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DISSERTATION ABSTRACT
Alicia M. DeLouize
Doctor of Philosophy in Anthropology
Title: Evolutionary, Social, and Environmental Causes of Aging and Non-Communicable
Diseases

This dissertation applies theory and methods from Human Biology to the study of aging
and Non-Communicable Diseases (NCDs). It evaluates and considers evolutionary theories of
aging, and how they can help us understand the physiological basis of aging. Further, it uses a
global perspective, with data from Mexico, China, Tunisia, Cambodia, and Ecuador, to separate
the effects of contemporary environments from aging-related decline and disease. Results from
the Tunisian Health Examination Survey indicate that, controlling for age, menopause is
associated with higher levels of triglycerides, HbA 1c, total cholesterol, LDL cholesterol, and
glucose. Results from the Study on global AGEing and adult health (SAGE) showed that women
living in China had no association between age and inflammation, and women living in Mexico
had a negative association between age and inflammation. Results from the Shuar Health and
Life History Project indicate that inflammation is not due to intrinsic aging and instead appears
driven by metabolic factors. Finally, data from the World Health Survey Plus (WHS+) in
Cambodia highlights the improvements that are needed in the measurement of market integration
and shows that market diet, sedentary behavior, and chronic psychosocial stress do not mediate
the relationship between market integration and cardiometabolic health, which has been a
common assumption in the literature. The findings highlight that there is a need to re-evaluate
the Disposable Soma Theory and develop new evolutionary approaches that integrate the

evolutionary causes of aging with the physiological causes of aging. Further, one of the most



agreed upon mechanisms of aging, an increase in chronic low-grade inflammation with age,
seems to be entirely due to cumulative metabolic dysregulation from an evolutionary mismatch
with current environments. Finally, this research highlights that the transition to market
economies that is often associated with worse cardiometabolic health is complex, and that more
research is still needed to understand how it shapes health and contributes (or not) to aging.
Human biologists have rarely specialized in aging research; however, this dissertation highlights
that these perspectives and methods can help us untangle the centuries-old mystery: What is

aging and why does it occur?
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CHAPTER1

Introduction

Aging, or a decline in organismal function over time, is nearly ubiquitous in multicellular
organisms. However, a recent survey of researchers who study aging revealed a striking lack of
consensus on how or why aging occurs (Cohen et al., 2020). The only agreement was that aging
is heterogeneous and there is a need for a unified paradigm. Meanwhile, every country in the
world is experiencing an increase in its older adult population (WHO, 2024). Globally, it is
estimated that 1 in 6 people in the world will be over the age of 60 in 2030, and 2.1 billion
people will be over the age of 60 in 2050 (double the size of this population today; WHO, 2024).
Currently, most of the additional years of life are spent in poor health (Kyu et al., 2018). In
addition to the negative effects on quality of life, aging-related decline and disorders put
financial and personal strain on families and/or caregivers (Olfson et al., 2018; Sciubba, 2020). It
also leads to financial and workforce strain in the healthcare field (Kallestrup-Lamb et al., 2024).
Combating aging and the diseases it is associated with is a major priority globally, and a better
understanding of the proximate and ultimate causes of aging and non-communicable diseases is
needed to further public health goals (WHO, 2023).

One reason understanding the physiological cause of aging has been difficult is the close
overlap between aging and metabolism. Non-communicable diseases (NCDs) have long been
termed aging-related diseases, although now they are occurring at younger ages, making the term
a misnomer (Cohen et al., 2020). All of these aging-related disorders are rooted in metabolism
and associated with increased low-grade chronic inflammation (Furman et al., 2019). Even the
pathways that are implicated in aging are the same as those that are implicated in metabolic

dysregulation (Franceschi et al., 2018). This is especially concerning because low- and middle-
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income countries (LMICs) are still undergoing an epidemiological transition by which increasing
market integration (i.e., a transition to a market-based economy) leads to worsening
cardiometabolic health (Zuckerman et al., 2014). Evolutionarily, there is a mismatch where
recent changes to environment and culture in humans have led to different selective pressures
than those that have previously affected the genome. This manifests as an increase in NCDs from
environmentally novel calorie-dense diets, sedentary behavior, and psychosocial stress. Given
the ubiquity of this metabolic environment in high-income countries (HICs), where research is
normally conducted, it has been difficult to distinguish between metabolic dysregulation (from
excess food energy, or calories) and aging. Therefore, global public health research is needed in

order to separate out these effects.

Aging in Human Biology

A Global Perspective

If aging is intrinsic to biology, then there should be a universal mechanism, or set of
mechanisms, that causes aging. However, many of the currently proposed mechanisms of aging
overlap and interact with metabolic stress from an overenergetic status in which there are more
calories consumed than are needed for functioning or that can be stored (Cornu et al., 2013;
Franceschi et al., 2018). To separate the effects of metabolic dysregulation from aging, research
done outside of HICs is necessary. Further, elucidating links between infectious diseases and
aging is crucial to understanding aging in an evolutionary context, and one with an increase in
crowd-based diseases (Rook, 2023). Aging research needs to include people from varying
cultures and environments to understand the ultimate nature of aging and its variability among

humans.
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Evaluation of Multiple Biological and Social Levels

The extended evolutionary synthesis includes the analysis of environmental and cultural
factors in the explanation of human biological factors (Laland et al., 2015). Both human biology
and the human environment include a complex array of varying levels and groupings (Figure 1).
Part of the reason major questions in aging have caused disagreement is the complex expressions
of aging at different levels of biology (e.g., genomic, cellular, organismal), and with myriad
environmental, cultural, and social influences. For example, scientists who take an organ systems
approach have aging models based on deficit (Mitnitski et al., 2013), alongside cellular and
comparative models of aging that posit aging is programmed (Lathe & St. Clair, 2023). There is
probably some truth to both of these assertions, and human biology provides the basis for

understanding how they interact to form aging biology in humans.

Organs Natural
" ~—
Tissues Global
Cells /_\ National
Proteins, — Regional
Organellés Phenotype Environment | g
Molecules v Group
RNA Household
DNA | Personal
|

Figure 1. The Integration of Biological Levels. In reality, these relationships are even more complex
with environmental factors having different effects on different levels of biology, but two arrows
were drawn between phenotype and environment in the middle to convey these relationships.
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The Integration of Disciplines

Human Biology is inherently interdisciplinary. It uses evidence and methodologies from
anthropology, molecular, cell, and organismal biology, health sciences, psychology,
epidemiology, and other disciplines. More commonly, academic disciplines exist in “silos,”
between which there is little integration of language, concepts, and research literature. This is
partly why aging research has reached disparate conclusions, each discipline has created a
multitude of different aging theories and research foci based on their unique perspectives and
methodologies. In order to understand aging, we must pull from and integrate many different

disciplinary perspectives.

Evolutionary Theory

Biological Anthropology is rooted in evolutionary theory. So far, aging research has
settled on a wide array of mechanisms that researchers have agreed are a part of aging
physiology (Kennedy et al., 2014; Lopez-Otin et al., 2013, 2023). Calls have been made to
understand why they variably appear in different people, and why some seem to be inversely
correlated (Hodes, 2024). An evolutionary perspective can help sort out levels of causality and
provide an integrative understanding of the biology and medicine of aging (Gluckman et al.,
2011). It focuses on determining the ultimate origin of a trait, the limitations of natural selection
and adaptation, and can explain vulnerability to disease. Understanding why aging is present,
namely its evolutionary premises, will help elucidate the physiological basis and complex
organization of aging processes.

Evolutionary medicine has been working to unite evolutionary theory with the biology of
health and medicine. In general, diseases are present because evolution is slow, what natural

selection can do is highly constrained, and we misunderstand what health factors selection has
15



shaped (Nesse & Stearns, 2008). Nesse and Stearns (2008) have outlined six major reasons why
humans are vulnerable to disease: 1) mismatch with the environment; 2) pathogens coevolving
with hosts; 3) constraints in what selection can do; 4) trade-offs; 5) selection maximizes
reproduction and not health; 6) defenses (e.g., pain and fever) are useful despite causing
suffering and complications. This dissertation will evaluate what causes and consequences of
aging are due to mismatch with current environments, explore constraints and trade-offs that
have shaped aging biology, and consider how natural selection maximizes reproduction over

lifespan.

Summary of Dissertation

Chapter II: Energetic Constraints or Cellular Hyperactivity as an Ultimate Cause of Aging

A well-accepted evolutionary theory of aging, the disposable soma theory, states that due
to tradeoffs in energy expenditure between growth, reproduction, and maintenance, cells do not
invest enough energy in maintenance functions leading to cell death and ultimately aging
(Kirkwood, 1977). However, it has been noted that this is inconsistent with literature showing
that caloric restriction increases lifespan (Mitteldorf, 2001). Using the World Health
Organization’s (WHO) Tunisian Health Examination Survey, Chapter 2 explores changes in
energy availability in the bloodstream (glucose and lipids; the three main molecules cells uptake
to convert to adenosine triphosphate or cellular energy) when reproductive functions cease in
women (menopause) and evaluates the implications of energetic tradeoffs not being the

evolutionary basis of aging.
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Chapters III & IV: Chronic Low-Grade Inflammation as a Mechanistic Cause of Aging
Inflammaging, or an increase in low-grade chronic inflammation with age, is thought to
be a mechanistic driver of aging and aging-related diseases such as diabetes, cardiovascular
disease, and dementia (Franceschi et al., 2000). On a cellular level, inflammation is released as a
part of the senescent-associated secretory profile, which is an arrest in the cell cycle of cells that
increases in frequency with age and dysfunction and often leads to cell death (Campisi, 2003).
An over-energetic status (i.e., high blood glucose and lipids and/or low exercise) also leads to
increased rates of chronic low-grade inflammation and is driven by the same molecular pathways
(Finch, 2007; Franceschi et al., 2000; Hotamisligil, 2006). Shuar, who are Indigenous forager-
horticulturalists in Ecuador, have different infectious disease profiles, spend more time in
physical activity, and eat a diet with more fruits and vegetables, starches, and lean meats such as
fish have low to no rates of chronic inflammation with age and low rates of cardiovascular
disease (Liebert et al., 2013; McDade et al., 2012). Even studies in the United States show that
some people do not have increasing low-grade inflammation with age. Therefore, it is unclear if
low-grade chronic inflammation is a universal mechanistic driver of aging or a cumulative
lifestyle effect from the widespread metabolic imbalance in high-income nations. Using data
from the WHO’s Study on Global AGEing and adult health (SAGE), Chapter 3 explores the
relationship between inflammation and age in two low- to middle-income nations, Mexico and
China, and evaluates the potential that an overenergetic status (measured as waist to height ratio)
or lifestyle variables (physical activity and diet) mediate the relationship between aging and
chronic low-grade inflammation. Chapter 4 uses non-linear generalized additive models to

evaluate the possibility that increases in inflammation happen later in the lifespan in Shuar .
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Chapter V: Lifestyle Factors Linking Market Integration with Metabolic Dysregulation

Non-communicable diseases have also increased due to cultural shifts toward market
economies (called market integration in human biology). Although it has been presupposed that
changes to diet, physical activity, and stress occur with market integration and lead to increased
metabolic diseases, this has not been well documented. Cambodia is a lower- middle-income
country that has moved rapidly towards economic development and globalization while also
experiencing an epidemiologic transition between infectious and chronic diseases (due in part to
successful public health campaigns addressing infectious diseases). Using data from the WHO’s
World Health Survey Plus (WHS+), Chapter 5 explores whether market-purchased diets, less
time spent in physical activity, or traumatic stress mediate the relationship between market

integration and metabolic dysregulation in Cambodia.

Bridge
Chapter I has outlined the open research questions associated with aging and explained
the ways in which an anthropological framework is beneficial for answering some of these
questions. This chapter then summarizes the theoretical framework and research goals for
Chapters II through V, which highlight the use of evolutionary, multi-level, and global
perspectives. The next chapter evaluates two evolutionary models of aging by looking at the
difference in available energy in the blood among people who are pre- and post-menopausal. The

implications of the different evolutionary models on aging are explored.
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CHAPTER 11

Energetic Constraints or Cellular Hyperactivity as an Ultimate Cause of Aging

Aging -- a functional decline over time -- is nearly ubiquitous in multicellular organisms
and leads to morbidity and mortality, yet scientists still largely disagree on both the proximate
(i.e., how aging occurs mechanistically) and ultimate (i.e., why aging occurs evolutionarily)
causes of aging (Cohen et al., 2020). This is surprising given that aging has been a topic of
research since at least Plato in the 4th century BCE, and the U.S. National Institute of Aging has
a budget of over 4 billion US dollars annually (McKee & Barber, 2001; CRS, 2023).
Understanding both proximate and ultimate reasons for aging is not just of theoretical interest.
The human global population aged 60 and older reached 1 billion in 2020 and is expected to
double by 2050 due to increases in population size and a shift in population age distributions
(WHO, 2022). It is expected that this growth in the older adult population will lead to 1.2 billion
women being post-menopausal in 2030 (WHO, 2024). This increase has shifted the global
burden of disease towards chronic aging related disorders (e.g., heart disease, diabetes, and
cancer) and hence the focus of international public health programs. Understanding the ultimate
causes of aging is useful for separating the causes of aging from its consequences and can
therefore shed light on the causal sequences that proximately drive aging and its outcomes
(Trevathan, 2007).

Why aging occurs remains unexplained from an evolutionary standpoint because, all else
equal, natural selection should favor continued survival in service of reproduction indefinitely.
Although some theories of aging have brought us closer to understanding this evolutionary
problem, such as mutation accumulation (Medawar, 1952), antagonistic pleiotropy (Williams,

1957), and programmed cell death (Ameisen, 2002), tests of others have produced conflicting



results. Here we propose a new evolutionary model for aging, the Cancer and Hyperactivity
Model, and test it against the Disposable Soma Theory which has come under increasing scrutiny

due to conflicting evidence.

Evolutionary Perspectives on Aging

Some evolutionary theories of aging rely on the principle that selective pressure is
weaker later in the lifespan (Comfort, 1964; Fisher, 1930; Medawar, 1952). This principle is
based in probability theory: If an organism does not live to reproductive age, its genes will make
up 0% of the following generations. However, if an organism makes it to reproductive age and
has one offspring, their genes will make up a low percentage of the next generation and an
unknown (and perhaps higher) percentage of the second descending generation. This difference
between zero probability — which inherently remains 0% forever - and random future
probabilities is what makes it slightly more important for evolutionary success (defined here as a
higher percentage representation of genes in the following generations) to survive through
reproductive age and have one offspring than it is to survive to have subsequent offspring.
Similar logic extends to each subsequent offspring, but with increasingly lower net probable
payoff depending on extrinsic mortality rates of the species (Williams, 1957).

There are two main theories of aging based on this principle, mutation accumulation and
antagonistic pleiotropy. The Mutation Accumulation Theory of Aging states that since the
selective pressure in late life is lower, mutations that are only expressed later in life are less
likely to be removed from the gene pool and hence will accumulate over generations, leading to
organismal decline and death (Medawar, 1952). The Antagonistic Pleiotropy Theory of Aging
states that since selective pressure in late life is lower, genes that cause benefits early in life, but

are detrimental later in life, are more likely to be selected for than eliminated, leading to
20



organismal decline and death (Williams, 1957). Despite the fact that both of these theories have
been well-evidenced at a population level, little work has been done to unite them with

mechanistic causes of aging.

The Disposable Soma Theory

The Disposable Soma Theory (DST) links the ultimate mutation accumulation and
antagonistic pleiotropy theories with the proximate causes of aging. It states that energy is
preferentially invested in growth and reproduction over cellular maintenance, leading to somatic
cell death and aging (Kirkwood, 1977). This can be seen as a form of antagonist pleiotropy
because molecular mechanisms, such as a lack of cellular maintenance and cell death, which
save energy for growth and reproduction benefit organisms earlier in life at a later cost. Since
energy is restricted and not invested in cellular maintenance, cells undergo programmed cell
death (apoptosis) due to an accumulation of errors. It is noted that the stem cell line must keep
high integrity or be quickly discarded to allow for longevity; otherwise, mutations that are
present in the stem cell will become prominent in a large population of differentiated cells.

The fact that the DST has two levels of explanatory causality has led to it having different
interpretations or foci in different fields. Further, evolution, biology, and aging are so complex
that a singular explanation is likely to fail. Following Kirkwood’s original publications
(Kirkwood, 1977, 1981, 1990; Kirkwood & Holliday, 1979), human biologists have used the
above definition, which includes both the ultimate and proximate explanatory components.
However, some evolutionary biologists have focused on the proximate level of causality in their
definition of the DST: that somas are disposable (often due to accumulating damage) and this
leads to aging (e.g., Congdon et al., 2003). This proximate causal explanation is well agreed

upon since there is a plethora of evidence that cells undergo programmed cell death (apoptosis)
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in a process often defined by stem cell proliferation, cell differentiation, then apoptosis. Further,
this cell death increases as one ages and leads to deterioration in functioning. However,
Kirkwood’s original theory (Kirkwood, 1977, 1981, 1990; Kirkwood & Holliday, 1979) also
includes an ultimate causal explanation, that energic tradeoffs lead to aging. We evaluate this

ultimate explanation in the current study.

Critically Evaluating the DST

The ultimate explanation component of the DST has been questioned for at least two
reasons: 1) caloric restriction and endurance exercise lead to a longer lifespan (Mitteldorf, 2001);
and 2) aging related diseases (such as type 2 diabetes, heart disease, and cancer) are often
associated with an over-energetic state, in which there is an excess of caloric energy, not an
under-energetic state (Hoadley et al., 2018).

Although many energetic tradeoffs have been demonstrated, such as the preferential
investment of energy in the immune system instead of growth in a high pathogen environment
(Blackwell et al., 2010; Urlacher et al., 2018), but for energetic tradeoffs to exist the somatic
functions must be synchronized. Changing circumstances can often counteract some of these
effects through changing energetic investments. For example, children whose infections resolve
or whose caloric intake improves can undergo catchup growth (Boersma & Wit, 1997; Bogin,
2020) and bone mineral density deficits caused by decreased calcium from lactation are resolved
after weaning (Madimenos et al., 2012). The same is true of some aging-related damage (such as
DNA mutation), which is sometimes corrected after the fact (Gao et al., 2016; Iyer et al., 2006).
Therefore, energetic constraints would have to be consistent to prevent maintenance or repair
functions. Yet, the rate of aging generally increases after growth and reproduction have ceased in

humans (Levine et al., 2016), despite there being less demand for cellular energy and more
22



energy available for maintenance. It is possible that energetic tradeoffs exist and that they are not

the ultimate cause of the disposable soma.

The Cellular Hyperactivity and Cancer Risk Model

Another possibility that could link the ultimate and proximate causes of aging is a model
based on cellular hyperactivity and cancer risk (Figure 1). Both cellular hyperactivity and
mutation accumulation have been proposed as proximate causes of aging (Blagosklonny, 2008;
Freitas & de Magalhaes, 2011); however, it is proposed here that a molecular tradeoff between

the two constitutes the ultimate cause of aging. Nearly all multicellular organisms age (Harman,

Nutrients
Growth Factors
Sex Hormones

Inflammation

Cellular
Senescence

Reactive Oxygen Species
DNA Mutagens

Hyperactivity ReC:IIilclg:icr:m - Cancer Risk

Cell Death

AGING: A lack of cellular homeostasis and

accumulation of DNA mutations eventually leading to
cellular death and organismal decline

Figure 1. Model for Hyperactivity and Cancer Risk as the Cause of Aging
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2001); if it is confirmed that some do not, this trait would likely be derived). Cancer and/or
cancer-like processes, and mechanisms to suppress them, also occur in nearly all complex
multicellular organisms (Aktipis et al., 2015). For approximately 75% of life on earth evolution
selected for unicellular organisms, for which cell division equaled reproduction and obtaining
energy from the environment led to more cell division. The transition to multicellularity required
proliferation inhibition, cell death, division of labor, resource allocation, and maintenance of the
extracellular environment (Aktipis et al., 2015). A lack of proliferation inhibition causes
uncontrolled cell growth, or cancer. However, cells that do not proliferate or die enter the
senescent-associated secretory phenotype, with adverse downstream effects on all levels of
functioning. Aging in multicellular organisms could be due to the limitations of overcoming a
transition to multicellularity, especially since many pathways that were inherited from single-
celled organisms are vital for cellular functioning and are highly conserved.

Energetic availability is linked with metabolism and cellular activation by the target of
rapamycin (TOR) pathway (Blagosklonny, 2010). This pathway is ubiquitous in eukaryotic cells
and was inherited from unicellular organisms (Tatebe & Shiozaki, 2017; van Dam et al., 2011).
In humans, this pathway is activated by glucose, phospholipids, insulin, growth factors, sex
hormones, inflammation, oxygen availability and antigen stimulation (Liu & Sabatini, 2020); this
leads to cellular activities such as cellular metabolism, protein and molecular production, and
cellular replication (Laplante & Sabatini, 2009; Yang & Ming, 2012). A wide array of cellular
receptors activate the mTOR pathway, then a wide array of pathways downstream from mTOR
that initiate different cellular functions (commonly referred to as a bow-tie shaped transduction
pathway (Oda et al., 2005). In this way, the TOR pathway links energetic cellular metabolism

with cellular activation that is unique based on the cell type, its purpose, and its abilities. For
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example, in humans, mammalian TOR (mTOR) activates the production of melanin and
migration of melanocytes into the epidermis (Zhang et al., 2020), whereas in immune cells
mTOR activates inflammation, cell migration, proliferation, immunomodulatory signaling, and
the creation of surface receptors (Powell et al., 2012).

If cellular receptors are not activated in a way that promotes useful cellular functioning,
energetic molecules (e.g., glucose and lipids) will activate the mTOR pathway, which will lead
to the production of unneeded molecules and/or promote cell division. This cellular
overactivation is considered cellular hyperactivity (Blagosklonny, 2008). As a cell goes longer
without dividing, it gets larger and releases more unnecessary cytokine-signaling molecules
(including inflammatory cytokines) due to the production of unnecessary molecules from cellular
hyperactivity. Scientists measure cell size as a proxy for cellular aging and cellular senescence
(Simons, 1967), demonstrating the overlap between hyperactivity and cell aging.

Cellular division can prevent cellular hyperactivity (Coppé et al., 2010; Cuyas et al.,
2014); however, cells are limited in the number of times they can divide (termed the Hayflick
limit; Hayflick & Moorhead, 1961). It is likely a mechanism to prevent cancer since every time a
cell divides, it increases mutational load and therefore risk of cancer (Campisi, 2001;
Maciejowski & de Lange, 2017; Rode et al., 2016; Tomasetti & Vogelstein, 2015). This cellular
senescence (lack of cellular division) leads to the senescent secretory phenotype, which is a
permanently hyperactive state (Coppé et al., 2010). Therefore, there is a tradeoff between
unnecessary cellular activity (cellular hyperactivity) and cancer risk.

