R-squared 

values using the pscl package (Jackmon 2024), and for the Poisson regression model, we further 

assessed the model for overdispersion by calculating the dispersion ratio using the MASS package 

(Venables and Ripley 2022).  

4.3 Results 

4.3.2 Participant Demographic, Sleep, and Health Characteristics 

The study included 33 participants composed of 10 men and 23 women, with a median 

age of 29 years (Table 5). In total, we had 454 nights of actigraphy sleep data. The median sleep 

duration was 7.2 hours of sleep with 80% sleep efficiency. Fragmentation median was 31 per 

night and sleep varied by 74 min.  

Table 5: Sleep and demographic characteristics for all study participants and a subset who wore 
GPS devices. 

Characteristic Overall, N = 331 Virscan + GPS, N= 231 

Gender   

Male 10 (30%) 6 (26%) 

Female 23 (70%) 17 (74%) 

Age 29 (22, 44) 26 (19,42) 

Sleep Duration (hours) 7.20 (6.57, 7.73) 7.24 (6.62, 7.74) 

Sleep Efficiency (%)  80 (77, 84) 80 (77, 84) 

Sleep Fragmentation 31 (26,37) 29 (25, 37) 

Sleep Variability (min) 73 (53,103) 72 (52, 108) 

Home Range Size (km2) - 0.031 (0.016,0.149) 

Antibody Richness 2 (1, 4) 2 (1,4) 

1 n (%) or median (IQR)   
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4.3.3 PhIP-Seq Antibody Detection and Richness 

 

Figure 5: Total Number of People with Antibodies by Virus Species. 25 unique viral sequence 
proteins for antibodies detected in order from most to least frequently detected among study 

participants. 

Of the 206 viruses included in PhIP-Seq, antibodies to 25 were detected (Fig. 5). Most people 

had antibodies against Human cytomegalovirus, orf virus, human herpesvirus 8, Epstein-Barr 

virus, influenza A, vaccinia virus, and human respiratory syncytial virus (Fig. 5). We identified 

low prevalence, with just one person with the antibody, for 19 viruses. The distribution of virus 

antibodies detected was skewed, with a small number of viruses accounting for most of the 

antibody richness. Antibody richness varied from a minimum of 0 to a maximum of 10 antibodies 

(Fig. 6). 
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Figure 6: Antibody Richness across the study population with a minimum of 0 and maximum of 
10 and an average of 3. 
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4.3.4 Home Range Size  

 

Figure 7: Estimated Home Range (km²) size, the area a person moves within over time, calculated 
based on the 95% utilization distribution (UD) of all time points when the participant wore the 

GPS. The majority of individuals exhibit small home ranges (0.00–0.05 km2) 

The distribution of home range size (km²) among individuals was skewed, with most 

individuals exhibiting small home ranges (0.00–0.05 km²) (Fig. 7). This suggests that most 

participants tend to remain within restricted spatial areas. A smaller subset of individuals had 

larger home ranges (0.10–0.30 km²), indicating greater mobility. 
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4.3.5 Association between Sleep, Antibody Richness, and Home Range Size 

 

Figure 8: (A) Association between antibody richness and predictor variables (sleep duration, age, 
and gender), (B) additional analysis predicting antibody richness and predictor variables (sleep 

duration, age, and gender) and adjusting for home range size (km2) as a confounding variable, and 
(C) The association between sleep duration and home range size (km2). Points represent the 
estimated effects of each predictor on antibody richness. Error bars indicate 95% confidence 

intervals. Blue indicates positive trend and red indicates negative trend. *p-values ≤ 0.05 

In tests of our hypothesis, we did not find evidence for a significant association between 

sleep duration and antibody richness (Fig 8). In addition, to further evaluate the relationship 

between sleep and antibody richness, we included home range size (km2) in the model as a 
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potential confounder. Home range size (km²) was also not a significant predictor of antibody 

richness (RR = 0.94, CI95[0.69, 1.23], p = 0.665), suggesting that home range patterns do not 

strongly influence viral exposure in these models. In tests of collinearity, sleep duration had a 

VIF score of 1.15, and Home range size had a VIF of 1.24, thus consistent with no collinearity. 

We also did not find an association between sleep duration and home range size (β= -0.04, CI95 [-

0.14 – 0.06], p=0.454). We identified a modest trend with age, with increased age being 

negatively associated with antibody richness. We also found that increased age was significantly 

associated with larger home range size (β= 0.03, CI95 [0.02 – 0.03], p=0.001). We did not identify 

an effect of gender in any model.  
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4.3.5 Association between Sleep Efficiency, Fragmentation, and Duration 
Variability and Antibody Richness 

 

Figure 9: Association between antibody richness and predictor variables (sleep duration, sleep 
efficiency, home range size (km2), age, and gender). Points represent the estimated effects of 

each predictor on antibody richness. Error bars indicate 95% confidence intervals. Blue indicates 
positive trend and red indicates negative trend. 
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Next, we investigated whether sleep efficiency was negatively associated with richness. 

In support of the hypothesis, individuals with higher sleep efficiency had lower antibody richness 

(RR = 0.76, CI95[0.59, 0.99], p = 0.040) (Figure 9). However, we did not identify the effects of 

sleep fragmentation (RR = 1.02, CI95[0.79, 1.31], p = 0.884) or sleep variation (RR = 0.83, 

CI95[0.61, 1.09], p = 0.199) on antibody richness. We identified a negative trend between age and 

antibody richness, with older individuals showing lower antibody richness in the sleep efficiency 

model (RR = 0.75, CI95[0.53, 1.00], p = 0.073), the fragmentation model (RR = 0.82, CI95[0.60, 

1.07], p = 0.168), and the sleep variability model (RR = 0.81, CI95[0.61, 1.05], p = 0.132). Gender 

was not significantly associated with antibody richness in any model, with men and women 

having similar antibody richness values.  

4.4 Discussion 

In this population, the observed sleep duration aligns with the recommended amount of 7 

hours or more (Watson, Badr et al. 2015). However, sleep was relatively inefficient (80%) based 

on a U.S. recommendation of at least 85% but more efficient than previously described in 

Malagasy small-scale agriculturalists (70.7%) and among Hadza hunter-gatherers (68.9%). The 

sleep fragmentation index was 31, suggestive of restless sleep, and sleep varied by 73 minutes, 

which is associated with decreased physical activity and metabolic dysfunction in industrialized 

populations (Morales-Ghinaglia and Fernandez-Mendoza 2023). Moreover, we identified a 

diversity of 25 antigen-specific viral antibodies among participants, with antibody richness 

ranging from 0 to 10 per individual. We further identified unique associations between sleep 

efficiency and antibody richness.  

Overall, we identified a diverse viral infection history with varying seroprevalence and 

transmission routes, with some results in line with other studies. For example, antibodies to 

human cytomegalovirus were found in 42% of people, which is less than the estimated global 

seroprevalence of 83% (Zuhair, Smit et al. 2019). In most adult studies in Africa, seroprevalence 



 

 

57 

is estimated to be close to 100% (Bates and Brantsaeter 2016). In addition, we identified viruses 

with different forms of transmission. For example, cytomegalovirus is transmitted human-to-

human through bodily fluids (i.e., blood, saliva, urine, and breast milk) (Zuhair, Smit et al. 2019), 

while Orf Virus is a zoonotic virus that infects hooved animals, including goats and sheep 

(Coradduzza, Scarpa et al. 2024). The results from PhIPSeq provide a foundation to conduct 

additional research on specific viruses of interest and ask tailored questions in relation to 

symptoms, animal contact, and hygiene. PhIPSeq provides a breath of information, but additional 

analyses (e.g., ELISA) are necessary to confirm each virus, especially in cases where only a 

single person has detectable antibodies for a given virus.  

Our study provided mixed support for the overarching hypothesis that we tested. We found 

that increased sleep efficiency was negatively associated with antibody richness, indicating that 

individuals with higher sleep efficiency had lower antibody richness. Sleep efficiency is an 

important metric of sleep quality that quantifies the percentage of time that a person is asleep 

while in bed. This aligns with previous research identifying the important role sleep quality has 

on immune function and the lasting impact decreased quality has on the function and stability of 

immune cells (Cohen, Doyle et al. 2009, Garbarino, Lanteri et al. 2021, Kohyama 2021, 

McAlpine, Kiss et al. 2022). Counter to our predictions, however, we identified no association 

between sleep duration and antibody richness. The observed sleep duration among the study 

population was an average of 7 hours, which aligns with the recommended amount to promote a 

regulated and robust immune response (Garbarino, Lanteri et al. 2021, Izuhara, Matsui et al. 

