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Abstract 
Older adults (> 65 years old) make up an ever-growing percentage of the global human population. This 

demographic shift is among the most pressing public health concerns of our time due to the unique health 

challenges that older adults face. Although aging is clearly detrimental to some aspects of physical health 

and mental ability, relatively less work has evaluated how aging impacts social and affective (socioaffective) 

processing, despite the important role these two fundamental aspects of our lives play in determining our 

health and wellbeing. The existing literature shows the somewhat paradoxical finding that aspects of 

people’s socioaffective processing improve with age—though in whom and for what reasons remain an 

open question. Understanding sources of variation in socioaffective aging trajectories will help promote 

wellbeing for those who are most in need. Although most research on socioaffective aging to date has taken 

place in humans, adopting a comparative approach will illuminate novel psychological, physiological, and 

social mechanisms through which changes to socioaffective processing occur and speak to the evolutionary 

origins of such changes. Here, I investigate how aspects of socioaffective processing differs across the 

lifespan in rhesus monkeys (Macaca mulatta), which share key features of human developmental 

neurobiology, physiology, and social behaviors. In Chapter 1, I evaluate age-related differences in visual 

attention towards faces of conspecifics ranging in affective content to test the hypothesis that aging 

influences how monkeys process affective stimuli. Consistent with work in humans, I find that while middle-

aged animals display robust biases in visual attention towards threatening faces, aged animals show no 

such bias, suggesting phylogenetically conserved mechanisms of age-related threat avoidance. Chapter 2 

evaluates age-related differences in monkeys’ autonomic nervous system responsivity towards social 

stimuli and finds age-related disruption to how the parasympathetic nervous system of aged monkeys 

responds to such socioaffective stimuli. These disruptions to the parasympathetic nervous system may 

specifically serve as a driving force behind changes so primate social behavior in aging. Finally, Chapter 3 

adopts a large-scale lifespan approach to assess how features of infant monkeys’ behaviors and social 



iii 
 

environments predict risks mortality rates across 20 years of follow-up. We find infant reactivity and social 

environments predict morality rates across their lives, with adolescence and old age being particularly 

sensitive windows of development. Together, these investigations speak to the important role social and 

affective processing plays in health and wellbeing throughout the primate lifespan and how age-related 

changes in psychosocial processing and behaviors may serve to promote longevity.
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Introduction 

Older adults (> 65 years old) make up an ever-growing percentage of the global population (United 

Nations, 2020). This demographic shift is among the most pressing public health concerns of our time due 

to the unique health challenges that older adults face. Although aging clearly has negative impacts on some 

aspects of physical and mental health, including increased incidence of disease (for review Chatterji et al., 

2015) and decline in “cognitive” processes such as memory and control of attention (for review Levy, 1994), 

relatively less work has evaluated how aging impacts social and affective (socioaffective) processing. 

Understanding how our social connections and affective experiences are influenced by aging is critical given 

the important role these two fundamental aspects of our lives play in determining our health and wellbeing. 

That is, loneliness (Holt-Lunstad et al., 2010), depression (Pratt et al., 2016), and anxiety (Meier et al., 2016; 

Miloyan et al., 2016; Pratt et al., 2016) are associated with increased mortality rates even in younger adults 

and the negative consequence of these conditions are amplified in aging (Fiske et al., 2009; Schulz et al., 

2000; Steptoe et al., 2013). Investigations into how environmental, social, psychological, and physiological 

processes interact in aging are therefore necessary for promoting wellbeing in an aging world. 

Past studies of socioaffective processing in aging reveal the somewhat paradoxical finding that, on 

average, many aspects of people’s lives improve with age. For example, studies demonstrate age-related 

improvement in momentary affective experiences from middle to old age (e.g., Burr et al., 2021; Carstensen 

et al., 2011; Petrican et al., 2014; Thomas et al., 2016; for a review see Charles & Carstensen, 2010), older 

adults steadily prune their social networks to contain only meaningful social connections (Bruine de Bruin 

et al., 2020; Fung, Carstensen, et al., 2001; Fung, Lai, et al., 2001), and older adults display age-related 

information processing biases towards positive and away from negative affective information (for a review 

see Carstensen & DeLiema, 2018, meta-analysis see Reed et al., 2014). These improvements in affective 

processing continue, on average, until people reach approximately 80 years of age, after which trajectories 

flatten or reverse course (Graham et al., 2020; Joiner et al., 2018). The mechanisms supporting age-related 
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changes to socioaffective processing are debated and numerous theoretical frameworks attempt to explain 

how and why changes to behavior arise in aging (e.g., Carstensen et al., 1999; Charles, 2010; Kuehn et al., 

2018; Labouvie-Vief et al., 2010; Luong et al., 2015; Mendes, 2010). Below, I briefly highlight three 

prevalent frameworks of the psychology of aging as theoretical background into mechanisms thought to 

drive age-related changes to socioaffective processing. 

Socioemotional selectivity theory (Carstensen et al., 1999; Carstensen & DeLiema, 2018) 

hypothesizes that the perception of time plays an integral role in determining how people select and pursue 

socioaffective goals. The theory claims that “knowledge seeking” social motives (e.g., behaviors that may 

benefit an individual in the distant future, such as exploration or learning) are inversely related to 

“emotional” social motives (behaviors which are agnostic towards the distant future and prioritize 

optimizing current emotional experiences and wellbeing). Further, the theory claims the relative 

importance of “knowledge seeking” and “emotional” goals shifts as a function of an individual’s inferred 

time left alive, or time left in a particular social setting (e.g., time horizons). Specifically, when an individual’s 

inferred time horizon is distant—as is the case for healthy adolescents and young-to-middle-aged adults—

such individuals preferentially engage in knowledge seeking behaviors. When time horizons shrink—as for 

aging or terminally ill individuals—socioemotional selectivity theory predicts that an individual’s motivation 

will become biased towards maximizing more immediate hedonic socioemotional experiences (Carstensen 

et al., 1999; Carstensen & DeLiema, 2018). 

Maturational dualism (Mendes, 2010) is a complimentary model and hypothesizes that the ability 

to sense physiological signals arising from the body (interoception) is compromised in aging and that decline 

in interoceptive ability drives age-related changes in social behavior.  That is, as far back as James (1884), 

scholars in affective science have hypothesized that emotions arise in part through interoceptive processes 

(e.g., Barrett, 2017; Damasio et al., 1996; Russell, 2003; Schachter et al., 1962). According to Mendes (2010), 

if interoceptive ability is compromised with age (for which there is some evidence; see Khalsa, Rudrauf, & 
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Tranel, 2009; Murphy, Geary, Millgate, Catmur, & Bird, 2018 Mikkelson et al, 2019), or if the nature of 

interoceptive signals changes, so too will our affective experiences and social behaviors. 

A third theoretical framework—the Strengths and Vulnerabilities Integration (SAVI) model (Charles, 

2010)—incorporates aspects of each of these models. SAVI proposes that emotional wellbeing later in life 

is determined by balancing age-related strengths in socioaffective processing (e.g., older adults are thought 

to have improved emotion regulation strategies, however see Isaacowitz, 2022) and physiological 

vulnerabilities. According to this model, older adults typically report improved wellbeing because they 

employ strategies that have been learned across their lives to avoid negative or vulnerable settings; 

however, if they are unable to avoid these settings, they may actually be worse at affective and emotional 

regulation.  

Although these frameworks are for the most part complementary, they focus on what Tinbergen 

(1963) and Mayr (1993) categorize as proximate causal explanations of behavior. That is, existing studies 

of aging in humans answer questions like: how does socioemotional processing develop across a person’s 

life? What are the biological and psychological mechanisms through which changes in socioaffective 

processing occur? The study of humans alone cannot, however, speak to what Tinbergen and Mayr refer 

to as ultimate (evolutionary) explanations. Ultimate explanations speak to the evolutionary origins of age-

related changes to socioaffective behaviors and are concerned with assessing how such behaviors confer 

fitness advantages and thus arose through natural selection. Asking ultimate questions can illuminate 

proximate causes because if features of socioaffective aging trajectories are preserved across phylogeny 

they may be due to shared features of biological senescence (e.g., changes to the brain and/or the body) 

in the species that are compared. 

Research in rhesus monkeys (Macaca mulatta) may prove especially useful for simultaneously 

testing hypotheses about the evolutionary origins of age-related changes to socioaffective processing and 

informing proximate mechanisms through which changes to socioaffective processing occur. Rhesus 
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monkeys may also serve as an animal model in which mechanistic questions about human health and 

disease of aging can be asked and treatments and interventions for such diseases developed. Rhesus 

monkeys have shorter lifespans compared to people (with a median lifespan in the wild of approximately 

15 years; Hoffman et al., 2010; and up to 25 in captivity; Colman et al., 2009), mature at a rate that is 3-4 

times faster than humans, reaching “adulthood” and sexual maturity around 3.5-5 years of age (Plant et al., 

2005) and old age around 18 years of age (Fooden, 2000), and share key features of human neurobiology, 

physiology, and development (Kolk & Rakic, 2022; Laubach et al., 2018; Phillips et al., 2014; Preuss & Wise, 

2022). That said, despite a rich history of studying the effects of aging on cognition in this species (Baxter, 

2001; Upright & Baxter, 2021), there is a severe dearth of investigations into how social and affective 

processing differs across monkeys’ lifespans—and the studies that do are not directly comparable to those 

typically used in human studies of socioaffective aging (for a review Machanda & Rosati, 2020). The studies 

that constitute my dissertation address this limitation by using methods directly comparable to those in 

humans to test psychological and evolutionary hypotheses as to the origins of and mechanisms through 

which changes to social and affective processing arise.  

Overview 

The experiments in the first chapter test for age-related differences in visual attention towards 

faces of conspecifics of varying affective content (e.g., threatening faces vs. neutral faces). In humans, there 

is substantial evidence that younger adults possess biases in visual attention towards negative facial stimuli 

but, interestingly, that this bias diminishes with age in a pattern called the age-related positivity effect (for 

a review see Carstensen & DeLiema, 2018, and a meta-analysis see Reed et al., 2014). Whether or not this 

age-related positivity effect exists in nonhuman primates is unknown and the mechanisms through which 

the effect emerges is debated. Results of this study help to inform the evolutionary and psychological 

origins of age-related changes to visual processing of psychosocial stimuli. 
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The second chapter evaluates how age impacts monkeys’ autonomic nervous system (ANS) 

response patterns to socioaffective content. Despite what intuition may suggest, there is substantial 

variation in reported age-related differences in ANS responsivity to socioaffective stressors, with some 

evidence for increases and other evidence for decreases in reactivity with age (for a review Hotta & Uchida, 

2010). Understanding the sources of variation in physiological responding in aging is important as an 

inability to adapt to physiological challenges carries potentially deadly consequences for aged organisms. 

The content of this chapter serves to uncover potential sources of this variation and inform evolutionary 

hypothesis regarding how and why changes to ANS responding occur in aging. 

The final chapter adopts a large-scale lifespan perspective to evaluate how aspects of biology, 

behavior, and social environment in infant monkeys predicts mortality rates across twenty years of follow-

up. This research is important for understanding and characterizing socioaffective aging trajectories in 

rhesus monkeys, generally, and for informing critical developmental windows in which adversity may 

impact survival of primates specifically. 
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Abstract 

Prior evidence demonstrates that relative to younger adults, older human adults exhibit attentional 

biases towards positive and/or away from negative socioaffective stimuli (i.e., the age-related positivity 

effect). Whether or not the effect is phylogenetically conserved is currently unknown and its 

biopsychosocial origins are debated. To address this gap, we evaluated how visual processing of 

socioaffective stimuli differs in aged, compared to middle-aged, rhesus monkeys (Macaca mulatta) using 

eye-tracking in two experimental designs that are directly comparable to those historically used for 

evaluating attentional biases in humans. Results of our study demonstrate that while younger rhesus 

possess robust attentional biases towards threating pictures of conspecifics faces, aged animals evidence 

no such bias. Critically, these biases emerged only when threatening faces were paired with neutral and 

not ostensibly ‘positive’ faces, suggesting social context modifies the effect. Results of our study suggest 

evolutionarily shared mechanisms drive age-related decline in visual biases towards negative stimuli in 

aging across primate species. 

Keywords:  affective aging, nonhuman primates, positivity effect, visual attention, emotion 
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See no evil: Attentional bias towards threat is diminished in aged rhesus monkeys 

(Macaca mulatta) 

Mounting evidence demonstrates that older adults’ emotional lives fare relatively well despite the 

vicissitudes of aging. On average, older adults report improvement (that is, reduced negativity and/or 

increased positivity) in momentary affective experiences as they age (Carstensen et al., 2011; Gross et al., 

1997; Mroczek, 2001; Scheibe et al., 2013), are thought to possess more effective emotion regulation 

strategies compared to younger adults (Eldesouky & English, 2018; Gross et al., 1997; but see Isaacowitz, 

2021), and exhibit information processing biases (e.g., in memory and attention) towards positive and/or 

away from negative affective information (for a review see Carstensen & DeLiema, 2018; for a meta-

analysis see Reed et al., 2014). Understanding the biopsychosocial factors that drive these age-related 

improvements in wellbeing is critical because affective disorders like depression carry potentially deadly 

consequences for older adults (Fiske et al., 2009; Wei et al., 2021). In this report, we adopt a comparative 

approach by studying nonhuman primates to evaluate the possibility that there are evolutionarily 

conserved psychological features of aging that can be used to infer phylogenetically shared mechanisms 

that promote wellbeing later in life. 

A hallmark feature of human socioaffective aging is a phenomenon referred to as the age-related 

positivity effect—an age-related information processing bias towards positive, and/or away from negative, 

affective information (for a review see Carstensen & DeLiema, 2018; for a meta-analysis see Reed et al., 

2014).1 For example, compared to younger adults, older adults tend to recall proportionately more positive 

relative to negative information (Charles et al., 2003; Gerhardsson et al., 2019; Joubert et al., 2018; Q. 

 
 
 
1 Importantly, the age-related positivity effect does not refer to any age-related biases in affective 

experience. While there is some evidence of improvement in affective experiences with age (Carstensen et 
al., 2011; Mroczek, 2001; Sheibe et al., 2013), the positivity effect is solely concerned with information 
processing (e.g., memory and attention) biases related to valenced stimuli. 