Aging related dysfunction is often caused by cellular hyperactivity (Blagosklonny, 2008).
Further, aging related dysfunction from an over-energetic status is supported by evidence that

caloric restriction and physical activity elongate health span and lifespan (Carapeto & Aguayo-
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Mazzucato, 2021; Ho et al., 2022; Mercken et al., 2012; Pifferi et al., 2019). This overenergetic
status has been linked to cellular hyperactivity, which has then been shown to cause dysfunction
and disease (Blagosklonny, 2010). The liver is a key metabolic organ that controls whole-body
physiology in response to nutrient availability (Cornu et al., 2014). For example, evidence for the
relationships between mTOR, cellular senescence, and cell death has been well documented in
animal models (Li et al., 2021; Maiese, 2015; Tan et al., 2016; Weichhart, 2018; Xu et al., 2013).
Cellular senescence, cellular hyperactivity, and apoptosis drive many aging related phenotypes,
including immunosenescence, poor wound healing, atrophy, increased frailty and many other
aging related disorders (Campisi, 2003; Muioz-Espin & Serrano, 2014; O’ Neill, 2013). A major
cause of physical frailty, sarcopenia, has been linked to mTOR induced cellular hyperactivity
and apoptosis (Sandri et al., 2013), along with arthritis and osteroporosis (Chen et al., 2014; Du
et al., 2019). Both mTOR related cellular hyperactivity and the secretory profile of senescent
cells are contributing factors to atherosclerosis, type II diabetes, and dementias (Chang & Harley,
1995; Leibowitz et al., 2008; Martin, 2001; Vasile et al., 2001; Yang & Ming, 2012; Zoncu et al.,
2011). Further, the cellular hyperactivation of melanocyte stem cells has been shown to be a
main driver in the aging related graying of hair (Zhang et al., 2020). Therefore, the cellular
outcomes of cellular hyperactivity and cancer risk have been linked to many of the disparate
characteristics that decline over time and constitute aging.

Glucose and lipids often enter the cellular matrix from the bloodstream and activate
cellular metabolism and the mTOR pathway. Therefore, outcomes of cellular hyperactivity, such
as excess chronic inflammation, are produced by an excess of these energetic molecules in the
bloodstream (Liu & Sabatini, 2020). For example, a high-fat/high cholesterol diet fed to pigs led

to high levels of cholesterol in the bloodstream, high rates of mTOR activation, decreased
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cellular autophagy, and cardiac hypertrophy (Glazer et al., 2009). Further, this hypertrophy is a
profile associated with the development of heart disease. This same pathway is activated by
glucose and other forms of sugar and lipid molecules and implicated in the development of
obesity and other obesity related diseases (in addition to heart disease) such as diabetes and
kidney disease (Jia et al., 2014). Therefore, an excess of energy molecules in the bloodstream

such as glucose, triglycerides, and cholesterol can be directly linked to cellular hyperactivity.

Cellular Energetics

Energetics is the transformation of food energy into metabolic processes that fuel health,
survival, and reproduction, and the study of energetics forms the basis for many evolutionary
theories (Leonard & Ulijaszek, 2002). Metabolism includes the absorption, transfer, and
processing of food-based energetic molecules and the conversion of those molecules into
chemical energy inside the cell (commonly referred to as cellular metabolism), Although many
energetic studies use measures of oxygen consumption and/or carbon dioxide production to
calculate energy expenditure (Snodgrass, 2012), energetics can also be tracked through self-
report and observational measures of food consumption and biomarkers of energetic molecules
in the blood (Naska et al., 2017). Calories from food travel to the liver which stores (in the short
term), packages, and releases the molecules cells will use for energy into the bloodstream
(triglycerides, glucose, and cholesterols). Lower caloric intake generally leads to lower levels of
circulating glucose, HbA ¢, triglycerides, and cholesterol (Nestel et al., 1970; Perry et al., 2021,
Yang et al., 2023), less available energy, lower cellular oxidation of energy, and lower levels of
cellular hyperactivity (Bobbioni-Harsch et al., 1997; O’Keefe et al., 2008). The presence of these
glucose, triglycerides, and cholesterol in the bloodstream is directly linked to the metabolic

consumption of energy in cells through the activation of mTOR signaling pathways (Laplante &
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Sabatini, 2009; Yang & Ming, 2012) and HbA Ic is a proxy for glucose (Rohlfing et al., 2002).
Giving rats greater amounts of fructose led to widespread activation of mTOR pathways,
although notably mTOR activity increased in the liver further regulating metabolic processes
(Sangiiesa et al., 2019). There has also been evidence for this association in humans, whereby
mTOR mediated the effects of a diet high in sugars with the buildup of tau proteins in
Alzheimer’s disease (Orr et al., 2014). Evidence suggests that energy metabolism is not regulated
internally by a cell but rather by factors outside of the cell, such as the presence of glucose,
lipids, insulin, growth factors, sex hormones, and inflammatory molecules (Coppé¢ et al., 2010;
Nakamura et al., 2014; Wadsworth & Riddle, 1989). Therefore, energetic availability (in the
form of glucose and lipids in the bloodstream) is intrinsically linked with metabolism and
cellular functioning. If there is not enough energy for needed cellular metabolism, energetic
tradeoffs occur between growth, reproduction, or maintenance. However, too much energy leads
to cellular hyperactivity, increased risk of cancer, and aging.

If there are too many energetic molecules for the liver to be able to process, it shuttles
some into the abdomen as central adiposity (Bacon, 2013). This usually only occurs after the
liver has maximized the amount of energy it can release into the bloodstream; however, by
setting a limit the liver is preventing a certain amount of cellular hyperactivity. There is evidence
for this in a mouse model, whereby knockout of the mTOR pathway in adipose tissue leads to
increased cellular mTOR activation (Polak et al., 2008). Fat stores are influenced by inherited,
developmental, and environmental factors. Energetic molecules stored in fat cells can be released
into the bloodstream if needed, providing an energy buffer for low-calorie environments over

time, helping prevent against energy deficits. Therefore, in one way it can be conceptualized as
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extra energy that can be used for cellular functioning and/or promote cellular hyperactivity when

released into the bloodstream.

Menopause as a Natural Experiment

Living long after menopause is a unique life history trait that occurs in humans, some
non-human primates, and some whales (Sievert, 2025). It provides a clear and consistent marker
for the end of a direct energetic investment in reproduction in females. A known decrease in
energy expenditure for reproduction, with evidence for a highly conserved energy expenditure,
allows for us to compare hypotheses on the energetic causes of aging. If maintenance energy is
restricted due to investments in growth and reproduction, it is expected that a release of these
energetic constraints, after reproductive investment ceases, will go towards maintenance
functions. However, if instead excess energy and cellular hyperactivity are involved with aging,
then energy no longer being used increases excess energy driving hyperactivity and ultimately
aging.

Menopause marks an end to the energetic investment in the female reproductive system,
and 1s thought to have evolved, in part, to reduce energetic constraints (Hall, 2004). It marks the
end of energetic investment to the endometrium, which is re-developed and shed each month in a
cyclical process. This cyclical process, while energetically cheaper than maintaining a developed
endometrium, increases the female energy budget by about 7% during the period when the
endometrium is developing and maintained (Strassmann, 1996). If a woman forgoes this cost for
12 months, approximately 130 megajoules of energy is saved, or approximately a half a month
worth of calories (Strassmann, 1996). Therefore, when controlling for age the menopausal
transition can be seen as an energetic transition in which some of the energetic constraints

associated with reproduction are lifted.
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The rate of aging usually increases after menopause in humans (Levine et al., 2016). A
study done in mice showed that ovariectomy mimics characteristics of menopause and leads to
premature immunosenescence and sarcopenia (Baeza et al., 2010). This decrease in
immunosenescence with ovariectomy was also seen in rhesus macaques (Engelmann et al.,
2011). In humans, menopause has been shown to increase rates of epigenetic aging,
immunosenescence, and cognitive decline (Giglio et al., 1994; Halbreich et al., 1995; Levine et
al., 2016). The menopausal transition has also been associated with increases in central adiposity,
decreases in energy expenditure, and increases in aging related chronic diseases (Slopien et al.,
2018; Stampfer et al., 1990; Wellons et al., 2012). Therefore, menopause seems to be associated
with a decrease in the use of energy and an increase in the rate of aging and its deleterious

effects.

Aging Research in Cross-Sectional Studies

The Tunisian Health Examination Survey is a nationally representative study completed
in collaboration with the World Health Organization. It collected point-of-care biomarker,
survey, anthropometric, and performance data on 9,212 individuals during 2016 in order to
assess the relationships between determinants of health and health status and evaluate the use of
the health care system in order to improve health and health care policies. Aging should ideally
be evaluated longitudinally, however difficulties in collecting this data in humans has led to
improvements in the design and understanding of validity in cross-sectional studies. One such
acknowledgement is that environment, circumstances, and developmental trajectories affect the
rate at which aging occurs, and therefore studies are subject to sampling effects. Nationally
representative studies with complex survey designs use random selection across all of the

environments and circumstances within a country, reducing sampling bias. Another
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consideration is cohort effects, in which different age groups have different group-based
experiences that affect study outcomes. Despite this limitation, cross-sectional studies can still

provide preliminary insight into longitudinal trajectories.

Objectives and Hypotheses

The objective of the current study is to evaluate energetic processes associated with
menopause by considering metabolic blood biomarkers. This objective leads to three competing
hypotheses: (HO) There will be no evidence of differences in the amount of metabolic
biomarkers in the bloodstream (lipids, glucose, and glycated hemoglobin [HbA 1c]) before and
after menopause; (H1) there will be lower levels of metabolic biomarkers in the bloodstream in
people who are post-menopausal (consistent with an energetic constraints model); or, (H2) there
will higher levels of metabolic biomarkers in the bloodstream (consistent with a cellular
hyperactivity model) in people who are menopausal. Testing these competing hypotheses will
begin to provide insight into competing evolutionary theories of aging, which is beneficial to

understanding the physiological mechanisms that drive aging processes.

Method
Participants
A stratified complex multistage cluster sampling design was used to select participants
living in each of the 7 major regions of the Tunisian territory (District of Tunis, North-East,
North-West, Center-East, Center-West, South-East, and South-West) in order to make the
sample nationally representative. Data collection took place between March 09 and June 30,
2016. The response rate was 97% (N = 9,212). This study included participants who were women

(53% of total sample) that were not pregnant (97% of women; N =4,712). Women aged 17 to 69
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answered the women’s health section with questions pertaining to menopause; however, for the
purposes of this study women under 17 were marked as being non-menopausal and women over
the age of 69 were marked as being menopausal. The ages of non-pregnant women ranged from
15to 101 (M =46.99, SD =16.99), and a majority agreed to the collection of point-of-care
biomarkers (97%). The study protocol was approved by the institutional review boards
associated with the Tunisian Ministry Health and the World Health Organization and was
approved by the Tunisian National Council of Statistics and by the National Council for the
Protection of Personal Data. All participants signed an informed consent before participating in

the study, and only de-identified data were obtained for the current analyses.

Variables
Self-Report

Age. The age of participants was obtained by asking two questions, 1) “What day, month
and year were you born?”” and 2) "How old are you now?” In addition, interviewers verified that
the answers matched those listed on birth certificates and identification documents when
available.

Menopause. A woman’s menopausal status was measured by asking “Are you
menopausal?” and their age at menopause was measured by asking about their “Age of
menopause.”

Frailty. The frailty composite included questions on general health, diagnosed
conditions, functioning assessments, and activities of daily living (Appendix A; Lee et al., 2020;

Rockwood et al., 2005; Rockwood & Mitnitski, 2007). The four sections were weighted equally.
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Physical Assessment

Anthropometrics. Waist circumference was measured using a Gulick tape measure
without a spring tension device. Measurements were taken two inches above the iliac crest,
taking care to keep the tape measure parallel to the floor, and were read to one-tenth of a
centimeter.

Biomarkers. Biomarkers were collected with finger-prick capillary blood using point of
care devices. Glycated hemoglobin (HbA1c) was measured using A1CNow+ (PTS diagnostics;
Whitestown, IN, USA), and glucose, triglycerides, and total cholesterol were measured using
CardioChek PA (PTS diagnostics; Whitestown, IN, USA). Low density lipoprotein (LDL) was

calculated automatically by the CardioChek PA device.

Statistics

Statistics were performed using R (v. 4.3.0; R Core Team, 2023). All assumptions were
checked before analysis and glucose, HbAlc, and LDL were log-transformed in order to meet
the assumption of normality. Pairwise deletion was used for biomarker values that were out of
range of the respective measurement devices. Descriptive statistics were performed where
appropriate and mixed effects multiple linear regressions were used to assess the relationship
between menopausal status and biomarkers/anthropometrics in 6 different models (one each for
glucose, HbAlc, LDL, cholesterol, and triglycerides) while controlling for age as a fixed effect

and region as a random effect.

Results
Approximately half of the sample was menopausal (44%, n =2,079; Figure 2) and the

average age of menopause was 47.66 years (SD = 4.74). The frailty index ranged from 0.00 to
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Figure 2. Histogram of age split by menopausal status

0.87 (M =0.22, SD = 0.15). LDL cholesterol ranged from 15 to 500 mg/dL (M =90.74, SD =
40.08), total cholesterol ranged from 100 to 400 mg/dL (M = 177.58, SD = 43.05), triglycerides
ranged from 50 to 500 mg/dL (M = 182.54, SD = 87.81), HbAlc ranged from 4.0 to 13.0 % (M =
5.89, SD = 1.28), and glucose ranged from 20 to 587 mg/dL (M = 116.41, SD = 58.20). Waist
circumference ranged from 40 to 189 cm (M = 92.35, SD = 15.46).

Mixed linear models showed that cholesterol, LDL, triglycerides, HbAlc, and glucose
were higher in women who were menopausal (Table 1). Frailty and waist circumference did not

vary by menopausal status. Cholesterol, LDL, triglycerides, HbAlc, glucose, frailty, and waist
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Table 1. B Values for Mixed Linear Models

Chol HDL(ln) LDL Trig U:)M ¢ Glu

Fixed Effects

Intercept 151.68***  50.36*** 4,21%** 142.73***  1.62*%** 4.45***

Menopause 10.33*** 0.76 0.08*** 10.42* 0.04*** 0.06**

Age 0.45%** .02 0.004*** 0.75"** 0.003*** 0.004***
Random Effect

Region ICC .004 .003 .01 .01 .01 .01
Model Statistics

Pseudo-R? (total) .08 .01 .07 .05 A1 .08

Note. * p<.05, **p <.01, *™* p <.001; Chol: Cholesterol; HDL: High Density Lipoprotein; LDL.:
Low Density Lipoprotein; Trig: Triglycerides; HbA1c: Glycated Hemoglobin; Glu: Glucose; WC:
Waist Circumference; BMI: Body Mass Index.

circumference were higher as the age of individuals was higher. Random effects for region

accounted for between 0.4% and 6.0% of the total variance.

Discussion
All blood biomarkers were higher in people who were menopausal when controlling for
age. This indicated a greater availability of blood-based energetic molecules in people who had
undergone the menopausal transition when controlling for age. Blood biomarkers were also
higher at greater ages, as was waist circumference and frailty. However, waist circumference and

frailty did not vary by menopausal status.
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Implications for Evolutionary Theories of Aging

These results indicate that there is a higher amount of energy available in the bloodstream
after menopause on average in some populations, as opposed to the same or less because of
increasing cellular maintenance. This is inconsistent with a lack of cellular energy available for
cell maintenance after menopause, when rates of aging are thought to increase. In a hyperactivity
and cancer risk model, this metabolic energy can contribute to cellular hyperactivity, excess
inflammation, and increases in chronic diseases. This provides evidence that cellular
hyperactivity leads to increases in aging but does not rule out other explanations. Cellular
hyperactivity could also co-occur with other dysregulating phenomena such as overactive
hormonal signaling or an accumulation of unnecessary molecules or Garb-AGEing (Franceschi
et al., 2017; Sansone & Romanelli, 2021).

The original DST is directly based on an energetic tradeoff, causing a lack of
maintenance. It states that energy is preferentially invested in growth and reproduction over
maintenance, leading to deterioration and aging (Kirkwood, 1977). Once these energetic
constraints are lifted, such as with the end of energetic investment to some reproductive
processes as seen in menopause, there should be an increase in maintenance and a slower rate of
aging. This is not supported by the current study, where energetic constraints are lifted and
energy becomes more plentiful in the known presence of increases to rates of aging and aging
related diseases. It should be noted that the wider interpretation of the DST where there is a lack
of cellular maintenance, without necessitating that it is due to a lack of energetic investment
(e.g., Congdon et al., 2003), is still likely true. The wider interpretation could be due to

limitations in the process of evolution, which necessarily retains critical molecular pathways. In
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this way, the wider interpretation of the DST could be simultaneously true with the model of

hyperactivity and cancer risk.

Menopause and Energy Availability

There are still many unknown aspects of the menopausal transition. This study adds to
cross-sectional and longitudinal studies showing that menopause leads to increased levels of
LDL, HDL, total cholesterol, glucose, and HbAlc (Auro et al., 2014; Bermingham et al., 2022;
Wang et al., 2018). Further, meta-analysis shows that surgical menopause leads to similar
increases in HDL, LDL, triglycerides, and risk of metabolic syndrome despite these menopausal
transitions occurring at younger ages (Pu et al., 2017). These changes, along with an increase in
central adiposity with age, lead to an increase in the prevalence of metabolic syndrome in post-
menopausal women (Carr, 2003). This metabolic profile then increases the risk of metabolic
disorders, such as cardiovascular diseases and diabetes (Slopien et al., 2018; Stampfer et al.,
1990). Recently, public health scientists have brought attention to the fact that menopause is a
global public health issue, and that more information is needed from LMICs (Delanerolle et al.,

2025).

Metabolism and Aging

There are numerous metabolic processes that are known to change with age. Most
components of energy expenditure, including physical activity and basal metabolic rate, decrease
with aging (Roberts & Rosenberg, 2006). Cellular maintenance is a component of basal
metabolic rate (BMR), so its decline is consistent with less maintenance as individuals age, not
more (although this is confounded by the basal metabolic expenditure of fat mass.) While some

studies indicate decreases in BMR are due entirely to changes in body composition (Bosy-
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Westphal et al., 2003), others indicate that decreases in BMR exceed those associated with
changes in body composition (Willis et al., 2002). Caloric consumption decreases, with an
associated decrease in weight and fat storage, with greater decreases seen in obese older adults
(Rolls et al., 1995; Sahyoun et al., 2004). Further, the ability to attenuate energetic imbalances
also decreases. It takes longer for older adults to recover from both hypo- and hyper-glycemia
and there is an increase in the amount of insulin that is secreted (Melanson et al., 1998). The
higher levels of blood glucose seen with higher levels of insulin secretion also indicate a loss of
insulin sensitivity. Therefore, many levels of metabolism change with age, including cellular
metabolism which is increasingly influcenced by cellular hyperactivity.

Despite these individual-level metabolic dysfunctions increasing with age, they are
predicated on aging processes at a cellular level. Even physical activity levels have been linked
to the activation of mTOR in hepatocytes (liver cells; Cornu et al., 2014). Further, mTOR
hyperactivation activates a feedback loop leading to insulin resistance (Jia et al., 2014;
Ramasubbu & Devi Rajeswari, 2023; Stanciu et al., 2024). This could be a mechanism that was
selected to limit the destruction of mTOR associated hyperactivity with age. Telomere
shortening and apoptosis are associated with frailty (Bernabeu-Wittel et al., 2020; Marzetti et al.,
2011), implicating cancer prevention mechanisms in aging. Therefore, a cellular explanation is

still needed when evaluating how all levels of metabolic functioning change with age.

Implications for Health

The higher values of HbA 1c, glucose, triglycerides, LDL, and total cholesterol seen with
this study are also strongly associated with aging related chronic diseases, such as diabetes, heart
disease, and dementia (Assmann & Schulte, 1988; Hassen et al., 2023; Zheng et al., 2018). In

2019, these were 3 of the top 10 causes of death globally (WHO, 2020). Further, even though
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waist circumference was not associated with menopausal status, it did increase with age which
has been shown before (Han et al., 1997; Kuk et al., 2005). Higher levels of central adiposity are
also associated with aging related chronic diseases, such as heart disease and diabetes, and
disability (Angleman et al., 2006; Janssen, 2009). This is also in agreement with both less energy

being used and more energy being available into older ages.

Limitations

This study was not longitudinal, meaning results might be due to cohort effects and not
aging or menopausal status per se. Further, there were many unmeasured confounds that could
not be controlled for such as the amount of blood energy that will end up as fat deposition,
variation in caloric intake, hormonal replacement therapy, and variation in exercise. Further,
measuring the overlapping shifts in hormones such as estradiol and progesterone that happen
with menopause would further elucidate this relationship. In general, there was no evidence that
people who were menopausal had differences in central adiposity compared to those that had not
undergone menopause, indicating that fat deposition in the midriff did not vary on average
between groups. It is still possible that fat deposition varied between groups in other areas of the
body, and average amounts of overall fat may or may not be correlated with the rate of fat
deposition. One way to control for some of these confounds would be to replicate the study with
additional energetic measures, such as total daily energy expenditure and basal metabolic rate.

These are more standard ways of measuring energetic output.

Summary
The finding that the amount of energetic blood molecules is higher in people who are

menopausal is consistent with a higher level of chronic diseases that are due to overenergetic
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status in this cohort. The elongation of lifespan usually occurs with low caloric intake and
exercise, which limit the energy available for cellular maintenance. If it were low energy
availability alone preventing cellular maintenance, we would expect environments with excess
energy availability to increase lifespan. However, the reverse is true (Weindruch & Sohal, 1997).
Therefore, it could be that an increase in energy availability after growth and reproductive
functions have ceased lead to aging through cellular hyperactivity. This could be true even in
energy-scarce environments unless caloric intake went down along with the cease in growth and
reproduction which utilize energy. If this excess energy does not go to productive functioning,
such as exercise, it could lead to cellular hyperactivity and many correlates of aging including

increased inflammation and metabolic disorders.

Bridge
Chapter II looked at competing hypotheses supporting two evolutionary models of aging. It adds
to a growing body of evidence for the limitations of the Disposable Soma Model and provides
evidence for the Cancer and Hyperactivity Model. Overall, it highlights the need for more
research into the evolutionary basis of aging. The next chapter is the first of two chapters
evaluating inflammaging, or the increase in chronic low-grade inflammation that is associated
with age. They are among the first to evaluate inflammaging outside of high-income nations,
Chapter III uses data collected in two lower- to middle-income countries, China and Mexico, and
Chapter IV uses data collected from Shuar, an Indigenous group in Ecuador. This global
perspective will help separate metabolic from intrinsic causes of inflammaging, a key

mechanism in aging-related decline and dysfunction.
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CHAPTER III

Population Differences in Aging-Related Inflammation are Strongly Associated with
Central Adiposity and Lifestyle
Chronic low-grade inflammation (i.e., inflammation that is not associated with acute
infection) is thought to be a hallmark of aging, and has been termed “inflammaging” (Franceschi
et al., 2000; Lopez-Otin et al., 2013). Inflammaging has been associated with many aging-related
diseases, such as diabetes, cardiovascular diseases, arthritis, chronic obstructive pulmonary
disorder, kidney disease, liver diseases, neurogenerative diseases, and cancers (e.g., Dregan,
Charlton, Chowienczyk, & Gulliford, 2014; Guo, Pan, Du, Ren, & Xie, 2013; Kuo et al., 2005;
Lund Haheim, Nafstad, Olsen, Schwarze, & Renningen, 2009; Man et al., 2006; Ridker, Buring,
Shih, Matias, & Hennekens, 1998; WHO, 2014), and is also associated with all-cause mortality
(Li et al., 2017). Despite extensive research, two important issues remain: 1) determining if
inflammation is universal with increasing age and 2) identifying the key mechanisms underlying
inflammaging (e.g., Fulop & Larbi, 2018; Salvioli et al., 2013). Differences in the association
between aging and inflammation and the lack of well-evidenced mechanisms could be due to
mediational effects, in which environmental factors, such as diet and physical activity, change
widely through populations with age and cause inflammation. Studies with blood pressure
showed similar findings. Increases in blood pressure were once thought to be a part of normative
aging, but instead evidence points to the increases in blood pressure seen with age being due to
cumulative lifestyle effects and risk for cardiovascular disease (Najjar et al., 2005). Therefore,
inflammation could be aging-related instead of a marker of senescence.
Aging, or a deterioration in function over time in organisms ultimately culminating in

death, is nearly ubiquitous across multicellular organisms, yet aging biologists still largely

41



disagree on how and why it occurs (Cohen et al., 2020). Twelve hallmarks of aging—or
processes that are associated with aging and cause aspects of aging related dysfunction—have
been identified, with chronic inflammation (or inflammaging) being one of them (Lopez-Otin et
al., 2023). This excess inflammation is thought to be a downstream effect of other hallmarks of
aging, such as genomic instability, altered cellular signaling, deficient proteostasis,
immunosenescence, and decreased autophagy. It is also produced during cellular senescence,
which is an arrest of the cell cycle, as a part of the senescent associated secretory phenotype
(Coppé et al., 2010). Inflammatory signals then link these cellular processes with the aging of
organ systems and other phenotypic aspects of aging. Manipulating inflammatory pathways in
mouse models has been shown to accelerate or decelerate aging processes (Desdin-Mic¢ et al.,
2020; Gocmez et al., 2020; Sciorati et al., 2020; Yousefzadeh et al., 2021). Therefore,
inflammation has been posited as a key mechanism that drives organismal aging. However, since
it is downstream from other aging processes that occur differentially, it is unclear if this is a
ubiquitous driving effect of organismal decline.