2023, Spiegel, Rey et al. 2023). However, sleep efficiency, at 80%, is 5 percentage points lower 

than the recommended amount (Kohyama 2021). So, although sleep duration is considered 

adequate, it is also inefficient in this population. This highlights the importance of including sleep 

quality parameters in sleep research.  

Sleep duration variability was not associated with antibody richness. The observed sleep 

variability of 72 min is considered to increase the risk of obesity, cardiovascular disease, and 
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type-2 diabetes. However, there is conflicting literature on the threshold of recommended 

variability, from 45 minutes or more having adverse effects up to 120 minutes(Huang, Mariani et 

al. 2020) being associated with adverse health outcomes (Huang, Mariani et al. 2020). This makes 

the interpretability of the results difficult. In addition, given the limited number of nights in our 

dataset, ranging from 3-19 nights for each participant, conflicting research suggests 3-5 nights of 

data is sufficient to asses sleep variability, but other research suggests it is fine to use 14 days of 

data (Bei, Wiley et al. 2016, Huang, Mariani et al. 2020, Scott, Lechat et al. 2023). Moreover, the 

interpretation of variability is further complicated due to research reporting different dimensions 

of sleep variability, including variability of time going to bed, sleep duration, or time in bed 

(Okun, Reynolds et al. 2011). Future research with additional nights of data is needed to obtain a 

more accurate measure of sleep variability among rural farmers in Madagascar and understand 

the population-level meaning of sleep variability. Future directions can also investigate how 

environmental variables regulate both sleep and daytime activity, as previous research has found 

that seasonal changes affect sleep patterns in non-industrial populations (Yetish, Kaplan et al. 

2015). Sleep schedules may be naturally regulated and help stabilize circadian rhythms through 

cues such as sunlight and limited access to artificial light (Wright, McHill et al. 2013, Samson, 

Manus et al. 2017). 

The limitations of our study include a small sample size, limited observations across 

gender and age groups, and a reliance on serological data as the metric for disease susceptibility. 

Additionally, we did not include any daytime data on napping periods and did not consider the 

level of activity and its potential association with sleep. Furthermore, our study did not measure 

inflammatory markers such as C-reactive protein or pro-inflammatory cytokines, which can 

indicate a direct mechanism between decreased sleep and changes in immune response. These 

constraints may have affected the generalizability of our findings, and future studies with larger, 

more diverse samples and additional metrics of infection history would aid in testing the 

hypothesis that poor sleep increases disease susceptibility in this low-resource setting  
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5. Conclusion 

5.1 Overview of Major Findings 

The findings from this dissertation highlight the significant burden of infectious disease 

in Madagascar and the factors influencing infection. I found a considerable prevalence of 

Blastocystis and evidence of previous infections with numerous viruses. By applying the One 

Health Disparities (OHD) framework, I identified how variations in both exposure and 

susceptibility increase the risk of infection. I discovered that the risk of Blastocystis exposure is 

associated with hand hygiene practices, while decreased sleep quality was linked to greater 

susceptibility to infection. These studies enhance our understanding of the disease burden in rural 

Madagascar. They also emphasize the unique social conditions that contribute to health 

disparities by increasing exposure and susceptibility to infections. 

5.1.1 Chapter 2: Blastocystis 

In the first chapter, I investigated Blastocystis, a globally transmitted gastrointestinal 

protozoan that commonly infects people living in low- and middle-income countries. 

Transmission is thought to occur through the consumption of contaminated water or food and 

contact with infected animals. However, the specific factors influencing infection in low-

resource, rural settings remain unclear. I applied the OHD framework, which considers the 

interconnectedness of human, nonhuman animal, and environmental health, to examine 

disparities in Blastocystis spp. infections in rural northeastern Madagascar. This research focused 

on various predictors, including wealth, animal contact, hand hygiene, and demographic factors. 

Overall, 76.5% of 783 participants were infected with at least one of three subtypes of 

Blastocystis, and 19% were co-infected with two or more subtypes (ST1, ST2, and ST3). I found 

that men had a lower risk of infection than women, while individuals who reported washing their 

hands without soap had higher odds of infection across all subtypes.  Within a single subtype, 

soap use remained significant for both ST1 and ST2, while the effect of gender continued to be 
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significant for ST3. However, wealth and animal interactions showed no significant associations 

with infection. This study illuminates gender disparities and underscores the importance of hand 

hygiene in explaining variations in Blastocystis infection in rural Madagascar, while not 

supporting hypotheses based on socioeconomic status and exposure to domesticated animal 

disease reservoirs. The findings also highlight the significance of gastrointestinal infections in 

vulnerable rural populations in Madagascar and stress the need for approaches to address health 

equity and environmental justice in rural, low-resource settings. 5.1.2 Chapter 3: Sleep, blood 

pressure, and stress. 

5.1.3 Chapter 3: Sleep and hypertension 

Next, in Chapter 3, I examined the relationship between decreased sleep quantity and 

quality, stress, and hypertension. Reduced sleep is linked to stressful physical and social 

environments and corresponds to a higher risk of hypertension. However, research on the 

connection between sleep, stress, and hypertension in low- and middle-income countries, which 

account for nearly two-thirds of global hypertension cases, remains limited. This study explored 

whether sleep quantity and quality are related to increased stress and higher blood pressure 

among rural agriculturalists in Madagascar. Sleep was assessed using actigraphy-based estimates 

of total sleep duration, sleep efficiency (%)- the percentage of sleep duration over time in bed- 

and fragmentation. The index is calculated as the sum of two percentages: (a) the percentage of 

sleep epochs spent moving and (b) the percentage of immobile bouts lasting ≤ 1 minute. This 

serves as a quantitative measure of restlessness during the sleep period. Sleep duration variability, 

defined as the standard deviation of sleep duration for each participant. Stress was measured 

using the Perceived Stress Scale (PSS), while daytime sleepiness was assessed via the Epworth 

Sleepiness Scale (ESS). Analyzing 452 nights of actigraphy data from 33 adults, we found that 

the average sleep duration was 7 hours, with a sleep efficiency of 80%, a fragmentation index of 

31, and sleep availability exceeding 1 hour. The majority (57%) of participants reported 
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dissatisfaction with their sleep. Daytime sleepiness levels varied from normal sleepiness (scores 

of 0-9) to excessive daytime sleepiness (scores of 16-24). We determined that perceived stress 

levels were low to moderate, with a maximum score of 25 out of 40.  

We found no association between stress and any aspect of sleep. Additionally, we did not 

identify a connection between sleep and high blood pressure. However, we observed gender 

differences in sleep patterns, with men, compared to women, experiencing greater sleep variation, 

less daytime sleepiness, and a tendency toward shorter sleep duration. These gender differences 

may be explained by variations in labor roles and social norms within a community. Furthermore, 

we identified a positive relationship between age and elevated blood pressure, which was noted as 

early as 20 years old; thus, it is important to explore the social drivers of elevated blood pressure 

in young adults. Future research could investigate how urbanization and dietary changes impact 

hypertension risk, offering insights into potential evolutionary risks. Overall, our findings 

establish a foundation for understanding stress and hypertension while informing different 

relationships to sleep in Madagascar, highlighting the limitations of sleep research in rural 

settings, and providing guidance for future research efforts studies.  

5.1.3 Chapter 4: Rest and Resistance to Infectious Disease Susceptibility 

Finally, in the fourth chapter, I investigated sleep as an important variable for 

understanding disease susceptibility. Sleep is shaped by ecological constraints and evolutionary 

adaptations and is essential for health. Inadequate sleep is linked to an increased risk of 

communicable diseases due to changes in immune response. We investigated the relationship 

between sleep and infectious disease susceptibility in Madagascar. I hypothesized that reduced 

sleep quantity (shorter duration) and sleep quality (lower efficiency, higher variability, greater 

fragmentation) would be associated with increased susceptibility to zoonotic disease infections. I 

predicted that individuals with shorter, less efficient, more fragmented sleep and greater sleep 

duration variability would have higher antibody richness.  Sleep characteristics were measured 
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using actigraphy devices, and infection history was assessed through Phage-Immunoprecipitation 

Sequencing serological analysis on dried blood spots. I identified a diversity of 25 antigen-

specific viral antibodies among participants with antibody richness ranging from 0 to 10 per 

individual. I further identified a significant negative association between sleep efficiency and 

antibody richness, where increased sleep efficiency was associated with less antibody richness. 

However, there was no significant association between sleep duration, fragmentation, and sleep 

duration variability with antibody richness. Our study highlights the importance of incorporating 

sleep quality as an important dimension in sleep research and the limitations and interpretability 

of sleep health in a global setting where sleep health is largely understudied. These findings 

underscore the importance of sleep in shaping health outcomes and highlight the need to further 

research sleep as an important variable in One Health to understand disease susceptibility.  