Chapter 1 

12 
 

Kennedy et al., 2004; Mammarella et al., 2016), use more positive language (Kyröläinen et al., 2021), and 

attend more to positively and less to negatively valenced visual stimuli (Isaacowitz et al., 2006a, 2006b; Lee 

& Knight, 2009; Mather & Carstensen, 2003, 2005; Nikitin & Freund, 2011; Orgeta, 2011; Talbot et al., 2018; 

Tomaszczyk & Fernandes, 2014; Wang et al., 2020). Such selective processing of valenced stimuli is 

hypothesized as one mechanism through which older adults regulate their affective states (Isaacowitz et 

al., 2008; D. R. Johnson, 2009; Noh et al., 2011; Urry & Gross, 2010); as such, understanding the 

biopsychosocial mechanisms that facilitate the positivity effect is paramount to promoting wellbeing in 

aging populations. 

One way in which we may understand mechanisms driving the age-related positivity effect is 

through the study of nonhuman primates, who possess central (e.g., Preuss & Wise, 2021) and autonomic 

(e.g., Bliss-Moreau, Machado, et al., 2013) nervous systems that are largely homologous with humans in 

both structure and function. As nonhuman primates’ neurophysiology undergoes changes that are similar 

to those observed in aging humans (Alexander et al., 2008; Shively et al., 2020; Stonebarger et al., 2021; 

Upright & Baxter, 2021), we may expect nonhuman primates to display age-related changes to affective 

processing that are comparable to those observed in humans. If they do not undergo such age-related 

changes in affective processing, then it suggests that the mechanisms of the age-related positivity effect 

may be human specific and not solely dependent on aging neurobiological systems that are evolutionarily 

conserved. 

There is a paucity of research on how affective processing in nonhuman primates is impacted in 

aging even though there is great promise from such investigations. In one recent study in free-ranging 

rhesus macaques (Macaca mulatta), older monkeys possessed an attentional bias towards photographs of 

conspecifics making facial displays associated with threatening (Rosati et al., 2018)—the opposite pattern 

observed in aged humans. In a second study of Barbary macaques (Macaca sylvanus), there were no age-
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related differences in looking time towards photographs of close social partners (positive condition) 

compared to non-close social partners (neutral condition) (Almeling et al., 2016).  

In contrast to the sparsity of studies on age-related changes to nonhuman primates psychological 

processing of affective stimuli, there is a literature that reveals substantial variation in primates’ social 

behavior across their lifespans (for a review see Machanda & Rosati, 2020). Compared to younger monkeys, 

older rhesus (Macaca mulatta) (Corr, 2003), Japanese (Macaca fuscata) (Hauser & Tyrrell, 1984; Nakamichi, 

1984), stump-tail (Macaca arctoides) (Hauser & Tyrrell, 1984), and Barbary (Macaca sylvanus) (Almeling et 

al., 2016, 2017) macaques spend less time in close proximity with other animals and tend to groom fewer 

social partners, but are themselves groomed at equivalent rates. These behaviors mirror developmental 

shifts in aged humans demonstrating people become more socially selective with age (Carstensen & 

Fredrickson, 1998; English & Carstensen, 2014; Fung & Carstensen, 2006; Lansford et al., 1998). For 

example, older people’s social networks are typically smaller in size compared to younger people’s (for a 

review see Wrzus et al., 2013) and this appears due to active culling of social connections leaving only those 

that are meaningful (English & Carstensen, 2014; Luong et al., 2011). This feature of human’s social network 

reconfiguration is concomitant with processing biases towards positive and away from negatively valenced 

stimuli, leading some authors to conclude that the psychological features driving the positivity effect and 

the network pruning are due to shared mechanisms (English & Carstensen, 2014). 

Given the current dearth of studies on socioaffective aging in nonhuman primates that afford direct 

comparison to studies done in humans, we evaluated age-related differences in monkeys’ attention to 

socioaffective visual stimuli using a highly translatable experimental design. Eleven (N = 6 aged) rhesus 

monkeys (Macaca mulatta) completed two laboratory-based tasks that are commonly used for assessing 

attentional biases towards affective information in humans: the dot-probe and competing attention tasks 

(e.g., see Isaacowitz et al., 2006a, 2006b). Based on previous literature (Orgeta, 2011; Tomaszczyk & 

Fernandes, 2014), we hypothesized that initial orienting responses towards affective facial stimuli would 
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be preserved in aging but that older rhesus would evidence biases towards positive and/or away from 

negatively valenced facial stimuli in the competing attention task (Isaacowitz et al., 2006a, 2006b). Results 

of our experiments help to inform the psychological mechanisms that drive the age-related positivity effect 

in humans. 

Materials & Methods 
This study was carried out at the California National Primate Research Center (CNPRC) following 

the recommendations in the Guide for the Care and Use of Laboratory Monkeys by the National Institutes 

of Health. All experimental procedures were approved by the University of California, Davis Institutional 

Animal Care and Use Committee under protocol 21881. 

Subjects 

Subjects were N=5 middle-aged (3 females, median age: 10.6 years, range: 9.4 – 14) and N=6 older 

adult rhesus macaques (Macaca mulatta) (3 females, median age: 20.5 years, range: 17.3 – 23.3) that were 

born and reared at the CNPRC. Monkeys were socially housed with a compatible partner, each having 

access to standard adult macaque laboratory caging (66 cm wide × 61 cm long × 81 cm high). Monkeys 

were paired either for a minimum of 6 hours per day, 5-days a week, or 24 hours per day in either full 

access (allowing both monkeys access to both enclosures during the pairing time) or through a metal grate 

(allowing tactile access, but preventing full contact). Five of the monkeys were housed in same-sex pairs. 

The housing room was maintained on a 12-hour light and dark cycle, with lights turned on at 0600 

hrs and off at 1800 hrs. Monkeys were fed monkey chow (Lab Diet #5047, PMI Nutrition International INC, 

Brentwood, MO) twice daily, provided with fresh fruit and vegetables twice per week, and had access to 

water ad libitum. As standard practice at the CNPRC, monkeys received daily enrichment (e.g., a 

rice/oat/pea mixture on their forage boards once per day, a rubber Kong toy/metal ball, fresh coconuts 

once per month, and periodic delivery of fruit and vegetables in puzzle balls or puzzle tubes). 
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Candidate monkeys underwent physical examinations prior to enrollment in the study. Monkeys 

with cardiac abnormalities (e.g., lateral ventricular hypertrophy), problems with vision that would interfere 

with eye-tracking, or other health problems that would interfere with eye-tracking data collection were not 

enrolled.  

Training 

Monkeys were first trained to enter a plexiglas primate chair from a metal transport box and to lift 

their heads into a yoked position using methods previously described (Bliss-Moreau, Machado, et al., 

2013a; Bliss-Moreau, Theil, et al., 2013). All eye-tracker training and testing occurred while monkeys sat in 

the primate chair to minimize movement and ensure quality eye-tracking data collection.  

Monkeys were trained to interact with the eye-tracker in two phases: in the first phase, monkeys 

learned to fixate for 500 ms on a white circle (radius of 2 visual degrees) displayed on the center of a Tobii 

Pro TX300 infrared eye tracker (Tobii, Stockholm, Sweden) for a small juice reward (0.1 mL). The juice 

reward was followed by a 2-6s variable inter-trial interval (ITI). After reliably making central fixations, 

monkeys entered the second phase of testing in which the central fixation was no longer rewarded, 

however after making the central fixation a white circle appeared randomly on the left- or right-hand side 

of the screen (radius of 2 visual degrees, 10-degrees away from the center of the screen). If the animal 

fixated on this circle (hereafter referred to as the “probe”) within 20 seconds, they were rewarded and the 

trial was terminated. If the animal did not fixate on the probe within 20 seconds, the trial was terminated 

and the animal was not rewarded. Monkeys were considered trained once they completed 48 trials of 

Phase 2 within one hour over three consecutive days of training. 

Experimental protocol 

Testing occurred Monday through Friday between 0800 and 1800 hours over fifteen days of testing. 

Monkeys were transported individually from their home enclosure to the testing room where they were 
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transferred into the primate chair and placed 65 cm from the eye-tracker. The eye-tracker was then 

calibrated using Tobii Studio’s (Tobii, Stockholm, Sweden) five-point calibration designed for infants by 

having monkeys make fixations at video stimuli presented in each of the four corners of the screen as well 

as in the center. Lighting in the test room was turned off and a white noise generator (60 dB) masked 

auditory distractions for the duration of the experiment. A divider placed in the room ensured the 

experimenter was out of view from the monkey. 

Stimuli 

One hundred and seventy-eight facial stimuli from twenty monkeys unfamiliar to the test subjects 

were used as stimuli. The stimuli consisted of two facial behaviors (lip-smack or  open-mouth threat) or a 

neutral face (no behavior) directed at the camera and were selected from an established photo library 

(Gothard et al., 2004). In rhesus monkeys, a “lip-smack” behavior is typically an affiliative/submissive social 

signal that consists of pursed lips, ears slightly pinned back, and a relaxed brow. The lip-smack is the only 

facial behavior made by monkeys thought to typically carry positive affective valence (for a review see Bliss-

Moreau & Moadab, 2017). An open-mouth threat face consists of a widely opened mouth (with or without 

the bottom teeth displayed), slightly furrowed brow, and intense eyes and is generally a signal of aggression 

dominance (Bliss-Moreau & Moadab, 2017). Images were preprocessed by first manually removing the 

background—leaving only the face and ears—then converting the images to black and white. The edges of 

the faces were smoothed and any large blemishes were removed. Both the dot-probe and competing 

attention tasks described below used the same set of stimuli. 

Eye-Tracking Data Collection and Processing 

Eye-tracking data were sampled continuously at 300 Hz using a Tobii Pro TX300 infrared eye tracker 

(Tobii, Stockholm, Sweden) and integrated with the display of stimuli using the Tobii Pro SDK for Python 

(Tobii, Stockholm, Sweden). On each day, a standard five-point calibration was conducted using the Tobii 



Chapter 1 

17 
 

Pro Software prior to testing to ensure accuracy of eye position data. Gaze location coordinates were used 

to compute time-to-fixate on the probe (dot-probe task) and looking time (competing attention task) on 

each trial. 

Dot-Probe Task 

Monkeys completed a visual version of the dot-probe task (MacLeod et al., 1986) to test for age-

related differences in orienting response towards the facial stimuli. On each trial, monkeys were required 

to make a 500 ms central fixation on the screen, immediately after which two faces (approximately 7° x 7°) 

simultaneously flashed for 200 ms on the left- and right-hand side of the screen (Figure 1.1). The faces 

depicted the same animal generating different facial behaviors (i.e., a lip-smack, neutral face, or open-

mouth threat). Immediately following the stimuli, the “probe” appeared pseudo-randomly under one of 

the faces. Subjects were then required to fixate on the probe within 20 seconds to receive a juice reward, 

followed by a 2-6 s ITI. Each animal completed 210 trials over five days of testing (42 trials each day), with 

14 trials of lip-smack vs. neutral, 14 lip-smack vs. threat, and 14 neutral vs. threat presented in a randomized 

order on each day. Facial stimuli and probe locations were counterbalanced such that each appeared 

equally on the left- and right-hand side of the screen. Stimuli were presented and gaze location recorded 

using PsychoPy (Peirce et al., 2019). 

Competing Attention Task 

The competing attention task proceeded nearly identically to the dot-probe task, insofar as 

monkeys made a central fixation (500 ms) after which two faces were displayed on each trial with the only 

difference being that the facial stimuli were displayed for 5000 ms. Animals then fixated on the probe (200 

ms fixation) for receipt of a juice reward followed by a 2000-6000 ms variable ITI. Presenting stimuli for this 

extended time frame (5000 ms) allowed for voluntary control of attention towards the visual stimuli. 
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Monkeys completed 420 trials over ten days of testing (42 trials each day), with 14 trials of lip-smack vs. 

neutral, 14 lip-smack vs. threat, and 14 neutral vs. threat presented in a randomized order on each day. 

Statistical methods 

All analyses were conducted in R version 4.0.3. Mixed effects Cox proportional hazards models 

using the coxme package (Therneau, 2020) and mixed effects logistic regression models using the lme4 

package (Bates et al., 2015) were used to model, at a trial level, the time-to-fixate on the probe (Dot-Probe) 

and the proportion of time looking at a target stimuli relative to total looking time at both stimuli 

(Competing Attention), respectively. The utilization of proportional hazards modeling (a modeling 

technique within the family of survival analysis) was required due to the censoring of the dependent 

variable in the dot-probe task—that is, on some trials, monkeys did not fixate on the probe within the 

allotted time frame and therefore the time-to-fixate was not observed. Survival analysis methods account 

for this censoring process and allow for unbiased estimation of parameters of interest in the presence of 

censoring.  Bayesian mixed effects bivariate log-normal hurdle models were used to jointly model looking 

times at each of the faces during the competing attention task. Mixed effects log-normal models were used 

for the looking time data because these data are typically known to follow log-normal distributions (Csibra 

et al., 2016). Hurdle models decompose a dependent variable (in this case, looking time) into zero and non-

zero values. One model is used to predict whether or not the dependent variable was zero (i.e., crossing 

over the “hurdle”), whereas another model is used to model the value of the response conditional on the 

dependent variable being non-zero. 

Separate models were fit for each of the three conditions: lip-smack vs. neutral, threat vs. neutral, 

and lip-smack vs. threat. Primary age-related hypotheses were tested by including monkeys’ age as a 

continuous covariate in the model with interaction terms where appropriate. Random intercepts were 

given for subjects to account for any within-subject correlation of responses. Null hypothesis significance 



Chapter 1 

19 
 

testing was conducted at the 𝛼 =  0.05 level and 95% confidence intervals (CI), or their Bayesian 

counterparts, are presented where appropriate. 

Transparency and Openness 

Data, analysis, and research code are available upon reasonable request and will be uploaded to 

OSF (https://osf.io/qn32t/) once all papers from this set of experiments have been completed. The study 

design and analysis plan were not pre-registered. The initial target sample size was N = 12 monkeys and 

that estimate was based on availability of aged monkeys to participate in the project and realistic estimates 

of time and cost.  Ultimately, because of delays related to the COVID-19 pandemic, only N = 11 animals 

were able to complete the study. 