Studies in humans so far have mostly supported the inflammaging model of organismal
decline, with chronic low grade inflammation increasing both over time and with metabolic
dysregulation in overlapping processes that are thought to have distinct causes (Franceschi et al.,
2018; Milan-Mattos et al., 2019). C-reactive protein (CRP) is a common biomarker of
inflammation because it is released by the liver and is both signaled by and signals inflammatory
cytokine release, allowing for systemic measurement (Luan & Yao, 2018; Yeh, 2004). Increasing
CRP with age has been documented in many population based studies in high income countries,
including the United States, Poland, Italy, and Japan with mean levels below that of the 3.0

mg/dL cutoff usually associated with a high risk of metabolic diseases (Arima et al., 2008;
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Mendall et al., 1996; Morrisette-Thomas et al., 2014; Pearson et al., 2003; Puzianowska-
Kuznicka et al., 2016a). A smaller study in Brazil (a middle to high income country) showed
similar results (Milan-Mattos et al., 2019). CRP even increases, on average, in healthy older
adults and is seen at increased levels in centenarians in high-income nations (Alberro et al.,
2021; Ballou et al., 1996; Puzianowska-Kuznicka et al., 2016a; Spazzafumo et al., 2013).
However, a small study in India (a low to middle income country; LMIC) showed that healthy
older adults did not have higher CRP than young adults (Krishnaswamy et al., 2020). Therefore,
population-based studies in LMICs are needed to evaluate how inflammaging occurs in different
contexts.

Although most population-based research indicates a positive association between aging
and inflammation, a few studies have shown that this is not always the case. Since most of the
data on inflammation and aging have been collected from high-income nations, the consistent
increases in inflammation seen with aging might be due to the cumulative effects of lifestyle
factors in these settings such as an excess of energy-rich and ultra-processed food sources,
modest levels of physical activity, and greater adiposity (e.g., Bruunsgaard, Pedersen, &
Pedersen, 2001; Franceschi & Campisi, 2014; McDade, Hawkley, & Cacioppo, 2006; Schmidt et
al., 2002). In populations with divergent lifestyles, such as forager-horticulturist or other
subsistence-focused groups, aging does not seem to be associated with progressively increasing
CRP level or the age-related diseases it predicts, such as cardiovascular disease, that are common
in other population groups (Gurven et al., 2008). In support of this association, no chronic
elevation of CRP at any age was found in the Shuar of lowland Ecuador (McDade et al., 2012)
and despite relatively high CRP in the Tsimané of lowland Bolivia, it was not associated with

arterial aging or an increase in cardiovascular disease (Gurven et al., 2008, 2009; Kaplan et al.,
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2017; Vasunilashorn et al., 2010). Even within higher-income population groups, there is
significant variation in the extent to which inflammation increases with age (Wener, Daum, &
McQuillan, 2000). Thus, despite some convergence of results in wealthier nations, data from
other settings suggest that higher levels of inflammation might not be universal in older adults. It
is possible that inflammaging is due to changing central adiposity driven by lifestyle factors that
change with age in certain populations.

There are many factors that are associated with aging in industrialized nations that have
the potential to cause chronic inflammation. For instance, central adiposity, sleep dysregulation,
smoking, and chronic psychosocial stress are associated with both epigenetic measures of aging
and inflammation (Gibson et al., 2019; McDade, Hawkley, & Cacioppo, 2006; Palma-Gudiel et
al., 2020; Wang et al., 2024). One key factor, central adiposity, already has a well-defined
molecular pathway linking it to systemic inflammation (Gaal, Mertens, & Block, 2006). Visceral
adipose tissue releases interleukin-6 (IL-6), which is transported to the liver where it signals the
production of CRP. In addition, central adiposity is the strongest predictor of inflammation in
older adults aged 52 to 70, and older adults in a cohort from the United States tended to gain
between 0.46 cm and 0.82 cm in waist circumference consistently every year (McDade et al.,
2006). The increases in central adiposity seen with aging might be due to biological changes
(such as differential tissue maintenance as people age, changes in resting metabolic rate, or
changes in endocrine signaling) or closely related to lifestyle changes commonly associated with
aging (such as changes in nutrition or physical activity; Jafarinasabian, Inglis, Reilly, Kelly, &
Ilich, 2017). Several lines of evidence suggest that lifestyle factors play a primary role. For
instance, people who consume a diet high in fruits, vegetables, and whole grains have a 0.89 cm

lower gain in waist circumference per year than people with diets high in processed
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carbohydrates (Newby et al., 2003). The adoption of a Mediterranean diet, which is high in
vegetables and fruits, has been shown to decrease inflammation by 0.34 mg/L to 0.54 mg/L and
is associated with lower inflammation in older adults (Estruch et al., 2006; Treseid et al., 2009;
Wu et al., 2021). In addition, regular exercise has been shown to lower or prevent aging-related
inflammation (Reuben, Judd-Hamilton, Harris, & Seeman, 2003; Woods, Wilund, Martin, &
Kistler, 2012). However, physical activity levels tend to decrease after the age of 65 in many
countries (Bauman et al., 2009; Guthold et al., 2018), and older adults aged 60 years and over
from two Mexican National Health and Nutrition Surveys reported a diet low in micronutrients,
and high in fats and sugars (Cruz-Gongora et al., 2017). Therefore, central adiposity and
associated lifestyle factors, such as diet and exercise, are strong candidates as mediators between
aging and inflammation and will be further investigated in this study.

Clarifying the underlying mechanisms and universality of age-related increases in chronic
inflammation is critical because most populations in the world have experienced or are going to
experience a major increase in the number of older adults (age 60 and older). In 2020 there were
more people 65 years of age or older than those under 5 years of age and the rate of population
aging is increasing in LMICs (Phillips & Gyasi, 2021). Increases in inflammation are associated
with non-communicable diseases (NCDs) and NCDs are responsible for 74% of deaths globally,
with 77% of these deaths occurring in LMICs (Banait et al., 2022; World Health Organization
(WHO), 2023). In addition, the global obesity epidemic has been affecting middle-income
nations at higher rates (Caballero, 2007). Currently, approximately 44% of people are
overweight or obese, with 70% residing in LMICs (Shekar & Popkin, 2020). As the cohort of
older adults and burden of obesity grow, so does the economic and public health burden of

NCDs such as diabetes, cardiovascular disease, and stroke. The personal, familial, and economic
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burdens caused by chronic diseases are detrimental to societies and are expected to increase
dramatically in the future. The COVID-19 pandemic might exacerbate this increase since
inflammation is both a contributing factor to and outcome of COVID-19 syndrome, leading to a
high mortality rate among older individuals (Bonafé & Olivieri, 2022). There is already some
evidence that COVID-19 infection leads to increased rates of new onset diabetes and heart
disease (Kim et al., 2023; Shaikh et al., 2023). Understanding population-level differences in
how inflammation and diseases manifest in old age could lead to their prevention and improve
both health and economic outcomes.

To investigate the role of central adiposity in age-related inflammation, we used the
World Health Organization’s Study on global AGEing and adult health (SAGE) Wave 1 China
and Mexico data collected between 2008 and 2010. Despite these countries' large populations,
the association between age and inflammation has not been well-tested. SAGE was created to
investigate the health and well-being of older adults and associated age-related processes through
the collection of self-report and biological measures. By adding these two middle income
countries to the current global evidence base, we aim to further investigate whether
inflammaging is universal. Our objectives and hypotheses are as follows:

Objective 1. To investigate whether increased inflammation with age is due to differences

in central adiposity.

H1: WSR will be more strongly related to CRP than age.
Objective 2. To investigate whether the relationship between age and inflammation varies
based on differences in central adiposity with age.

H2: WSR will mediate the association between aging and CRP.
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Objective 3. To investigate if lifestyle factors are associated with differences in central
adiposity as people age, and whether these lead to different inflammation levels.
H3: Physical activity and diet will mediate the relationship between aging and
WSR. WSR in turn, will mediate the relationship between physical activity/diet

and CRP.

Method
SAGE is a longitudinal study on the patterns and determinants of aging in six middle-
income countries: China, Mexico, Russia, Ghana, South Africa, and India (Kowal et al., 2012).
Data were collected between 2008 and 2010 using stratified multi-stage cluster sampling
(Naidoo, 2012). Detailed information on survey administration and physiological measurement

collection guidelines can be found in the survey manual on the SAGE website (WHO, 2006).

Participants
Biomarkers were not collected for all SAGE participants therefore the current study used
data on a subset of individuals from China (n men = 3,506, » women = 3,859) and Mexico (n
men = 708, n women = 1,159). Although SAGE collected a small comparison sample of adults
age 18 to 49, only participants age 50 or older were included in the present study (Tables 1 & 2).
SAGE was approved by the World Health Organization's Ethical Review Committee and
each location's independent review board. All participants provided informed consent before

being interviewed.

Variables
All data were collected based on the SAGE individual questionnaire and protocol, which

is described in detail elsewhere (Kowal et al., 2012). Sociodemographic variables included age,
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gender, education, and wealth. Two questions were combined as a measure for education, “Have
you ever been to school?” and [if so] “How many years of school, including higher education
have you completed?” Wealth (labelled income in the WHO database) is a composite variable
where different housing and lifestyle characteristics were separate observations of wealth
included in an item response theory model (Schrock et al., 2017). Self-reported health asked “In
general, how would you rate your health today?”

Anthropometrics. Height and waist circumference were measured at the time of the
interview using standard anthropometric techniques. The waist measurement was divided by the
height measurement to produce the waist-to-stature ratio (WSR).

C-Reactive Protein (CRP). Whole blood was collected onto Whatman 903 filter paper
cards to create dried blood spot (DBS) samples, though the procedures differed slightly in the
two countries. Finger-pricks following standard practice (McDade et al., 2007) were used to
collect blood in China, while in Mexico, 20 uL venous blood (obtained via venipuncture) was
spotted onto blood spot cards. Because of this collection difference, data were not combined in
statistical analyses. CRP was analyzed using a high sensitivity enzyme-linked immunosorbent
assay (ELISA; Diagnostic Biochem Canada Inc, London, Canada) for samples in China and the
Abbot Architect CI8200 (Green Oaks, Illinois, USA) for samples in Mexico. Analyses were
conducted using concentrations measured in DBS without conversion to serum or plasma
equivalents to minimize measurement error. A raw DBS cutoff of 5 mg/dL was used to exclude
participants who had a high likelihood of acute infection.

Diet. Two self-report variables (number of daily servings of fruit and number of daily

servings of vegetables; see Kowal et al., 2012) were combined to create the measure of diet used
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Table 1. Descriptive statistics of participants 50 years of age or older living in China

Men Women

Min Max M SD Min Max M SD
Age (yrs) 50.00 95.00 63.11 9.22 50.00 93.00 62.96 9.32
Education
(vrs) 0.00 23.00 6.59 4.38 0.00 23.00 5.00 4.55
Health 1.00 5.00 2.75 0.83 1.00 5.00 2.88 0.82
WSR 0.32 1.02 0.52 0.06 0.18 1.25 0.55 0.07
CRP (DBS) 0.02 4.99 1.09 1.00 0.01 4.99 1.17 1.09
DQ 0.00 80.00 12.23 6.85 0.00 70.00 12.52 6.78
Vigorous
PA 0.00 780.00 35.88 92.20 0.00 720.00 12.63 50.63
(min/day)
Moderate
PA 0.00 1680.00 108.88 137.27 0.00 1440.00 96.28 120.81
(min/day)

Note. WSR = waist to stature ratio, CRP = c-reactive protein, DQ = dietary quality, PA =
Physical Activity
in this study. Servings of fruit was then multiplied by two and added to servings of vegetables to
create the diet variable following the equation for dietary quality (Leonard & Robinson, 1997).
Physical activity. A composite variable was created using the Global Physical Activity
Questionnaire (WHO, 2004). The questionnaire contains three different sets of questions about
moderate or vigorous levels of physical activity in broad categories such as travel/commuting,
work, and leisure. METs (Metabolic Equivalents) were used to calculate physical activity from

the different intensities.

Statistical Analysis
Statistical assumptions were checked before analyses. Dietary quality and exercise were
loge transformed due to non-normality. Two outliers were removed for having significant

leverage; one had an extreme diet value and the other had an unlikely WSR. In China, 7% of
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Table 2. Descriptive statistics of participants 50 years of age or older living in Mexico

Men Women

Min Max M SD Min Max M SD
Age (yrs) 5000  99.00 67.85  9.15 5000 10500 6831  9.45
Education
oro 000 2100 481 434 000 2500 413  4.03
Health 1.00 5.00 266  0.72 1.00 5.00 279 0.71
WSR 0.38 1.00 0.60  0.07 0.35 1.00 064 0.9
CRP(DBS)  0.15 4.92 1.45 111 0.09 4.99 1.71 1.20
DQ 000 2000 509  3.00 000 2100 479 277
Vigorous
iiyslcal 000 72000 50.21 119.85 000 60000 639  40.09
Activity
(min/day)
Moderate
Physical 0.00 120000 105.28 155.37 0.00 102000 90.67 145.90
Activity
(min/day)

Note. WSR = waist to stature ratio, CRP = c-reactive protein, DQ = dietary quality

participants were excluded for possible acute infection (CRP > 5) and in Mexico 8% were
excluded. In China, participants with possible acute infection were older (1 =5.78, p <.001) and
reported being less healthy (¢ =-3.07, p =.002), had higher WSR (¢ =2.76, p =.006), and
reported getting less exercise (¢ =-5.81, p <.001) than those who were included in the sample.
In Mexico, participants with a possible acute infection had a higher WSR (1 =4.61, p <.001)
than those that were included in the sample, possibly indicative of dysregulated metabolic
processes.

H1. Four hierarchical multi-level regressions with restricted maximum likelihood
estimation were performed in R version 4.3.0, one for men and women in both China and
Mexico. The genders were run separately due to the possibility of differences between men and

women in inflammation that could stem from differences in adiposity between these two groups
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(Karastergiou, Smith, Greenberg, & Fried, 2012). Model 1 included age predicting CRP while
controlling for education, wealth, and self-reported health as fixed effects and basic geo-
statistical area as a random intercept in Mexico or village/neighborhood, township/community,
and province as random intercepts in China. Its purpose was to see if age and WSR were related
to inflammation in the presence of controls. Model 2 included the variables from Model 1, plus
WSR and model 3 included variables from model 2 plus diet and physical activity level. These
models were intended to explore the possible unique contribution of WSR and behavioral
variables to CRP and to evaluate how these additions affected the other regression coefficients.
The alpha level was set to 0.05.

H2. Four multi-level mediational analyses were performed with restricted maximum-
likelihood estimation in R version 4.3.0. Models were run on men and women separately in
China and Mexico. The first set of four mediational models included the mediation of the
relationship between age (x) and inflammation (y) by WSR (m2), with village/neighborhood as a
random intercept in China and basic geo-statistical area as a random intercept in Mexico.

H3. Eight multi-level mediational models included the first mediational model, with an

additional mediation between age and WSR by either diet or physical activity (ml; Figure 1).

DQ(In)/EXERCISE(In),,; s

WSR
d

AGE, CRP

Figure 1. Multilevel multiple mediation model
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Results

Descriptive statistics are presented for Model 1 and showed that CRP was higher with

increasing age among men in China and Mexico (Tables 3 and 4). Women living in China had no

difference in CRP levels with age and women living in Mexico had lower CRP levels at older

ages. Higher CRP levels were associated with more central adiposity for all groups (Tables 3 to

6). WSR was more strongly related to CRP than age in all models; however, this difference

might be negligible for men in both countries given the overlapping confidence intervals. Some

of the variance shared between age and CRP was due to WSR in all groups except for women in

Mexico, and the decrease in the significance of the association between age and CRP for men

Table 3. Multi-level regression results predicting CRP for men in China

(Intercept)
Age
Education
Wealth
Health
WSR

DQ (In)
Exercise (In)
ICCssu
ICCpsu
ICCstrata
AlC

BIC

R2 (fixed)

R? (total)

Model 1 Model 2 Model 3
B [cin B [ci B [cn
1.08 *** [0.87, 1.30] 1.08 *** [0.87, 1.29] 1.07 *** [0.87, 1.27]
0.09 *** [0.05, 0.12] 0.07 *** [0.04, 0.11] 0.05* [0.01, 0.08]
0.00 [-0.04, 0.05] 0.01 [-0.03, 0.05] 0.01 [-0.04, 0.05]
-0.04 [-0.08, 0.00] -0.05 * [-0.09, -0.01] -0.06 * [-0.10, -0.01]
0.04 * [0.00, 0.07] 0.04 * [0.00, 0.07] 0.03 [-0.01, 0.07]
0.09 *** [0.06, 0.13] 0.09 *** [0.06, 0.13]
-0.04 * [-0.08, -0.00]
-0.06 ** [-0.10, -0.02]
0.02 0.01 0.01
0.02 0.02 0.02
0.13 0.13 0.12
9175.94 8980.08 8137.99
9231.02 9041.10 8210.03
0.01 0.02 0.03
0.17 0.17 0.17

Note. **p <0.007; *p <0.01; *p <0.05. All continuous predictors are mean-centered
and scaled by 1 standard deviation. The outcome variable is in its original units. PSU =
Basic Geo-Statistical Area.
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Table 4. Multilevel regression results predicting CRP for women in China

Model 1 Model 2 Model 3
B [ci B [cij B [ci

(Intercept) 1.16 = [0.89, 1.44] 1.16 = [0.89, 1.43] 1.15 [0.88, 1.43]
Age 0.03 [-0.01, 0.06] -0.00 [-0.04, 0.03] -0.01 [-0.05, 0.03]
Education -0.03 [-0.07, 0.02] -0.01 [-0.05, 0.04] 0.00 [-0.04, 0.05]
Wealth -0.00 [-0.04, 0.04] 0.00 [-0.04, 0.04] -0.01 [-0.06, 0.03]
Health 0.05 ** [0.02, 0.09] 0.04 * [0.01, 0.07] 0.04 * [0.01, 0.08]
WSR 0.20 *** [0.16, 0.23] 0.20 *** [0.16, 0.23]
DQ (In) -0.01 [-0.05, 0.03]
Exercise (In) 0.00 [-0.04, 0.04]
ICCssu 0.02 0.02 0.01

ICCpsu 0.02 0.02 0.02

ICCstrata 0.19 0.19 0.19

AIC 10306.65 10073.37 9039.99

BIC 10362.49 10135.28 9113.02

R? (fixed) 0.00 0.03 0.04

R? (total) 0.22 0.25 0.25

Note. ***p <0.001; *p <0.07;, *p <0.05. All continuous predictors are mean-centered
and scaled by 1 standard deviation. The outcome variable is in its original units. PSU =
Basic Geo-Statistical Area.

indicates the possibility of partial and full mediation effects. The addition of lifestyle variables in
Model 3 showed that men in China who had higher physical activity levels and ate more fruits
and vegetables had lower CRP levels, and women in Mexico who ate more fruits and vegetables
had higher CRP levels. The addition of the lifestyle variables for men resulted in a weaker
association between age and CRP, indicating that lifestyle factors account for some of this
variance in some groups. In all models, the random intercept of location accounted for the most
variance in CRP, ranging from 10% to 23%. Health was also significantly related to CRP in
women in China and models 1 and 2 for men in China. The addition of lifestyle variables

attenuated the relationship between health and CRP for men in China. Wealth was also related to
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Table 5. Multiple regression predicting CRP for men in Mexico

Model 1 Model 2 Model 3
B [cn B [ci B [ci

(Intercept) 1.49 *** [1.39, 1.58] 1.45 = [1.35, 1.55] 1.44 = [1.34, 1.54]
Age 0.11* [0.03, 0.19] 0.09 * [0.01, 0.18] 0.08 [-0.01, 0.17]
Education -0.08 [-0.17, 0.02] -0.05 [-0.15, 0.04] -0.04 [-0.14, 0.05]
Wealth -0.01 [-0.10, 0.08] -0.03 [-0.12, 0.06] -0.04 [-0.13, 0.06]
Health 0.07 [-0.02, 0.15] 0.08 [-0.00, 0.16] 0.08 [-0.01, 0.17]
WSR 0.17 *** [0.09, 0.25] 0.18 *** [0.09, 0.27]
DQ (In) -0.00 [-0.09, 0.09]
Exercise (In) -0.06 [-0.15, 0.04]
ICCpsu 0.10 0.10 0.10

AIC 2169.48 2024.89 1934.04

BIC 2201.37 2060.88 1978.50

R2 (fixed) 0.02 0.04 0.05

R? (total) 0.12 0.13 0.14

Note. **p <0.007; *p <0.01; *p <0.05. All continuous predictors are mean-centered
and scaled by 1 standard deviation. The outcome variable is in its original units. PSU =
Basic Geo-Statistical Area.

CRP in Models 2 and 3 for men in China. The increased significance of wealth between Models
1 and 2 indicates overlapping variance between WSR and wealth in this group.

The first mediational model, in which age and CRP was mediated by WSR, showed
different relationships in China and Mexico (Table 7). In China, WSR significantly mediated the
relationship between age and CRP. Women in China had a full mediation, whereby 77% of the
relationship between age and inflammation was due to central adiposity and there were no direct
effects between age and inflammation. Men in China had a partial mediation accounting for 8%
of the full effect. All variables were positively associated. In Mexico, WSR was positively
associated with CRP but WSR did not vary by age, therefore there were no mediational effects.