5.2 Research Findings’ Implications for Policy and Public Health 

 These findings offer valuable insights to inform policy decisions. For instance, 

access to clean water remains a major challenge in Madagascar, and my research highlights how 

this barrier, along with limited access to soap, contributes to the high burden of Blastocystis 

infection. Addressing these structural issues could help reduce infection rates and improve overall 

public health. Additionally, my research reinforces evidence of high hypertension prevalence 

among a physically active population of farmers with low BMI. While aging is commonly 

associated with elevated blood pressure, I document hypertension among relatively young 

farmers in their 20s, underscoring the need for targeted public health interventions and increased 

hypertension screening in rural communities. Moreover, sleep research has predominantly 

focused on high-income countries, limiting global understanding of sleep characteristics. This 

study not only examines sleep in an understudied population but also provides a multi-

dimensional perspective on sleep, considering its links to infectious disease susceptibility, mental 

health, and hypertension. As the field of sleep research grows and global recommendations 
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evolve, it is essential to recognize how sleep may differ across populations and how sleep can 

serve as a critical factor in infectious disease research. By sharing these research findings with 

local communities and policymakers, I aim to encourage the development of culturally relevant 

public health strategies that address both communicable and non-communicable diseases. 

5.3 One Health Disparities: Application and Limitations 

 Moreover, the OHD framework was a foundational aspect of my dissertation 

research, incorporating social determinants of health to understand exposure disparities and 

susceptibility disparities related to disease outcomes. Each chapter contributes uniquely to the 

OHD framework by supporting, expanding, and providing areas for refinement.  First, the 

findings from Blastocystis exposure reinforce the OHD framework by demonstrating that limited 

access to clean water and variation in soap use, likely driven by social barriers, increases 

pathogen exposure. Next, sleep was associated with disease susceptibility; however, sleep itself 

was not linked to stress, which serves as a proxy for adverse social conditions. Nonetheless, we 

identified underlying gender disparities in sleep. Although the OHD framework was developed to 

address variations in communicable disease outcomes, it can also be applied to understand the 

risk of non-communicable diseases such as hypertension. Given this, further research is needed to 

evaluate “exposure risk” to heart disease, such as increased access to processed foods, to better 

understand the “susceptibility” to developing hypertension at such a young age. Furthermore, 

elevated blood pressure is also connected to the traditional One Health framework, where heat 

stress can raise blood pressure, and increased zoonotic transmission of helminths is associated 

with high blood pressure, warranting further exploration in Madagascar. However, the application 

of OHD is limited for non-communicable diseases such as pulmonary. diseases, but non-

communicable diseases should still be evaluated using the exposure, susceptibility, and 

health outcomes.  
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In conclusion, this study enhances our understanding of the burden of communicable 

diseases, sleep health, stress, and hypertension in rural settings while also acknowledging its 

limitations and key future directions. Our findings offer a valuable baseline for future 

investigations into variations in hand hygiene, the high burden of hypertension, and 

communicable diseases. Furthermore, this dissertation delivers a multidimensional understanding 

of sleep in rural environments, thereby contributing to the existing sleep literature. By integrating 

sleep research into global health discussions, public health policies can more effectively address 

the complex interactions between social determinants, infectious diseases, and chronic health 

outcomes in underserved populations.
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Appendix A 

 

S1: Reported animal contact across 11 animals and 8 types of interactions from three villages. 

 

 

S2: Scored (1-4) household material used floor, roof, and walls across all three villages. Circle 
size and color correspond to count/frequency. 
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Appendix B 

 
S3: Sleep Apnea question categorical responses (A-C) and the calculated Sleep Apnea Score (D). 

 

S4: Reported sleep satisfaction (A) and reported daytime sleepiness score based on Epworth 
Sleepiness Scale survey (B). 
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S5: Linear regression between Blood pressure, BMI, age. The upper two quadrants shows 
the trend between BMI and diastolic and systolic blood pressure with 95% CI. Bottom two 
quadrants indicate the significant relationship between age and systolic and diastolic blood 

pressure with 95% CI. 
 
 
 
 
 
 
 
 



 

 

68 

References 

Achore, M. and E. Bisung (2022). "Experiences of inequalities in access to safe water and 
psycho-emotional distress in Ghana." Soc Sci & Med 301: 114970. 
 

Ahn, S., J. M. Lobo, J. G. Logan, H. Kang, Y. Kwon and M. W. Sohn (2021). "A scoping review 
of racial/ethnic disparities in sleep." Sleep Med 81: 169-179. 
 

Aiello, A. E., R. M. Coulborn, V. Perez and E. L. Larson (2008). "Effect of hand hygiene on 
infectious disease risk in the community setting: a meta-analysis." Am J Public Health 98(8): 
1372-1381. 
 

Alfellani, M. A., D. Taner-Mulla, A. S. Jacob, C. A. Imeede, H. Yoshikawa, C. R. Stensvold and 
C. G. Clark (2013). "Genetic diversity of blastocystis in livestock and zoo animals." Protist 
164(4): 497-509. 
 

Allen, L., J. Williams, N. Townsend, B. Mikkelsen, N. Roberts, C. Foster and K. 
Wickramasinghe (2017). "Socioeconomic status and non-communicable disease behavioural risk 
factors in low-income and lower-middle-income countries: a systematic review." L Glob H 5(3): 
e277-e289. 
 

Attah, A. O., A. Sanggari, L. I. Li, N. A. I. I. Nik Him, A. H. Ismail and F. H. Meor Termizi 
(2023). "Blastocystis occurrence in water sources worldwide from 2005 to 2022: a review." Para 
Res 122(1): 1-10. 
 

Barakat, C. and T. Konstantinidis (2023). "A Review of the Relationship between Socioeconomic 
Status Change and Health." Int J Environ Res Pub Health 20(13). 
 

Barrett, T. M., V. Soarimalala, M. Pender, R. A. Kramer and C. L. Nunn (2025). "Climate 
Change Perceptions and Adaptive Behavior Among Smallholder Farmers in Northeast 
Madagascar." PLOS Climate 4(3): e0000501. 
 

Barrett, T. M., G. C. Titcomb, M. M. Janko, M. Pender, K. Kauffman, A. Solis, M. T. 
Randriamoria, H. S. Young, P. J. Mucha, J. Moody, R. A. Kramer, V. Soarimalala and C. L. 
Nunn (2024). "Disentangling social, environmental, and zoonotic transmission pathways of a 
gastrointestinal protozoan (Blastocystis spp.) in northeast Madagascar." Am J Biol Anthropol 
185(3): e25030. 
 

Bates, D., M. Mächler, B. Bolker and S. Walker (2015). "Fitting Linear Mixed-Effects Models 
Using lme4." J Stat Soft 67(1): 1 - 48. 
 



 

 

69 

Bates, M. and A. B. Brantsaeter (2016). "Human cytomegalovirus (CMV) in Africa: a neglected 
but important pathogen." J Virus Erad 2(3): 136-142. 
 

Bei, B., J. F. Wiley, J. Trinder and R. Manber (2016). "Beyond the mean: A systematic review on 
the correlates of daily intraindividual variability of sleep/wake patterns." Sleep Med Rev 28: 108-
124. 
 

Berger, R. J. and N. H. Phillips (1995). "Energy conservation and sleep." Behav Brain Res 69(1-
2): 65-73. 
 
Besedovsky, L., T. Lange and J. Born (2012). "Sleep and immune function." Pflugers Archiv : 
Euo J of Phys 463(1): 121-137. 
 

Bindon, J. R., A. Knight, W. W. Dressler and D. E. Crews (1997). "Social context and 
psychosocial influences on blood pressure among American Samoans." Am J of Phys Anthro 
103(1): 7-18. 
 

Boorom, K. F., H. Smith, L. Nimri, E. Viscogliosi, G. Spanakos, U. Parkar, L.-H. Li, X.-N. Zhou, 
Ü. Z. Ok, S. Leelayoova and M. S. Jones (2008). "Oh my aching gut: irritable bowel syndrome, 
Blastocystis, and asymptomatic infection." Para & Vect 1(1): 40. 
 

Brauer, M., J. T. Zhao, F. B. Bennitt and J. D. Stanaway (2020). "Global Access to Handwashing: 
Implications for COVID-19 Control in Low-Income Countries." Env Health Perspect 128(5): 
57005. 
 

Braveman, P. (2014). "What are Health Disparities and Health Equity? We Need to Be Clear." 
Pub Health Repo® 129(1_suppl2): 5-8. 
 