Dot-Probe Task 

Separate mixed effects Cox proportional hazards models were used to test for age-related 

differences in the time-to-fixate on the probe, treating trials nested within monkeys. Specifically, an 

interaction term between animal age (continuously coded) and the facial behavior under which the probe 

appeared was used to test for age-related differences in the time-to-fixate as a function of the facial 

behavior under which the probe appeared. All models adjusted for animal sex, stimulus animal sex, and 

probe location (left or right side of the screen). One animal was unable to be trained to perform this 

experiment (the animal would not fixate on the probe for a reward) and thus did not partake in this 

experiment, resulting in N = 10 subjects (N = 6 aged, N = 4 middle-aged). 

Across all monkeys and trial types, the median time-to-fixate on the probe was 1.23 seconds (95% 

CI: [1.2, 1.3]) and monkeys’ median time-to-fixate on the probe ranged from 0.8 s to 3.0 s. On average, the 

facial behavior under which the probe appeared did not significantly influence the time-to-fixate in any of 

the three conditions (lip-smack vs. neutral: HR = 0.97, 95% CI: [0.84, 1.12], z = -0.41, p = 0.68; threat vs. 

neutral: HR = 1.07, 95% CI: [0.92, 1.24], z = 0.92, p = 0.36; lip-smack vs. threat: HR = 1.01, 95% CI: [0.87, 
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1.18], z = 0.18, p = 0.86). Further, there was no significant evidence for age-related differences in the degree 

to which facial behaviors influenced fixation times in any of the three experimental conditions (see Table 

1.1). Probe location was, however, a significant predictor of time-to-fixation in lip-smack vs. neutral and lip-

smack vs. threat trials, with monkeys fixating faster when the probe was located on the right hand side of 

the screen (lip-smack vs. neutral: HR = 1.29, 95% CI: [1.11, 1.49], z = 3.29, p = 0.001; lip-smack vs. threat: 

HR = 1.19, 95% CI: [1.02, 1.38], z = 2.21, p = 0.027), highlighting the importance of counterbalancing the 

location of stimuli in dot-probe tasks in nonhuman primates. 

Competing Attention Task 

Separate mixed effects logistic regression models for each of the three experimental conditions 

(lip-smack vs. neutral, threat vs. neutral, and lip-smack vs. threat) were fit to investigate age-related 

differences in biases in the proportion of time spent looking at affective faces. We computed an index that 

provides information about how attention was biased towards/away from particular stimuli—the time 

looking at the target image divided by the total looking time at both images on each trial. Values of 0.5 thus 

correspond to no bias because looking time would be the same for both stimuli; values close to one indicate 

biases in favor of looking towards a given facial behavior; values close to zero reflect biases in favor of the 

non-target image. Only trials during which monkeys looked at least one of the stimuli were analyzed. All 

models adjusted for animal sex, stimulus animal sex, and age (continuously coded and mean centered for 

interpretability of the intercept). Results of the models are presented in Table 1.2 and Figure 1.2. 

Across all monkeys, there was no average bias in visual attention towards lip-smack compared to 

neutral faces (p = 0.36) or lip-smack compared to threat faces (p = 0.58). There was however a significant 

bias towards threat compared to neutral faces, with an odds of 1.4 in favor of looking at threat compared 

to neutral facial stimuli (Odds = 1.4, 95% CI [1.15, 1.72], p = 0.001). Whereas there was no significant 

evidence that age was associated with a bias in visual attention towards lip-smack compared to neutral (OR 

= 1.01, 95% CI [0.99, 1.03], z = 0.87, p = 0.38) or lip-smack compared to threat (OR = 1.00, 95% CI [0.98, 
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1.03], z = 0.43, p = 0.67) faces, there was a significant association between age and bias in visual attention 

towards threat compared to neutral faces such that the odds of looking at threat decline by a factor of 0.97 

for each year increase in age (OR = 0.97, 95% CI [0.95, 0.99], z = -2.25, p = 0.024), resulting in no looking 

time bias in older monkeys (Figure 1.2b). Neither monkey sex nor sex of the monkey making the facial 

behavior were significant predictors of bias in visual attention in any of the models (Table 1.2). 

While the models above assessed the relative amount of time animals spent looking at each 

stimulus when they looked at one or both stimuli per trial, we performed a complimentary set of analyses 

on absolute looking time in order to assess overall visual engagement with the stimuli including all trials 

with no exclusion criteria. This analysis was performed using a hurdle model, which decomposes looking 

time into two independent processes: 1) a logistic regression model that predicts whether or not the animal 

spent any time looking at a stimulus and 2) a model of how long the animal looked at stimuli conditional 

on them spending a non-zero amount of time looking at a stimulus (i.e., jumping over the ‘hurdle’). On lip-

smack vs neutral trials, animals had a 40% (95% Bayesian CI [26%, 55%]) chance of looking at the lip-smack 

and a 37% (95% Bayesian CI [24%, 51%]) chance of looking at neutral stimuli. Further, age was not 

associated with the odds of looking at lip-smack (OR = 1.02, 95% Bayesian CI [0.93, 1.13]) or neutral faces 

(OR = 1.04, 95% Bayesian CI [0.96, 1.44]). On threat vs neutral trials, animals had a 37% (95% Bayesian CI 

[22%, 55%]) chance of looking at the lip-smack and a 46% (95% Bayesian CI [32%, 61%]) chance of looking 

at neutral stimuli. Again, age was not associated with the odds of looking at lip-smack (OR = 1.06, 95% 

Bayesian CI [0.95, 1.19]) or neutral faces (OR = 1.01, 95% Bayesian CI [0.92, 1.12]). Lastly, on lip-smack vs 

threat trials, animals had a 38% (95% Bayesian CI [24%, 54%]) chance of looking at the lip-smack and a 36% 

(95% Bayesian CI [21%, 53%]) chance of looking at threat stimuli and age was not associated with the odds 

of looking at lip-smack (OR = 1.03, 95% Bayesian CI [0.93, 1.14]) or neutral faces (OR = 1.03, 95% Bayesian 

CI [0.92, 1.16]).  
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On lip-smack vs. neutral trials, overall looking time did not differ between stimuli (𝑏 = 0.18, 95% 

Bayesian CI [-0.29, 0.63]), and age was modestly associated with looking time towards lip-smack, with older 

animals attending less to lip-smack faces (𝑏 = -0.05, 95% Bayesian CI [-0.09, 0.00]) and neutral faces (𝑏 = -

0.04, 95% Bayesian CI [-0.10, 0.01]). On threat vs. neutral trials, overall looking time did not differ between 

stimuli (𝑏 = 0.29, 95% Bayesian CI [-0.2, 0.79]), and age was modestly associated with looking time towards 

threat, with older animals attending less to threatening stimuli (𝑏 = -0.06, 95% Bayesian CI [-0.11, 0.00]) 

and neutral faces (𝑏 = -0.06, 95% Bayesian CI [-0.12, 0.00]). Lastly, on lip-smack vs. threat trials, overall 

looking time did not differ between stimuli (𝑏 = -0.03, 95% Bayesian CI [-0.52, 0.45]), and age was again 

modestly and negatively associated with looking times, with older animals attending less to both lip-smack 

(𝑏 = -0.06, 95% Bayesian CI [-0.12, 0.00]) and threat faces (𝑏 = -0.05, 95% Bayesian CI [-0.10, 0.01]). 

Discussion 
The goal of this study was to test the hypothesis that, like humans, rhesus monkeys display an age-

related bias in visual attention towards positive, or away from negative, affective stimuli (i.e., the age-

related positivity effect) (for a review see Carstensen & DeLiema, 2018; for a meta-analysis see Reed et al., 

2014). Critically, unlike previous work in nonhuman primates (Rosati et al., 2018; Rosati & Santos, 2017), 

our experiments used precise eye-tracking technology that allows for direct comparison to research 

performed in humans (e.g., Isaacowitz et al., 2006a, 2006b; Mather & Carstensen, 2003). Our results 

demonstrate a nuanced age-related difference in visual attention towards faces of conspecifics engaging 

in different facial behaviors. Despite no age- or facial behavior-related differences in the dot-probe task, 

the competing attention task revealed a robust bias in looking time towards open-mouth threat compared 

to neutral faces that was present in middle-aged but absent in aged monkeys. No such biases were 

apparent in looking time in lip-smack vs neutral or lip-smack vs threat conditions. These results suggest that 

rhesus monkeys display age-related differences in attentional biases towards threat analogous to the 

human positivity effect. No such looking time biases were present in the lip-smack vs. threat or lip-smack 
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vs. neutral conditions of the competing attention task. While age did not impact the odds that monkeys 

looked at facial stimuli, older animals spent less time overall surveying facial stimuli but when animals were 

looking at stimuli, younger animals evidenced a bias towards attending towards threatening faces whereas 

older animals evidenced no such bias. 

Though the positivity effect has been documented using the dot-probe task in humans (Lee & 

Knight, 2009; Mather & Carstensen, 2003; Orgeta, 2011; Talbot et al., 2018; Tomaszczyk & Fernandes, 

2014), the effect only emerges under certain experimental configurations making it altogether not 

particularly surprising that we did not find effects in this sample. For example, Orgeta (2011) found no 

evidence of the effect when stimuli were presented for 17 ms or 500 ms but did when stimuli were 

presented for 1000 ms. The observation that the positivity effect typically emerges at longer timescales (> 

500 ms) has led several authors to conclude that this is a feature rather than a limitation of the dot-probe 

paradigm. That is, because the effect is only observed at longer time scales, it may be driven by regulatory 

mechanisms and not due to biases in the initial threat detection (Isaacowitz et al., 2009; Lee & Knight, 2009; 

Mather & Knight, 2006; Orgeta, 2011; however see Kennedy et al., 2020)—and thus better indexed in tasks 

that give the option for longer looking times, as in our competing attention task. It is for this reason that 

we used a shorter presentation time (200 ms) in our dot-probe paradigm. We hypothesized that there 

would be no age-related differences as a function of probe location (i.e., in the location of a threat or lip-

smack) but that all monkeys would fixate on the probe more quickly when under a threat or lip-smack, 

serving as evidence for preserved salience detection in aging. Our results initially appear to corroborate 

this hypothesis; however, the dot-probe task itself failed to induce biases in reaction times rendering our 

null results equivocal.  

There are several potential reasons why the facial behavior stimuli failed to significantly influence 

reaction times in the dot-probe task. First, low reliability of the dot-probe task (Amir et al., 2016; Chapman 

et al., 2019; Kappenman et al., 2014; Reutter et al., 2017; Schmukle, 2005; Staugaard, 2009; Strauss et al., 
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2005; Waechter et al., 2014; Waechter & Stolz, 2015; White et al., 2016) potentially lowered statistical 

power (Matheson, 2019) to detect differences in reaction times as a function of stimulus animal facial 

behaviors. Relatedly, our limited sample size of eleven animals likely reduced the statistical power of our 

study as the effect sizes found in the human literature are relatively small2. It is also possible that our 

animals did not fixate on the probe quickly enough for the effect to reveal itself. Our data, however, suggest 

this is not the case; our monkeys fixated on the probe between 0.8 and 3.1 s on average, which is within 

the time ranges in which humans typically respond while performing dot-probe tasks. A last potential 

reason is that the dot-probe paradigm is not effective for assessing attentional biases in monkeys—this too 

does not appear to be the case as several groups have successfully utilized the paradigm in nonhuman 

primates (Cassidy et al., 2021; King et al., 2012; Kret et al., 2016; Parr et al., 2013; for a review see van 

Rooijen et al., 2017). It is possible, however, that our stimuli were not potent enough to induce the required 

capture of attention in order to detect differences in reaction times. A future study using more salient 

stimuli, in a larger sample, with a greater number of trials is warranted. 

In contrast to the dot-probe task, results from our competing attention paradigm, which has been 

shown to be more reliable than the dot-probe task in humans (Waechter et al., 2014)3, revealed a robust 

bias in looking time towards threat vs. neutral faces in middle-aged animals that was absent in aged animals. 

While the human literature typically demonstrates looking time biases both towards positive and away 

from negatively valenced facial expressions (for a review see Reed et al., 2014), our findings only provide 

evidence for the latter in monkeys (and only when negative faces are paired with a neutral face). This may 

suggest important species differences in age-related changes in affective processing; however, it is 

 
 
 
2 For example, most dot-probe effect sizes in Reed et al. (2014) have Cohens’ d < 0.5 
3 Waechter and colleagues (2014) showed that displaying faces on a screen for 5000 ms, exactly as 

we did, had higher reliability for detecting individual differences in peoples’ attention towards threatening 
faces compared to the dot-probe paradigm. 
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important to note that neither younger nor older animals in our study showed any visual attention bias 

towards (or away from) the lip-smack facial behavior compared to the neutral behavior. This may be 

because, in contrast to the open-mouth threat facial configuration that is largely unambiguous for rhesus 

monkeys inasmuch as it invariably carries negative valence, lip-smack behaviors are more subtle, dynamic 

(including movement of the lips) and are used in a wider range of social contexts (sometimes signaling 

affiliation and sometimes as a subordinate display) (Maestripieri, 1997; Maestripieri & Wallen, 1997). For 

this reason, the lip-smack behavior may not be necessarily “positive”, as is typically assumed for human 

smiles (Niedenthal, 2007; but see Barrett et al., 2019), thus we caution comparing our results directly to 

results using smiling faces in the human literature. 

Our finding of age-related decline in attention to threat is consistent with the human literature and 

some of the nonhuman primate literature but contradicts at least one previously published finding in 

nonhuman primates. Consistent with our findings of no age-related differences in attention between lip-

smack and neutral faces, a study in Barbary macaques (Macaca sylvanus) found no age differences in 

looking time towards photographs of close social partners (positive condition) compared to non-close social 

partners (neutral condition) (Almeling et al., 2016).  In contrast to our effects, Rosati and colleagues (2018) 

observed that older monkeys (Macaca mulatta) evidenced an age-related bias in looking towards open-

mouth threat faces over neutral faces compared to younger monkeys—the exact opposite effect that we 

observed. Critically, each of these studies presented stimuli in succession and thus compared overall 

looking times and not simultaneously, as is typically done when assessing looking time biases in the human 

literature and as we did here. Perhaps more importantly, these experiments were conducted outdoors in 

field-like settings in which the subjects examined were willing to approach the experimenters. This 

difference in design may have led to the differences in observed findings through several mechanisms. First, 

animals tested in field settings may have led to selection bias as propensity to approach the experimenters 

was likely associated with animals’ rank, age, and temperament. Further, looking time in these experiments 
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was indexed using video cameras and scored by hand and not an eye tracker, which may have also 

influenced the pattern of results. Lastly, as our animals are housed indoors in less rich social conditions 

than those of animals living in large social groups which may lead to differences in social processing. Further 

studies evaluating how social context modifies visual looking patterns may help to illuminate these 

differences in results. That said, using methods comparable to those employed in humans, our report 

identified robust evidence of the positivity effect in nonhuman primates, which calls into question one of 

the major hypotheses regarding the psychological underpinnings of the positivity effect in humans. 