In Mexico, older men and women did not have more or less central adiposity than younger men
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Table 6. Multiple regression results predicting CRP for women in Mexico

Model 1 Model 2 Model 3
B [ci B [ci B [ci

(Intercept) 1.74 % [1.64, 1.83] 1.74 [1.65, 1.83] 1.73 [1.63,1.82]
Age -0.12 *** [-0.20, -0.05] -0.12 *** [-0.20, -0.05] -0.13 *** [-0.21, -0.06]
Education 0.02 [-0.06, 0.10] 0.03 [-0.06, 0.11] 0.03 [-0.06, 0.11]
Wealth 0.02 [-0.06, 0.10] 0.02 [-0.07, 0.10] 0.01 [-0.07, 0.09]
Health 0.02 [-0.06, 0.09] -0.02 [-0.09, 0.05] -0.03 [-0.10, 0.05]
WSR 0.27 *** [0.20, 0.35] 0.28 *** [0.21, 0.36]
DQ (In) 0.08 * [0.00, 0.15]
Exercise (In) -0.02 [-0.09, 0.06]
ICCpsu 0.11 0.12 0.11

AIC 3409.81 3195.36 3093.16

BIC 3444.59 3234.69 3141.97

R2 (fixed) 0.01 0.06 0.07

R2 (total) 0.13 0.17 0.18

Note. **p <0.007; *p <0.01; *p <0.05. All continuous predictors are mean-centered
and scaled by 1 standard deviation. The outcome variable is in its original units. PSU =
Basic Geo-Statistical Area.

Table 7. Multilevel mediation model with age and CRP mediated by waist-to-stature ratio
(WSR)

ba bb bc IExy Propxy

China
Men 0.08*** 0.11*** 0.09*** 0.008*** 0.08***

Women 0.18*** 0.19*** 0.009 0.03*** 0.77*

Mexico
Men 0.008 0.14*** 0.09* 0.001 0.01
Women -0.007 0.22%** -0.11%* -0.002 0.01

Note. *** p < 0.001; ** p<0.01; *p <0.05.
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and women. Both central adiposity and age were related to inflammation. Although men’s CRP
was higher with age, women’s CRP levels were lower with age in Mexico.

The second set of mediational models, with the addition of physical activity and diet,
showed the importance of behavioral factors on WSR and CRP (Tables 8 and 9). Age was

negatively associated with increases in fruit and vegetable consumption in men and women from

Table 8. Multilevel multiple mediation model with exercise as second mediator

bd be 1Exm2 PfOpme /Em1y PfOpm1y
China
Men -0.23%** -0.07%** 0.01** J15%* -0.008*** .09***
Women -0.21%** -0.04* -0.000 -.003 -0.008* .30
Mexico
Men -0.31%** -0.11%* 0.04** .48 -0.01%** .16*
Women -0.19%** -0.07* 0.01* .19 -0.02* .34

Note. *** p <0.001; ** p<0.01; *p <0.05

Table 9. Multilevel multiple mediation model with dietary quality (DQ) as second mediator

bqg be IExm2 Propxmz IEm1y Propm1y
China
Men -0.08*** 0.03 -0.003 -.04 0.002 -.05
Women -0.21%** -0.04* -0.001 -.003 -0.007* .26
Mexico
Men -0.02 0.14%** -0.002 -.002 0.02%** .30
Women -0.05 -0.05 0.002 -.002 -0.01 -.15

Note. *** p<0.001; **p<0.01; *p<0.05
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China, but not Mexico. Men from Mexico had higher WSR with a diet higher in fruit and
vegetable intake, and women from China had a lower WSR with higher fruit and vegetable
intake. There were no mediational effects of diet between age and WSR, however WSR
positively mediated the effect between diet and CRP in men in Mexico and negatively mediated
the effect between diet and CRP in women in China. Physical activity was more frequently a
significant mediator than diet (Table 8). In all four groups, older people tended to have lower
physical activity levels. This lower level was associated with a higher WSR in all groups. In both
countries men had an indirect effect of exercise between age and WSR, and all groups except

women from Mexico had a negative indirect effect of WSR between exercise and CRP.

Discussion

The hypothesis (H1) that central adiposity would be more strongly associated with
inflammation than age was supported in at least two groups—women in China and Mexico. The
relationship between aging and inflammation varied among the four groups, with higher
inflammation seen in men at older ages, no relationship between inflammation and age in women
from China, and lower inflammation seen at older ages in women from Mexico. Since
inflammation is associated with non-communicable diseases (NCDs), a selection effect due to
NCD related mortality cannot be ruled out; however, men tend to die at higher rates at all ages
from NCDs in Mexico and China (Guerrero-Lopez et al., 2023; Yin et al., 2019). Men, but not
women, in Brazil also had lower CRP values at higher ages (Almeida et al., 2012), and in the
USA age was not associated with CRP in a group of adults age 52 to 70 when controlling for
demographic, anthropometric, behavioral, and psychosocial factors (McDade et al., 2006). This

calls into question the assumption that there is an inherent link between aging and higher chronic
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inflammation. Rather, these results suggest that inflammation is more consistently related to
increased central adiposity than with increased age.

Central adiposity mediated the association between aging and inflammation in China, but
not Mexico (H2). Increases in inflammation with age were fully mediated by central adiposity in
women living in China. It is thought that inflammation from metabolic dysregulation overlaps
mechanistically with but is distinct from the chronic low-grade inflammation that is inherent to
aging, however studies on aging and metabolic dysregulation have been largely separate research
fields and inflammaging has not been well studied in animal models (Franceschi et al., 2018).
Increases in inflammation with age are thought by some to be under genetic control and
associated with a remodeling of the immune system that is universal, whereas inflammation
associated with metabolic dysregulation has mainly been attributed to lifestyle and
environmental factors (Franceschi & Bonafe, 2003). This result suggests that they might not be
distinct processes, and that inflammaging might occur because of a propensity for cellular
hyperactivity that is activated by diverse causes, such as infection and energy rich environments,
in a cumulative process over time. Differences in results among groups could be due to there
being multiple causes of this inflammation, therefore more mediators of the relationship should
be explored to determine if increases in inflammation are due to lifestyle and environmental
factors. Inflammation could be aging-related instead of inherent to senescence.

In Mexico, there was a lack of association between age and central adiposity and age was
negatively associated with inflammation in women. This is consistent with literature reporting
that although on average central adiposity increases with age, these gains can be prevented by
lifestyle factors such as diet and exercise (Mete et al., 2024; Poehlman et al., 1995; Stevens et al.,

2010). In addition, caloric restriction and exercise have been shown to reduce aging-related
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increases in inflammation (Kalani et al., 2006; Meydani et al., 2016; Woods et al., 2011).
Although decreases in inflammation are rarely seen at the population level, a longitudinal study
in England showed that 10% of the population had decreasing inflammation with age (Lassale et
al., 2019). Since differences in central adiposity were not associated with age universally, neither
metabolic nor inflammatory processes were consistently associated with age in this study despite
both being posited as key mechanisms of universal aging effects (Chen & Yung, 2019;
Franceschi et al., 2000, 2018).

Lifestyle factors also seemed to be associated with aging, central adiposity, and
inflammation (H3). Age was negatively associated with fruit and vegetable intake in China, and
age was negatively associated with physical activity levels in all groups. Physical activity levels
were associated with a decrease in central adiposity in all groups and it was a significant
mediator of the relationship between aging and central adiposity in men. In men, age was still a
comparatively strong independent predictor of inflammation when controlling for central
adiposity; however, this relationship was completely or partially attenuated in men in Mexico
and China (respectively) by controlling for exercise and fruit and vegetable intake. This adds to
literature showing that populations with different lifestyles do not necessarily have the same
increases in inflammation seen in industrialized nations (Gurven et al., 2009; Harris et al., 2019;
McDade et al., 2012) and that lifestyle factors, but not age, explain some interpopulation
differences in inflammation (McDade et al., 2006). For example, Shuar living in lowland
Ecuador have a median CRP level of 0.53 mg/L, lower than the 1 mg/L cutoff for chronic
inflammation (McDade et al., 2012). Given that these self-report lifestyle variables have a
moderate to high amount of measurement error (Herrmann et al., 2013; Medina et al., 2013), the

relationship between diet and exercise and inflammation is likely even stronger than reported
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here. Further, these are only two of many lifestyle and psychosocial factors that contribute to
inflammation. Another major contributor is stress and adversity (Johnson et al., 2013; Lin et al.,
2016; McDade et al., 2006). Therefore, they are likely a strong contributing factor to the
relationship between age and inflammation.

Relationships were different between separate groups, including among men and women.
Studies show that although greater central adiposity is associated with higher levels of
inflammation in both women and men, the association is stronger in women (Khera et al., 2009;
Thompson et al., 2016; Valentine et al., 2009). This effect was mirrored in the current study,
with the relationship between WSR and CRP greater in women than in men in both countries.
Women who live in Mexico had the strongest association between central adiposity and
inflammation, and they were the only group that had lower inflammation levels at older ages
than younger ages when controlling for central adiposity. In addition, women in China and men
in Mexico had opposing effects of dietary quality on waist circumference, likely because the
variable is related to varying types of diets.

Despite evaluating well-established metabolic and inflammatory changes that occur with
age, the strongest predictor of CRP in all models was location, which accounted for 10% to 23%
of the variance in CRP. Further, the beta values exceeded one in all cases which is indicative of
multicollinearity effects with the other predictors, likely because location influences behavioral
lifestyle factors and environmental exposures. Therefore, there are group level differences in
included and excluded social and behavioral factors due to living in different locations and
environments. Socioeconomic status (education and wealth in the current models) has long been
shown to be related to location due to differences in land value and preferences (Moriarty, 1974),

and geographic location, culture, and economics likely influence health (Thomas et al., 2014). A
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study of overweight and obesity in four sub-Saharan African populations found the presence of
overweight and obese adults varied between 46% and 85% by location (Ajayi et al., 2016).
Further, both diet and exercise behaviors vary by location (Haglund, 1984; McCullough et al.,
2022). Decreases in physical activity, widespread availability of calorie-dense foods,
psychosocial stress, pollution, and other factors that vary by location could contribute to the
differing associations seen between aging and inflammation. Given the importance of location to
inflammation, more research needs to be done into the geographical and population-level
differences that cause inflammation. This could lead to more interventions targeting structural
factors, as opposed to individual factors, to promote healthy aging and prevent aging-related
disease.

Since this study was not longitudinal it is possible that some of the current findings are
due to cohort effects. Inflammation has been shown to increase slightly with every subsequent
generation (Hulsegge et al., 2016), and if these cohort effects are larger in the populations
studied, they could have masked individual effects and produced the decline in inflammation
with age seen in women from Mexico. It is also difficult to determine directionality and causality
of the effects. Although many studies have shown that central adiposity directly affects
inflammation (e.g., Kopp et al., 2013; Nicklas et al., 2004), at least one longitudinal study has
shown that elevated inflammation preceded weight gain in middle-aged males (Engstrom et al.,
2003). Further, it is possible that the age range was not large enough to pick up differences in
inflammation and the physical activity and diet questions were limited. More large studies are
needed to understand age-related increases in inflammation in human populations.

This study challenges long held notions that aging and inflammation are inherently

linked. Previously, it was also thought that increasing blood pressure and hypertension were
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biomarkers of senescence, however studies have shown that these are largely due to accumulated
lifestyle effects (Law, 1997; Najjar et al., 2005). We showed that age-related changes in
physiological factors that are influenced by lifestyle and environment, such as central adiposity,
might drive age-related inflammation in many instances. Lifestyle factors, such as diet and
physical activity, play a role in age-related weight changes, inflammation, and health. It is
possible that decreases in physical activity, widespread availability of calorie-dense foods,
psychosocial stress, pollution, and other factors could contribute to the differing associations
seen between aging and inflammation. These lifestyle factors can be targeted to reduce or
eliminate age-related inflammation and, possibly, the associated negative health outcomes. In
addition to differences between people living in Mexico and people living in China, associations
between age, central adiposity, and inflammation were different in men and women. More
research is needed to explore the differential mechanisms that affect aging-related inflammation
to improve health outcomes in different cohorts. Although inflammation is an important aspect
of aging and disease in many current environments, it is not universal. Therefore, more efforts

should be made to try to prevent the increase in inflammation with age.

Bridge
Chapter III provided evidence that not all groups undergo inflammaging, or an increase in
chronic inflammation with age. This is surprising since inflammation has been closely linked
with known aging mechanisms such as cellular senescence. This chapter also highlights the
importance of a global perspective on health and disease. Knowing that most, but not all, people
and groups experience this aging mechanism helps elucidate what might be causing
inflammation. This research has shown that metabolic factors (such as central adiposity) and

lifestyle factors (such as diet and exercise) could partially explain these differences. The next
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chapter is an independent research article that expands on these results. Namely, it is intended to
evaluate whether the relationship between age and inflammation is non-linear and whether it is
partially or wholly due to metabolic factors in Shuar, an Indigenous group living in lowland

Ecuador.
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CHAPTER 1V

Inflammaging in Shuar is due to Metabolic Factors

Older adult populations are increasing at unprecedented rates globally. In 2020, adults
over age 60 outnumbered children younger than 5 for the first time, and the older adult
population is expected to double, from 12% to 22% of the world's population, between 2015 and
2050 (WHO, 2024). However, there is still a lack of consensus on the most basic scientific
principles of aging, or decline in organismal functioning over time (Cohen et al., 2020). This is
especially problematic when considering how aging is related to non-communicable diseases,
which accounted for 75% of non COVID-19 related deaths globally in 2021 (WHO, 2024).
“Inflammaging” is an increase in low-grade chronic inflammation over time that results from
cellular aging processes, including immunosenescence, and is a cause of non-communicable
diseases (Franceschi et al., 2000). High rates of chronic inflammation were seen in healthy
centenarians, leading to the notion that increasing chronic inflammation is a universal aspect of
aging (Arai et al., 2015). These inflammatory stressors combine with the presence of certain
genetic variants to make an individual susceptible to a particular non-communicable disease
(Franceschi et al., 2018). Given its universality and strong links to aging-related decline and
disease, increasing low-grade chronic inflammation with age has been posited as a key
mechanism of aging processes.

Despite this being one of the most well-accepted models of aging, some lines of evidence
suggest that increases in chronic inflammation with age might not be universal, and rather, are
primarily related to dysregulated metabolic processes associated with high-calorie diets and low
amounts of physical activity. High-income nations, where most of the data on inflammation has

been collected, are socially and environmentally very different from those in which we evolved
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and different than other populations that have different lifeways and ecology. Evidence shows
that chronic inflammation and non-communicable diseases, such as cardiovascular disease, are
lower in populations with divergent lifestyles (Gurven et al., 2008). In the Shuar, an Indigenous
group living in the Santiago Morona region of Ecuador, levels of chronic inflammation are
consistently very low, and always below levels that predict non-communicable disease (McDade
et al., 2006). The Tsimané, an Indigenous group living in lowland Bolivia, have high levels of
inflammation, but this inflammatory profile is associated with a high pathogen load and is not
associated with cardiovascular disease in the same way as in high-income nations (Gurven et al.,
2008, 2009; Kaplan et al., 2017; Vasunilashorn et al., 2010). Further, even in high-income
nations, a small minority of individuals do not have increasing inflammation with age (Wener et
al., 2000). The present study investigates whether low-grade inflammation increases with age in
Shuar, who have moderate amounts of physical activity and primarily eat a subsistence-based
diet. This process, termed inflammaging, is thought to be caused by both aging and metabolic

dysregulation separately.

Inflammaging

“Inflammaging,” or the gradual increase of chronic low-grade inflammation that is not
associated with an acute infection, has been designated a hallmark of aging (Franceschi et al.,
2000; Lopez-Otin et al., 2013). This process includes increases in both acute phase proteins, such
as C-reactive protein (CRP), which is released into the bloodstream by the liver to signal for
inflammatory processes systemically, and in inflammatory cytokines, such as Interleukin-6 (IL-
6), which act both locally and systemically to activate macrophages (Liu et al., 2023). Higher
levels of inflammation with age is partially caused by immunosenescence, including shifts in the

populations of T cells, cellular hyperactivity of inflammation-producing TH1 and TH17 cells,
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and the defective elimination of infections, malignant, and senescent cells (Carrasco et al., 2022;
Lopez-Otin et al., 2023). Cells are limited in how many times they can divide, and cell cycle
arrest leads to the senescent-associated secretory profile (SASP). SASP is the hypersecretion of
numerous pro-inflammatory and growth-stimulating molecules by non-dividing cells, the most
well-studied of which are interleukin (IL) 1a, IL-1pB, IL-6, IL-8, and transforming growth factor-
B (TGFB; Coppé et al., 2010). Once chronic low-grade inflammation has started, it can lead to a
lack of maintenance and repair of biological barriers, such as the blood-brain barrier, the blood-
retinal barrier, and the blood-nerve barrier, leading to more widespread chronic inflammation
(Ronnbick & Hansson, 2019). Therefore, as cells and cell systems age, they promote the release
of inflammatory cytokines, leading to downstream negative effects on physiology and health.

A major strength of the inflammaging paradigm is its ability to link cell-mediated aging
processes with organismal aging-related decline and disease. Chronic low-grade inflammation is
associated with many non-communicable diseases, such as diabetes, cardiovascular diseases,
cancers, arthritis, pulmonary disorders, kidney diseases, liver diseases, and neurodegenerative
diseases as well as all-cause mortality (Banait et al., 2022; Li et al., 2017; Seo & Park, 2021;
Yeh, 2004). Approximately half of all deaths are due to diseases and disorders with a chronic
inflammatory etiology (Furman et al., 2019). Further, since inflammation is associated with
immune system decline, older adults are more susceptible to infectious diseases (Liu et al.,
2023). Inflammation is also associated with frailty (Soysal et al., 2016), making it a main

contributor to both aging-related decline and disease.

Meta-Inflammation
Inflammaging research has primarily come out of gerontology. Meanwhile, health

scientists whose research mostly focused on obesity and type 2 diabetes were also studying the
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link between inflammation and non-communicable disease but were doing it from a metabolic
viewpoint. Meta-inflammation is the overproduction of proinflammatory cytokines by adipose
tissue, which directly promotes the release of CRP and other pro-inflammatory molecules from
the liver into the bloodstream (Hotamisligil, 2006a). In addition to obesity related inflammation,
cholesterol, triglycerides, and sugars in the blood directly activate inflammatory processes in
macrophages and other cells (Poznyak et al., 2020). Therefore, obesity is not necessary for
metabolic syndrome or metabolic disorders (Alberti et al., 2005; Samson & Garber, 2014), as
decreased insulin sensitivity also leads to an increase in adipose tissue (Kloting & Bliiher, 2005).
Instead, an overall over-energetic status, where caloric intake exceeds energy needs, seems to
promote chronic inflammation and its negative sequelae.

It has been noted that the pathways and processes in inflammaging and meta-
inflammation are the same, and they are thought to be overlapping but distinct. In this “unifying
hypothesis,” meta-inflammation and inflammaging can both precede and contribute to each
other, with aging-related decline and disease from metabolic dysregulation being a manifestation
of accelerated aging (Franceschi et al., 2018). However, this hypothesis has not been well tested
(Hotamisligil, 2006) and meta-analysis shows that CRP and IL-6 are associated with frailty in
cross-sectional, but not in longitudinal studies (Soysal et al., 2016). If meta-inflammation
exacerbates inflammaging, then increases in inflammation with age might exist below the
threshold needed for non-communicable disease risk in communities with low metabolic

dysregulation.

Evolutionary Theory
Some aspects of evolutionary theory have been applied to inflammaging. Degeneracy is

common in the immune system and consists of an overlap in the functioning of different
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components and pathways (Edelman & Gally, 2001). Redundancy is both a feature of natural
selection, allowing for greater evolvability by natural selection, and an outcome of natural
selection, because a similar host of environmental pressures affect the same assortment of genes
(Edelman & Gally, 2001). It could also be seen as an adaptation because it improves robustness,
or the ability to maintain function given an environmental or biological perturbation (Whitacre,
2010). Humans have an unusually large geographic distribution, which, combined with diverse
ecologies and diets, means we are exposed to a wide range of parasites and pathogens. There is a
lot of degeneracy in the receptors that activate inflammation, leading to the activation of
inflammation by various inputs, including chronic infectious agents, the microbiome,
environmental and dietary inputs, and internal molecular and cellular components (Franceschi et
al., 2018). Although this degeneracy leads to increasing rates of chronic inflammation with time,
the pressure of natural selection also weakens over time. This decrease in selective pressure over
time is because there is a slight diminishing of returns on the amount each child increases the
probability of contributing to the future population gene pool, and is a major pillar of most aging
theories (Comfort, 1964; Fisher, 1930; Medawar, 1952). Therefore, inflammaging might persist
because it mainly affects individuals in late life, when selective pressure is weaker.

Part of this degeneracy in inflammatory signaling is a functional overlap between
immune and metabolic factors. There are a large amount of macrophages in adipose tissue, and
they are known to regulate a vast amount of physiological processes (Chavakis et al., 2023). The
release of inflammatory markers from these macrophages blocks growth factor and insulin
signaling, possibly as an evolved mechanism to redirect energy to immune functions that
eliminate pathogens (Hotamisligil, 2006). The stimulation of these macrophages by adipocytes

and energetic molecules to produce inflammatory cytokines and chemokines could have also
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been advantageous in an environment with energetic constraints and chronic parasitic infections.
Essentially, excess energy is directed towards an immune response. Even in the absence of
pathogen-associated molecular patterns (PAMPs) this response is useful for clearing cell debris,
damaged cells, and malignant cells and can therefore be stimulated by damage-associated
molecular patterns (DAMPs; Tang et al., 2012). If there is normally never enough of an immune
response due to energetic constraints, then upregulating immune systems during times of excess
energy availability might have been advantageous.

Scientists have grappled with the fact that there are not more evolved mechanisms to deal
with an overenergetic status. Some have argued that there is no need to defend against obesity,
but a strong need to defend against starvation, yet also state that obesity is a liability related to
metabolic disease (Franceschi et al., 2018; Hotamisligil, 2017). Instead, it is likely because this
system did not evolve in the current nutrient surplus, which was created by the relatively recent
advent of industrialization, large scale agriculture, and the concentration of economic resources
(Lea et al., 2020; Liebert et al., 2013; Stearns et al., 2010; Urlacher et al., 2016). Beyond
primates, the only known species to get type-2 diabetes are cats, dogs, and captive animals,
further pointing towards human-created environments in the advent of the disorders (Niaz et al.,
2018). It is possible that these two different selection mechanisms — aging diminished selection,
and evolutionary mismatch, produced the overlapping but distinct mechanisms of inflammaging

and meta-inflammation.

Shuar Health and Life History Project (SHLHP)
The SHLHP was designed to investigate health transition in the Shuar, an Indigenous
group living in lowland neotropical Ecuador. Most Shuar live in two main regions; the Cross-

Cutuct (CC) region is more geographically isolated, whereas the Upano Valley (UV) region has
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greater access to roads, electricity, healthcare facilities, and market centers (Liebert et al., 2013;
Urlacher et al., 2016). Shuar in both regions engage in small-scale horticulture of staples such as
plantains, manioc, sweet potatoes, and yams. Amounts of foraging, fishing and hunting vary but
are generally greater in the CC region (Liebert et al., 2013; Urlacher et al., 2016). This allows for
the study of how transition in market integration, economics, and diet affects health, and gives
insight into how a vastly different lifestyle from those in the human evolutionary past affects
biology, health, and disease. If rising chronic inflammation with age is due to metabolic factors
associated with current lifestyles, there are likely to be differences in inflammation between the
two regions.

Shuar that live in the CC region have higher rates of parasitic infections, including
whipworm and roundworm (Cepon-Robins et al., 2014; Gildner et al., 2016, 2020). However,
CRP has been shown to be low in both regions, with a median of 0.52 mg/L and no one
consistently over the threshold of 3 mg/L that indicates an increased risk of disease (McDade et
al., 2012). Yet 35% of participants had values over 3 mg/L at one timepoint, possibly due to it
being a high infectious disease environment. In addition, approximately 40% of Shuar juveniles
experience stunting, with similar rates among the regions, indicating energetic tradeoffs from a
lack of macronutrients (Blackwell et al., 2009; Urlacher et al., 2016). Therefore, CRP will be
evaluated in an environment where inflammation is commonly elevated due to infectious
disease, and less-so because of excess macronutrients and metabolic dysregulation, with

variation between regions in both.