Buford, T. W. (2016). "Hypertension and aging." Ageing Res Rev 26: 96-111. 
 

Buysse, D. J. (2014). "Sleep health: can we define it? Does it matter?" Sleep 37(1): 9-17. 
 

Buysse, D. J., C. F. Reynolds, 3rd, T. H. Monk, S. R. Berman and D. J. Kupfer (1989). "The 
Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice and research." Psych 
Res 28(2): 193-213. 
 

Cai, J. (2023). "Food Insecurity and COVID-19 Infection: Findings From the 2020-2021 National 
Health Interview Survey." AJPM Focus 2(2): 100069. 
 



 

 

70 

Callahan, B. J., P. J. McMurdie, M. J. Rosen, A. W. Han, A. J. A. Johnson and S. P. Holmes 
(2016). "DADA2: High-resolution sample inference from Illumina amplicon data." Nature 
Methods 13(7): 581-583. 
 

Camacho-Sanchez, M., P. Burraco, I. Gomez-Mestre and J. A. Leonard (2013). "Preservation of 
RNA and DNA from mammal samples under field conditions." Mol Ecol Resour 13(4): 663-673. 
 

Campos, F. A., F. Villavicencio, E. A. Archie, F. Colchero and S. C. Alberts (2020). "Social 
bonds, social status and survival in wild baboons: a tale of two sexes." Philos Trans R Soc Lond 
B Biol Sci 375(1811): 20190621. 
 

Canever, J. B., G. Zurman, F. Vogel, D. V. Sutil, J. B. M. Diz, A. L. Danielewicz, B. d. S. 
Moreira, H. I. Cimarosti and N. C. P. de Avelar (2024). "Worldwide prevalence of sleep 
problems in community-dwelling older adults: A systematic review and meta-analysis." Sleep 
Med 119: 118-134. 
 

Carney, C. E., D. J. Buysse, S. Ancoli-Israel, J. D. Edinger, A. D. Krystal, K. L. Lichstein and C. 
M. Morin (2012). "The consensus sleep diary: standardizing prospective sleep self-monitoring." 
Sleep 35(2): 287-302. 
 

Chattu, V. K., M. D. Manzar, S. Kumary, D. Burman, D. W. Spence and S. R. Pandi-Perumal 
(2018). "The Global Problem of Insufficient Sleep and Its Serious Public Health Implications." 
Healthcare (Basel) 7(1). 
 

Chen, X., H. Orom, J. L. Hay, E. A. Waters, E. Schofield, Y. Li and M. T. Kiviniemi (2019). 
"Differences in Rural and Urban Health Information Access and Use." J Rural Health 35(3): 405-
417. 
 

Chen, X., R. Wang, P. Zee, P. L. Lutsey, S. Javaheri, C. Alcántara, C. L. Jackson, M. A. Williams 
and S. Redline (2015). "Racial/Ethnic Differences in Sleep Disturbances: The Multi-Ethnic Study 
of Atherosclerosis (MESA)." Sleep 38(6): 877-888. 
 

Clark, C. G., M. van der Giezen, M. A. Alfellani and C. R. Stensvold (2013). Chapter One - 
Recent Developments in Blastocystis Research. Adv in Para. D. Rollinson, Academic Press. 82: 
1-32. 
 

Cohen, S., W. J. Doyle, C. M. Alper, D. Janicki-Deverts and R. B. Turner (2009). "Sleep habits 
and susceptibility to the common cold." Arch Intern Med 169(1): 62-67. 
 

Cohen, S., T. Kamarck and R. Mermelstein (1983). "A global measure of perceived stress." J 
Health Soc Behav 24(4): 385-396. 



 

 

71 

 

Cole, S. W., J. M. Arevalo, R. Takahashi, E. K. Sloan, S. K. Lutgendorf, A. K. Sood, J. F. 
Sheridan and T. E. Seeman (2010). "Computational identification of gene-social environment 
interaction at the human IL6 locus." Proc Natl Acad Sci U S A 107(12): 5681-5686. 
 

Coradduzza, E., F. Scarpa, A. M. Rocchigiani, C. Cacciotto, G. Lostia, M. S. Fiori, Y. Rodriguez 
Valera, A. M. De Pascali, M. Brandolini, I. Azzena, C. Locci, M. Casu, R. Bechere, D. Pintus, C. 
Ligios, A. Scagliarini, D. Sanna and G. Puggioni (2024). "The Global Evolutionary History of 
Orf Virus in Sheep and Goats Revealed by Whole Genomes Data." Viruses 16(1). 
 
Dashti, H. S., L. A. Zuurbier, E. de Jonge, T. Voortman, P. F. Jacques, S. Lamon-Fava, F. A. 
Scheer, J. C. Kiefte-De Jong, A. Hofman, J. M. Ordovás, O. H. Franco and H. Tiemeier (2016). 
"Actigraphic sleep fragmentation, efficiency and duration associate with dietary intake in the 
Rotterdam Study." J Sleep Res 25(4): 404-411. 
 

Delshad, A., M. Saraei, S. A. Alizadeh, S. R. Niaraki, M. Alipour, B. Hosseinbigi, A. 
Bozorgomid and E. Hajialilo (2020). "Distribution and molecular analysis of Blastocystis 
subtypes from gastrointestinal symptomatic and asymptomatic patients in Iran." Afr Health Sci 
20(3): 1179-1189. 
 

Dobe, M., R. N. Mandal and A. Jha (2013). "Social determinants of good hand-washing practice 
(GHP) among adolescents in a rural Indian community." Fam Com Health 36(2): 172-177. 
 

Douglass, A. B., R. Bornstein, G. Nino-Murcia, S. Keenan, L. Miles, V. P. Zarcone, Jr., C. 
Guilleminault and W. C. Dement (1994). "The Sleep Disorders Questionnaire. I: Creation and 
multivariate structure of SDQ." Sleep 17(2): 160-167. 
 

Eban-Rothschild, A., W. J. Giardino and L. de Lecea (2017). "To sleep or not to sleep: neuronal 
and ecological insights." Cur Op Neuro 44: 132-138. 
Elbaz, M., K. Yauy, A. Metlaine, M. Martoni and D. Leger (2012). "Validation of a new 
actigraph motion watch versus polysomnography on 70 healthy and suspected sleepdisordered 
subjects." J Sleep Res 21: 218-218. 
 

Elverson, C. A. and M. E. Wilson (2005). "Cortisol: Circadian Rhythm and Response to a 
Stressor." Newborn Infant Nursing Rev 5(4): 159-169. 
 

Fedurek, P., L. Lacroix, J. Lehmann, A. Aktipis, L. Cronk, C. Townsend, E. J. Makambi, I. 
Mabulla, V. Behrends and J. C. Berbesque (2020). "Status does not predict stress: Women in an 
egalitarian hunter–gatherer society." Ev Hum Sci 2: e44. 
 



 

 

72 

Fedurek, P., J. Lehmann, L. Lacroix, A. Aktipis, L. Cronk, E. J. Makambi, I. Mabulla and J. C. 
Berbesque (2023). "Status does not predict stress among Hadza hunter-gatherer men." Sci Rep 
13(1): 1327. 
 

Flemons, W. W. and M. A. Reimer (1998). "Development of a disease-specific health-related 
quality of life questionnaire for sleep apnea." Am J Respir Crit Care Med 158(2): 494-503. 
 

Ford, L., H. J. Bethancourt, Z. Swanson, R. Nzunza, A. Wutich, A. Brewis, S. Young, D. 
Almeida, M. Douglass, E. K. Ndiema, D. R. Braun, H. Pontzer and A. Y. Rosinger (2022). 
"Water Insecurity, Water Borrowing, and Psychosocial Stress Among Daasanach Pastoralists in 
Northern Kenya." medRxiv: 2022.2001.2026.22269937. 
 

Fox, J. and S. Weisberg (2019). An R Companion to Applied Regression. 
 

Freeman, M. C. and B. A. Caruso (2020). "Comment on "Global Access to Handwashing: 
Implications for COVID-19 Control in Low-Income Countries"." Environ Health Perspect 
128(9): 98001. 
 

Garbarino, S., P. Lanteri, N. L. Bragazzi, N. Magnavita and E. Scoditti (2021). "Role of sleep 
deprivation in immune-related disease risk and outcomes." Commun Biol 4(1): 1304. 
 