Socioemotional selectivity theory (SST) proposes that this age-related shift in visual processing of 

affective information is driven by an individual’s perception of “time horizons” (Carstensen et al., 1999; 

English & Carstensen, 2016). When an individual’s inferred time horizon is distant—as is the case for 

healthy adolescents and young-to-middle-aged adults—people preferentially engage in behaviors that may 

benefit them in the distant future, even if there is some negative affective cost to those behaviors in the 

present. When time horizons shrink—as people age or when they are diagnosed with terminal illnesses 

(Mather & Carstensen, 2003)—people become more focused on the present and prioritize immediate 

affective goals. Within this theoretical framework, the positivity effect is purported to emerge due to goal-

directed cognitive control of attentional resources towards positive and/or away from negative information, 

driven by knowledge that one’s life is coming to a close (Carstensen & DeLiema, 2018). The claim that biases 

in visual attention specifically occur as a result of shifting time horizons has mixed results, with limited 

evidence either for (Cypryańska et al., 2014) or against (Barber et al., 2020; Demeyer & De Raedt, 2013, 

2014) the propensity for shifting time perspectives to modify visual attention. Regardless, given that rhesus 

monkeys presumably do not perceive such time horizons, our data suggest that inferences about time-

horizons are not required for the positivity effect to emerge. 

Evolutionary reasoning may help to inform why visual attention towards threatening stimuli wanes 

in aged primates. First, engaging with threat comes with a physiological tax that aged bodies cannot afford. 
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That is, both older humans (Piazza et al., 2013) and non-human primates (Shively et al., 2020) are less 

metabolically efficient in recovering from affective stressors, resulting in increased allostatic load and 

subsequent negative health consequences. One way to circumvent such metabolically taxing states is 

through developing behavioral strategies to avoid these situations in the first place. Such strategies are 

invoked in aging human adults, as reviewed above, and are also observed in some aspects of non-human 

primates’ social behavior, including age-related increases in social selectivity and decreases in received 

aggression (Almeling et al., 2016, 2017; Rosati et al., 2020). A plausible line of reasoning follows that decline 

in threat vigilance promotes survival of aged animals that belong to species with protracted lifespans 

through more efficient physiological regulation. This theory could be tested by evaluating socioaffective 

predictors of physiological expenditure in comparative studies across several species. 

Regarding neural mechanisms that underlie such changes to socioaffective behavior, several lines 

of research point to age-related decline in the structure and function of the insula and anterior cingulate 

cortex (ACC) as potential mediators of the positivity effect. First, both the insula and the cingulate play 

critical roles in attentional processing of affective (and homeostatically relevant, generally) stimuli (for 

reviews see Kleckner et al., 2017; Menon & Uddin, 2010; Seeley, 2019; Uddin, 2014). Additionally, decline 

in cingulo-insular function mediates age-related deficits in attention and memory in humans (Andreano et 

al., 2017; He et al., 2014; La Corte et al., 2016; Lee et al., 2020; Touroutoglou et al., 2018; Ueno et al., 2020). 

Given that rhesus monkeys’ cingulo-insular networks are largely homologous to humans (Touroutoglou et 

al., 2016), it stands to reason that age-related changes to the function of these two regions may underlie 

the shared behavioral features of socioaffective aging between monkeys and humans shown in this report. 

Causal evidence from nonhuman primates supports this hypothesis of the cingulate in young nonhuman 

primates supports this hypothesis—much like the aged animals in this report, young monkeys with selective 

ibotenic acid lesions to the cingulate initially show robust behavioral responses to threat that wanes over 

time (Bliss-Moreau et al., 2021). Establishing affective homologies in aging between monkeys and humans 
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opens up the possibility of causal manipulations to uncover mechanisms that potentially cause deleterious 

effects of aging in humans. Understanding such mechanisms will help to promote healthy aging in both 

humans and animals.
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Figures 

 

Figure 1.1 Design of the dot-probe and competing attention tasks. Monkeys were required to make a 500 
ms central fixation on the screen, immediately after which two faces (approximately 7° x 7°) simultaneously 
flashed for 200 ms (dot-probe) or 5000 ms (competing attention) on the left- and right-hand side of the 
screen. The faces depicted the same animal but differed in affective content (i.e., displayed either a lip-
smack, neutral expression, or open-mouth threat). Immediately following facial presentation, the “probe” 
appeared pseudo-randomly under one of the faces. Subjects were then required to fixate on the probe 
within 20 seconds to receive a juice reward. Images not shown to scale. 
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Figure 1.2 Age-related differences in the competing attention task when monkeys looked at least one 
stimulus. There was no association between age and bias in looking time towards (A) lip-smack vs. neutral 
(p = 0.38) or (C) lip-smack vs. threat (p = 0.67); however, (B) a looking time bias towards threat vs. neutral 
faces in middle-aged monkeys was absent in older monkeys (p = 0.024). Data points depict average bias in 
looking time for each animal in each condition, with attentional bias = 0.5 corresponding to equal time 
looking at each of the faces (no bias). Shaded regions depict 95% bootstrapped confidence intervals with 
10,000 bootstrapped replications. 
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Figure 3. Looking times in competing attention task for all trials (regardless of whether monkeys 
looked at the stimuli). Age was negatively correlated with looking times towards faces in (A) lip-smack 
vs. neutral (B) threat vs. neutral and (C) lip-smack vs threat trials. Regions depict 95% confidence 
intervals. 
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Table 1.1 Dot-probe models. Mixed effects Cox proportional hazards model results of the time-to-detect the probe on lip-smack vs. neutral 
(Model 1), threat vs. neutral (Model 2) and lip-smack vs threat (Model 3) trials. Significant parameters (p < 0.05) are shown in bold. τ00 = random 
intercept variance, # of events = number of trials on which animals fixated on the probe within 20 seconds, # of trials = total number of trials 
analyzed. 

  
Model 1 

Lip-smack vs. Neutral 
Model 2 

Threat vs. Neutral 
Model 3 

Lip-smack vs. Threat 

Predictors 
HR 

[95% CI] 
z p 

HR 
 [95% CI] 

z p 
HR 

[95% CI] 
z p 

Facial behavior 0.97  
[0.84 – 1.12] 

-0.41 0.681 1.07  
[0.92 – 1.24] 

0.92 0.355 1.01  
[0.87 – 1.18] 

0.18 0.859 

Age [mean centered years] 1.01  
[0.96 – 1.06] 

0.28 0.776 1.01  
[0.95 – 1.07] 

0.27 0.79 1.03  
[0.98 – 1.09] 

1.18 0.237 

Sex [M] 0.83  
[0.52 – 1.34] 

-0.74 0.456 0.78  
[0.47 – 1.30] 

-0.96 0.335 0.85  
[0.52 – 1.40] 

-0.63 0.53 

Stimulus animal sex [M] 1.02  
[0.88 – 1.19] 

0.28 0.781 1.00  
[0.86 – 1.16] 

-0.06 0.953 0.97  
[0.83 – 1.13] 

-0.38 0.702 

Probe location [Right] 1.29  
[1.11 – 1.49] 

3.29 0.001 1.08  
[0.93 – 1.25] 

1.02 0.307 1.19  
[1.02 – 1.38] 

2.21 0.027 

Age * Facial behavior 1.01  
[0.98 – 1.04] 

0.73 0.467 1.00  
[0.97 – 1.04] 

0.2 0.843 0.99  
[0.96 – 1.02] 

-0.72 0.473 

Random Effects 

τ00 0.35Animal 0.38Animal 0.37Animal 

# of events / # of  trials 707 / 784 715 / 784 685 / 784 
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Table 1.2 Competing attention models. Generalized linear mixed effects model results of the proportion of time spent looking at lip-smack (Model 
1), threat (Model 2) and lip-smack (Model 3) faces. Significant parameters (p < 0.05) are shown in bold. σ2 = residual variance, τ00 = random 
intercept variance, # of trials = total number of trials analyzed. 

  
Model 1 

Lip-smack vs. Neutral 
Model 2 

Threat vs. Neutral 
Model 3 

Lip-smack vs. Threat 

Predictors 
Exp(Estimate) 

[95% CI] 
z p 

Exp(Estimate) 
 [95% CI] 

z p 
Exp(Estimate) 

[95% CI] 
z p 

(Intercept) 1.09 
[0.90 – 1.31] 

0.91 0.36 1.40 
[1.15 – 1.72] 

3.30 0.001 1.05 
[0.88 – 1.26] 

0.55 0.58 

Age [mean centered years] 1.01 
[0.99 – 1.03] 

0.87 0.38 0.97 
[0.95 – 0.99] 

-2.25 0.024 1.00 
[0.98 – 1.03] 

0.43 0.67 

Sex [M] 0.92 
[0.73 – 1.15] 

-0.72 0.47 0.86 
[0.67 – 1.09] 

-1.23 0.22 0.89 
[0.71 – 1.12] 

-0.99 0.32 

Stimulus animal sex [M] 0.82 
[0.66 – 1.02] 

-1.75 0.08 0.87 
[0.70 – 1.09] 

-1.17 0.24 1.17 
[0.94 – 1.46] 

1.37 0.17 

Random Effects 

σ2 3.29 3.29 3.29 

τ00 0.00 Animal 0.01 Animal 0.00 Animal 

# of trials 1328 1329 1333 
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Abstract 

Aging ushers in numerous disruptions to autonomic nervous system (ANS) function. Although the effects 

of aging on ANS function at rest are well characterized, there is surprising variation in reports of age-related 

differences in ANS reactivity to psychosocial stressors, with some reports decreases and other reports of 

increases in reactivity with age. The sources of variation in age-related differences are largely unknown. 

Nonhuman primate models of socioaffective aging may help to uncover sources of these sources of 

variation as nonhuman primates share key features of human ANS structure and function and researchers 

have precise control over the environments in which they age. In this report, we assess how response 

patterns to dynamic socioaffective stimuli in the parasympathetic and sympathetic branches of rhesus 

monkeys (Macaca mulatta) ANS differ in aged compared to middle-aged monkeys. We find that respiratory 

sinus arrhythmia, a cardiac indicator of activity in the parasympathetic branch of the ANS, exhibits age-

related disruptions in responding while monkeys view videos of conspecifics. 

 

Keywords:  Nonhuman primates, respiratory sinus arrhythmia, pre-ejection period, emotion, aging, 

affect, autonomic nervous system, cardiovascular system 
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Cardiac psychophysiological tuning to socioaffective content is disrupted in aged rhesus monkeys 
(Macaca Mulatta) 

  
Aging is associated with disruptions to the function of all physiological systems and the autonomic 

nervous system (ANS) is no exception. The fact that ANS activity is part of the foundation from which 

affective, emotional, and social processes emerge (Barrett & Bliss-Moreau, 2009) suggests that such 

disruptions may carry significant consequences for processing socioaffective signals (e.g. see Charles, 2010; 

Mendes, 2010). That said, numerous socioeconomic confounds exist between health, aging, and 

socioaffective processing in humans making studies of age-related changes to ANS function difficult to 

interpret (e.g., people from higher socioeconomic backgrounds may have better health, wellbeing, and 

thus live longer, muddying the causal association between aging, ANS function, and wellbeing). 

Comparative studies in animal models may help remedy this problem because experimenters have precise 

control over the environments in which animals age and can illuminate features of senescence that are 

evolutionarily conserved. Given that rhesus monkeys (Macaca mulatta) share key features of central and 

autonomic nervous system (ANS) structure (Kawashima et al., 2005) and function (e.g., Bliss-Moreau et al., 

2013), psychophysiological investigations in this species may prove especially useful in understanding how 

aging of the ANS and socioaffective processing are related. That said, there is a dearth of research 

evaluating age-related differences in autonomic nervous system function during psychological processing 

in rhesus monkeys. In this report, we assess how aged, compared to middle-aged, rhesus monkeys’ cardiac 

psychophysiology responds while viewing a rich set of dynamic video stimuli to test the hypothesis that 

aging disrupts how monkeys’ ANS responds to socioaffective stimuli. 

Both the sympathetic (SNS) and parasympathetic (PNS) branches of the ANS undergo numerous 

changes to function as animals age. This is especially important because these two branches work 

synergistically to regulate systemic physiology and therefore changes to their function may have serious 

consequences for health and wellbeing. For example, in humans, resting sympathetic tone (that is, SNS 

activity absent any socioaffective/environmental stimuli) increases with age (for a review Hotta & Uchida, 
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2010), resulting in elevated levels of circulating noradrenergics (Seals & Esler, 2000), which contributes to 

increases in the incidence of obesity (Seals & Bell, 2004) and hypertension (Esler et al., 2001; Krum et al., 

2009). Simultaneously, cardiovascular sensitivity to sympathetic input declines with age (Lakatta, 1993), 

attenuating changes in cardiac output normally associated with sympathetic activation (Ferrari et al., 2003; 

Hotta & Uchida, 2010; Stratton et al., 2003). In addition to decline in responsivity to SNS activation, the 

cardiovascular system becomes less responsive to cholinergic parasympathetic nervous system inputs 

(Baker et al., 2018; Poller et al., 1997). Further, these age-related changes to physiological function are not 

unique to humans as nonhuman primates evidence similar age-related increases in sympathetic activity 

(Shively et al., 2020), decline in parasympathetic modulation of cardiac function (Shively et al., 2007b, 2020), 

and experience similar adverse cardiovascular outcomes as a result of these changes to autonomic function 

(Shively & Clarkson, 1994). In summary, age-related changes to the ANS diminish both the dynamic range 

of cardiac function and the efficiency with which the body recovers from physiological challenges and this 

is a shared feature of senesce across primate phylogeny. 