Objectives and Hypotheses
Objective 1. Assess whether the relationship between CRP and age is linear or not linear.

H1. The relationship between CRP and age will be non-linear.
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Objective 2. Investigate differences in CRP with age.

H2. CRP will be positively associated with the age of individuals.

Objective 3. Investigate whether differences in inflammation with age are associated
with metabolic functioning.

H3. Higher inflammation with age will be associated with higher lipids, glucose,

and central adiposity.

Objective 4. Evaluate the variance in aging-related differences in CRP by location

H4. The association between age and CRP will vary by community.

HS. The association between age and CRP will vary by region.

Objective 5. Evaluate differences in the attenuation of the relationship of CRP and age

by metabolic factors in different locations.

Method

Participants

There were 456 participants from 8 CC communities (z = 146) and 11 UV communities
(n =283), and nearby towns (n = 27). Slightly more women (n = 290, 64%) than men (n = 166,
36%) participated, with ages ranging from 15 to 86 years (M = 34.54, SD = 14.71). Data was
collected across 7 field seasons between 2008 and 2014. In instances where participants had two
CRP values, the visit with the least amount of missing data (when applicable) or the most recent
visit was included. Participants who reported being sick currently or within the past week and
those with a CRP value over 10 mg/dL, indicating infection, were excluded from analysis (28%,
n = 129). Participants who were sick were similar in age (¢ =-0.91, p = .36) and sex (y’=1.39, p
=.24) to those that were not, however more people were sick in UV communities (26%) than CC

ones (4%, y°=37.08, p <.001).
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Adults (>15 years of age, the age of legal consent in Ecuador) provided informed consent
to participate. The study was approved by the University of Oregon IRB, by community leaders

upon community consensus, and by the Federacion Interprovincial de Centros Shuar.

Measures
Survey Questions

Survey questions were administered in Spanish, with a few cases where a community
member translated to Shuar. Demographic information was collected, including name, age,
formal education, and household composition. Estimates of age were verified with official school
records and/or government-issued identification cards. Participants also indicated whether they

were currently sick or had been sick in the last week.

Anthropometrics

Height was measured to the nearest 1.0 mm using a portable stadiometer (Seca
Corporation 214, Hanover, MD). Waist circumference was measured to the nearest 1.0 mm,
approximately 2 in above the iliac crest, using a tape measure. Waist was divided by height to

create waist to stature ratio (WSR).

Blood biomarkers

Inflammatory. Finger-prick capillary blood was collected onto filter paper (Whatman
903, GE Healthcare, Pascataway, NJ) for dried blood spot (DBS) analysis of CRP following
standard practices (McDade et al., 2006). DBS cards dried for approximately 4 hours at ambient
temperature, protected by a small net. They were then stored at —20°C in sealed bags with
desiccant for the remainder of the field season. Upon completion of the field season they were

express shipped on dry ice to the United States where they were stored at —30°C until analysis.
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Samples were analyzed in the Global Health Biomarker Laboratory at the University of
Oregon using enzyme-linked immunosorbent assays (ELISA) using a protocol previously
developed for use with DBS (Brindle et al., 2010; McDade et al., 2004). Most samples were run
in duplicate with excellent intraassay variability (/CC = .99). A conversion formula was created
by analyzing 51 matched DBS and serum samples. The correlation between the sample types was
high (r = .98), with the Deming conversion formula as follows: serum (mg/L) = 1.84 x DBS
(mg/L).

Metabolic. Point-of-care testing with finger-prick capillary blood was used to measure
HDL cholesterol and glucose. All measures were taken after a 12-hour fast. Samples were

assessed using a CardioChek PA device (Polymer Technology Systems, Indianapolis, IN).

Statistics

R version 4.3.0 was used for statistical analyses. All CRP DBS values were transformed
to serum equivalents. Statistical assumptions were evaluated prior to analysis, and CRP and
glucose were log-transformed to meet requirements for normality. The distribution of age was
similar between UV and CC Shuar. However, CRP estimates were transformed back to the
original scale for reporting. The fit of a linear multi-level model with maximum likelihood
estimation will be compared to a generalized additive mixed model using penalized quasi-
likelihood estimation with smoothed age to determine if the relationship between age and CRP is
linear (H1). Both models will control for sex (fixed effect) and community (random intercept),
and the edf (complexity of smooth), R? (percent variance in CRP accounted for), and appearance
of the smoothed relationship were used to determine if linear or generalized additive models
would be used for the remainder of the analyses. The selected model was then used to evaluate

the strength of the relationship between age and CRP (Model 1, H2). The metabolic
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measurements, glucose, HDL, and WSR, were then added to the model and the strength of the
fixed effects, R’ values, and attenuation of the relationship between CRP and age were evaluated
(Model 2, H3). Finally, the fit of fixed effect, random intercept, and random slope models with
community as the random effect were evaluated to determine if the relationship between CRP
and age varies by community (H4). They were compared using a likelihood-ratio test. For
region, separate fixed-effect models will be compared to determine if the relationship between
CRP and age varies between the CC region and UV region (H5). Models for both H4 and H5
were run with (Model 2) and without (Model 1) metabolic controls in order to evaluate the
differential contribution of metabolic factors to the relationship between CRP and age between

UV and CC Shuar (excluding those who live in town).

Results

On average CRP values were fairly low (M = 1.22, SD = 1.63) with males (M = 1.43)
having higher values than females (M = 0.86, #(398) = 3.47, p <.001) and the CC region (M =
1.51) having higher values than the UV region (M = 0.96, #223) =2.69, p <.001). Shuar living
in the CC region were slightly younger on average (M = 31.16) than those living in the UV
region (M =34.92, 1(323) = -2.45, p = .01), however the differences in CRP between the regions
were similar when controlling for age (b = 0.68, #(378) =4.12, p <.001). Participants living in
towns (M = 1.41) had similar CRP to participants living in the UV region (M = 0.90), although
the analysis was underpowered (#33) = 2.02, p =.05). The mean age was similar between people
living in towns (M = 34.04) and the UV region (M =34.92, #33) =-0.30, p =.77). Year was not
related to CRP overall (» =.10, n = 406, p = .05), but it is highly confounded with community as
different communities provided data in different years. The linear multilevel model accounted for

more variance in CRP than the generalized additive mixed model (edf= 1, R’=.09), and the
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smoothed relationship appeared linear (Figure 1). Therefore, linear models were used for the
remainder of the analyses.

Overall, there was a positive association between CRP and age (Model 1, Table 1).
However, this association was completely attenuated with the addition of glucose, HDL, and
WSR (Model 2, Table 1). Further, the addition of a random slope for community to Model 1
completely attenuated the relationship between age and CRP. For Model 1, the model fit for the
fixed effect and random intercept models was similar (y° = 0.75, p = .39), but the random slope
model provided a better fit for the data (y° = 10.45, p = .005). For Model 2, the random intercept
model was a better fit for the data than the fixed effect model (y° = 13.42, p <.001), however the
addition of a random intercept or slope for community did not significantly improve the model
(y’ =2.73, p = .25). Men had higher CRP values in Model 1, but this effect was fully attenuated

by the addition of metabolic factors. Fasting glucose was positively related to CRP when
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Figure 1. Generalized Additive Mixed Model Fit Between Smoothed Age and CRP
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accounting for different slopes between age and CRP among communities, and WSR was
positively related to CRP in both models.

There was a positive relationship between CRP and age in Shuar living in the UV region,
but there was no relationship between CRP and age in Shuar living in the CC region (Model 1,
Table 2). When controlling for metabolic factors the association between CRP and age in the UV
was fully attenuated (Model 2, Table 2). Fasting glucose, HDL cholesterol, and WSR were not
related to CRP in the CC region, but glucose and WSR were positively related to CRP in the UV

region.

Discussion

The relationship between inflammation and age was linear, discounting the possibility
that inflammation rises to unhealthy levels quickly in older adults. However, the gradual increase
in mean CRP as the sample got older suggests that mean levels might still approach those that
cause risk for disease towards the end of the lifespan. However, the relationship between age and
inflammation was entirely due to only a few indicators of metabolism (fasting glucose, fasting
HDL, and WSR). Further supporting this idea, there was no relationship between CRP and age in
the CC region, which is hard to access and has not been as influenced by market integration at
the time samples were collected. This is despite CRP levels being higher overall in the CC
region, likely due to higher rates of unreported infectious disease below the 10 mg/L CRP cutoff.
This demonstrates that the immune system evolved for a different infectious disease burden
(Cepon-Robins et al., 2014; Gildner et al., 2020; Rook, 2023), which becomes hyperactivated in
settings with metabolic dysregulation.
The evaluation of community random effects supports the idea that different trajectories between

age and inflammation are occuring in different communities because of differences in
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Table 1. Multi-Level Models Predicting CRP

Model 1 Model 2
Random Intercept Random Slope Random Intercept Random Slope
b SE p b SE p b SE p b SE p
Intercept 0.58 0.07 <.001 065 0.14 .005 -0.91 1.18 .002 -0.76 041  <.001
Age 0.01 0.002 <.001 0.01  0.003 .05 0.004 0.002 .06 0.002 0.003 .51
Sex -0.18 0.05 <.001 -0.19 0.05 <.001 0.02 0.06 .76 0.01 0.06 .88
ﬁr']‘;cose 035 018 .07 0.005 0002 .03
HDL 0.003 0.002 .26 0.002 0.002 .39
WSR 16.19 0.69 <.001 1768 0.67 <.001
communty 16 A7 18 .37
SD e 01 01
IcC .10 .53 16 45
Pseudo R? 18 .26 .29 .31

Note. CRP (mg/L) reported in serum equivalents. HDL = High Density Lipoprotein; WSR = Waist to Stature Ratio.

77



Table 2. Linear Regression Models Predicting CRP

Model 1 Model 2
Cross-Cutucu Upano Valley Cross-Cutucu Upano Valley
b SE p b SE p b SE p b SE p

Intercept 1.30 0.12 <.001 0.18 0.07 .02 14.05 5.57 15 -0.99 1.20 <.001
Age 0.002 0.003 .58 0.01 0.002 <.001 0.00 0.01 .88 0.004 0.002 .06
Sex -0.33 0.09 <.001 -0.10  0.06 .05 -0.12  0.15 .36 0.12 0.06 .06
(CIB:)Jcose 054 052 .07 084 019 001
HDL 0.01 0.004 .10 -0.00 0.002 .95
WSR 7.64 3.77 A7 45.00 0.64 <.001
R? 1 14 .07 .37

Note. CRP (mg/L) reported in serum equivalents. HDL = High Density Lipoprotein; WSR = Waist to Stature Ratio.
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energetic status. Without metabolic controls, the relationship between age and inflammation
varied by community as indicated by the random slope model providing the best fit. However,
when controlling for metabolism, there was variation in CRP by community but the relationship
between age and CRP did not vary (it stayed a null effect in all communities). Therefore, this
study is one of the first to show that the increase in inflammation with age is due to metabolic
factors associated with energy-dense environments created relatively recently in human

evolutionary history.

Implications for Aging

Three possibilities emerge: 1) metainflammation is distinct from intrinsic aging
processes, 2) CRP only measures metainflammation, or 3) metabolic dysregulation is a key part
of aging.

These findings run counter to many studies from animal models and in high-income
nations that suggest increased chronic inflammation over time is a central part of intrinsic aging
processes. However, geroscience has long been biased by the confusion between aging and
aging-related disease (Franceschi et al., 1995; Ligthart et al., 1984). For example, it was once
thought that blood pressure was a measure of aging because it increased over time in the
populations studied, but this finding was later shown to be due to the cumulative effects of salt
intake and other environmental factors (Law, 1997; Pickering, 1997). Studies on both blood
pressure and inflammation with age are heavily biased by the fact that most research occurs in
high-income nations, where market foods and other cultural factors are confounded with aging-
related processes. Therefore, inflammaging and metabolic dysregulation could be disease

processes that are unrelated to intrinsic aging processes. However, a broad definition of aging as
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a decline in organismal functioning over time includes metabolic dysregulation and
inflammation.

It is possible that CRP is only a measure of meta-inflammation but that other
inflammatory molecules increase with age due to inflammaging universally. This would make
sense since CRP is produced by the liver with known signaling pathways from central adiposity
(Hotamisligil, 2006b). Conversely, IL-6 also increases with age but is produced by the SASP and
hyperactive macrophages and therefore might be a measure of inflammaging (Hotamisligil,
2006b). Separating inflammatory biomarkers of aging from inflammatory biomarkers of
metabolic dysregulation would be very useful for investigating aging processes in energy-dense
environments.

Another possibility is that energetic and metabolic factors are responsible for aging
processes. It is not only an over-energetic status that leads to aging, as caloric restriction
elongates lifespan (Colman et al., 2009; Kraus et al., 2019; Mercken et al., 2012; Speakman &
Mitchell, 2011). Further, insulin, insulin-like growth factor (IGF-1) signaling, and mammalian
target of rapamycin (mTOR) signaling have been closely linked with lifespan and aging such that
the downregulation of energy going through a cell elongates lifespan (Blagosklonny, 2010;
Bonaf¢ et al., 2003; Kloting & Bliiher, 2005). This is also in line with some evidence from life
history theory, that links slow growth with longer lifespans (Lee et al., 2013; Lind et al., 2017,
Metcalfe & Monaghan, 2003; Walker et al., 2006). Given the complete overlap demonstrated

here, metabolism may always be intricately linked to aging.

Evolutionary Theory
This study shows that new energy-dense environments cause inflammaging due to an

evolutionary mismatch. Three components are important for identifying evolutionary mismatch
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in humans: 1) comparison between post-industrial and subsistence-level groups, such as the
Shuar, 2) an environmental reason why the two might be different, and 3) a physiological
explanation that links the environmental difference to the outcome (Gurven & Lieberman, 2020;
Lea et al., 2023). This study contrasts with numerous studies from high-income nations showing
a relationship between CRP and age, even at young ages, in individuals without metabolic
diseases, and when controlling for some metabolic variables (Ahmadi-Abhari et al., 2013;
Puzianowska-Kuznicka et al., 2016b; Randall et al., 2022; Yamada et al., 2001). This likely
stems from differences between subsistence-based societies and post-industrial societies in diet,
exercise, infectious diseases, social, and economic variables (Cepon-Robins et al., 2014; Gildner
et al., 2020; Gurven et al., 2013; Gurven et al., 2016; Jaeggi et al., 2021; Liebert et al., 2013;
Urlacher et al., 2016). There is particularly strong evidence that greater physical activity and
low-calorie diets cause lower chronic inflammation (Fedewa et al., 2017; Kalani et al., 2006;
Pitsavos et al., 2007). This is because excess energy stimulates the mTOR pathway
unnecessarily, leading to the production of inflammatory cytokines, especially in macrophages
(Blagosklonny, 2010; Jia et al., 2014; Saxton & Sabatini, 2017). Therefore, inflammaging is
likely a result of evolutionary mismatch in humans.

Numerous extrinsic factors lead to organismal decline in functioning and/or mortality,
and there are numerous pathways involved. The network model of aging points out that a variety
of cellular stressors, such as infectious agents, mutagens, heat, and intrinsic molecular stressors,
lead to a network of defense mechanisms, and that all of these defense mechanisms must be
considered when conceptualizing aging (Franceschi et al., 2000). The addition of excess energy
as a cellular stressor that leads to organismal decline highlights the fact that these “stressors” are

not always inherently damaging but rather are any condition the species has not evolved to cope

81



with. The defense network is comprised of evolutionary adaptations to these cellular stressors.
Similar to other adaptations, they sometimes lead to tradeoffs and constraints that affect
organismal functioning. Determining what these tradeoffs and constraints are will be key in
understanding aging processes.

Both extrinsic and intrinsic stressors affect cellular aging, with some effects being
cumulative. For example, mutagens and dysregulation from excess energy accumulate across the
lifespan (Ren et al., 2022; Rigamonti et al., 2021). Therefore, a release of selective pressure
resulting in a longer lifespan can lead to new selective pressures from previously adapted to
cellular stressors. Although intrinsic cellular stressors could constitute a narrower definition of
aging processes, the distinction between the two is complex. For example, a new mutagenic
environment, an increase in menstrual cycles in industrialized nations, and the number of times a
cell divides can all cause cancers (Singer & Grunberger, 2012; Strassmann, 1999; Tomasetti et
al., 2017). Therefore, both intrinsic and extrinsic factors increase the mutational load, which
increases cancer risk. Further, some stressors that are considered intrinsic, such as a lack of
proteostasis or accumulation of damaged cell parts and debris, are likely due to environmental
factors. Therefore, environmental factors might be inseparable from aging processes in humans.

Although selective pressure is weaker later in the lifespan, this selective pressure is likely
stronger in humans, and meta-inflammation can affect survival at younger ages. Humans have
evolved an unusually long post-menopausal/older adult period, although what caused selective
pressure for this is unclear (Hawkes et al., 1998; Hawkes & Coxworth, 2013; Marlowe, 2000;
Tuljapurkar et al., 2007). Further, it is estimated that approximately 134 out of every 100,000
people die of hypertension before age 40, with deaths also occurring from hyperlipidemia, type 2

diabetes, obesity, and non-alcoholic fatty liver disease (Chong et al., 2023). Further, 2.8% of
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children and 4.8% of adolescents have metabolic syndrome globally, with some populations
experiencing rapid increases in prevalence (Amer et al., 2021; Noubiap et al., 2022; Park et al.,
2021). Therefore, if increases in metabolic inflammation are a part of senescence, then it is likely

due to evolutionary mismatch rather than weaker selective pressure later in the lifespan.

Limitations

This study is cross-sectional, not longitudinal and therefore is confounded by cohort
effects. It is possible that inflammation does increase with age and a similar increase in
inflammation is happening in younger cohorts. However, we would expect young adult Shuar
living in the UV region would experience these effects more than those living in the CC region.
In addition, due to the logistics of getting to remote Shuar communities, usually only a few
communities are sampled each year. Therefore, community is confounded with year of
collection. Finally, controlling for infectious disease is important when evaluating chronic
inflammation. The standard cutoff of 10 mg/L along with self-reported illness was used to
exclude participants with infection (Giollabhui et al., 2020). However, it was shown that values
above 3g/dL were rarely repeated (i.e., chronic) and instead likely indicated the beginning or end
of an infectious state (McDade et al., 2012). However, values between 3 g/dL and 10 g/dL
appeared to be equally distributed across ages. Finally, only a few metabolic measures had
adequate sample sizes for inclusion. Despite this, the effects between age and inflammation were

wholly accounted for.

Conclusions
The overlap between inflammaging and meta-inflammation has been noted, but they have
still been thought to be distinct processes (Franceschi et al., 2018). However, evidence for

inflammaging has primarily come from high-income nations. Shuar, a population with little
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market integration, has increases in inflammation with age that are entirely attributable to
metabolic processes. Further, Shuar who live in extremely remote regions of the Amazon basin
have no increase in inflammation with age. This challenges the proposition that inflammaging
and meta-inflammation are distinct processes and instead points to meta-inflammation being a
main causal factor in aging-related decline and disease. This is in line with many studies showing

the metabolic regulation of lifespan.

Bridge

Chapter IV provides additional evidence that inflammation does not go up intrinsically
with age, but is instead associated with the consumption of excess energy in many human
environments. This is likely due to an evolutionary mismatch because the environments in which
humans evolved were more energy scarce than they are today. This chapter highlights the
importance of both an evolutionary perspective and a global perspective. Collaborating with
participants from different environments, subsistence strategies, and lifestyles helps elucidate
physiological and evolutionary mechanisms of biological processes. The next chapter, Chapter V,
evaluates the lifestyle factors, including market diet, sedentary behavior, and psychosocial stress,
that could link market integration with metabolic disorders and chronic diseases. It also

evaluates, and improves upon, previous measures of market integration.
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CHAPTER V

The Mediation of Market Integration and Non-Communicable Disease

Non-communicable diseases (NCDs), such as cancers, cardiovascular diseases, diabetes,
and chronic respiratory diseases, account for 74% of all deaths globally, with 77% occurring in
lower- to middle-income countries (LMICs; WHO, 2023). Further, 86% of premature deaths
(before age 70) occur in LMICs (WHO, 2023). Although a clear epidemiological transition is
occurring with the global burden of chronic disease increasing alongside market integration and
globalization, the variability in how and where this happens has yet to be well integrated with
calls for increased attention to economic, social, demographic, and environmental factors
alongside molecular biological information (Zuckerman et al., 2014). Here we consider potential
pathways by which market integration is associated with NCDs using biomarkers from the World
Health Survey Plus (WHS+) in Cambodia, an LMIC undergoing rapid economic and
epidemiological transition. Specifically, we look at the mediation of the relationship between
market integration and cardiometabolic risk factors and frailty by market food consumption,
sedentary behavior, and post-traumatic stress.

NCDs also increase with aging (or organismal decline with time) and have a possible
overlap with aging physiology. Phenotypic aging, or frailty, is also closely related to both
biological aging (the rate at which one ages compared to their chronological age) and
cardiometabolic risk factors (Pyrkov & Fedichev, 2019; Shakya et al., 2022). Yet, studies have
shown that this increase in metabolic disorders coinciding with epidemiological transition is not
associated with changes in phenotypic aging (frailty; Krenz & Strulik, 2023). Further, the Study
on Global AGEing and adult health (SAGE) found that older adults in six middle-income

countries had higher frailty with lower market integration (Hoogendijk et al., 2018). A systematic



review confirmed that the relationship was often disparate (J. Wang & Hulme, 2021). In
addition, psychosocial stress, sedentary behavior, and diet have been closely linked to frailty
(Kehler & Theou, 2019; Lorenzo-Lopez et al., 2017; Shakya et al., 2024). Therefore, evaluating
the mediation of market integration and frailty, and comparing it to that of cardiometabolic
health, will give insight into changing trajectories of health and aging.

Market integration, or the amount of participation in a market-based economy, has been
shown to affect health in a variety of ways. Although there is often a lower risk of infectious
diseases and infant mortality (Cepon-Robins et al., 2019; Gildner et al., 2020; Nishiyama, 2011;
Omran, 2005), there is an increased risk of metabolic and cardiovascular disorders. These effects
have been seen both in individuals who move between more traditional subsistence strategies
(e.g., pastoralism, horticulturalism, hunting, and gathering) to market subsistence strategies (Lea
et al., 2020; Liebert et al., 2013; Lu, 2007), and with increasing market integration between rural
and urban areas within LMICs (Ajayi et al., 2016; Allender et al., 2011; Angkurawaranon et al.,
2014; Lea et al., 2020; Salgado et al., 2020; Yusuf et al., 2001). Both processes are considered to

be a part of an epidemiological transition toward increased chronic diseases.

Market Integration, Urbanization, and Evolutionary Mismatch

Humans have undergone rapid demographic, social, and environmental change over the
last ten thousand years—with particularly rapid changes happening in the last several hundred
years—Ileading to an evolutionary mismatch with the ancestral lifeways in which our genetic
makeup was selected (Eaton et al., 1988). Infectious disease treatment and control, water
treatment, and biomedicine can reduce early life deaths, while increases in calorie-dense and
processed foods (with high levels of salts, sugars, and fats), sedentism, maladaptive stressors,

pollution, and other carcinogens lead to increases in non-communicable diseases (Omran, 2005).
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For example, these environmental factors have been associated with increases in cardiovascular
diseases, diabetes, cancers, dementias, and nonalcoholic fatty liver disease (McCarthy & Rinella,
2012; Peters et al., 2019; Popkin, 2015; Singer & Grunberger, 2012; Vineis & Xun, 2009).
Further, treatments, prevention, and increases in public health initiatives have led to overall
decreases in mortality and disease (both infectious and degenerative) and increases in health
(Gage, 2005).