Gatz, M., W. J. Mack, H. C. Chui, E. M. Law, G. Barisano, M. L. Sutherland, J. D. Sutherland, 
D. Eid Rodriguez, R. Quispe Gutierrez, J. Copajira Adrian, J. Bani Cuata, A. R. Borenstein, E. E. 
Walters, A. Irimia, C. J. Rowan, L. S. Wann, A. H. Allam, R. C. Thompson, M. I. Miyamoto, D. 
E. Michalik, D. K. Cummings, E. Seabright, A. R. Garcia, P. L. Hooper, T. S. Kraft, C. E. Finch, 
G. S. Thomas, J. Stieglitz, B. C. Trumble, M. D. Gurven and H. Kaplan (2023). "Prevalence of 
dementia and mild cognitive impairment in indigenous Bolivian forager-horticulturalists." 
Alzheimers Dement 19(1): 44-55. 
 

Gizaw, Z., N. G. Demissie, M. Gebrehiwot, B. Destaw and A. Nigusie (2023). "Hand hygiene 
practice and associated factors among rural communities in northwest Ethiopia." Sci Rep 13(1): 
4287. 
 

Gogarten, J. F., S. Calvignac-Spencer, C. L. Nunn, M. Ulrich, N. Saiepour, H. V. Nielsen, T. 
Deschner, C. Fichtel, P. M. Kappeler, S. Knauf, N. Müller-Klein, J. Ostner, M. M. Robbins, S. 
Sangmaneedet, O. Schülke, M. Surbeck, R. M. Wittig, A. Sliwa, C. Strube, F. H. Leendertz, C. 
Roos and A. Noll (2020). "Metabarcoding of eukaryotic parasite communities describes diverse 
parasite assemblages spanning the primate phylogeny." Molec Eco Res 20(1): 204-215. 
 

Greigert, V., A. Abou-Bacar, J. Brunet, C. Nourrisson, A. W. Pfaff, L. Benarbia, B. Pereira, M. 
Randrianarivelojosia, J.-L. Razafindrakoto, R. Solotiana Rakotomalala, E. Morel, E. Candolfi and 



 

 

73 

P. Poirier (2018). "Human intestinal parasites in Mahajanga, Madagascar: The kingdom of the 
protozoa." PLOS ONE 13(10): e0204576. 
 

Gurven, M., A. D. Blackwell, D. E. Rodríguez, J. Stieglitz and H. Kaplan (2012). "Does blood 
pressure inevitably rise with age?: longitudinal evidence among forager-horticulturalists." 
Hypertension 60(1): 25-33. 
 

Gurven, M., A. Sarrieddine and A. Lea (2024). "Health Disparities Among Indigenous Peoples: 
Exploring the Roles of Evolutionary and Developmental Mismatch on Cardiometabolic Health." 
Ann Rev Anthro 53(Volume 53, 2024): 55-73. 
 

GWP (2021). REPORT: Webinars n PIDA-PAP Priority Water Projects: 44. 
Hackman, J., D. Hruschka and M. Vizireanu (2021). "An Agricultural Wealth Index for 
Multidimensional Wealth Assessments." Pop Dev Rev 47(1): 237-254. 
 

Hadley, C., A. Maxfield and D. Hruschka (2019). "Different forms of household wealth are 
associated with opposing risks for HIV infection in East Africa." World Development 113: 344-
351. 
 

Healy, W. J., G. Jean-Louis, C. W. Yancy, M. E. Billings, R. Khayat and Y. Kwon (2022). 
"Reducing disparities in cardiovascular health in African Americans through integrated 
cardiovascular sleep care in outpatient setting." Sleep Adv 3(1): zpac016. 
 

Hernández, P. C., J. G. Maloney, A. Molokin, N. S. George, L. Morales, J. Chaparro-Olaya and 
M. Santin (2023). "Exploring Blastocystis genetic diversity in rural schoolchildren from 
Colombia using next-generation amplicon sequencing reveals significant associations between 
contact with animals and infection risk." Para R 122(7): 1451-1462. 
 

Herrera, J. P., N. R. Wickenkamp, M. Turpin, F. Baudino, P. Tortosa, S. M. Goodman, V. 
Soarimalala, T. N. Ranaivoson and C. L. Nunn (2020). "Effects of land use, habitat 
characteristics, and small mammal community composition on Leptospira prevalence in northeast 
Madagascar." PLoS Negl Trop Dis 14(12): e0008946. 
 

Hildebrand, E. A., K. M. Grillo, E. A. Sawchuk, S. K. Pfeiffer, L. B. Conyers, S. T. Goldstein, A. 
C. Hill, A. Janzen, C. E. Klehm, M. Helper, P. Kiura, E. Ndiema, C. Ngugi, J. J. Shea and H. 
Wang (2018). "A monumental cemetery built by eastern Africa's first herders near Lake Turkana, 
Kenya." Proc Natl Acad Sci U S A 115(36): 8942-8947. 
 

Hoke, M. K. and K. A. McCabe (2022). "Malnutrition, illness, poverty, and infant growth: A test 
of a syndemic hypothesis in Nuñoa, Peru." Soc Sci Med 295: 113720. 
 



 

 

74 

Holt-Lunstad, J., T. B. Smith and J. B. Layton (2010). "Social Relationships and Mortality Risk: 
A Meta-analytic Review." PLOS Med 7(7): e1000316. 
 

Huang, T., S. Mariani and S. Redline (2020). "Sleep Irregularity and Risk of Cardiovascular 
Events: The Multi-Ethnic Study of Atherosclerosis." J Am Coll Cardiol 75(9): 991-999. 
 

Irwin, M. R. (2012). "Sleep and infectious disease risk." Sleep 35(8): 1025-1026. 
 

Izuhara, M., K. Matsui, T. Yoshiike, A. Kawamura, T. Utsumi, K. Nagao, A. Tsuru, R. Otsuki, S. 
Kitamura and K. Kuriyama (2023). "Association between sleep duration and antibody acquisition 
after mRNA vaccination against SARS-CoV-2." Front Immunol 14: 1242302. 
 

Jackmon, S. (2024). pscl: Classes and Methods for R Developed in the Political Science 
Computational Laboratory. 
 

Jackson, C. L., F. B. Hu, S. Redline, D. R. Williams, J. Mattei and I. Kawachi (2014). 
"Racial/ethnic disparities in short sleep duration by occupation: the contribution of immigrant 
status." Soc Sci Med 118: 71-79. 
 

Jackson, C. L., J. R. Walker, M. K. Brown, R. Das and N. L. Jones (2020). "A workshop report 
on the causes and consequences of sleep health disparities." Sleep 43(8). 
 

Jaiswal, S. J., G. Quer, M. Galarnyk, S. R. Steinhubl, E. J. Topol and R. L. Owens (2020). 
"Association of Sleep Duration and Variability With Body Mass Index: Sleep Measurements in a 
Large US Population of Wearable Sensor Users." JAMA Int Med 180(12): 1694-1696. 
 

Jiménez, P., M. Muñoz and J. D. Ramírez (2022). "An update on the distribution of Blastocystis 
subtypes in the Americas." Heliyon 8(12): e12592. 
 

Johns, M. W. (1991). "A new method for measuring daytime sleepiness: the Epworth sleepiness 
scale." Sleep 14(6): 540-545. 
 

Kanady, J. C., S. P. Drummond and S. C. Mednick (2011). "Actigraphic assessment of a 
polysomnographic-recorded nap: a validation study." J Sleep Res 20(1 Pt 2): 214-222. 
 

Kauffman, K., C. S. Werner, G. Titcomb, M. Pender, J. Y. Rabezara, J. P. Herrera, J. T. Shapiro, 
A. Solis, V. Soarimalala, P. Tortosa, R. Kramer, J. Moody, P. J. Mucha and C. Nunn (2022).  
"Comparing transmission potential networks based on social network surveys, close contacts and 
environmental overlap in rural Madagascar." J R Soc Interface 19(186): 20210690. 
 



 

 

75 

Keene, A. C. and E. R. Duboue (2018). "The origins and evolution of sleep." J Ex Bio 221(11). 
 

Khaled, S., N. Gantois, A. T. Ly, S. Senghor, G. Even, E. Dautel, R. Dejager, M. Sawant, M. 
Baydoun, S. Benamrouz-Vanneste, M. Chabé, S. Ndiaye, A. M. Schacht, G. Certad, G. Riveau 
and E. Viscogliosi (2020). "Prevalence and Subtype Distribution of Blastocystis sp. in Senegalese 
School Children." Microorganisms 8(9). 
 

Khorshidvand, Z., S. Khazaei, M. Amiri, H. Taherkhani and A. Mirzaei (2021). "Worldwide 
prevalence of emerging parasite Blastocystis in immunocompromised patients: A systematic 
review and meta-analysis." Micro Patho 152: 104615. 
 