The processing of socioaffective stimuli drives changes in autonomic nervous system activity, 

therefore understanding how aging impacts ANS responsivity towards socioaffective stimuli is of particular 

importance. That said, in humans, there is a relative dearth of such investigations and results from the 

studies that do exist are mixed and depend largely on both the physiological measures being used and the 

contextual demands of the tasks (Uchino et al, 2010). Specifically, many of the physiological measures that 

have been used in humans reflect a blend of SNS and PNS activity (e.g., heart rate, blood pressure, etc.), 

which precludes the ability to make inferences regarding neural systems driving changes in autonomic 

function. According to a meta-analysis of 31 studies, age is associated with a decrease in heart rate 

reactivity, but increased systolic blood pressure (SBP) reactivity to evocative stimuli (Uchino et al., 2010). 

That said, age-related differences in SBP reactivity were shown to be attenuated in extremely evocative 

tasks (Uchino et al., 2010), suggesting that some aspects of older adults physiological reactivity is similar to 
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younger adults when under extreme duress. Studies using cardiac pre-ejection period (PEP) or galvanic skin 

response (GSR), relatively specific measures of SNS activity (Berntson, Quigley, et al., 2016), yield no 

consensus regarding how SNS reactivity changes in age (Gurel et al., 2019; Mikkelsen et al., 2019; Smith et 

al., 2009; Steptoe et al., 2005; Uchino et al., 1999, 2001, 2005) and studies of respiratory sinus arrhythmia 

(RSA, a measure of relatively specific parasympathetic influence on the heart) are similarly inconclusive 

(Kuraoka et al., 2018; Mikkelsen et al., 2019; Smith et al., 2009; Uchino et al., 1999, 2005). Together, current 

research in humans paints an unclear picture of the impact of aging on SNS and PNS reactivity. 

Understanding age-related differences in the responsivity of the SNS and PNS to socioaffective 

stimuli holds great importance for informing theories of socioaffective aging. According to the strength and 

vulnerability integration (SAVI) model (Charles, 2010), emotional wellbeing later in life is determined by a 

delicate balance between age-related strengths in socioaffective processing (e.g., older adults are thought 

to have improved emotion regulation strategies, however see Isaacowitz, 2022) and physiological 

vulnerabilities. That is, according to this model older adults typically report improved wellbeing because 

they employ strategies that have been learned over their lifetimes to avoid negative or vulnerable settings; 

however, if they are unable to avoid these settings, they actually fare off worse than younger adults. 

Maturational dualism (Mendes, 2010) is a complimentary model and hypothesizes that the ability to sense 

physiological signals arising from the internal milieu (interoception) is compromised in aging and that this 

decline in interoceptive ability drives age-related changes in social behavior. As far back as James (1884), 

scholars in affective science have hypothesized that emotions arise in part from physiological signals arising 

from the body (e.g., Barrett, 2017; Damasio et al., 1996; Russell, 2003; Schachter et al., 1962). According 

to Mendes (2010), if the ability to sense these signals is compromised with age, or if the nature of these 

interoceptive signals change, so too will our affective experiences and social behaviors. Understanding the 

psychosocial contexts in which the SNS and PNS activity are compromised (or preserved) in aging will help 
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inform driving forces behind older adults’ socioaffective behavior—be it due to vulnerabilities, changes in 

interoception, or both. 

Studies performed in nonhuman primates may prove especially useful in uncovering how aging of 

the ANS contributes to changes in socioaffective experience and behavior because experimenters have 

precise control and measurement of the environments in which monkeys live and can manipulate animals’ 

biology as they age. That said, the studies of affective psychophysiology in aging nonhuman primates has 

generally been performed in field (or field-like) settings, in which autonomic function has only been 

measured at coarse timescales (e.g., urinary cortisol measurements at the timescale of hours/days). These 

lines of work revealed that aged nonhuman primates possess elevated SNS responsivity to socioaffective 

stressors—as measured primarily by quantifying glucocorticoids—and take longer to return their ANS to 

baseline following perturbation (Emery Thompson et al., 2020; Goncharova et al., 2019; Goncharova & 

Oganyan, 2018; Shively et al., 2020), consistent with what is observed in aging people (for a review Ferrari 

et al., 2003; and a meta-analysis Otte et al., 2005). Critically, existing work primarily captures variation in 

SNS/PNS responding to affective stimuli that are negative but to our knowledge no one has carried out a 

study of fleeting negative and positive affective states akin to the mood induction work in aged humans. 

Given that rhesus monkeys’ ANS responds in a similar matter to humans while watching potent 

socioaffective stimuli (Bliss-Moreau et al., 2013), this model serves as an excellent species for undertaking 

such investigations. To address this gap in the literature, we investigate how aged, compared to middle-

aged, rhesus monkeys’ cardiac psychophysiology responds while viewing a rich set of videos varying in 

socioaffective content that are ethologically relevant to monkeys. 

Materials & Methods 
This study was carried out at the California National Primate Research Center (CNPRC) following 

the recommendations in the Guide for the Care and Use of Laboratory Animals by the National Institutes 
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of Health. All experimental procedures were approved by the University of California, Davis Institutional 

Animal Care and Use Committee under protocol 21881. 

Subjects 

Subjects were N=5 middle-aged (3 females, median age: 10.6 years, range: 9.4 – 14) and N=5 aged adult 

rhesus macaques (Macaca mulatta) (2 females, median age: 20.7 years, range: 17.3 – 23.3) that were born 

and reared at the CNPRC. Monkeys were housed in standard adult macaque laboratory caging (66 cm wide 

× 61 cm long × 81 cm high) and were socially housed with a compatible social partner. Monkeys were paired 

either for a minimum of 6 hours per day, 5-days a week, or 24 hours per day in either full access (allowing 

both monkeys access to both enclosures during the pairing time) or through a metal grate (allowing tactile 

access but preventing full contact).  Five of the monkeys were housed in same-sex pairs. 

The housing room was maintained on a 12-hour light and dark cycle, with lights turned on at 0600 

hrs and off at 1800 hrs. Monkeys were fed monkey chow (Lab Diet #5047, PMI Nutrition International INC, 

Brentwood, MO) twice daily, provided with fresh fruit and vegetables twice per week, and had access to 

water ad libitum. As standard practice at the CNPRC, monkeys received daily enrichment (e.g., a 

rice/oat/pea mixture on their forage boards once per day, a rubber Kong toy/metal ball, fresh coconuts 

once per month, and periodic delivery of fruit and vegetables in puzzle balls or puzzle tubes). Candidate 

monkeys underwent physical examinations prior to being enrolled in the study. Monkeys with cardiac 

abnormalities (e.g., lateral ventricular hypertrophy), problems with vision that would interfere with eye-

tracking, or other health problems that would interfere with the experiment were not enrolled. 

Experimental protocol 

Testing occurred Monday through Friday between 0800 and 1800 hours over two weeks (ten days) 

of testing, with a two-day break on the weekend. Animals had been previously acclimated to this testing 

environment and trained to interact with the eye-tracker for a juice reward for the purposes of another 
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eye-tracking experiment that preceded this study (Santistevan et al., under review). Animals were box 

transported individually from their home enclosure to the testing room, where they were transferred to a 

custom nonhuman primate chair, had their arms and legs lightly restrained with soft leather straps, and 

had disposable spot Ag/AgCl+ electrodes (Covidien, Dublin, Ireland) placed on their chest and back to 

record electrocardiogram (ECG, modified Lead 2 configuration) and impedance cardiogram (ICG). Monkeys’ 

chests and backs were shaved and cleaned with 70% ethanol solution, and then allowed to air dry, prior to 

attaching the electrodes.  Once electrodes were attached, a stretchy neoprene with Velcro closures knee-

brace was wrapped around the monkeys’ torso to keep the electrodes in place for the duration of the 

experiment. Cardiac physiology data was recorded at 1000 Hz with MindWare hardware and software 

(MindWare Technologies, Gahanna, OH). Cardiac impedance was measured by passing a small current (0.4 

mA) between the outer electrodes and measuring, via the inner electrodes, basal impedance resulting from 

changes in blood volume and distribution (Zo) and its first derivative (dZ/dt). After clean ECG and ICG signals 

were verified using BioLab software (MindWare Technologies, Gahanna, OH), animals were placed 65 cm 

away from a Tobii Pro TX300 infrared eye tracker (Tobii, Stockholm, Sweden). Gaze data were continuously 

sampled at 300 Hz. A standard five-point calibration was conducted each day to ensure accuracy of gaze 

location data. Calibration stimuli were videos of rhesus monkeys and were displayed on the eye tracker’s 

integrated display (58.4 cm diagonal; 1920 x 1080 pixel resolution). Animals were acclimated to this process 

for three consecutive days prior to beginning the study, during which we followed the protocol above and 

gave animals treats for 20 minutes while recording ECG and ICG. 

Video stimuli 

Video stimuli consisted of 400 videos (200 social, 200 nonsocial) from an established video library 

created in our group (Bliss-Moreau, Machado, et al., 2013a; Machado et al., 2011) plus additional videos 

added to the collection for subsequent experiments to balance the number of positively and negatively 

videos relative to their arousal. The social stimuli were videos recorded of rhesus monkeys at the CNPRC 
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engaging in naturalistic behaviors ranging in affective content. These behaviors included aggression 

between animals (n = 49 videos), single monkeys displaying aggression directed towards the camera (n = 

20), single monkeys displaying submissive/affiliative behaviors directed towards the camera (n = 14), single 

monkeys displaying neutral behavior directed towards the camera (n = 15), foraging (n = 19), grooming (n 

= 29), mounting (n = 16), and play (n = 24), and nonspecific social content (e.g., monkeys walking around 

the field enclosure, n = 14). Nonsocial stimuli consisted of footage from nature documentaries that did not 

feature human or non-human primates engaging in any behaviors. Each of the videos were rated on five 

dimensions by at least three different raters. The overall ratings evidence excellent intraclass correlation 

(ICC): valence (ICC = 0.89), arousal (ICC = 0.90), presence of dominance information/signals (ICC = 0.87), 

presence of submission information/signals (ICC = 0.90), number of interactions (ICC = 0.94), closeness of 

animals (ICC = 0.92), and novelty/familiarity of content (ICC = 0.96) and thus ratings were averaged and 

then used as regressors in the models indicated below. See the Supplementary Table S2.1 for descriptive 

statistics of the socioaffective ratings across video categories. 

Passive Viewing Task 

Each testing day started with a 5-minute-long acclimation period (Baseline) followed by the 

presentation of 40 stimulus videos (such that animals viewed a total of 400 unique videos across the 10 

days of the experiment). Two-hundred of the videos included footage of conspecifics engaging in 

naturalistic behaviors (Social Videos: e.g., grooming, aggression, etc.) and the other 200 videos included 

footage from nature documentaries which served as non-social controls (Nonsocial videos). None of the 

videos included footage of humans, non-macaque nonhuman primates, snakes, or predators of macaques. 

Videos were from our established video library used in previous experiments from our laboratory (Bliss-

Moreau, Machado, et al., 2013a; Machado et al., 2011) Video presentation order was counterbalanced 

across trials and days such that social, nonsocial, and affective content of videos were uniformly distributed 

across trials and test days. 
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After the five-minute baseline, animals were required to fixate on a dark grey square (2° x 2°) for 

500 ms to receive a small juice reward (0.1 mL). After delivery of the juice reward, a 30-second-long video 

played. A 30s long inter-trial interval in which only a grey screen was displayed on the monitor allowed 

animals to return to baseline, after which the experiment proceeded. Cardiac psychophysiological 

(ECG/ICG), eye-tracking measures (number of fixations and fixation durations) and pupillometry were 

measured at both baseline and during the presentation of the video stimuli to evaluate psychophysiological 

reactivity towards the stimuli and to assess attention towards the stimuli. 

Psychophysiological Data Processing 

Physiological data were subjected to standardized scoring procedures using commercially available 

software (MindWare HRV Analysis v3.1.5, MindWare IMP Analysis v3.1.6; MindWare Technologies, 

Gahanna, OH). RSA was computed from the ECG with the Zo as the respiration signal using HRV 3.1.5 

software according to accepted scoring parameters. The ECG signal for each 30 s epoch was visually 

inspected to ensure proper placement of the R-points and artifacts were removed or corrected. The data 

were de-trended, tapered, and underwent Fourier transformation. Respiratory sinus arrhythmia (RSA) was 

computed as the natural log integral of the high frequency power of R-R intervals (0.24 to 1.04 Hz). The 

high frequency band was set to 0.24 to 1.04 based on previous established protocols from our group (Bliss-

Moreau et al., 2013). Some subjects evidenced a large portion of their trials with an RSA estimated to be 

numerically 0. As a result, we additionally utilized the root mean squared of successive RR interval 

differences (RMSSD), another common measure of heart rate variability, to validate results from RSA 

analyses (Supplementary Table S2.2). We note that results did not differ qualitatively regardless of using 

RSA or RMSSD (which correlated ~0.92), therefore we report only the results using RSA.  

Cardiac PEP was computed using IMP software as the time difference between the ECG’s Q-point 

(initiation of left ventricle contraction) and the dZ/dt's B point (opening of the aortic valve). The cleaned 

ECG data (from processing the RSA) was inputted into the IMP software and ECG and impedance data were 
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combined across 30-sec epochs.  Q and B points were manually identified from the average ECG waveform 

(Q) and average impedance waveform (B). We note that the automated scoring procedures in the IMP 

software do not work for monkey data. Data segments in which there were severe motion artifacts were 

removed from the analysis/not scored. 

Eye-Tracking Data Processing 

The total number of fixations and the total fixation duration were computed using the Tobii Pro 

Lab software (Tobii, Stockholm, Sweden). Eye-tracking samples were collected at 300 Hz. Fixations were 

computed using Tobii’s I-VT (velocity threshold) fixation filter which makes fixation classifications based on 

the velocity of directional shits in the eye. The following parameters were used for defining a fixation: gap-

fill in: 75 ms, velocity threshold 30 visual degrees/s, velocity window length of 30 ms, maximum time 

between fixations: 75 ms, maximum angle between fixations: 0.5 degrees, with fixations shorter than 60 

ms discarded. 