The theory of epidemiological transitions noted “peculiar” variations in the pattern, pace,
determinants, and outcomes of the transition between infectious and chronic disease (Omran,
2005). The theory has continued to be plagued by criticism due to the high amount of variation
and complexity in epidemiological transitions between groups and contexts (Santosa et al.,
2014). For example, a meta-analysis showed that socioeconomic status is often differentially
related to diabetes presence (Williams et al., 2018). The theory of health transitions has more
widely incorporated this variation by evaluating the social, behavioral, and cultural determinants
of health (Caldwell, 2001; Caldwell & Caldwell, 1991; Caselli et al., 2002). Despite variation in
life expectancy trajectories and causes of death, a clear trend exists whereby changes that
accompany industrialization and globalization are associated with a lower burden of infectious
disease and a higher burden of non-communicable, often chronic, diseases (Santosa et al., 2014).
This transition has been noted as a major problem facing LMICs, yet its supposed causal factors
have not been well-studied (Malekzadeh et al., 2020). More research is needed to understand
which social, behavioral, and environmental characteristics are causing this evolutionary
mismatch in what contexts in order to better understand the epidemiological transition between

infectious and chronic disease burdens.
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This underlying complexity has led to variation in the outcome of studies on market
integration (Liebert et al., 2013). Market integration is not a good indicator of growth and
nutrition between communities (Blackwell et al., 2009; Houck et al., 2013), which could be due
to different social and environmental causes in different areas or differences in the measurement
of market integration between communities. Further, different groups of people can experience
transition differently in the same population. For example, children, women, and men experience
epidemiological transitions differently and socioeconomic status affects health in different ways
in different social groups (Braveman et al., 2005; Omran, 2005; Santosa et al., 2014; Urlacher et
al., 2018). In general, those that are wealthy and live in urban areas have more access to healthy
foods, whereas people who are poor and live in urban environments often have more unhealthy
diets (Hawkes, 2006). This is because energy-dense refined grains, added sugars, and added fats
are cheaper in many market economies (Drewnowski & Darmon, 2005). Therefore, it is
necessary to determine which social and environmental factors change with market integration

and affect health negatively.

Potential Mechanisms
Diet

Diet has been closely linked with risk of NCDs, and therefore dietary transitions that
accompany cultural shifts have been cited as the cause for increasing rates of NCDs. Increased
globalization and market integration have led to a dietary transition between reliance on grains,
legumes, fruit, and vegetables to processed foods with added sugar and salt, animal foods, oils,
and increased eating out (Hawkes, 2006; Popkin, 2015; Popkin et al., 2012). The Mediterranean
Diet, which commonly includes fruits, vegetables, nuts, legumes, whole grains, and lean animal

and plant-based proteins, has been shown to improve cardiometabolic health and lower the rate
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of NCDs (Pagidipati et al., 2025; Sofi et al., 2008). Associations between sugar, oils, and fats and
health have been mixed, but there is a strong effect of caloric restriction on health, and higher
consumption of sugars has been shown to increase calories (Johnson et al., 2009; Pressler et al.,
2022). Increased consumption of market-based foods typically increases the consumption of
sugar in addition to decreasing cardiometabolic health (Pressler et al., 2022). However, a change
in the consumption of market-based foods has not been linked with cardiometabolic health
changes directly.

Despite the clear link between diet and cardiometabolic health, the transition between
self-production subsistence strategies and those that are market-integrated impacts on health is
complex. In LMICs, rural areas do tend to eat more self-produced food; however, those with the
highest levels of food production sell to and buy from markets to a greater degree (Reardon et
al., 2014). Urban areas are associated with a higher amount and diversity of fruit and vegetable
intake, alongside an increase in processed foods that contain more salt, sugar, and other
potentially unhealthy ingredients (Reardon et al., 2014). However, rural areas still consume
market foods and there is a socioeconomic gradient by which people of lower socioeconomic
status consume more calorie-dense market foods with fewer micronutrients (Darmon &
Drewnowski, 2008; Reardon et al., 2014). Non-market diets that are high in animal fat are
associated with heart disease in Inuit (Hu et al., 2018), yet in general, groups that hunt and forage
for food have diets high in animal products yet a low rate of cardiovascular disease (Cordain et
al., 2002). Further, LMIC’s tend to face a double burden of malnourishment and food insecurity
alongside overweight, obesity, and NCDs (Turner et al., 2018). Therefore, the transition between
the consumption of self-produced and market foods is complex and it is not clear if diet is

causing the increase in NCDs that are sometimes seen with market integration.
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Physical Activity

There is a consensus that increased physical activity promotes health and reduces the risk of
numerous NCDs. Physical activity and measurements of health have a linear relationship with
cardiovascular disease, hypertension, hypercholesterolemia, obesity, type 2 diabetes, cancer, and
all-cause mortality (Warburton et al., 2006). Beyond this, sedentary behavior is inversely related
to cardiometabolic health in many instances (Azevedo et al., 2024; Rezende et al., 2014; Shi et
al., 2024). Therefore, sedentary behavior and physical activity are independently related to health
effects.

Although daily energy expenditure seems to be highly conserved (Pontzer, 2018), the
time spent in physical activity varies greatly. Therefore, exercise might reduce excess energy
leading to decreased cardiometabolic disease. LMIC’s have a large variation in the prevalence of
insufficient physical activity (as defined by the 202 WHO Physical Activity Guidelines; Bull et
al., 2020; Strain et al., 2024). The same is true of groups with low levels of market-integration.
Tsimané, who primarily engage in foraging and farming subsistence strategies, have low levels
of sedentism with most physical activity being light or moderate, which is within the range of
high-income countries (HICs; Gurven et al., 2013). Indigenous Shuar of lowland Ecuador have a
light to moderate physical activity level and low levels of cardiovascular disease, supporting
other research that shows intense physical activity might not always be needed for positive health
outcomes (Liebert et al., 2013; Madimenos et al., 2011; Powell et al., 2011). However, within the
Yakut (Sakha) of Siberia individuals who participated in fewer subsistence activities had
significantly lower physical activity levels (Snodgrass et al., 2006). Therefore, it is possible that
sedentary behavior is a distinguishing factor between those who participate in subsistence

economies versus those who participate in market economies that affect health.
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Chronic Psychological Stress

During the stress response, the hypothalamic-pituitary-adrenal (HPA) axis signals for
many downstream neural, cardiovascular, endocrine, metabolic, energetic, and immune system
effects. These changes are often adaptive when dealing with an acute stressor; however, can
become detrimental to health with over- or under-sensitivity or prolonged activation (Sapolsky et
al., 1983). Overly traumatic stressors can lead to post-traumatic stress disorder, during which
there is often a chronic hyperactive stress response that drives avoidance, flash-backs, and sleep
problems, and prolonged stressors can lead to mental disorders such as depression and anxiety
(Hammen, 2005; Kendler et al., 1999; Stam, 2007). Therefore, it is hypothesized that there is a
cultural mismatch in which the stress response has become maladaptive.

Chronic activation of the HPA axis leads to many downstream health effects, including
increased risk for poor cardiometabolic health. Mouse models have shown that the sympathetic
nervous system activates the release of catecholamines, such as epinephrine, from the adrenal
cortex (Ramey & Goldstein, 1957). At the same time, the hypothalamus produces corticotropin-
releasing factor, which stimulates the pituitary to produce adrenocorticotropin.
Adrenocorticotropin then stimulates the adrenal cortex to secrete cortisol. Together, these
increase the available energy in the bloodstream by promoting lipolysis and gluconeogenesis.
Chronically elevated blood sugar is a diagnostic factor for diabetes and predisposes individuals
to other NCDs such as cardiovascular disease and some cancers (Schoen et al., 1999; Schwarz et
al., 2018; Wei et al., 2024). Further, vasodilation and restriction along with increased heart rate
lead to increased blood pressure, and chronically increased blood pressure is a diagnostic factor
for hypertension and predisposes individuals to ventricular hypertrophy, and arterial plaques.

Finally, the stress response activates the immune system, leading to increased infiltration of
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leukocytes along with increased inflammation. After prolonged activation, these systems lead to
insulin resistance, tissue damage, a buildup of plaques, and cellular hyperactivity, resulting in
increased cardiometabolic disorders (Hotamisligil, 2006b). Therefore, chronic, maladaptive
stressors can lead to non-communicable diseases and adverse health outcomes.

However, in humans the relationship between stress and health is more complex. In
addition to wide variability in sensitivity and buffers to stress, stress and its related disorders in
humans often lead to behaviors that affect health such as drinking, smoking, eating calorie-dense
foods, and other addictive behaviors. Nevertheless, groups that experience more stress or trauma
often have worse health outcomes. For example, women who have experienced intimate partner
violence have a higher risk of cancer, cardiovascular disease, diabetes, musculoskeletal
disorders, and respiratory disorders (Goldberg et al., 2021). There is also evidence that job strain
affects health (Landsbergis et al., 2013), which might increase with the participation of wage
labor in market economies. However, Tsimané have similar rates of depression to many
countries, which has been linked to functional disability and social conflict — usually affecting
resources (Stieglitz et al., 2015). Yet, the group has low rates of cardiovascular disease (Kaplan
et al., 2017). Therefore, there is still uncertainty as to when, where, why, and what kinds of stress

cause poor health effects in humans.

Measuring Market Integration

The concept of market integration is complex. The transition to or into a market-based
economy happens in various contexts and changes an individual's ecology. Even within the same
region that market integration happens in different ways (Lu, 2007). Therefore, it is possible that
market integration needs to be measured in group and context-specific ways, although this

impedes cross-study comparisons. Different aspects of MI can be measured at different levels
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(e.g., individual, household, community) and are differentially related to various outcomes
(Mattison et al., 2022). This highlights both the complexity and importance of both between and
within-group comparisons of participation and success in market-based economies.

Market style of life questionnaires employed by human biologists have often used a sum
score of assets (Bindon et al., 1997; Leonard et al., 2002; Snodgrass et al., 2006). Different fields
have created similar measures, an index based on the possession of durable goods and referred to
it as different things: wealth index, asset index, style of life questionnaire, and market integration
scale (Hoogendijk et al., 2018; Kowal et al., 2012; Liebert et al., 2013; Naveed et al., 2021). In
epidemiology, wealth indices are more commonly created using item response theory models
(Kowal et al., 2010; Traynor & Raykov, 2013). The creation of a measure using item response
theory (IRT) increases the variation in market integration scales by differentially weighting how
strongly items are related to the latent construct (Lord, 2012). Increasing the variation of the
market integration scale helps prevent confounding between the different applicable levels in
which market integration might affect outcomes (Neale et al., 2005). The IRT model will also
show how well the construct is being measured and what types of questions are needed to
equally differentiate people between different levels of the construct (Frances & Solon, 2014).
Increasing the measurement quality of the market style of life index will help identify relevant

relationships between market integration, lifestyle factors, and cardiometabolic health.

The WHS+ in Cambodia

The World Health Organization’s World Health Survey Plus (WHS+) monitors and
supports public health goals by collecting nationally representative survey, anthropometric,
functional test, and biomarker data. The first country to participate was Cambodia in 2023.

WHS+ expands on the 2003 World Health Survey, which took place in 69 countries, by
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integrating new and updated health measures along with finger-prick point-of-care blood testing.
This allows for the reporting of results to participants and provides robust health data to support
sustainable development health goals.

Cambodia is undergoing rapid economic and epidemiological transitions.
Industrialization, globalization, and economic development between 1999 and 2019 made it one
of the fastest-growing economies in the world (World Bank, 2024). Most commonly shifts have
been made away from work in subsistence and agriculture to tourism, service, and
manufacturing. Cambodia transitioned from a low-income economy to a middle-income
economy in 2014 and has goals to become upper-middle-income by 2030 and high-income by
2050. Cambodia has been undergoing a clear transition between infectious and chronic diseases
in the past two decades, although some areas might experience dual burdens. Successful public
health programs have reduced infectious diseases, eradicated malaria, and reduced maternal and
infant mortality. These shifts have also been accompanied by transitions from the self-production
of rice, fruits, vegetables, and lean protein to one that contains more market-purchased processed
foods (Cambodia, 2024).

Using WHS+ data in Cambodia, we can explore the potential mechanisms by which
integration into market economies leads to increases in non-communicable diseases in a country
undergoing economic and epidemiologic changes. The Material Style-of-Life (MSOL) scale
measures the variation in the participation and accumulation of goods and infrastructure
associated with market economies and is tailored toward the measurement of countries globally.
It is expected that the percentage of foods that comes from the market, sedentism, and stress will
mediate the relationship between market integration and non-communicable diseases. Despite

these being commonly assumed mechanisms linking market integration and non-communicable
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diseases (Lea et al., 2020; Liebert et al., 2013; Snodgrass et al., 2006; Urlacher et al., 2016), it is
not clear under what contexts and to what extent each of these contributes to an increasing

burden of non-communicable diseases with market integration and globalization.

Objectives and Hypotheses

Objective 1. Improve measurement variability of the M-SOL scale and evaluate its measurement

quality and characteristics.

Objective 2. Evaluate if market diet, physical activity, or stress could be responsible for

differences in cardiometabolic health with market integration.
Prediction. There will be a positive indirect effect of market diet, physical activity,
and stress between material style of life and blood pressure (BP), HbAlc, low-
density lipoprotein (LDL), glucose, total cholesterol, waist-to-stature ratio,
triglycerides, and frailty. There will be a negative indirect effect of market diet and
stress on high-density lipoprotein (HDL).

Objective 3. Explore whether the relationship between market integration and diet, physical

activity, and stress differs between locations
Prediction. Models predicting market food, sedentary behavior, and stress from
market integration with region as random slopes will fit the data better than models
where the predictors are random-intercepts or fixed effects when controlling for

demographic factors.
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Method

Participants

The WHS+ took place in Cambodia between March and May of 2023 and collected
computer-assisted personal interviews, performance tests, and biomarkers. Random selection of
communities included 6,072 people, and the study had an 87% completion rate. Therefore, 5,275
participants across 275 communities in all 25 provinces participated in the present study.
Participants' ages ranged from 18 to 88 years old (M =47.28, SD =14.91) and more women
(69%) than men (31%) participated. Most of the participants were currently married (n = 4,072),
followed by widowed (n = 662), never married (n = 297), separated/divorced (n = 228), and
cohabiting (n = 16). More participants lived in rural areas (61%) than urban areas (39%). The
WHS+ was approved by the WHO ethical review committee, and written informed consent was

obtained from all study participants.

Variables
Demographics

Participants were asked, “How old are you now?” which was checked against self-
reported date of birth and a birth certificate if available. The interviewer recorded the gender of
the participant. Participants were also asked about their current marital status. Education was
made up of two questions: “Have you ever been to school?” and if they said yes, they were

asked, “How many years of school, including higher education have you completed?”” No

answers to ever being in school were coded as zero and combined with the years of school

variable to create years of education.
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Market Style of Life (M-SOL)

Dichotomous housing characteristics (e.g., floor type, 2 rooms or more) and asset items
(e.g., television, refrigerator, car) were used as independent observations of the latent variable
using item response theory (IRT; Appendix 2).
Lifestyle Mediators

Market Food. The Household Consumption and Expenditures Surveys (HCES) was
created to fix limitations in the 24 hr dietary recall (Fiedler et al., 2012). Market food was the
percentage of food and beverages consumed that were purchased by the household divided by
the total value of consumed food. The total value of consumed food included food purchased and
food that came from their own production and/or from in-kind receipts. The Household
Consumption Expenditure section of the survey states, “I would like to ask you some questions
about your household and all its members consumption of food and other non-food products and
services.” Then, “I will ask you ask you first about your household consumption of food and
beverages prepared at home . . . over the past 7 days.” The survey then asks three questions
about 16 food group items. The three questions include: 1) “In the last 7 days, did you or any
member of your household consume (out of your own production, purchases or in-kind receipts)
[insert food group items],” 2) “What was the total value of [insert food group items] that came
from your own production and/or from in-kind receipts over the last 7 days? Your best estimate is
fine. Report value in local currency, and 3) “What was the total value of [insert food group
items] that came from your purchases over the last 7 days?”” Food group items included things
such as “noodles, similar pasta products, and flour,” “butter, lard, and other animal based oils
and fats,” and “other food items not mentioned elsewhere (e.g., salt, condiments, sauces, spices,

herbs, seeds, baby food).”

97



Sedentary Behavior. The sedentary behavior question was prefaced by, “The following
question is about sitting or reclining at work, at home, getting to and from places, or with friends
including time spent [sitting at a desk, sitting with friends, travelling in car, bus, train, reading,
playing cards or watching television], but do not include time spent sleeping.” A showcard was
used to illustrate examples. Participants were then asked, “How much time do you usually spend
sitting or reclining on a typical day?” and the answer was recorded in hours and minutes. Minutes
was divided by 60 and added to hours to get total number of hours.

Stress. The stress variable was a mean of four questions about symptoms that can result
from a traumatic stressor. It states, “People who are exposed to extremely stressful experiences,
like being assaulted or involved in a serious accident, often have a number of negative reactions.
The next questions are about reactions of this sort.” Then, “Overall in the last 30 days, how
much were you bothered by the following reactions to any extremely stressful experience that
ever happened to you?” and participants were offered a 5-point Likert scale from 1 (Not at all) to
5 (Extremely). The four questions were: 1) “Avoiding external reminders of a stressful
experience, for example, people, places, conversations, activities, objects, or situations?” 2)
“Feeling distant or cut off from other people?” 3) “Feeling irritable, having angry outbursts, or
acting aggressively?” and 4) “Suddenly feeling or acting as if a stressful experience were

actually happening again, as if you were actually back there reliving it?”

Health Outcomes
Blood Biomarkers. Finger-prick capillary blood was collected and biomarkers were
measured using point-of-care devices. Glycated hemoglobin (HbA 1c) was measured using

A1CNow+ (PTS diagnostics; Whitestown, IN, USA), and glucose, triglycerides, and total
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cholesterol were measured using CardioChek PA (PTS diagnostics; Whitestown, IN, USA). Low
density lipoprotein (LDL) was calculated automatically by the CardioChek PA device.

Anthropometrics. Waist circumference was measured using a tape measure to the
nearest 0.1 cm. Measurements were taken two inches above the iliac crest, taking care to keep
the tape measure parallel to the floor. Height was measured using a portable stadiometer to the
nearest 0.1 cm (Seca 213; Hamburg, Germany). Waist-to-stature ratio (WSR) was calculated by
dividing waist circumference by height in cm.

Blood Pressure. Blood pressure (BP; mmHg) was measured using a battery-powered
upper arm blood pressure monitor (Omron Healthcare Inc. Series 3; Kyoto, Japan). It was hot at
the time of data collection, however if needed participants were asked to remove bulky jackets or
sweaters. Blood pressure was taken with participants in a seated position, after a 5 minute rest in
which the participant was instructed not to talk. Participants were told to place both feet on the
ground and to place their arm on a table at heart level. The measurement was taken three times,
and the average of the last two was used for analysis (Muntner et al., 2019).

Frailty. The frailty index was made up of four sections that were weighted equally:
general health, diagnosed disorders, functional activities assessment, and physical assessment
(Appendix C). It was scored according to the Rockwood Frailty Index (Rockwood et al., 2005;

Rockwood & Mitnitski, 2007; Searle et al., 2008)

Statistics

R version 4.3.0 was used for analysis (R Core Team, 2021). Assumptions were checked,
and the relationship between MSOL and market food was shown to be heteroscedastic.
Therefore, multi-level models were completed first. Since the addition of a random slope by

region accounted for some of the heteroscedasticity while maintaining the general linear trend
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across communities (Figure 1), linear analyses for structural equation modeling were still

performed. In addition, HbA 1c, market food, and sedentary behavior were not normally

distributed and, therefore, were log-transformed. Variables were z-scored for structural equation

models. The alpha level was set at .05.

Objective 1

Item response theory (IRT) is a series of scalar measurement models used to create a

unidimensional latent trait (Lord, 2012). Maximum likelihood estimation was used to fit

dichotomous response data using the MIRT package in R (Chalmers, 2012). More information on

this analysis can be found in Appendix A.
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Figure 1. Multi-level model showing the relationship between market integration and
market food with region as a random slope
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Objective 2

Multi-level structural equation modelling with maximum likelihood estimation was
performed using the lavaan package in R (Rosseel, 2012). Region was controlled for with robust
standard errors. First, indirect effects were measured separately with MSOL as the predictor,
market food, sedentary behavior, and stress as mediators, and HbAlc, total cholesterol, LDL
cholesterol, triglycerides, WSR, systolic BP, and frailty as cardiometabolic health and aging

outcomes. Then all indirect effects were run in a combined model (Figure 2).

Objective 3

Multi-level linear regression models were estimated using maximum likelihood estimation
with the Ime4 package in R (Bates et al., 2015). Three fixed-effect models were fit with market
food, sedentary behavior, and stress as outcomes in separate models. MSOL was the predictor of
interest in all three models, with age, gender, marriage, and years of education as demographic

controls. The same three models were then fit with the addition of region as a random intercept

Sedentary
s b
Market Food
1 m
MSOL = A Health Outcome
X y
Stress

Figure 2. Combined structural equation model with market food, sedentary behavior, and
stress as mediators between market integration and metabolic health and aging
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and a random slope. Fixed effect, random intercept, and random slope models were compared. The
variance inflation factor (VIF) was checked for all fixed effects, and none exceeded the

recommended cutoff of 4 (VIFuin=1.06, VIF = 1.44).

Results

Descriptive Statistics

HbA Ic ranged from 4.00 to 13.00 (M = 5.87, SD =1.35), total cholesterol from 100 to
400 (M = 187.94, SD = 54.44), LDL from 5.00 to 332.00 (M = 108.67, SD = 44.53), HDL from
20.00 to 120.00 (M =43.66, SD = 13.03), and triglycerides from 50.00 to 500.00 (M = 171.60,
SD = 87.52). Systolic blood pressure ranged from 76.00 to 207.00 (M = 121.02, SD = 17.05), and
WSR ranged from 0.29 to 0.77 (M = 0.52, SD = 0.07). Participants were sedentary between 0.00
and 24.00 hours a day on average (M =2.04, SD = 1.81) and stress scores ranged from 1.00 to
5.00 (M =1.65,SD =0.72).
Objective 1

The MSOL had a strong one-factor solution. Although normally a 1 parameter logistic
(PL) model is used for creating wealth and asset indices, the 3 PL model provided the best fit for
the data. However, it only accounted for 0.25% change in variance compared to the 1 PL model.
The 3™ guessing parameter accounted for variance in walls, floor, water, and electricity (as well
as TV) and therefore may have been useful for controlling for communism. There was a gap in
measurement between housing characteristics (along with having a motorcycle) and having a TV.
Therefore, items that are leisure items but cost less than a TV are needed to fill the gap. The
majority of people fell within this gap, having the necessities, but none of the luxury assets. The
scale had low information value and appeared more probabilistic until this point as well, then

became strongly scalar. Therefore, despite the strong one-factor solution, it is possible that
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market integration can only be measured in a scalar fashion once individuals have entered into a

market-based economy.