Klim, H., T. William, T. H. Chua, G. S. Rajahram, C. J. Drakeley, M. W. Carroll and K. M. 
Fornace (2023). "Quantifying human-animal contact rates in Malaysian Borneo: Influence of 
agricultural landscapes on contact with potential zoonotic disease reservoirs." F Epi 2. 
 

Kohyama, J. (2021). "Which Is More Important for Health: Sleep Quantity or Sleep Quality?" 
Children (Basel) 8(7). 
 

Kraft, T. S., J. Stieglitz, B. C. Trumble, M. Martin, H. Kaplan and M. Gurven (2018). "Nutrition 
transition in 2 lowland Bolivian subsistence populations." Am J Clin Nutr 108(6): 1183-1195. 
 

Krause, A. J., E. B. Simon, B. A. Mander, S. M. Greer, J. M. Saletin, A. N. Goldstein-Piekarski 
and M. P. Walker (2017). "The sleep-deprived human brain." Nat Rev Neuro 18(7): 404-418. 
 

Krogsgaard, L. R., L. O. Andersen, T. B. Johannesen, A. L. Engsbro, C. R. Stensvold, H. V. 
Nielsen and P. Bytzer (2018). "Characteristics of the bacterial microbiome in association with 
common intestinal parasites in irritable bowel syndrome." Clin Transl Gastroenterol 9(6): 161. 
 

Lachaud, J., D. J. Hruschka, B. N. Kaiser and A. Brewis (2020). "Agricultural wealth better 
predicts mental wellbeing than market wealth among highly vulnerable households in Haiti: 
Evidence for the benefits of a multidimensional approach to poverty." A J Hum Bio 32(2): 
e23328. 
 

Lay, M. J. and J. Norling (2020). "The Consequences of the 1959-1961 Chinese Famine for 
Educational Attainment." B E J Econom Anal Policy 20(2). 
 

Lea, A. J., D. Martins, J. Kamau, M. Gurven and J. F. Ayroles (2020). "Urbanization and market 
integration have strong, nonlinear effects on cardiometabolic health in the Turkana." Sci Adv 
6(43). 
 



 

 

76 

Lea, A. J., C. Waigwa, B. Muhoya, F. Lotukoi, J. Peng, L. P. Henry, V. Abhyankar, J. Kamau, D. 
Martins, M. Gurven and J. F. Ayroles (2021). "Socioeconomic status effects on health vary 
between rural and urban Turkana." Evol Med Public Health 9(1): 406-419. 
 

Legge, H., R. L. Pullan and B. Sartorius (2023). "Improved household flooring is associated with 
lower odds of enteric and parasitic infections in low- and middle-income countries: A systematic 
review and meta-analysis." PLOS G Pub H 3(12): e0002631. 
 

Lerner, H. and C. Berg (2015). "The concept of health in One Health and some practical 
implications for research and education: what is One Health?" Infect Ecol Epidemiol 5: 25300. 
 

Li, H., E. Mendelsohn, C. Zong, W. Zhang, E. Hagan, N. Wang, S. Li, H. Yan, H. Huang, G. 
Zhu, N. Ross, A. Chmura, P. Terry, M. Fielder, M. Miller, Z. Shi and P. Daszak (2019). "Human-
animal interactions and bat coronavirus spillover potential among rural residents in Southern 
China." Bio Health 1(2): 84-90. 
 

Liebert, M. A., J. J. Snodgrass, F. C. Madimenos, T. J. Cepon, A. D. Blackwell and L. S. 
Sugiyama (2013). "Implications of market integration for cardiovascular and metabolic health 
among an indigenous Amazonian Ecuadorian population." Annals Hum Bio 40(3): 228-242. 
 

Lim, D. C., A. Najafi, L. Afifi, C. Bassetti, D. J. Buysse, F. Han, B. Högl, Y. A. Melaku, C. M. 
Morin, A. I. Pack, D. Poyares, V. K. Somers, P. R. Eastwood, P. C. Zee and C. L. Jackson 
(2023). "The need to promote sleep health in public health agendas across the globe." Lancet Pub 
Health 8(10): e820-e826. 
 

Lloyd-Jones, D. M., H. Ning, D. Labarthe, L. Brewer, G. Sharma, W. Rosamond, R. E. Foraker, 
T. Black, M. A. Grandner, N. B. Allen, C. Anderson, H. Lavretsky and A. M. Perak (2022). 
"Status of Cardiovascular Health in US Adults and Children Using the American Heart 
Association's New "Life's Essential 8" Metrics: Prevalence Estimates From the National Health 
and Nutrition Examination Survey (NHANES), 2013 Through 2018." Circulation 146(11): 822-
835. 
 

Lumey, L. H. and F. W. Van Poppel (1994). "The Dutch famine of 1944-45: mortality and 
morbidity in past and present generations." Soc Hist Med 7(2): 229-246. 
 

Manus, M. B., G. S. Bloomfield, A. S. Leonard, L. N. Guidera, D. R. Samson and C. L. Nunn 
(2018). "High prevalence of hypertension in an agricultural village in Madagascar." PLoS One 
13(8): e0201616. 
 

Marino, M., Y. Li, M. N. Rueschman, J. W. Winkelman, J. M. Ellenbogen, J. M. Solet, H. Dulin, 
L. F. Berkman and O. M. Buxton (2013). "Measuring sleep: accuracy, sensitivity, and specificity 
of wrist actigraphy compared to polysomnography." Sleep 36(11): 1747-1755. 



 

 

77 

 
Martin, M. (2011). "Cutadapt removes adapter sequences from high-throughput sequencing 
reads." 2011 17(1): 3. 
 

Matovelle, C., M. T. Tejedor, L. V. Monteagudo, A. Beltrán and J. Quílez (2022). "Prevalence 
and Associated Factors of Blastocystis sp. Infection in Patients with Gastrointestinal Symptoms 
in Spain: A Case-Control Study." Trop Med Infect Dis 7(9). 
 
 
McAlpine, C. S., M. G. Kiss, F. M. Zuraikat, D. Cheek, G. Schiroli, H. Amatullah, P. Huynh, M. 
Z. Bhatti, L.-P. Wong, A. G. Yates, W. C. Poller, J. E. Mindur, C. T. Chan, H. Janssen, J. 
Downey, S. Singh, R. I. Sadreyev, M. Nahrendorf, K. L. Jeffrey, D. T. Scadden, K. Naxerova, 
M.-P. St-Onge and F. K. Swirski (2022). "Sleep exerts lasting effects on hematopoietic stem cell 
function and diversity." J Exp Med 219(11). 
 
 
McKinnon, L., D. R. Samson, C. L. Nunn, A. Rowlands, K. G. Salvante and P. A. Nepomnaschy 
(2022). "Technological infrastructure, sleep, and rest-activity patterns in a Kaqchikel Maya 
community." PLOS ONE 17(11): e0277416. 
 
 
Mena, G. E., P. P. Martinez, A. S. Mahmud, P. A. Marquet, C. O. Buckee and M. Santillana 
(2021). "Socioeconomic status determines COVID-19 incidence and related mortality in 
Santiago, Chile." Science 372(6545). 
 
 
Miller, S., L. R. Wherry and B. Mazumder (2021). "Estimated Mortality Increases During The 
COVID-19 Pandemic By Socioeconomic Status, Race, And Ethnicity." Health Affairs 40(8): 
1252-1260. 
 
 
Mills, K. T., A. Stefanescu and J. He (2020). "The global epidemiology of hypertension." Nat 
Rev Nephrol 16(4): 223-237. 
 
 
Mohd Azmi, N. A. S., N. Juliana, S. Azmani, N. Mohd Effendy, I. F. Abu, N. I. Mohd Fahmi 
Teng and S. Das (2021). "Cortisol on Circadian Rhythm and Its Effect on Cardiovascular 
System." Int J Environ Res Pub Health 18(2). 
 
 
Morales-Ghinaglia, N. and J. Fernandez-Mendoza (2023). "Sleep variability and regularity as 
contributors to obesity and cardiometabolic health in adolescence." Obesity (Silver Spring) 31(3): 
597-614. 
 
 
Morgan, B. L., M. C. Stern, E. J. Pérez-Stable, M. W. Hooper and L. Fejerman (2022). "Adding a 
One Health approach to a research framework for minority health and health disparities." Elife 
11. 
 



 

 

78 

Murali, A., A. Bhargava and E. S. Wright (2018). "IDTAXA: a novel approach for accurate 
taxonomic classification of microbiome sequences." Microbiome 6(1): 140. 
 
 
Nimpa, M. M., J. C. Andrianirinarison, V. D. Sodjinou, A. Douba, Y. V. Masembe, F. 
Randriatsarafara, C. B. Ramamonjisoa, A. S. Rafalimanantsoa, R. Razafindratsimandresy, C. F. 
Ndiaye and J. Rakotonirina (2020). "Measles outbreak in 2018-2019, Madagascar: epidemiology 
and public health implications." Pan Afr Med J 35: 84. 
 