Statistical methods 

All analyses were conducted in R version 4.0.3. Generalized linear mixed effects models, estimated 

in a frequentist framework using the lme4 package (Bates et al., 2015) or in a Bayesian framework using 

brms (Bürkner, 2017, 2018), were used to model heart rate variability (RSA), pre-ejection period (PEP), and 

the number of fixations made towards the stimuli. Bayesian estimation was used in cases where frequentist 

models experienced problems with convergence. Interactions between age and affective properties 

(specifically, valence, arousal, and dominance building upon Bliss-Moreau et al., 2013) were used to test 

for age-related differences in psychophysiological reactivity towards the stimuli. Random intercepts were 

given for both subjects and stimuli, treating stimuli as crossed random effects, to account for both within-

subject correlation of repeated measurements and stimulus-related variation. We note that treating stimuli 

as crossed random effects explicitly accounts for between-stimulus variability and thus ensures the nominal 



Chapter 2 

 
 

type I error rate (Barr et al., 2013; Judd et al., 2012). Null hypothesis significance testing was conducted at 

the 𝛼 = 0.05 level and 95% confidence intervals (CI) are presented where appropriate. Degrees of freedom 

for mixed models were estimated using the Satterthwaite method implemented in the lmerTest R package 

(Kuznetsova et al., 2017). We note that the Sattherwaite method allows for non-integer values of the 

degrees of freedom. In cases of Bayesian estimation, median posterior density estimates are provided along 

with 95% highest posterior density (HPD) intervals. 

Results 

ANS responsivity to socioaffective content 

To assess parasympathetic reactivity in response to the dynamic video stimuli, we fit a linear mixed 

effects model regressing respiratory sinus arrhythmia (RSA) on properties of the video stimuli (valence, 

arousal, and dominance ratings) while also adjusting for animal age, sex, test day, and trial number. Building 

upon our previous work (Bliss-Moreau et al., 2013), we included a three-way interaction between valence, 

arousal, and dominance ratings given that dominance information was known to alter rhesus monkeys’ 

psychophysiological tuning towards these stimuli. Although arousal was not included in the interaction our 

previous report, we included the dimension in this analysis based on the hypothesis that the influence of 

arousal may be specifically affected by aging processes. 

 Valence, arousal, and dominance ratings of videos jointly determined parasympathetic activity, as 

indexed by RSA (Valence x Arousal x Dominance: b = 0.13, 95% CI [0.04, 0.23], t(362.53) = 2.69, p = 0.007) 

(Table 2.1, Model 1)—therefore we do not interpret main effects due to the presence of an interaction. 

Specifically, in videos with low levels of dominance information, valence positively correlated with 

parasympathetic activity and the magnitude of this correlation was largely unaffected by arousal ratings of 

the videos. The content of these videos largely consisted of grooming, foraging, play, and mounting, and 

did not contain any behaviors associated with dominance (such as displacements or threats). In contrast, 

in videos with higher levels of dominance information, valence ratings negatively correlated with 
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parasympathetic activity and the magnitude of this negative slope decreased with increasing arousal ratings. 

Videos that were low in arousal but low in valence were foraging videos featuring some displacements, and 

videos that were low in arousal and high in valence and dominance were grooming videos that featured 

some displacements. 

We fit the same model above using cardiac pre-ejection period (PEP) as the dependent variable to 

evaluate how socioaffective content altered monkeys’ sympathetic nervous system activity. We found no 

significant evidence that there was a three-way interaction between socioaffective content and 

sympathetic arousal, as measured by PEP (Valence x Arousal x Dominance: b = 0.07, 95% CI [-0.40, 0.55], 

t(3099.04) = 0.29, p = 0.77) (Table 2.2, Model 1). This is not entirely unexpected as our previous report only 

demonstrated that PEP correlated with stimulus video valence (Bliss-Moreau et al., 2013)—therefore in an 

attempt to replicate these findings, we fit a more restrictive model only including valence, arousal, and 

dominance but with no interaction terms. Results of this simplified model demonstrated no significant 

association between any of valence (b = 0.019, 95% CI [-0.22, 0.25], t(3103.01) = 0.16, p = 0.89), arousal (b 

= 0.00, 95% CI [-0.27, 0.27], t(3103.01) = 0.44, p = 0.99), or dominance (b = 0.10, 95% CI [-0.34, 0.54], 

t(3103.01) = 0.44, p = 0.99) information and cardiac PEP.  

Lastly, we additionally modeled how heart rate itself responded to the socioaffective stimuli. Like 

PEP, we found no significant interaction between socioaffective content and monkeys’ heart rate (Valence 

x Arousal x Dominance: b = -0.21, 95% CI [-1.43, 1.00], t(3821.00) = -0.34, p = 0.73) (Table 2.3, Model 1). A 

restricted model that did not include this interaction term revealed no significant association between 

valence (b = -0.16, 95% CI [-0.76, 0.44], t(3825.00) = -0.53, p = 0.60), arousal (b = 0.36, 95% CI [-0.33, 1.05], 

t(3825.00) = 1.02, p = 0.31), or dominance (b = -0.77, 95% CI [-1.90, 0.36], t(3825.00) = -1.33, p = 0.18) with 

heart rate. 
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Age-related differences in ANS responsivity to socioaffective content 

In order to test our primary hypothesis that aging blunted psychophysiological tuning in response 

to socioaffective stimuli, we included (mean centered) age as a further term in the interaction identified 

above (Table 2.1, Model 2). Consistent with our hypothesis, age modified how valence, arousal, and 

dominance information jointly determined parasympathetic activity (Age [mean centered] X Valence X 

Arousal X Dominance: b = -0.02, 95% CI [-0.04, -0.01], t(3429.27) = -2.18, p = 0.03). Specifically, age was 

found to blunt the association between video content (Valence X Arousal X Dominance interaction) and 

parasympathetic activity, such that younger animals evidenced a strong association between RSA and 

valence when video arousal was low and dominance information was high and this association was 

diminished in aged animals (Figure 2.1). Notably, younger animals evidenced a significant positive 

association between valence and RSA while viewing stimuli low in dominance (e.g., foraging, grooming, 

play, and mounting), whereas older animals RSA did not respond to such videos. 

For completeness, we fit the same model as above on PEP and on heart rate. There was no 

significant interaction between age and the socioaffective content in terms of predicting PEP (Age [mean 

centered] X Valence X Arousal X Dominance: b = 0.00, 95% CI [-0.09, 0.09], t(3092.03) = 0.02, p = 0.99) 

(Table 2.2, Model 2) or heart rate (Age [mean centered] X Valence X Arousal X Dominance: b = 0.15, 95% 

CI [-0.09, 0.40], t(3814.00) = 1.22, p = 0.22) (Table 2.3, Model 2). 

Associations between visual attention and socioaffective content  

In order to assess differences in visual attention towards the stimuli, we fit a hierarchical zero-

inflated negative binomial model regressing the number of fixations that animals made towards the video 

on properties of the stimuli while also adjusting for animal age, sex, test day, and trial number. Due to 

convergence problems with estimating this model in a frequentist framework, we utilized Bayesian 

estimation using the brms package (Bürkner, 2017, 2018). Independent variables were entered in the same 

form as Model 2 above (i.e., subject sex, test day, trial number, and a four-way interaction between age, 
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valence, arousal, and dominance, with random intercepts for stimulus and animal). A four-way interaction 

between valence, arousal, dominance, and age was again identified (Age [mean centered] X Valence X 

Arousal X Dominance: b = -0.01, 95% HPD [-0.03, 0.00]), such that younger animals’ visual attention as 

indexed by the number of fixations on the videos was modified by content, whereas older animals’ 

attention was affected by stimulus content to a lesser degree (Figure 2.2). Specifically, younger animals’ 

visual attention declined with increasing valence of videos when those videos were low in arousal and high 

in dominance information (b = -0.34, 95% HPD [-0.55, -0.11]); older animals evidenced no such Valence X 

Arousal X Dominance interaction and were equally attentive to negatively and positively valenced videos 

low in arousal and high in dominance (b = -0.028, 95% HPD [-0.21, 0.17]). Middle-aged and aged animals 

evidenced similar patterning in visual attention towards all other types of stimuli (see Figure 2.2).  

We similarly fit a Bayesian hierarchical log-normal hurdle model on the average fixation durations 

on each trial. Log-normal models were used because these fixation duration data are fit well by log-normal 

distributions (Csibra et al., 2016). Hurdle models decompose a dependent variable (in this case, average 

fixation duration) into zero and non-zero values. One model is used to predict whether or not the 

dependent variable was zero (i.e., crossing over the “hurdle”), whereas another model is used to model the 

value of the response conditional on the dependent variable being non-zero.  

Unlike the absolute number of fixations, the average duration of fixations was not found to be 

influenced jointly by age and the socioaffective content of the video stimuli (Age [mean centered] X Valence 

X Arousal X Dominance: b = 0.01, 95% HPD [-0.01, 0.03]). Further, although we did not identify an 

interaction between valence, arousal, and dominance information (Valence X Arousal X Dominance: b = -

0.02, 95% HPD [-0.10, 0.06]), there were marginal effects such that animals made longer fixations on videos 

high in valence (b = 0.16, 95% HPD [0.10, 0.22]) and in dominance information (b = 0.87, 95% HPD [0.68, 

1.07]), but shorter fixations while watching videos higher in arousal (b = -0.15, 95% HPD [-0.23, -0.08]). 
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Lastly, age was moderately associated with fixation duration such that older animals made slightly shorter 

fixations to all stimuli compared to their younger counterparts (b = -0.08, 95% HPD [-0.18, 0.00]). 

Psychophysiological reactivity and age effects persist after controlling for visual attention 

While the models above demonstrate robust effects of stimulus video content on parasympathetic 

activity (RSA) that are modified by the age of the animal, it is possible that the differences in visual attention 

towards the stimuli documented above confounded the association between psychophysiological reactivity 

towards the videos and affective content. To evaluate this possibility, we adjusted for the number of 

fixations made on the videos as they were presented. Number of fixations were significantly associated 

with parasympathetic activity, such that the more fixations the animal made the lower their RSA was (b = -

0.01, 95% CI [-0.01, -0.009], t(3671.70) = -5.55, p < 0.001). Critically, adjusting for visual attention did not 

alter the psychophysiological results above (Valence X Arousal X Dominance: b = 0.14, 95% CI [0.04, 0.23], 

t(359.51) = 2.72, p = 0.007; Age [mean centered] X Valence X Arousal X Dominance: b = -0.02, 95% CI [-0.04, 

-0.01], t(3423.53) = -2.26, p = 0.024). Thus, the age-related differences in psychophysiological reactivity 

towards the stimuli are robust to any differences in visual attention towards the stimuli. 

Lastly, we additionally fit the same model as above however using PEP and heart rate as our 

dependent variables. Monkeys’ cardiac PEP was negatively correlated with the number of fixations (b = -

0.04, 95% CI [-0.06, -0.03], t(3091.60) = -5.09, p < 0.001) and adjusting for fixations did not meaningfully 

change any of the aforementioned null associations between PEP and socioaffective ratings of videos (Table  

2.2, Model 3). Similarly, monkeys’ heart rate was positively correlated with the number of fixations (b = 

0.13, 95% CI [0.08, 0.18], t(3813.35) = 5.64, p < 0.001) and adjusting for fixations did not meaningfully 

change any of the aforementioned null associations between heart rate and socioaffective ratings of videos 

(Table 2.2, Model 3). 
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Discussion 
Results from this investigation demonstrate that monkeys’ parasympathetic control of cardiac 

activity, as indexed by respiratory sinus arrhythmia (RSA), is tuned to the affective content of dynamic visual 

stimuli. Specifically, RSA was sensitive to the combined effects of valence, arousal, and dominance 

information, such that monkeys’ RSA increased with valence while watching videos low in dominance 

information, irrespective of level of arousal. The association between valence and RSA was reversed while 

monkeys watched videos high in dominance information and low in arousal, such that with increasing 

valence RSA decreased. We found no significant association between sympathetic arousal (PEP) and the 

valence, arousal, or dominance (or their interaction) of video stimuli. Lastly, relative to younger animals, 

aged animals’ RSA was relatively unaffected by the socioaffective content of the videos—even after 

adjusting for the potential confound of visual attention towards the stimuli. 

The finding that RSA was a complex function of socioaffective content above and beyond the 

individual influence of valence, arousal, or dominance is explicitly anticipated by some theoretical 

frameworks, such as polyvagal theory (Porges, 1995, 1998, 2021), and supported by past research in our 

group (Bliss-Moreau et al., 2013). According to polyvagal theory, PNS activity originating in the nucleus 

ambiguus of the brainstem (ventral vagal pathway) is predominantly responsible for respiratory-linked high 

frequency heart rate variability (of which RSA is one index) in mammals and promotes social engagement. 

In this model, activity originating in the dorsal motor nucleus (dorsal vagal pathway) primarily acts to offset 

sympathetic activity (a reactive homeostatic process). Importantly, by our view, increases in PNS in service 

of social engagement need not be prosocial—especially for rhesus monkeys, which are a despotic species 

and handle much of their social communication through minor levels of aggression (Thierry, 2007). In this 

context, parasympathetic activity originating along the ventral vagal pathway serves to widen the dynamic 

range of cardiac output (Berntson, Cacioppo, et al., 2016) effectively preparing the body for the possibility 

of engaging further metabolic resources (i.e., engaging in allostasis). Indeed, threat-anticipatory freezing 

behavior in mammals is largely mediated through increases in vagal activity and is coupled with increases 
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in heart rate variability (for a review see Roelofs, 2017). Together, this set of changes to behavior and 

physiology can be conceptualized as facilitating information gathering and preparing for action. To that end, 

our data are entirely consistent with view that vagal activity may promote social engagement (either pro-

socially or agonistically) as the middle-aged animals’ RSA increased while attending to videos that were 

rated as negative and that contain dominance features (we note the majority of these videos were videos 

that contained only moderate levels of aggression that were not camera-directed) in addition to while 

watching ostensibly positive videos (monkeys playing and mounting). 