Objective 2
In the mediation models, MSOL had a negative relationship with market food (f =-0.33,
p <.001), and a positive relationship with sedentary behavior (f = 0.06, p <.01) and stress (f = -

0.08, p <.001; Tables 1 & 2). MSOL was related to most health and aging outcomes, such that

Table 1. Standardized B Values from Individual SEM Mediations

Sedentary Market Food Stress
c b [Eab b [Eab b [Eab
Men
HbA1c 0.12*** 0.04 0.004 -0.03 0.01 -0.00 0.00
Trig 0.13*** 0.09** 0.01 -0.09**  0.03** 0.08* -0.01
TC 0.15%** 0.04 0.003 -0.10***  0.04*** .04 -0.002
LDL 0.16*** 0.03 0.002 -0.11***  0.04*** 0.05 -0.003
HDL -0.04 0.00 0.00 -0.03 0.01 -0.02 0.001
SysBP  0.07** 0.03 0.003 -0.003 0.001 -0.03 0.002
WSR 0.27*** 0.05 0.004 -0.07**  0.03** -0.02 0.001
Frailty -0.12*** 0.07* 0.01 -0.02 0.01 0.39***  -0.03***
Women

HbA1c  0.10*** -0.001 0.00 -0.02 0.01 0.01 -0.00
Trig 0.03 0.03 0.002 -0.03 0.01 0.03 -0.00
TC 0.12*** 0.003 0.00 -0.06**  0.02** 0.02 -0.002
LDL 0.10*** -0.002 0.00 -0.05* 0.02* 0.02 -0.001
HDL 0.07* 0.01 0.00 -0.07***  0.02*** 0.01 -0.00
SysBP -0.07** -0.01 0.00 0.01 -0.002 -0.03 0.002
WSR 0.14*** 0.06***  0.003 -0.07***  0.02** 0.04** -0.003
Frailty -0.13*** 0.05%* 0.003 -0.02 0.01 0.37***  -0.02*

Note. *p <.05, ** p< .01, p<.001. HbA1c was natural log transformed. HbA1c = Glycated
Hemoglobin; Trig = Triglycerides; TC = Total Cholesterol; LDL = Low Density Lipoprotein;
HDL = High Density Lipoprotein; Sys BP = Systolic Blood Pressure; WSR = Waist-to-Stature
Ratio.
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Table 2. Standardized B Values from the Combined SEM with Three Mediations

Sedentary Market Food Stress
C b [Eab m | = y IEy
Men
HbA1c 0.11*** 0.04 0.004 -0.03 0.01 -0.02 0.001
Trig 0.07* 0.04 0.003 -0.002 0.001 -0.04 0.002
TC 0.11*** 0.04 0.002 -0.10***  0.04** 0.02 -0.001
LDL 0.13*** 0.02 0.002 -0.10***  0.04** 0.03 -0.001
HDL -0.04 0.001 0.00 -0.03 0.01 -0.01 0.00
Sys BP 0.07* 0.04 0.003 -0.002 0.001 -0.04 0.002
WSR 0.25*** 0.05 0.004 -0.07 0.03** -0.05* 0.002
Frailty -0.09** 0.02 0.002 0.02 -0.006 0.36*** -0.02
Women
HbA1c 0.10***  -0.01 -0.00 -0.02 0.01 0.01 -0.001
Trig -0.07*  -0.002 -0.00 0.003 -0.001 -0.03 0.002
TC 0.10***  0.001 0.00 -0.06** 0.02* 0.02 -0.002
LDL 0.09***  -0.002 -0.00 -0.04* 0.02* 0.02 -0.001
HDL 0.06* 0.01 0.00 -0.07***  0.02*** 0.002 -0.00
Sys BP -0.07**  -0.002 -0.00 0.003 -0.001 -0.03 0.002
WSR 0.12***  0.06**  0.003 -0.07**  0.02** 0.04* -0.003
Frailty -0.10***  0.01 0.001 0.01 -0.002 0.39***  -0.03**

Note. *p <.05, ** p< .01, p<.001. HbA1c was natural log transformed. HbA1c = Glycated
Hemoglobin; Trig = Triglycerides; TC = Total Cholesterol; LDL = Low Density Lipoprotein;
HDL = High Density Lipoprotein; Sys BP = Systolic Blood Pressure; WSR = Waist-to-Stature

Ratio.

higher MSOL was related to higher cardiometabolic biomarkers and lower frailty. It was not

related to HDL cholesterol in men and triglycerides in women and was negatively related to

systolic BP in women. However, only market food frequently had a positive indirect effect

between MSOL and aging. As MSOL was higher, market food consumption was lower, and as

market food consumption was lower, health outcomes were higher/worse. This was true for total
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cholesterol, LDL, and WSR, along with triglycerides in men and HDL in women. The only other
indirect effect was the mediation of MSOL and frailty by stress. MSOL is negatively associated
with stress and stress is positively related to frailty, leading to a negative indirect effect. The
combination of models attenuated the indirect effects between MSOL and triglycerides by

market foods in men and between MSOL and frailty by stress in men.

Objective 3
Market Food

For market food, the random intercept model provided a better fit to the data than the

Table 3. Multi-Level Model B Values Predicting Market Food from Market Style of Life
(MSOL)

Fixed Effect Random Intercept Random Slope
B SE B SE B SE
Fixed Effects
Intercept 9.03*** 0.14 8.20*** 0.15 8.01*** 0.15
Age 0.00 0.00 0.003* 0.001 0.003* 0.001
Gender -0.08* 0.04 -0.11** 0.04 -0.10** 0.04
Marriage 0.10 0.05 0.08 0.05 0.08 0.05
Education -0.02***  0.01 -0.02** 0.01 -0.02** 0.01
MSOL -0.36***  0.03 -0.27***  0.03 -0.27***  0.03
Random Effects
SDintercept 0.53 0.54
SDsiope 0.19
ICC 14 .15
Model Fit
AlC 18355.06 17926.68 17916.43
LogLik -9170.53 -8955.34 -8948.22
R?/Pseudo R? .08 .18 19

Note: *p < .05, ** p<.01, p <.001. Analysis was done with the natural log of market food
(%), but the exponentials of the coefficients are reported.
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fixed effect model (5 = 14.25, p <.001 ) and the random slope model provided a better
fit to the data than the random intercept model (y° = 444.63, p <.001; Table 3). The random
intercept model showed that people who had higher MSOL values were similar in the percentage
of food
purchased from the market across regions; however, there was a lot of variability in the
percentage of food purchased from the market for people with lower MSOL, depending on
region. Some regions have a slope that is near zero, indicating that percentage of food from the
market is not related to MSOL, whereas in most regions the two have a negative slope, indicating
market food consumption is lower when MSOL is higher. Fixed effects showed that after
controlling for community, age was positively related to market food. Women reported lower
household market food consumption than men. As both education and MSOL were higher, the

consumption of market foods was lower.

Sedentary Behavior

For sedentary behavior, the random intercept model provided a better fit to the data than
the fixed effect model (y° = 129.42, p < .001), but the random slope model provided no further
improvement (> = 5.48, p = .06; Table 4). People who were married or cohabiting had lower
levels of sedentary behavior than those who were single, divorced, or widowed. Education and
MSOL were both positively related to sedentary behavior. The positive relationship between
MSOL and sedentary behavior was attenuated by the addition of a random slope for region,
indicating an overlap in variance. However, the best fitting model was that with MSOL as a

significant fixed effect and region as a random intercept.
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Stress

For stress, the random intercept model provided a better fit to the data than the fixed
effect model (y° = 23.34, p <.001), and the random slope model provided a better fit to the data
than the random intercept model (y° = 5.16, p = .08; Table 5). Women experienced more stress
than men, and as MSOL was higher stress was lower. Age was not related to stress, despite
frailty being strongly related in the previous models. Therefore, higher stress is related to higher

frailty regardless of age.

Table 4. Multi-Level Model B Values Predicting Sedentary Behavior from Market Style of Life
(MSOL)

Fixed Effect Random Intercept Random Slope
B SE B SE B SE
Fixed Effects
Intercept 1.59*** 0.05 1.55%** 0.05 1.55*** 0.05
Age 0.00 0.00 0.00 0.00 0.00 0.00
Gender 0.02 0.02 0.02 0.02 0.02 0.02
Marriage -0.06***  0.02 -0.06*** 0.02 -0.06*** 0.02
Education 0.004* 0.002 0.01* 0.002 0.01* 0.002
MSOL 0.03** 0.01 0.02* 0.01 0.02 0.01
Random Effects
SDintercept 0.12 0.12
SDsiope 0.05
ICC .06 .06
Model Fit
AlC 7714.91 7587.49 7586.01
LogLik -3850.45 -3785.74 -3783.01
R?/Pseudo R? .01 .06 .07

Note: *p < .05, ** p<.01, p<.001. Analysis was done with the natural log of
sedentary behavior (hr), but the exponentials of the coefficients are reported.
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Table 5. Multi-Level Model B Values Predicting Stress from Market Style of Life (MSOL)

Fixed Effect Random Intercept Random Slope
B SE B SE B SE
Fixed Effects
Intercept 1.47%** 0.07 1.42%** 0.07 1.43%** 0.07
Age 0.00 0.001 -0.001 0.001 -0.001 0.001
Gender 0.15*** 0.02 0.15%** 0.02 0.15%** 0.02
Marriage 0.003 0.02 0.003 0.02 0.002 0.02
Education 0.001 0.003 0.001 0.003 0.001 0.003
MSOL -0.05*** 0.01 -0.06*** 0.01 -0.06*** 0.01
Random Effects
SDintercept 0.09 0.09
SDsiope 0.04
ICC .02 .02
Model Fit
AlC 11438.06 11416.71 11415.55
LogLik -5712.03 -5700.36 -5697.78
R?/Pseudo R? .01 .03 .03

Note: *p < .05, ** p<.01, p <.001.

Discussion

Market integration was associated with worse cardiometabolic health for all health
outcomes tested, with some differences between men and women. However, it was also
associated with decreased frailty. This could be due to the strong association between stress and
frailty and the negative relationship between stress and market integration. This outcome
corroborates many other studies that link market integration with worse cardiometabolic health
(Angkurawaranon et al., 2014; Lea et al., 2020; Liebert et al., 2013). However, this study did not
provide evidence for this relationship being due to the three main mechanisms that are usually

cited: increased market food consumption, increased sedentary behavior, or increased stress.
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Instead, this study showed that more market food consumption was related to lower
market integration. This happened along a gradient such that lower levels of market integration
were associated with a high level of variability in market food consumption among regions. The
highest amount of variability in individuals was right under the mean level of market integration,
near the intersection of having housing and having assets. These findings support the idea that
the transition into market integration is associated with worse health outcomes, but that the
effects are felt the most by those that are low in socioeconomic status in a market economy
(Hawkes, 2006). Increasing inequality with market integration should be evaluated as a possible
contributor to the relationship between market integration and health. Yet we provide evidence
for worsening cardiometabolic risk factors with increased asset wealth, possibly because many

individuals in Cambodia still live a subsistence and/or communist lifestyle.

Measurement of Market Integration

This study evaluates and improves upon the current measurement of market integration;
however, there is still a large amount of improvement that is needed. The current measurement of
market integration by assets is a measure of wealth, and therefore the two effects cannot be
separated. Either different questions need to be included, or a consensus should be made that
market style of life is a form of asset wealth. Since the amount of asset wealth is negatively
related to the percentage of foods from markets, the relation of both to the concept of market
integration needs clarification. Ultimately, it was asset wealth and not market food that was
related to worse cardiometabolic health. Further, market integration is happening at the
household, community, regional, and national levels (Mattison et al., 2022). That effect was
shown here by the attenuation of the positive relationship between market integration and

sedentary behavior with the addition of a random slope for region. Separating these different
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levels could lead to insight into the complexity of the relationships between market integration
and health.

The MSOL measure of market integration created here has a low discrimination and
information criterion at low levels of market integration. A scalar measurement of market
integration using housing characteristics and assets may be applicable only in a community that
is market integrated. A continuous distribution between a subsistence economy and a market
economy has not been created, and previous studies have shown that a subsistence style of life
and a market style of life are different constructs (Liebert et al., 2013). If the transition between
subsistence and market economies does happen at a single point, it is important to identify the
distinguishing factors. If the transition is gradual, then a better measure of this transition is still
needed. One possibility for improvement is to find better criteria for low market integration than
housing characteristics, which are largely shared among communities. Measuring market style of

life correctly is important for the analysis of how changing cultures aftect health.

Links between Market Integration and Cardiometabolic Health

Different aspects of diet, physical, and stress could be the mediating factors between
market integration and cardiometabolic health. In most cases market foods are not inherently bad
for you, rather, they sometimes lead to the consumption of a caloric surplus. Notable exceptions
are salt and, perhaps, sugary drinks (Law, 1997; Stanhope, 2016). Metabolic disorders are most
commonly linked with obesity, which is another indicator of a caloric surplus (Cuthbertson et al.,
2017; Finkel, 2015; Gaal et al., 2006; Popkin et al., 2012; Stanhope, 2016). An increased
frequency of dining out also increases caloric consumption (Oh et al., 2015). Therefore, it is
likely that health depends on what foods, and how much of those foods, are consumed. Sedentary

behavior is just one aspect of physical activity, and although it is the worst for health, health
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tends to increase with increasing physical activity (Powell et al., 2011). Therefore, the entire
amount of physical activity is likely relevant, and not just time spent in sedentary behavior.
Finally, there are numerous causes of stress. The stress measured here tends to align closest with
a post-traumatic stress (Yehuda et al., 2015), which is likely prevalent in the population due to
recent political turmoil and genocide. Childhood adversity, anxiety, social, and occupational
stress could lead to different associations. More research needs to be done to isolate the causes of

increasing cardiometabolic risk with market integration.

Stress and Frailty

The strong relationship between stress and frailty could be bidirectional, psychosocial
stress leads to increased frailty but increased frailty also leads to more stress. The sympathetic
nervous system, which is activated in moments of stress or chronically with stress, leads to
insulin resistance, inflammation, and cellular hyperactivity, all of which can increase frailty
(Gruenewald et al., 2009; Perazza et al., 2022; Vlachakis et al., 2017). Further, studies have
linked early-life stress, cumulative stressful experiences, and low socioeconomic status with
epigenetic aging, which is a leading measure of biological aging (Palma-Gudiel et al., 2020b).
Therefore, there are possibly numerous physiological mechanisms that link stress and aging.

While stress was most closely related to frailty, market integration was more closely
related to cardiometabolic disease. Further, market integration was inversely related to stress.
These findings suggest that the mechanisms of aging triggered by psychological stressors are
different than the worsening of cardiometabolic health with market integration. The relationship
between stress and aging could provide insight into physiological aging mechanisms that remain

elusive (Cohen et al., 2020). Despite there being much disagreement as to the causes of aging,
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this study showed a strong relationship between stress and aging that was independent of

chronological age and metabolic dysregulation.

Limitations

This study documented specific limitations in the measurement of market-style-of life
that should be considered in future studies. Self-report physical activity and sedentary behavior is
poorly correlated with physical activity recorded by an accelerometer (Keating et al., 2019), and
it is possible that this error variance affected results. Further, it may have been difficult for some
participants to accurately recall how much the food they consumed cost and where it was
obtained. This study was cross-sectional, and therefore, it is difficult to assess causality and
directionality. Although the addition of a random slope for region improved the model fit, it did
not account for all heteroscedasticity. The peculiar relationship between market style of life and
market food in Cambodia should be further explored. Salt, alcohol, or tobacco may be driving
health effects related to the consumption of market foods or market style of life (Bell et al., 2011;
He & MacGregor, 2009). Finally, there is a chance that linear models do not accurately represent
the data, especially since there was unequal variance. Future research should explore non-

parametric relationships between market integration, lifestyle behaviors, and health.

Conclusion

Although it has been assumed that the relationship between market integration and the
increased risk of cardiometabolic diseases is due to an increase in market diets, an increase in
sedentary behavior, and an increase in maladaptive psychosocial stress this study did not provide
evidence for those associations. It showed a clear and strong link between higher market style of

life, measured similarly to an asset or wealth index, and lower cardiometabolic health using
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biomarker measurements but that relationship was not mediated by consumption of market food,
sedentary behavior, or post-traumatic stress. It is likely that market integration leads to poor
health via numerous pathways in different locations and groups and understanding what leads to
these differences and how to prevent worsening cardiometabolic health is of primary importance
for global public health. Cambodia is undergoing economic and epidemiologic transitions, and
the public health department is now focusing on NCD management. Understanding exactly why
rates are increasing is of utmost importance to these goals, yet common assumptions on causality

could be mistaken, leading to wasted resources.

Bridge

Chapter V evaluated the measurement quality and increases variation in the scale
for market integration, then uses it to explore the mediation between market integration and
health by market diet, sedentary behavior, and post-traumatic stress. Although these are the most
commonly cited causes for this link, there was little to no evidence of their involvement. This
chapter highlights the importance of measuring cultural transitions and their effects on health as
a part of a global perspective. There are many different levels of causality for biological and
health outcomes; however, research is usually focused on an individual level. The next chapter,
Chapter VI, evaluated the significance of this and other findings and conclusions reached herein.

It then reviews future directions for aging research in Human Biology.
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Chapter VI

Conclusion and Future Directions

The research contained within this dissertation has provided preliminary evidence for a
new evolutionary model of aging, based on the tradeoff between mutational load and cellular
hyperactivity. In doing so, it highlights weaknesses in the Disposable Soma Theory. It provides
evidence that there is not a universal increase in inflammation with age and, instead, this effect is
likely due to dysregulated metabolism. This points to a mismatch as a cause of inflammaging and
the disorders it is associated with, alongside possibly being an evolutionary mechanism of aging
itself. Finally, it shows that assumptions that have been made about the link between market
integration and aging might not be supported and highlights the need for more research to
understand how transitioning societies lead to environmental mismatches that cause aging.
Taking an evolutionary and global perspective on aging has led to unexpected findings herein

and can further benefit the field of gerontology.

Evolutionary Basis of Aging
These findings highlight that even the evolutionary basis of aging is multilevel and
complex, with many different overlapping facets. This makes sense, given that aging is as old as
multicellular organisms (Nelson & Masel, 2017), and therefore have evolved for at least one and
a half billion years (Brunet & King, 2017). Understanding how aging has been shaped by natural
selection, and the tradeoffs and mismatches that lead to aging, will be crucial to finally
understanding how all of the mechanistic pieces of aging fit together. Further, there is still a

need to link traditional evolutionary theories of aging, such as mutation accumulation and
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antagonistic pleiotropy, to the mechanistic causes of aging. One possibility is a molecular

tradeoff between mutation accumulation and cellular hyperactivity.

Integrating the Biological and Social Levels of Aging

Across both the studies contained here, and many others I have completed (e.g.,
DeLouize, 2023; DeLouize, in prep; Greenblum et al., 2022), the vast majority of variance in
NCDs occurs at city/region level (i.e., community-level variables, and not individual-level
variables are likely responsible). This is consistent with other research showing that NCDs
cluster by location (Freedman et al., 2011; Kuuire et al., 2023; Stanifer et al., 2016). One study
showed that up to 70% of what we consider individual lifestyle factors affecting health (such as
diet and exercise) are widely determined at a community level (DeLouize et al., in prep).
Repeatedly, I have found that community is the biggest contributor to non-communicable
disease. Chapter 5 showed market diet, sedentary behavior, and post-traumatic stress were 66%
to 100% attributable to the group level, with sedentary behavior being almost entirely based on
the community. Public health often tells people to eat less and exercise more to improve health
and wellness, and while these are the best ways to prevent NCDs and aging related decline
(DiPietro, 2001; Kraus et al., 2019), there is a lack of acknowledgement that one’s culture, along
with other social, environmental, and developmental factors, largely shape your propensity to
engage in these behaviors alongside other risk factors. This work highlights that both aging and
NCD risk are deeply social and environmental. We need to identify these social and
environmental factors because public policy tailored to entire groups and environments could
have an even greater impact on health than the current interventions focused on individuals.

In addition to the epidemiological significance, the high level of clustering highlights a

major methodological issue with the way much of science is conducted. If one is not collecting
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data from numerous communities and controlling for group effects, then models are likely to be
biased and confounded. This could be a major reason behind the replicability crisis (Earp &
Trafimow, 2015). Communities and regions are deeply unique in all of the factors that lead to
NCDs and increased rates of aging, and not controlling for this clustering makes it appear as if
community-level factors are individual factors and can bias the overall results depending on what
communities are included. This highlights the major strength of large, national, population-based
studies run by the World Health Organization, and is just one of many contributions they make

to understanding disease and improving public health globally.

A Global Perspective on Aging and Disease

The findings that CRP was lower in older age groups in women in Mexico and was
entirely related to metabolic factors in Shuar were surprising, and this is due to both the deep
need for, and shortage of, a global perspective. Biased metabolic results from high-income
nations have driven “aging” mechanisms, and without a global perspective, aging research has
created misleading narratives. This is partly because most aging research has been deeply
embedded in medicine in high-income nations. While this approach has led to clinical progress,
it has not allowed for a global perspective on aging or a deeper understanding of aging
mechanisms. A broader global perspective on aging is essential for deepening our understanding
of its complexity and variability in humans.

The dominance in the aging literature of metabolic disorders and their correlates, and
findings here showing differences in inflammaging among Shuar communities, highlights the
need to continue improving the measurement of market integration. Evolutionary mismatches
occur in high-income nations and drive aging trajectories (Gurven & Lieberman, 2020);

however, we do not know enough about how countries and groups undergoing this transition are
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affected. That knowledge is deeply valuable to LMICs and other groups that want to try to

prevent or mitigate the impacts of NCDs in a rapidly globalizing economy.

Future Directions

In addition to the questions outlined here, the study of aging overlaps with many topics
that Biological Anthropologists specialize in. For example, rates of aging are affected by climate
change, pollution, minority health, sex and gender, and migration/displacement (Calabro et al.,
2023; Forrester et al., 2020; Sciubba, 2020; Ward-Caviness et al., 2016). The research contained
in this dissertation raises three interesting questions: 1) How do we measure biological aging?; 2)
What factors lead to the large amount of community-level clustering in health and aging?; and,
3) What causes aging among Shuar? Exploring these ideas will further elucidate the

environmental, social, and biological determinants of aging.

The Biomarker-Based Measurement of Aging

The fact that aging mechanisms are so variable, and we do not have a strong
understanding of how aging works, has led to another problem: we cannot measure it well.
Historically, the measurement of biological age was done by recording telomere length (a certain
repeated DNA pattern that flanks the ends of DNA), with telomere length shortening as we age
(Blasco, 2005; Chakravarti et al., 2021; Shammas, 2011). Although it was known that an
enzyme, telomerase, could add telomeres onto the ends of DNA, it was thought that this process
occurred during aberrant oncogenic processes and in specialized stem cells (Cong et al., 2002).
However, a spaceflight in 2015 through 2016 highlighted that we knew less about telomere
biology than we thought (Luxton et al., 2020; Luxton & Bailey, 2021). A study on twin

astronauts was conducted where one twin, Scott Kelley, went to the International Space Station
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for a year, and the other twin, Mark Kelley, stayed earthbound. Samples from numerous
timepoints were measured for telomere length, and while Mark Kelley’s stayed relatively stable,
Scott Kelley’s elongated while he was in space (Luxton et al., 2020; Luxton & Bailey, 2021).
Beyond this high-profile result, many studies showed that telomeres were rarely related to
NCDs, and the Health and Retirement Study showed that it was not a good predictor of any form
of aging-related decline (Brown et al., 2018; Sanders & Newman, 2013). This led to the creation
of NIH grants for the purpose of clarifying pathways to health outcomes associated with aging in
order to measure and monitor them (The Biomarker Network, 2025).