 
Nunn, C. L. and D. R. Samson (2018). "Sleep in a comparative context: Investigating how human 
sleep differs from sleep in other primates." Am Journal Phys Anthro 166(3): 601-612. 
 
 
Nunn, C. L., D. R. Samson and A. D. Krystal (2016). "Shining evolutionary light on human sleep 
and sleep disorders." Evol Med Pub Health 2016(1): 227-243. 
 
 
O, J., C. Pugh-Jones, B. Clark, J. Trott and L. Chang (2021). "The Evolutionarily Mismatched 
Impact of Urbanization on Insomnia Symptoms: a Short Review of the Recent Literature." Curr 
Psychiatry Rep 23(5): 28. 
 
 
Okun, M. L., C. F. Reynolds, 3rd, D. J. Buysse, T. H. Monk, S. Mazumdar, A. Begley and M. 
Hall (2011). "Sleep variability, health-related practices, and inflammatory markers in a 
community dwelling sample of older adults." Psychosom Med 73(2): 142-150. 
 
 
Ong, J. C., M. R. Crawford and D. M. Wallace (2021). "Sleep Apnea and Insomnia: Emerging 
Evidence for Effective Clinical Management." Chest 159(5): 2020-2028. 
 
 
Packard, A., R. Bautista, C. Smotherman and S. Gautham (2021). "Gender differences in Epworth 
Sleepiness Scale revealed by paired patient-spouse scoring." Epilepsy Behav 114(Pt A): 107272. 
 
 
Patel, J. A., F. B. H. Nielsen, A. A. Badiani, S. Assi, V. A. Unadkat, B. Patel, R. Ravindrane and 
H. Wardle (2020). "Poverty, inequality and COVID-19: the forgotten vulnerable." Pub Health 
183: 110-111. 
 
 
Patel, S. R., A. Malhotra, X. Gao, F. B. Hu, M. I. Neuman and W. W. Fawzi (2012). "A 
prospective study of sleep duration and pneumonia risk in women." Sleep 35(1): 97-101. 
 
 
Piccolo, R. S., M. Yang, D. L. Bliwise, H. K. Yaggi and A. B. Araujo (2013). "Racial and 
socioeconomic disparities in sleep and chronic disease: results of a longitudinal investigation." 
Ethnicity & disease 23(4): 499-507. 
 
 



 

 

79 

Pietrzak-Makyła, B., K. Korzeniewski, P. Gładysz and A. Lass (2023). "Detection and Molecular 
Characterization of Blastocystis Species in Polish Soldiers Stationed in the Republic of Kosovo." 
Int J Mol Sci 24(18). 
 
 
Popruk, S., D. E. V. Adao and W. L. Rivera (2021). "Epidemiology and subtype distribution of 
Blastocystis in humans: A review." Infec Gen Evo 95: 105085. 
 
 
Prall, S. P., G. Yetish, B. A. Scelza and J. M. Siegel (2018). "The influence of age- and sex-
specific labor demands on sleep in Namibian agropastoralists." Sleep Health 4(6): 500-508. 
 
 
R.A. Kramer, J. P. H., M. Pender, V. Soarimalala, and C.L. Nunn. (2023). Ecosystem change, 
market participation, and human health in villages proximate to Parc National de Marojejy. 
Malagasy Nature. 17: 13. 
 
R.Core.Team. (2023). "A Language and Environment for Statistical Computing. R Foundation 
for Statistical Computing, Vienna, Austria.", from https://www.r-project.org/. 
 
 
Ramírez, J. D., C. Flórez, M. Olivera, M. C. Bernal and J. C. Giraldo (2017). "Blastocystis 
subtyping and its association with intestinal parasites in children from different geographical 
regions of Colombia." PLOS ONE 12(2): e0172586. 
 
 
Randrianarisoa, R. M. F., S. M. F. Randrianambininjanahary, N. A. Randriamihangy and F. 
Ralison (2025). "Prevalence of Hypertension and Associated Factors in a City in Madagascar." 
Cureus 17(1): e76735. 
 
 
Rasch, B. and J. Born (2013). "About sleep's role in memory." Physiol Rev 93(2): 681-766. 
 
 
Ratovonjato, J., M. Rajerison, S. Rahelinirina and S. Boyer (2014). "Yersinia pestis in Pulex 
irritans fleas during plague outbreak, Madagascar." Emerg Infect Dis 20(8): 1414-1415. 
 
 
Ratovoson, R., O. R. Rasetarinera, I. Andrianantenaina, C. Rogier, P. Piola and P. Pacaud (2015). 
"Hypertension, a Neglected Disease in Rural and Urban Areas in Moramanga, Madagascar." 
PLoS One 10(9): e0137408. 
 
 
Rebello, C. R., P. B. Kallingappa and P. G. Hegde (2018). "Assessment of perceived stress and 
association with sleep quality and attributed stressors among 1(st)-year medical students: A cross-
sectional study from Karwar, Karnataka, India." Tzu Chi Med J 30(4): 221-226. 
 
 
Rodgers, J. L., J. Jones, S. I. Bolleddu, S. Vanthenapalli, L. E. Rodgers, K. Shah, K. Karia and S. 
K. Panguluri (2019). "Cardiovascular Risks Associated with Gender and Aging." J Cardiovasc 
Dev Dis 6(2). 

https://www.r-project.org/


 

 

80 

 
Rojas-Velázquez, L., J. G. Maloney, A. Molokin, P. Morán, A. Serrano-Vázquez, E. González, H. 
Pérez-Juárez, C. Ximénez and M. Santin (2019). "Use of next-generation amplicon sequencing to 
study Blastocystis genetic diversity in a rural human population from Mexico." Para Vect 12(1): 
566. 
 
 
Rudzińska, M. and K. Sikorska (2023). "Epidemiology of Blastocystis Infection: A Review of 
Data from Poland in Relation to Other Reports." Pathogens 12(8): 1050. 
 
 
Samson, D. R. (2021). "The Human Sleep Paradox: The Unexpected Sleeping Habits ofHomo 
sapiens." Ann Rev Anthro 50(1): 259-274. 
 
 
Samson, D. R., A. N. Crittenden, I. A. Mabulla, A. Z. Mabulla and C. L. Nunn (2017). "Hadza 
sleep biology: Evidence for flexible sleep-wake patterns in hunter-gatherers." Am J Phys 
Anthropol 162(3): 573-582. 
 
 
Samson, D. R., M. Manus and C. L. Nunn (2016). "Sleep duration, quality and timing in a 
nonelectric population in Madagascar." American Journal of Physical Anthropology 159: 278. 
Samson, D. R., M. B. Manus, A. D. Krystal, E. Fakir, J. J. Yu and C. L. Nunn (2017). 
"Segmented sleep in a nonelectric, small-scale agricultural society in Madagascar." Am J Hum 
Biol 29(4). 
 
 
Samson, D. R. and C. L. Nunn (2015). "Sleep intensity and the evolution of human cognition." 
Evol Anthropol 24(6): 225-237. 
 
 
Sandhu, A., M. Seth and H. S. Gurm (2014). "Daylight savings time and myocardial infarction." 
Open Heart 1(1): e000019. 
 
 
Sarzhanov, F., F. Dogruman-Al, M. Santin, J. G. Maloney, A. S. Gureser, D. Karasartova and A. 
Taylan-Ozkan (2021). "Investigation of neglected protists Blastocystis sp. and Dientamoeba 
fragilis in immunocompetent and immunodeficient diarrheal patients using both conventional and 
molecular methods." PLOS Neglected Tropical Diseases 15(10): e0009779. 
 
 
Scott, H., B. Lechat, A. Guyett, A. C. Reynolds, N. Lovato, G. Naik, S. Appleton, R. Adams, P. 
Escourrou, P. Catcheside and D. J. Eckert (2023). "Sleep Irregularity Is Associated With 
Hypertension: Findings From Over 2 Million Nights With a Large Global Population Sample." 
Hypertension 80(5): 1117-1126. 
 
 
Seeman, T. E., B. S. McEwen, J. W. Rowe and B. H. Singer (2001). "Allostatic load as a marker 
of cumulative biological risk: MacArthur studies of successful aging." Proceeds Nat Academ Sci 
98(8): 4770-4775. 
 



 

 

81 

Shams, M., L. Shamsi, A. Yousefi, A. Sadrebazzaz, A. Asghari, B. Mohammadi-Ghalehbin, S. 
Shahabi and G. Hatam (2022). "Current global status, subtype distribution and zoonotic 
significance of Blastocystis in dogs and cats: a systematic review and meta-analysis." Para 
Vectors 15(1): 225. 
 