The fact that most psychophysiological investigations of RSA to date in nonhuman primates 

evaluated animals in response to highly arousing negative stimuli in which monkeys are most likely in ‘flight’ 

states, such as under threat of capture (Bowers et al., 1998), or in states in which monkeys have no control 

of the outcome, such as risk of being shocked or startled (e.g., Fletcher et al., 2012). Results from these 

studies generally reveal RSA withdrawal, potentially leading to the erroneous conclusion that RSA 

withdrawal always indicates that the animal is in a negatively valenced state; however, these contexts 

preclude the ability for observing positive RSA responses even in response to putatively negatively valenced 

stimuli. This highlights the benefit of studies such as the current investigation and our previous report (Bliss-

Moreau et al., 2013) that assess the same animals in a variety of social contexts spanning the entire 

affective plane. 

Although RSA correlated with the socioaffective content of videos in the young monkeys of our 

study, this was not the case for our aged animals—even though older monkeys were just as engaged with 

the video stimuli compared to their younger counterparts (as indexed by the number of fixations made to 

the stimuli). Age-related diminishment in RSA activation may be one mechanism through which aging leads 

to several changes in socioaffective behavior in humans and nonhuman primates, such as decline in overall 

sociality (humans: Cornwell et al., 2008; McPherson et al., 2006, nonhuman primates Rosati et al., 2021) 

and preferential psychological processing of positive over negative affective information (Carstensen & 
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DeLiema, 2018; Santistevan et al., under review, however see Rosati et al., 2017). That is, if it is the case 

that the vagal activity is involved in mediating social approach, the fact that the vagal system is disrupted 

in aging lends credence to the hypothesis that age-related changes to vagal function and social behavior 

are causally linked. Specifically, we hypothesize that because a wide dynamic range of cardiac output is 

necessary for navigating uncertain social interactions, the ontogeny of behavioral mechanisms to avoid 

these situations in individuals with diminished autonomic flexibility (such as aged individuals) is required 

for these organisms to maximize their fitness and was thus selected for evolutionarily. Indeed, our finding 

of age-related reduction in reduced autonomic flexibility view is in line with views made by the strengths 

and vulnerabilities (SAVI) model (Charles, 2010) and our data provide evolutionary support to this model.  

Although our study does not directly speak to the interoceptive hypothesis born of maturational 

dualism (Mendes, 2010)—that is, whether or not age-related decline in the ability to sense signals (e.g., 

heart rate) from the body cause changes in social behavior—future work directly manipulating vagal activity 

in aging nonhuman primates in various social environments can test this hypothesis. Recent work from our 

group has demonstrated that rhesus monkeys’ visual attention is sensitive to interoceptive signals 

(Charbonneau et al., 2022), opening the possibility that age-related decline in interoceptive ability in 

monkeys may too influence social behavior. This line of research is especially important given recent 

interest in vagal nerve stimulation as a treatment for patients with psychiatric disorders (Aaronson et al., 

2017) or for promoting wellbeing in aged humans (B. Bretherton et al., 2019). To date, there is inconclusive 

evidence regarding the efficacy of these treatments (Wolf et al., 2021), highlighting the need for animals 

models (particularly nonhuman primate models) to uncover when, where, and in whom vagal stimulation 

proves beneficial. 

Like all studies, ours is not without its limitations. Most notably, as reviewed in the introduction, 

the socioenvironmental context in which aged humans are situated while performing laboratory tasks plays 

a crucial role in determining their degree and patterning of autonomic reactivity. This forces us to examine 
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the social context of our own subjects to situate our findings within the larger literature. Even though all 

the monkeys in our research were paired with a social partner, they were housed indoors in relatively 

restricted environments compared to their natural habitat and social groups (features of which are 

replicated in captivity in our large outdoor groups, in which all animals in this study were born and reared). 

This relatively impoverished socioenvironmental setting is known to alter monkeys’ behavior (Hennessy et 

al., 2014a) and we have recently demonstrated that variance in indoor housing social environments also 

impacts behavioral affective reactivity (Charbonneau et al., 2021) and monkeys’ survival (Santistevan et al., 

in prep). As a result, it is possible that our aging effects are best conceptualized with the restricted 

environmental nature in mind—further work that evaluates similar aging trajectories for group-housed 

animals is critical for developing normative theory. It’s also worth noting that to carry out the present 

experiments, monkeys were removed from their home cages and transported to the laboratory—which 

has the possibility of being a negative mood induction in and of itself. Thus, our study represents autonomic 

responsivity to socioaffective videos in a particular set of conditions which could have differentially 

impacted older compared to younger animals. The blunting of older animals PNS tuning to the video 

content could result from their reaction to being moved into the novel environment; that is, their 

physiology RSA was so deviated from baseline and that could have overshadowed any potential for 

identifying small changes to physiology in response to the videos (i.e., floor effect). Similar floor effects 

might be responsible for our overall null finding regarding PEP measures, though we note we were able to 

detect PEP effects in our previous work (Bliss-Moreau et al., 2013). That said, by the time the animals 

participated in this experiment they already had approximately two months of experience in the 

experimental setting from a previous set of experiments (Santistevan et al., under review) and were well 

habituated to the experimental procedures. Future work using ANS measures via telemetry of aged animals 

in more naturalistic social environments may help to address these limitations. 
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Conclusion 
Results of our study provide novel evidence that monkeys’ parasympathetic tuning towards 

socioaffective stimuli is disrupted in aging and provide evolutionary support for the strengths and 

vulnerabilities model (SAVI). Given the important role that the parasympathetic nervous system plays in 

both managing metabolic resources and facilitating organisms’ ability to engage in social processing, age-

related decline in parasympathetic function may underlie the breadth of changes observed in both human 

and nonhuman primates’ socioaffective behavior in aging. Future work evaluating decline in 

parasympathetic function as a mediator of changes to social behavior in aging and causal work 

manipulating parasympathetic function in nonhuman primates will help to identify mechanisms in which 

we can promote healthy aging in humans. 
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Table 2.1 Linear mixed effects models of respiratory sinus arrhythmia (RSA) reactivity towards video stimuli. Models additionally adjusted for animal sex, trial 
number, and day of testing and treated trials as nested within animals and stimuli (crossed random effects). Significant (p <0.05) predictors are in bold. 

  Model 1 Model 2 Model 3 

Predictors 
Estimates 
[95% CI] 

t p 
Estimates 
[95% CI] 

t p 
Estimates 
[95% CI] 

t p 

(Intercept) 2.83 
[1.13 – 4.53] 

3.26 0.014 2.83 
[1.12 – 4.53] 

3.25 0.014 2.96 
[1.25 – 4.67] 

3.40 0.011 

Valence 0.05 
[-0.04 – 0.14] 

1.12 0.265 0.05 
[-0.04 – 0.14] 

1.07 0.285 0.03 
[-0.06 – 0.12] 

0.73 0.464 

Arousal -0.01 
[-0.10 – 0.08] 

-0.24 0.808 -0.01 
[-0.10 – 0.08] 

-0.25 0.800 -0.01 
[-0.11 – 0.08] 

-0.24 0.808 

Dominance -0.42 
[-0.72 – -0.11] 

-2.68 0.008 -0.42 
[-0.72 – -0.11] 

-2.67 0.008 -0.49 
[-0.80 – -0.18] 

-3.12 0.002 

Age [mean centered] -0.09 
[-0.34 – 0.15] 

-0.75 0.479 -0.09 
[-0.34 – 0.15] 

-0.74 0.483 -0.09 
[-0.34 – 0.15] 

-0.72 0.494 

Valence * Arousal * Dominance 0.13 
[0.04 – 0.23] 

2.69 0.007 0.13 
[0.03 – 0.23] 

2.66 0.008 0.14 
[0.04 – 0.23] 

2.72 0.007 

Valence * Arousal * Dominance * 
Age [mean centered] 

    
-0.02 

[-0.04 – -0.01] 
-2.18 0.036 -0.02 

[-0.04 – -0.01] 
-2.26 0.037 

# of Fixations 
        

-0.01 
[-0.01 – -0.01] 

-5.55 <0.001 

Random Effects 

σ2 1.39 1.39 1.37 

τ00 0.02 stimuli 0.02 stimuli 0.02 stimuli 
 

3.74 animal 3.73 animal 3.76 animal 

Intraclass correlation (ICC) 0.73 0.73 0.73 

Observations 3828 3828 3828 

Marginal R2 / Conditional R2 0.043 / 0.742 0.043 / 0.742 0.045 / 0.746 
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Table 2.2 Linear mixed effects models of pre-ejection period (PEP) reactivity towards video stimuli. Models additionally adjusted for animal sex, trial number, 
and day of testing and treated trials as nested within animals. Random effects for stimuli were not included in this model as their variance was estimated to be 
zero. Significant (p <0.05) predictors are in bold. 

  Model 1 Model 2 Model 3 

Predictors 
Estimates 
[95% CI] 

t p 
Estimates 
[95% CI] 

t p 
Estimates 
[95% CI] 

t p 

(Intercept) 48.08 
[41.3 – 54.9] 

13.9 <0.001 48.09 
[41.31 – 54.87] 

13.9 <0.001 48.67 
[41.88 – 55.46] 

14.1 <0.001 

Valence 0.04 
[-0.39 – 0.47] 

0.18 0.859 0.04 
[-0.39 – 0.47] 

0.18 0.857 -0.03 
[-0.46 – 0.40] 

-0.15 0.879 

Arousal 0.05 
[-0.40 – 0.51] 

0.24 0.813 0.05 
[-0.40 – 0.51] 

0.23 0.819 0.06 
[-0.40 – 0.51] 

0.25 0.804 

Dominance -0.26 
[-1.76 – 1.24] 

-0.34 0.733 -0.26 
[-1.77 – 1.24] 

-0.34 0.732 -0.67 
[-2.18 – 0.83] 

-0.87 0.383 

Age [mean centered] -0.01 
[-0.98 – 0.96] 

-0.01 0.990 0.00 
[-0.97 – 0.97] 

0.01 0.995 0.01 
[-0.96 – 0.99] 

0.03 0.979 

Valence * Arousal * Dominance 0.07 
[-0.40 – 0.55] 

0.29 0.769 0.07 
[-0.40 – 0.55] 

0.30 0.763 0.10 
[-0.38 – 0.57] 

0.41 0.685 

Valence * Arousal * Dominance 
* Age [mean centered] 

    
0.00 

[-0.09 – 0.09] 
0.02 0.985 0.00 

[-0.10 – 0.09] 
-0.06 0.954 

# of Fixations 
        

-0.04 
[-0.06 – -0.03] 

-5.09 <0.001 

Random Effects 

σ2 30.09 30.13 28.29 

τ00 58.85 animal 58.90 animal 59.10 animal 

Intraclass correlation (ICC) 0.66 0.66 0.66 

Observations 3118 3118 3828 

Marginal R2 / Conditional R2 0.068 / 0.685 0.069 / 0.685 0.071 / 0.688 
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Table 2.3 Linear mixed effects model of heart rate (HR) reactivity towards video stimuli. Models additionally adjusted for animal sex, trial number, and day of 
testing. Random effects for stimuli were not included in this model as their variance was estimated to be zero. Significant (p <0.05) predictors are in bold. 

  Model 1 Model 2 Model 3 

Predictors 
Estimates 
[95% CI] 

t p 
Estimates 
[95% CI] 

t p 
Estimates 
[95% CI] 

t p 

(Intercept) 181.35 
[150.15 – 212.54] 

13.7 <0.001 181.37 
[150.18 –212.57] 

13.7 <0.001 179.66 
[148.34 – 210.98] 

13.6 <0.001 

Valence -1.04 
[-2.14 – 0.05] 

-1.87 0.06 -1.03 
[2.12 – 0.07] 

-1.84 0.065 -0.83 
[-1.92 – 0.26] 

-1.49 0.138 

Arousal 0.04 
[-1.11 – 1.20] 

0.07 0.941 0.05 
[-1.11 – 1.21] 

0.08 0.936 0.04 
[-1.11 – 1.20] 

0.07 0.941 

Dominance 0.40 
[-3.41 – 4.22] 

0.21 0.837 0.4 
[-3.42 – 4.21] 

0.2 0.786 1.42 
[-2.39 – 5.24] 

0.73 0.464 

Age [mean centered] 0.59 
[-3.89 – 5.07] 

0.31 0.764 0.53 
[-3.95 – 5.02] 

0.28 0.786 0.51 
[3.99 – 5.01] 

0.27 0.80 

Valence * Arousal * Dominance -0.21 
[-1.43 – 1.00] 

-0.34 0.733 -0.21 
[-1.42 – 1.01] 

-0.33 0.739 -0.26 
[-1.48 – 0.95] 

-0.43 0.669 

Valence * Arousal * Dominance 
* Age [mean centered] 

    
0.15 

[-0.09 – 0.40] 
1.22 0.224 0.16 

[-0.08 – 0.41] 
1.3 0.195 

# of Fixations 
        

0.13 
[0.08 – 0.18] 

5.64 <0.001 

Random Effects 

σ2 244.16 243.92 241.97 

τ00 864.43 animal 864.34 animal 871.25 animal 

Intraclass correlation (ICC) 0.78 0.78 0.78 

Observations 3840 3840 3840 

Marginal R2 / Conditional R2 0.091 / 0.800 0.091 / 0.800 0.093 / 0.803 
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Figure 2.2 Fitted respiratory sinus arrhythmia (RSA) response to dynamic video stimuli. Lines are the 
estimated marginal means from the mixed effects model 3 in Table 3.1. Shaded regions depict 95% 
confidence intervals for the marginal mean (marginalized across participants). 
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Figure 3.2 Association between the number of fixations and socioaffective content of video stimuli. Lines 
are the estimated marginal means from the Bayesian mixed effects model described in the text. Shaded 
regions depict 95% Bayesian confidence intervals for the marginal mean (marginalized across participants). 
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Supplementary Information 
 

Table S2.1 Average (sd) socioaffective ratings of stimuli grouped by video content. 