Other available biomarkers of aging have varying problems and shortcomings. The
creation of “epigenetic clocks” using DNA methylation has variably been associated with
chronological age, senescence, mortality, and aging-related disease and therefore is a useful
indicator (Levine, 2020). However, it is not clear why these methylation changes occur over time
or the extent of their downstream effects (Horvath & Raj, 2018). One of the most common
measures of the increase in inflammation with age, CRP, was shown here to be due to metabolic
changes. More research is still needed to separate out metabolic effects from other inflammatory
biomarkers including interleukin 6 (IL-6), IL-1P, and tumor necrosis factor alpha (TNF-a;
Franceschi et al., 2000). Allostatic load is a composite measure of stress and metabolic
dysregulation across numerous biological systems (DeCaro & Helfrecht, 2022; Seeman et al.,
1997) and given the complexity and variation in aging, the creation of a composite measure is a
strong approach. However, there is both a large amount of variability in how the measure is
constructed, along with variability in its performance to predict senescence, mortality, and aging-
related NCDs (Singer et al., 2004). Finally, -omics approaches that measure the epigenome,

transcriptome, proteome, metabolome, and microbiome are becoming popular ways to measure
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aging because of the rise of high-throughput technologies and big data approaches such as
machine learning. However, they are limited by selection, timing, and cohort effects (Rutledge et
al., 2022), largely because of the exploratory nature of the concept (Drouard et al., 2024; Gomez-
Cabrero et al., 2021). However, some scoring methods coming out of -omics research are
promising (Higgins-Chen et al., 2022; Rutledge et al., 2022). More research is needed to improve
the measurement of aging. Using biomarkers to further understand the physiological and
environmental causes of aging and their effects on health can improve early interventions for

age-related deterioration to promote health and longevity.

Understanding Community-Level Factors of Health

Chapter 5 adds to a body of literature showing that the socioeconomic status (SES) of a
location matters for health; however, why and how is less well understood. The most well-
researched location-based effect is that living in a low SES area in a HIC leads to a higher risk of
NCDs (Connolly & Kesson, 1996; Majcherek et al., 2020; Weaver et al., 2022). This finding has
been replicated in some LMICs (Kuuire et al., 2023); however, others mirror the finding in
Chapter 5 that a higher SES is associated with a higher disease risk (Darikwa & Manda, 2020;
Ganasegeran et al., 2024). One study showed that NCD risk was associated with living in a high-
income district in a low-income region (Bischops et al., 2020). Further, race and ethnicity vary
by location and are associated with disease risk because of social determinants, including
interpersonal and structural racism (Gravlee, 2009; Hui-Fang et al., 2019; Paradies et al., 2015;
Sharma et al., 2004). Therefore, while SES matters for health, where and how varies.

Partly this is because SES is linked to health through various mechanisms. Pollution is a
major factor linking some neighborhoods to NCDs, and some infectious diseases (Boffetta, 2006;

Carrasco-Escobar et al., 2020; Fuller et al., 2018; Landrigan et al., 2018; Peters et al., 2019;
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Ward-Caviness et al., 2016). Further, some of these effects are due to infrastructure and the built
environment. Walkability, green spaces, proximity to major roads, industry, landfills, facilities
for physical activity, and unhealthy food can affect health (Zhang et al., 2023). However, these
findings have not been consistent across studies (Zhang et al., 2023), potentially because how
people utilize neighborhood spaces will also vary based on individual and cultural factors.
Investigating the interconnectedness of these individual, social, cultural, and environmental
factors will lead to more comprehensive theories explaining how where you live influences your

risk for NCDs.

Longitudinal Data from the Shuar Health and Life History Project

Investigating how aging occurs in Shuar will shed light on universal aging processes.
Shuar visibly undergo aging; however, many of these processes have been rooted in
inflammation (Pessa et al., 2014; Soysal et al., 2016). Future research should evaluate other
inflammatory biomarkers (such as IL-6, IL-1B, TNF-a), allostatic load, mutational load, telomere
length, and DNA methylation, biomarkers of metabolism (e.g., HbA lc, triglycerides,
cholesterol), and other aspects of the immune system. A longitudinal study would not only
provide insights into aging, but it would also allow for the evaluation of change over time as
Shuar become increasingly market-integrated and are influenced by globalization. This is a

major goal of the Shuar Health and Life History Project.

Concluding Remarks
Cancer has been noted as the most complex human disease (Grizzi & Chiriva-Internati,
2006). This makes aging even more complex since it includes oncogenic processes alongside

many other aspects and layers of complexity. Aging is a dynamic, multifaceted phenomenon
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shaped by evolutionary pressures, molecular pathways, and cellular stressors that lead to
systemic dysregulation. For researchers to reach a consensus on what aging is, studies need to be
more interdisciplinary, with a focus on exploring variability in humans. By identifying different,
intersecting levels of causality, we can further elucidate the evolutionary, physiological, and

social/environmental basis of aging.
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APPENDIX A
Variables Included in the Tunisian Health Examination Survey Frailty Index

Table 1: Survey questions and criteria used to create the self-report frailty index

Variable Set Variable Name Survey Question Criteria

General Health 0 = Very good, .25 =
Good, .5 = Moderate, .75

= Bad, 1 = Very bad

Self-rated health In general, how would you rate your
health today

In the last 30 days how much...

...of bodily aches or pains did you have?

...have you been emotionally affected by

Body Aches
Health Feelings

0 = None, .25 = Mild, .5 =
Moderate, .75 = Severe, 1

Medically
Diagnosed
Conditions

your health condition(s)?
In the last 30 days how much difficulty
did you have...?

Sleep Quality ...With sleeping, such as falling asleep,
waking up frequently during the night or
waking up too early in the morning?

Vision - Far ...In seeing and recognising an object or

Vision - Near
Concentration

Memory

Arthritis

Stroke
Angina

Diabetes

COPD

Depression
Hypertension

Cataracts

Edentulism

a person you know across the road (from
a distance of about 20 meters)?

...In seeing and recognising an object at
arm's length (for example, reading)?
...With concentrating or remembering
things?

...In'learning a new task (for example,
learning how to get to a new place,
learning a new game, learning a new
recipe)?

Have you ever been diagnosed with/told
you have arthritis (sometimes called
rheumatism or osteoarthritis)?

Have you ever been diagnosed with
stroke?

Have you ever been diagnosed with angina or
angina pectoris (a heart disease) (chest pain)?
Have you ever been diagnosed with
diabetes (high blood sugar)?

(Not including diabetes associated with a
pregnancy)

Have you ever been diagnosed with
chronic lung disease (emphysema,
bronchitis, COPD)?

Have you ever been diagnosed with
depression?

Have you ever been diagnosed with
hypertension?

In the last 5 years, were you diagnosed
with a cataract in one or both of your
eyes (cloudiness in the lens of the eye)?
Have you lost all of your natural teeth?

= Extreme

0=No, 1 =Yes
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Variable Set Variable Name Survey Question Criteria

Functional In the last 30 days how much difficulty 0 = None, .25 =Mild, .5 =
Activities did you have...? Moderate, .75 = Severe, 1
Assessment = Extreme/cannot do

Activities of Daily
Living Assessment

...In sitting for long periods?

...In walking 100 meters?

...In standing up from sitting down?

...In standing for long periods?

...With climbing one flight of stairs

without resting?

...With stooping, kneeling or crouching?

...Picking up things with your fingers

(such as picking up a coin from a table)?

... In walking a long distance such as a

kilometer?

...With moving around?

...In vigorous activities ('vigorous

activities' require hard physical effort and

cause large increases in breathing or

heart rate)?

Besides any vision aids (eyeglasses or 0=No, 1=Yes
contact lenses) or hearing aids

mentioned above, do you use any other

assistive devices (cane, walker or other)

for any difficulties you experience?

0 = None, .25 = Mild, .5 =
Moderate, .75 = Severe, 1
= Extreme/cannot do

In the last 30 days how much difficulty
did you have...?

...In taking care of your household
responsibilities?

...In‘joining in community activities (for
example, festivities, religious or other
activities) in the same way as anyone
else can?

... In extending your arms above
shoulder level?

... Concentrating on doing something for
10 minutes?

... In bathing/washing your whole body?
... In getting dressed?

... In taking care of and maintaining your
general appearance (for example,
grooming, looking neat and tidy)?

... In your day to day work?

... With carrying things?

... With moving around inside your home
(such as walking across a room)?

... With eating (including cutting up your
food)?

... With getting up from lying down?

... With getting to and using the toilet?
... With getting where you want to go,
using private or public transport if
needed?

... In getting out of your home?

... In staying by yourself for a few days
(3 — 7 days)?

... Overall, how much did these
difficulties interfere with your life?
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APPENDIX B
Market Style of Life Scale Development Using IRT

The M-SOL index is designed to measure market integration. Questions about wall
material, water availability, and floor type were combined with questions about assets. The assets
section of the survey stated, “/ would like to ask you a few more questions about your home and
items you might have in your home. Remember that any information you provide will be kept
confidential. Does your household or anyone in your household have...?” and included items
such as a television, electricity, and a refrigerator. Q0716 about livestock was excluded because
owning livestock could be a part of a non-market subsistence strategy or a business providing
food for markets, and Q0721-Q0772 about property and land ownership were excluded because
Cambodia still has some land rights issues. There were 23 items total (Table 1).

It was verified that the items produced a one-factor solution by evaluating the scree plot
and a principal axis factor analysis using varimax rotation (DeMars, 2010). Pearson’s
correlations showed no excessive interdependence. Fixed phone and radio correlated negatively
with the other items and had very weak loadings onto the factor. Since these are older market
items that are rarely used in market economies, these variables were removed. No individuals
had all or none of the items, allowing for maximum likelihood estimation of theta. 3PL, 2PL, and
1PL/Rasch models were compared using ANOVA, BIC, and log-likelihood which indicated that
the 3PL model had a significantly better model fit than the 1PL (y° = 2400.95, p <.001) and 2PL
model (y°=77.15, p <.001; Table 2). The 3PL model takes item discrimination (a), item
difficulty (b), and guessing probability (¢) into account.

The first 3PL model provided a good fit for the data (RMSEA < .06), and this goodness

of fit was moderately better than a baseline model (TLI <.95; (L. Hu & and Bentler, 1999)).
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Water, motorcycle, electricity, microwave, cellphone, and cooling did not provide a good fit for
the latent model (° = 12.90 to 34.83, p <.05; (Orlando & Thissen, 2000). However, person fit
was good, with less than 10% of people falling outside of infit and outfit parameters. Bicycle
loaded poorly onto the latent factor and had poor discrimination (Table 3; DeMars, 2010;
Warner, 2012). Further, the item appeared entirely probabilistic (Figure 1). A revised 3PL
model, excluding bicycle, provided a similar fit overall (y°=7213.25, p = 1.00) with slightly
improved factor loadings (Table 4).

The c, or guessing, parameter was high for walls, floor, water, electricity, and TV. Most
of these items are those that were provided by government, and TVs are common with the type
of TV often indicating market integration (e.g., box TV vs. flat-screen TV). Discrimination (a
parameter) is lower than is common in classical test theory. There is a higher range of theta, or
market style of life, at which one can reasonably be expected to have an item. This is standard in
the literature for IRT models of assets. However, some items, such as computer, washing
machine, servants, and cooling, have really high discrimination (Table 4; Figure 2). This
indicates that the IRT measure could likely be improved with the addition of more assets and
characteristics that are theoretically close to a market-based culture.

The lower half of the MSOL index has low information value (Figure 3). This, along with
the lack of discrimination in the items that fall in this range, indicates that the model is more
probabilistic until you get to the asset items. This could indicate that market integration can only
be measured well in a scalar manner once you have entered into a market economy. However, it
could also be because low levels of a market economy are still highly overlapping with the

former communist economy in Cambodia.
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There is a gap in measurement between motorcycle (and housing assets) and TV, and
another smaller gap in measurement between servants and VCR/DVD (Figure 4). The majority
of people fall within this gap, having similar housing characteristics but no asset items. The
measure is positively skewed, with dishwasher, heating, and VCR/DVD as outliers. The
distribution deviates from normality, both because of the similarity among people due to
communism and because measures that resemble wealth will be positively skewed.

The evaluation of market integration from IRT has similar limitations to the creation of
other constructs using IRT (Reise & Rodriguez, 2016). The latent trait of market integration is
highly skewed, in practice, because of its overlap with the skewed distribution of wealth. The
latent construct produced should be closely considered, especially because of the close overlap of
market integration and wealth. Ultimately, a latent construct more closely related to wealth had
better item fit; however, one that seemed more similar to market style of life provided sufficient
fit for the model as well. This poor item fit could cause an increase in error variance in the latent
construct. A strength of the approach is that market integration is a bipolar construct with both
high market integration (market lifestyle) and low market integration (subsistence lifestyle)
having meaning. Further, it allows for an analysis of measurement validity and increases the
amount of variation and reduces bias compared to the commonly used sum score (Frances &
Solon, 2014; Neale et al., 2005). Although the measurement of market style of life using IRT

offers some benefits and improvement, the underlying indicators still need to be reconsidered.
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Tables and Figures

Table 1. List of Questions Included in the Initial Evaluation of ltems

Number Question Levels
How many rooms does this dwelling have in 0. <2
Q0502 | total, without counting the bathrooms or 1 s0 rooms
. 2 czrooms
hallways?
0. Earth Floor
Q0503 | What type of floor does your dwelling have? 1. Hard Floor (Tile, Cement, Brick,
Wood)
. . 0. Mub/ Mubp BRICK, THATCH AND OTHER,
Q0504 What type of (exterior) walls does your dwelling PLASTIC SHEET, METAL SHEET, OTHER
have? 1. CEMENT, BRICK, STONE OR WOOD
Q0505 & | What is the main source of . . . water for 0. OTHER
1. PIPED INTO DWELLING, COMPOUND, YARD
Q0506 | members of your household? OR PLOT
- 0. No
Q0701 | A television? 1 Yes
Q0702 | A motorcycle or motor scooter? ? $I(E)S
0. No
Q0703 | A car or truck? 1 Ves
. 0. No
Q0704 | Electricity? 1 VYes
. 0. No
?
Q0705 | A bicycle? 1 Yes
Q0706 | A microwave oven? 0. No
) 1. YEs
. 0. No
Q0707 | Hot running water? 1 Yes
. . 0. No
?
Q0708 | A washing machine? 1 Ves
. 0. No
Q0709 | A dishwasher? 1 Yes
. 0. No
Q0710 | A refrigerator? 1 VYes
) . 0. No
Q0711 | A fixed-line telephone? 1 VYes
Q0712 | A mobile / cellular telephone? 0o
Q0713 | A VCR (video) or DVD player? 0 I
0. No
Q0714 | A computer? 1 Yes
. 0. No
Q0715 | Aradio? 1 Yes
Q0717 | Internet access in the home? ? $I(E)S
Q0718 | An air-condition (cooling) system in the home? ? $I(E)S
Q0719 | A heating system in the home? ? $I(E)S
Q0720 Does your household have one or more 0. No
domestic servants? 1. YEs
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Table 2. Comparison of Model Fit and Convergent Validity Between One, Two, and Three
Parameter Logistic IRT Models

Model Fit Convergent Validity

Urban/Rural Total Score

Model AlC RMSEA LogLik TLI d r

Rasch/1PL 65528.82 .06 -32743.41 .85 TE*FF* 1.00
2PL 63243.02 .03 -31581.51 .97 T4FF* 0.99
3PL 63205.86 .03 -31524.93 .97 T3 0.95
3PLrevised 55986.61 .02 -27936.31 .98 T3 0.95

Note. *p <.05, ** p <.01, p <.001. PL = Parameter Logistic; AIC = Akaike Information
Criterion; RMSEA = Root Mean Square Error of Approximation; LogLik = Log Likelihood; TLI =
Tucker-Lewis Index.
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Table 3. Means, Factor Loadings, and Item Response Theory (IRT) Model Parameters for the
3PL Model

Item M 95% ClI F1 a b c
Walls 0.88 0.87 -0.89 0.41 0.76 -2.76 0.11
Floor 0.96 0.95-0.96 0.46 0.89 -3.69 0.16
Water 0.32 0.30 -0.33 0.69 1.62 1.19 0.14
TV 0.49 0.47 -0.50 0.53 1.07 0.29 0.09
Motorcycle 0.89 0.88-0.90 063 139 -1.97 0.01
Car 0.18 0.17 -0.19 0.79 2.21 1.25 0.01
Electricity 0.87 0.86 -0.88 0.37 0.67 -2.93 0.09
Bicycle 0.54 053-056 0.15 026 -0.58  0.02
Microwave 0.04 0.03-0.04 088 3.08 2.04  0.00
Hot water 0.11 0.10-0.12 067 154 1.94 0.01
Washing machine 0.16 0.15-0.17 0.89 326 112  0.00
Dishwasher 0.00 0.00-0.00 053 1.06 6.44  0.00
Refrigerator 0.33 0.32-0.34 090 355 0.51 0.01
Cellphone 0.96 095-096 064 143 -2.80  0.02
VCR/DVD 0.08 0.07 -0.08 0.35 0.63 4.22 0.00
Computer 0.10 0.09-0.11 0.76  2.01 1.71 0.00
Internet 0.10 0.09-0.11 085 272 1.68 0.02
Cooling 0.08 0.07 -0.08 0.90 3.57 1.60 0.00
Heating 0.00 0.00-0.00 043 082 7.61 0.00
Servants 0.01 0.01-0.02 080 230 292  0.00

Note. F1 =factor loading, a = discrimination, b = difficulty, c = guessing.
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Table 4. Means, Factor Loadings, and Item Response Theory (IRT) Model Parameters for the
Revised 3PL Model

ltem F1 a b c
Walls 0.41 0.76 -2.86 0.06
Floor 0.47 090 -3.64 0.17
Water 0.69 1.60 1.19 0.13
vV 0.54 1.10 0.36 0.11
Motorcycle 0.64 1.41 -1.96 0.00
Car 0.79 2.21 1.25 0.01
Electricity 0.37 0.67 -2.89 0.11
Microwave 0.87 3.07 2.05 0.00
Hot water 0.68 1.58 1.93 0.01
Washing machine 0.89 3.26 1.12 0.00
Dishwasher 0.62 1.35 5.50 0.00
Refrigerator 0.90 3.58 0.51 0.01
Cellphone 0.64 1.43 -2.81 0.01
VCR/DVD 0.34 0.62 4.27 0.00
Computer 0.76 2.00 1.71 0.00
Internet 0.85 2.73 1.68 0.02
Cooling 0.90 3.57 1.60 0.00
Heating 0.70 1.67 4.78 0.00
Servants 0.80 2.29 2.93 0.00

Note. F1 =factor loading, a = discrimination, b = difficulty, c = guessing.
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Figure 1. Item Characteristic Curves for 3 PL Model
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Figure 2. Item Characteristic Curves for 3PL Model Revised
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Figure 3. Test Information Curve
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Figure 4. Item person (Wright) map
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APPENDIX C

Variables Included in the WHS+ Frailty Index

Table 1. Variables and Criteria for the WHS+ Frailty Index

Variable Set

Variable Name Survey Question

Criteria

General Health

Self-rated health In general, how would you rate your
health today?

Overall in the last 30 days, how much
difficulty did you have...

Daily Activities ...with work or household activities?
Movement ...with moving around?
Vigorous Activities ... in vigorous activities ('vigorous

activities require hard physical effort and
cause large increases in breathing or
heart rate)?

Self Care ... with self-care, such as
bathing/washing or

dressing yourself?
Grooming ... in taking care of and maintaining your

general appearance (for example,
grooming, looking neat and tidy)?

Independence ... in staying by yourself for a few days (3
to 7 days)?

Body Aches ...how much of bodily aches or pains did
you have?

Discomfort ...how much bodily discomfort did you
have?

Difficulty from ... how much difficulty did you have in

Pain your daily life because of your pain?

Concentration & ... did you have with concentrating or

Memory

remembering things?

Learning ... did you have in learning a new task
(for example, learning how to get to a
new place, learning a new game,
learning a new recipe)?

0 = Very good, .25 =
Good, .5 = Moderate, .75
= Bad, 1 = Very bad

0 = None, .25 =Mild, .5 =
Moderate, .75 = Severe, 1
= Extreme/Can not do
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Variable Set Variable Name Survey Question Criteria

Interpersonal ... with personal relationships or
participation in the community?

Conflict ... in dealing with conflicts and tensions
with others?

Friends ... with making new friendships or
maintaining current friendships?

Strangers ...with dealing with strangers?

Sleep ... have with sleeping, such as falling
asleep, waking up frequently during the
night or waking up too early in the
morning?

Energy ... have due to not feeling rested and
refreshed during the day (for example,
feeling tired, not having energy)?

Mood ...with feeling sad, low or depressed?

Anxiety ... with worry or anxiety?

Vision - Far ...In seeing and recognizing an object or
a person you know across the road (from
a distance of about 20 meters)?

Vision - Near ...In seeing and recognising an object at
arm's length (for example, reading)?

Medically 0=No, 1 =Yes
Diagnosed
Conditions

Arthritis

Stroke

Angina

Diabetes

Have you ever been diagnosed with/told
you have arthritis (sometimes called
rheumatism or osteoarthritis)?

Have you ever been diagnosed with
stroke?

Have you ever been diagnosed with
angina or angina pectoris (a heart
disease) (chest pain)?

Have you ever been diagnosed with
diabetes (high blood sugar)?

(Not including diabetes associated with a
pregnancy)
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Variable Set Variable Name Survey Question Criteria
Lung Disease Have you ever been diagnosed with
chronic lung disease (emphysema,
bronchitis, COPD)?
Depression Have you ever been diagnosed with
depression?
Hypertension Have you ever been diagnosed with
hypertension?
Cataracts In the last 5 years, were you diagnosed
with a cataract in one or both of your
eyes (cloudiness in the lens of the eye)?
Edentulism Have you lost all of your natural teeth?
Functional In the last 30 days how much difficulty 0 = None, .25 = Mild, .5 =
Activities did you have...? Moderate, .75 = Severe, 1
Assessment = Extreme/cannot do
Standing ...In standing for long periods?
Household ... in taking care of your household
responsibilities?
Community ... in joining in community activities (for
example, festivities, religious or other
activities) in the same way as anyone
else can?
Concentration ... concentrating on doing something for
10 minutes?
Walking ... In walking a long distance such as a
kilometer?
Bathing .. In bathing/washing your whole body?

Getting Dressed
Work
Carrying

Eating

Getting Up

.. In getting dressed?
.. In your day to day work?
.. With carrying things?

... With eating (including cutting up your
food)?

... With getting up from lying down?
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Variable Set

Variable Name

Survey Question Criteria

Functional
Measurements

Toileting

Incontinence

Travel

Getting Out

Emotionally
Affected

... With getting to and using the toilet?

... with control of your bowel or bladder
functions?

... With getting where you want to go,
using private or public transport if
needed?
... In getting out of your home?
In the last 30 days, how much have you
been emotionally affected by your health
condition(s)?
Grip Strength Men: 1 =
For BMI < 24, GS < 29

For BMI 24.1-28, GS < 30

For BMI >28, GS = 32

Women: 1 =

For BMI <23, GS <17

For BMI 23.1-26, GS £ 17.3
For BMI 26.1-29, GS < 18

For BMI>29, GS < 21

Normal walk >16s/4m =1

Rapid walk >10s/4m =1
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