 
Sharon, O., E. Ben Simon, V. D. Shah, T. Desel and M. P. Walker (2024). "The new science of 
sleep: From cells to large-scale societies." PLOS Bio 22(7): e3002684. 
 
 
Skotarczak, B. (2018). "Genetic diversity and pathogenicity of Blastocystis." Ann Agric Environ 
Med 25(3): 411-416. 
 
 
Smil, V. (1999). "China's great famine: 40 years later." Bmj 319(7225): 1619-1621. 
 
 
Snyder, E., B. Cai, C. DeMuro, M. F. Morrison and W. Ball (2018). "A New Single-Item Sleep 
Quality Scale: Results of Psychometric Evaluation in Patients With Chronic Primary Insomnia 
and Depression." J Clin Sleep Med 14(11): 1849-1857. 
 
 
Snyder-Mackler, N., J. R. Burger, L. Gaydosh, D. W. Belsky, G. A. Noppert, F. A. Campos, A. 
Bartolomucci, Y. C. Yang, A. E. Aiello, A. O'Rand, K. M. Harris, C. A. Shively, S. C. Alberts 
and J. Tung (2020). "Social determinants of health and survival in humans and other animals." 
Science 368(6493). 
 
 
Soboksa, N. E. (2022). "Environmental and Behavioral Factors Associated With Handwashing 
With Soap After Defecation in a Rural Setting of 2 Districts of the Jimma Zone, Ethiopia." 
Environ Health Insights 16: 11786302221091421. 
 
 
Solis, A. and C. L. Nunn (2021). "One health disparities and COVID-19." Ev Med  Pub Health 
9(1): 70-77. 
 
 
Spiegel, K., A. E. Rey, A. Cheylus, K. Ayling, C. Benedict, T. Lange, A. A. Prather, D. J. Taylor, 
M. R. Irwin and E. Van Cauter (2023). "A meta-analysis of the associations between insufficient 
sleep duration and antibody response to vaccination." Curr Bio 33(5): 998-1005.e1002. 
 
 
Stephens, M. A. and G. Wand (2012). "Stress and the HPA axis: role of glucocorticoids in 
alcohol dependence." Alcohol Res 34(4): 468-483. 
 
 
Stringhini, S., L. Berkman, A. Dugravot, J. E. Ferrie, M. Marmot, M. Kivimaki and A. Singh-
Manoux (2012). "Socioeconomic status, structural and functional measures of social support, and 
mortality: The British Whitehall II Cohort Study, 1985-2009." Am J Epidemiol 175(12): 1275-
1283. 
 



 

 

82 

Talukder, B., G. W. van Loon, K. W. Hipel, S. Chiotha and J. Orbinski (2021). "Health impacts 
of climate change on smallholder farmers." One Health 13: 100258. 
 
 
Tan, K. S. W., H. Mirza, J. D. W. Teo, B. Wu and P. A. MacAry (2010). "Current Views on the 
Clinical Relevance of Blastocystis spp." Current Infectious Disease Reports 12(1): 28-35. 
 
 
Tiu, C. K., F. Zhu, L. F. Wang and R. de Alwis (2022). "Phage ImmunoPrecipitation Sequencing 
(PhIP-Seq): The Promise of High Throughput Serology." Pathogens 11(5). 
 
 
Venables, W. and B. Ripley (2022). Mod Appl Stat Springer. 
 
 
Watowich, M. M., A. M. Arner, S. Wang, E. John, J. C. Kahumbu, P. Kinyua, A. Lopurudoi, F. 
Lotukoi, C. M. Mwai, B. Muhoya, B. Mukoma, K. L. Tam, T. Huat, M. Gurven, Y. A. L. Lim, D. 
Martins, S. Njeru, N. K. Seong, V. V. Venkataraman, I. J. Wallace, J. F. Ayroles, T. S. Kraft and 
A. J. Lea (2024). "The built environment is more predictive of cardiometabolic health than other 
aspects of lifestyle in two rapidly transitioning Indigenous populations." medRxiv. 
 
 
Watson, N. F., M. S. Badr, G. Belenky, D. L. Bliwise, O. M. Buxton, D. Buysse, D. F. Dinges, J. 
Gangwisch, M. A. Grandner, C. Kushida, R. K. Malhotra, J. L. Martin, S. R. Patel, S. F. Quan 
and E. Tasali (2015). "Recommended Amount of Sleep for a Healthy Adult: A Joint Consensus 
Statement of the American Academy of Sleep Medicine and Sleep Research Society." Sleep 
38(6): 843-844. 
 
 
Wawrzyniak, I., P. Poirier, E. Viscogliosi, M. Dionigia, C. Texier, F. Delbac and H. E. Alaoui 
(2013). "Blastocystis, an unrecognized parasite: an overview of pathogenesis and diagnosis." 
Ther Adv Infect Dis 1(5): 167-178. 
 
 
WHO. (2023). "Hypertension." 2025, from https://www.who.int/news-room/fact-
sheets/detail/hypertension. 
 
 
WHO/UNICEF/JMP (2023). "Progress on Household Drinking Water, Sanitation, and Hygiene 
2000-2022." 172. 
 
 
Wright, K. P., Jr., A. W. McHill, B. R. Birks, B. R. Griffin, T. Rusterholz and E. D. Chinoy 
(2013). "Entrainment of the human circadian clock to the natural light-dark cycle." Curr Biol 
23(16): 1554-1558. 
 
 
Xu, G. J., T. Kula, Q. Xu, M. Z. Li, S. D. Vernon, T. Ndung'u, K. Ruxrungtham, J. Sanchez, C. 
Brander, R. T. Chung, K. C. O'Connor, B. Walker, H. B. Larman and S. J. Elledge (2015). "Viral 
immunology. Comprehensive serological profiling of human populations using a synthetic human 
virome." Science 348(6239): aaa0698. 

https://www.who.int/news-room/fact-sheets/detail/hypertension
https://www.who.int/news-room/fact-sheets/detail/hypertension


 

 

83 

 
Yang, Y. C., C. Boen, K. Gerken, T. Li, K. Schorpp and K. M. Harris (2016). "Social 
relationships and physiological determinants of longevity across the human life span." Proc Natl 
Acad Sci U S A 113(3): 578-583. 
 
 
Yang, Y. C., K. Schorpp, C. Boen, M. Johnson and K. M. Harris (2018). "Socioeconomic Status 
and Biological Risks for Health and Illness Across the Life Course." The Journals of 
Gerontology: Series B 75(3): 613-624. 
 
 
Yetish, G., H. Kaplan and M. Gurven (2018). "Sleep variability and nighttime activity among 
Tsimane forager-horticulturalists." Am J Phys Anthropol 166(3): 590-600. 
 
 
Yetish, G., H. Kaplan, M. Gurven, B. Wood, H. Pontzer, P. R. Manger, C. Wilson, R. McGregor 
and J. M. Siegel (2015). "Natural sleep and its seasonal variations in three pre-industrial 
societies." Curr Biol 25(21): 2862-2868. 
 
 
Zinsstag, J., E. Schelling, D. Waltner-Toews and M. Tanner (2011). "From "one medicine" to 
"one health" and systemic approaches to health and well-being." Prev Vet Med 101(3-4): 148-
156. 
 
 
Zuhair, M., G. S. A. Smit, G. Wallis, F. Jabbar, C. Smith, B. Devleesschauwer and P. Griffiths 
(2019). "Estimation of the worldwide seroprevalence of cytomegalovirus: A systematic review 
and meta-analysis." Rev Med Virol 29(3): e2034. 
 

 

 

 

 

 

 

 

 

 

 



 

 

84 

Biography 

Alma Solis is a Ph.D. graduate in the Evolutionary Anthropology department at Duke 

University and a National Academies of Science Predoctoral Ford Foundation Fellow. 

Before Duke, Alma graduated from Northern Arizona University with a B.S. and M.S. in 

Biology with a research focus on understanding a tick-borne disease outbreak in rural 

Arizona caused by a novel tick host using phylogenetic approaches. She then worked at 

the National Institute of Environmental Health Sciences (NIEHS) as a Postbaccalaureate 

Intramural Research Fellow, conducting immunology research investigating the 

relationship between the lung microbiome and innate immune response in pulmonary 

fibrosis in vivo mouse models. After completing her Ph.D., she will join the Tsimane Life 

History and Health Project to continue studying the relationship between sleep, immune 

dysregulation, cognitive decline, and aging. 

 

 

 

 

 

 

 

 
 