Video content Valence Arousal Dominance 

Aggression (n = 49) -1.6 (0.6) 1.7 (0.5) 1.8 (0.5) 
Aggressive Camera Directed (n = 
20) 

-2.3 (0.3) 2.0 (0.2) 1.9 (0.3) 

Foraging (n = 19) 0.4 (0.2) -0.5 (0.3) 0.1 (0.1) 
Grooming (n = 29) 1.9 (0.3) -1.5 (0.3) 0.0 (0.1) 
Mounting (n = 16) 1.6 (0.3) 1.3 (0.4) 0.6 (0.3) 
Neutral Camera Directed (n = 15) -0.1 (0.2) 0.2 (0.3) 0.1 (0.2) 
Nonsocial videos (n = 200) -0.0 (0.1) 0.2 (0.4) 0.0 (0.1) 
Nonspecific Social (n = 14) 0.0 (0.3) -0.3 (0.7) 0.2 (0.3) 
Play (n = 24) 1.7 (0.3) 1.7 (0.4) 0.6 (0.2) 
Submissive Camera Directed (n = 
14) 

-0.4 (0.4) 2.3 (0.3) 0.7 (0.3) 
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Table S2.2 Linear mixed effects model of log(RMSSD) reactivity towards video stimuli. Models additionally adjusted for animal sex, trial number, and day of 

testing. Random effects for stimuli were not included in this model as their variance was estimated to be zero. Significant (p <0.05) predictors are in bold. 

 Model 1 Model 2 Model 3 

Predictors Estimates [95% CI] Statistic p df Estimates [95% CI] Statistic p df Estimates [95% CI] CI Statistic p df 

(Intercept) 2.85 [0.47 – 5.22] 2.83 0.025 7.01 2.83 [0.45 – 5.20] 2.81 0.026 7.03 2.86 [0.48 – 5.25] 
 

2.84 0.025 7.03 

Valence -0.01 [-0.05 – 0.04] -0.27 0.791 371.33 0.17 [0.02 – 0.33] 2.16 0.031 3799.61 0.17 [0.01 – 0.32] 
 

2.07 0.038 3799.3 

Arousal -0.03 [-0.08 – 0.02] -1.28 0.202 362.96 0.1 [-0.07 – 0.27] 1.18 0.236 3800.82 0.1 [-0.07 – 0.26] 
 

1.18 0.238 3800.35 

Dominance -0.21 [-0.38 – -0.04] -2.49 0.013 361.4 -0.59 [-1.14 – -0.04] -2.11 0.035 3800.67 -0.64 [-1.19 – -0.09] 
 

-2.3 0.022 3800.31 

Age -0.06 [-0.20 – 0.08] -1.07 0.32 7 -0.06 [-0.20 – 0.08] -1.05 0.327 7.02 -0.06 [-0.20 – 0.08] 
 

-1.04 0.334 7.02 

(valence * arousal) * dominance 0.07 [0.01 – 0.12] 2.47 0.014 359.49 0.23 [0.06 – 0.41] 2.6 0.009 3800.71 0.24 [0.06 – 0.41] 
 

2.67 0.008 3800.26 

(valence * arousal * dominance) * age 
    

-0.01 [-0.02 – 0.00] -1.95 0.051 3428.76 -0.01 [-0.02 – -0.00] 
 

-2.01 0.045 3425.98 

# of Fixations 
        

0 [-0.01 – -0.00] 
 

-3.83 <0.001 3637.38 
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Figure S2.1 Percent change (relative to each animal’s average) in respiratory sinus arrhythmia (RSA) and 
pre-ejection period (PEP) across stimulus type. Points represent within-monkey average values and lines 
connect data points between the same animal. 
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Abstract 

Identifying early life predictors of mortality is critical for developing treatments and interventions that 

promote wellbeing. Given that infants’ psychological functioning and social environments are known to 

impact adult socioemotional outcomes throughout development, variation in these two psychosocial 

features may inform risks and resilience towards mortality across the lifespan. However, the impacts that 

infant social environment and behavior have on mortality rates is largely unknown due to the difficulty of 

conducting lifespan studies in humans. We overcome this difficulty by leveraging data from an ongoing 

longitudinal study on the development of a large population (N = 4,939) of rhesus monkeys (Macaca 

mulatta) (Capitanio, 2021)—a species with shorter lifespans compared to people but that share key 

features of human neurobiology, physiology, and development—to evaluate how individual differences in 

rearing environment, behavioral, and physiological (BioBehavioral) reactivity to a psychosocial stressful 

manipulation predict mortality rates across 20 years of follow-up. Mortality rates were positively correlated 

with measures of how reactive animals were to being relocated to the testing environment (indexed by 

both behavior and cortisol response) and negatively correlated with measures of physical activity in the 

presence of a novel human. Critically, the social environment in which infants were raised was the single 

most important predictor of mortality and modified the association between infant social environment, 

behaviors, and mortality. We identify critical windows during development in which BioBehavioral 

measures are most predictive of survival and, using the genetic relatedness between monkeys, estimate 

heritability of mortality rates. 

 

Keywords:  Nonhuman primates, mortality, infants, stress, behavioral inhibition, cortisol, affect, emotion 
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From womb-to-tomb: Infant monkeys’ social environment and BioBehavioral profiles predict mortality 
rates across two decades of follow-up 

 
Aspects of our adult psyches can be gleaned from our temperaments within the first years of our 

lives and—in theory—inform our risks and resilience towards life’s challenges. Survival is the ultimate 

measure of resilience, which raises the question: what features of infants’ behaviors and the environments 

in which they are raised best predict mortality? The evidence needed to answer this question requires 

large-scale longitudinal studies that, by definition, take a lifetime to perform and therefore pose a 

significant challenge to undertake in humans. That said, mortality rates are exceptionally important, not 

only because they speak generally to the health of communities (Miladinov, 2020; Preston, 2007) but also 

because they are used to inform public policy.  For example, mortality rates drive decisions ranging from 

seat belt laws (Center for Disease Control, 2011; Cohen & Einav, 2003) to the implementation of home visit 

programs that reduce infant and maternal mortality (Finello et al., 2016; Home Visiting Accountability Act 

of 2012; Pediatrics, 2009; Slade et al., 2005).  Given the importance of mortality rates as a litmus test for 

community health and a metric that drives policy, identifying early psychological indicators of survival—

and the critical developmental windows in which their effects emerge—is necessary for informing public 

policies that promote the wellbeing of the most vulnerable populations in our global community.  

 Studies in humans demonstrate that infant temperament is correlated with numerous 

psychological and behavioral outcomes into adulthood, with some evidence for a link between infant 

behavioral profiles and mortality rates. For example, socially withdrawn infants (Tang et al., 2020) and 

children (Asendorpf et al., 2008; Caspi, 1996; Caspi et al., 2003) are at elevated risk for developing 

depression, anxiety, and impaired social functioning as adults—all of which contribute to early mortality 

(Holt-Lunstad et al., 2010; Meng et al., 2020; Miloyan et al., 2016). To that end, evidence from one 

ambitious 70-year-long study (Power & Elliott, 2006) demonstrates that teachers’ subjective reports of 

externalizing (e.g., aggression/impulsivity) and internalizing (e.g., anxious/avoidant) behaviors in children 

aged 7-11 predict mortality rates as people age (Jokela et al., 2009). However, the work assessing early life 
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behavioral predictors of mortality in humans is often limited by relying on subjective survey responses in 

place of standardized behavioral assessments, primarily using estimates of behavioral and psychological 

features in childhood rather than infancy, and take decades before conclusions can be drawn. Early 

interventions are critical for course correction during adverse socioaffective development (Bayer et al., 

2010; N. A. Fox et al., 2011; Kagitcibasi et al., 2001; McCoy et al., 2018; Nelson III et al., 2007) therefore 

obtaining which features of infants psychological lives impact mortality most—and when—will inform 

public policy. 

Research in rhesus monkeys (Macaca mulatta) may prove especially useful for overcoming the 

difficult challenge inherent to human lifespan research. Rhesus monkeys have shorter lifespans compared 

to people (with a median lifespan in the wild of approximately 15 years (Hoffman et al., 2010) and up to 25 

in captivity (Colman et al., 2009)) but share key features of human neurobiology, physiology, and 

development (for reviews Kolk & Rakic, 2022; Laubach et al., 2018; Phillips et al., 2014; Preuss & Wise, 

2022). Rhesus monkeys mature at a rate that is 3-4 times faster than humans, reaching “adulthood” and 

sexual maturity around 3.5-5 years of age (Plant et al., 2005) and old age around 18 years of age (Fooden, 

2000) which functionally means that a lifespan study can be carried out in a single researcher’s career. 

Although research investigating how infant rhesus temperament impacts survival is sparse, there is a rich 

history of studying the psychological impacts that features of the early social environment have on lifelong 

behavioral and health outcomes. One particularly impactful example is Harry Harlow’s classic work in which 

monkeys were raised in various conditions of social isolation (Harlow, 1958; Harlow et al., 1965; Harlow & 

Zimmermann, 1959) and their affective and social behavior were tracked across development. These 

studies revealed that forming socioaffective bonds with a caregiver in infancy is requisite for normative 

socioaffective development with lasting behavioral effects into adulthood (Mitchell et al., 1966; Ruppenthal 

et al., 1976).  
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Indeed, these studies served as foundational evidence supporting one of the most influential 

psychological theories of the 20th century—Bowlby & Ainsworth’s attachment theory (Ainsworth, 1967; 

Ainsworth & Bowlby, 1991; Bowlby, 1969, 1973, 1980; I. Bretherton, 1992)—which, in Bowlby’s words 

“regards the propensity to make intimate emotional bonds to particular individuals as a basic component 

of human nature” (Bowlby, 1988, p. 120) and that socioemotional bonds are not secondary to other “basic” 

needs such as food, water, and shelter (Bowlby, 1988). The contributions that work in nonhuman primates 

made to this theoretical development (for reviews see van der Horst et al., 2008; van Rosmalen et al., 2020) 

highlights their utility for understanding aspects of the human condition. Although social deprivation serves 

as an extreme example of the role our social environment plays in normative development, investigations 

like the ones carried out by Harlow and colleagues (Capitanio et al., 1986; Harlow, 1958; Harlow et al., 

1965; Harlow & Zimmermann, 1959; Mitchell et al., 1966; Ruppenthal et al., 1976; Suomi & Harlow, 1972) 

sowed the seeds for subsequent inquiries into how more subtle variation in socioaffective processing in 

infancy contributes to behavioral and health outcomes from womb-to-tomb. 

Over the past two decades, an ongoing study at the California National Primate Research Center 

(CNPRC) has evaluated how biological, behavioral, and socioenvironmental factors in infancy foreshadow 

behavioral and health outcomes across monkeys’ lives  (Capitanio, 2021). Since 2001, approximately 5,000 

infant monkeys (3-4 months of age; ~ 12-14 months of age in human years) have undergone a BioBehavioral 

Assessment (BBA) consisting of an extensive 25-hour-long evaluation that includes (but is not limited to) 

measurements of behavioral responsiveness when physically alone (but in a room with other infants), 

behavioral reactivity to an acute social stressor, and measurements of hypothalamic-pituitary-adrenal axis 

activity and reactivity (i.e., plasma cortisol response at four time points) (Capitanio, 2021). This research 

program has produced a wealth of insights including identifying behavioral, genetic, and epigenetic 

indicators of social functioning in early adolescence (A. S. Fox et al., 2021; Kinnally et al., 2010; Weinstein 

& Capitanio, 2008) and risks for developing self-injurious (Gottlieb et al., 2013) and depressive-like 
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behaviors in adulthood (Hennessy et al., 2014b). The BBA program has additionally identified 

environmental, behavioral, and physiological predictors of negative health outcomes including asthma 

(Capitanio et al., 2011; Chun et al., 2013), chronic gastroenteritis (Gottlieb et al., 2018), and suboptimal 

cardiac regulation (Bliss-Moreau et al., 2017) but has not yet been harnessed for testing important 

hypotheses specifically regarding mortality—as in this report.  

Given the established literature documenting the relationship between mortality and psychological 

factors such as depression (Pratt et al., 2016, 2016; Wei et al., 2021), anxiety (Meier et al., 2016; Miloyan 

et al., 2016; Pratt et al., 2016), and limited social connections (Holt-Lunstad et al., 2010; Steptoe et al., 

2013; Yu et al., 2020), we focused the current study on how variation in social and affective processing and 

social environment impacted mortality, making a unique contribution because of our large sample of 

infants who were subsequently tracked over time. We begin by separately evaluating the associations of 

each of our BioBehavioral Assessment measures that related to socioaffective processing with mortality 

(adjusting for confounders such as sex and age at assessment). We then include all measures into a single 

multivariable model that incorporates relatedness between animals allowing us to evaluate which 

measures are most predictive of mortality after adjusting for the other predictors’ effects, while 

simultaneously estimating heritability of mortality rates. Lastly, we assess how features of monkeys’ social 

environment—and changes thereto—influence mortality rates and how monkeys’ BioBehavioral measures 

in infancy modify how these social stressors impact mortality rates. Our large sample of nearly five-

thousand monkeys combined with unique colony records that detail monkeys’ social environment and 

physical health allows for precise estimation of time-varying effects uncovering critical development 

windows in which aspects of infant responsiveness to stressors contribute most to mortality. 
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Infant monkeys’ BioBehavioral profiles predict mortality rates across two decades of follow-up 

We performed survival analysis using Cox proportional hazards regression models to assess the 

relationship between infant monkeys’ BioBehavioral profiles and mortality rates in a sample of 4,939 rhesus 

monkeys (2,695 female). Such models estimate hazards ratios (HR) which indicate how higher/lower 

expected mortality rates are as a function of a given predictor (with HR > 1 indicating higher mortality rates 

and HR < 1 indicating lower mortality rates). Given that the CNPRC is a research institute and breeding 

facility, some animal’s lives end due to experiments rather than natural causes. As a result, treating deaths 

from animals who were a part of experiments with terminal endpoints would lead to biased estimates of 

how early life behavioral responsiveness—and adversity trough life—are associated with mortality. To 

address this issue, four raters were trained to review each animal’s records to determine if and when 

animals should be considered censored (i.e., we only include portions of animals’ lives during which they 

were not enrolled on projects that interfered with their life expectancy). All analyses discussed below took 

this censoring process into account. See the Methods for details regarding the censoring procedure. 

Monkeys that were born and reared at the California National Primate Research Center (CNPRC) 

between the years of 2001 and 2019 and that underwent the BioBehavioral Assessment were included in 

the analysis. Subjects were reared in either large social groups (~60-180 members) in 0.2 hectare (hA) 

outdoor encloses (field corral: N = 3,853), outdoors in smaller social groups in approximately 400 square 

foot enclosures (~7-22 members) (corn crib: N = 398), indoors in standard primate caging with their 

mothers (and, at most, an additional mother-infant pair) (indoor mother reared: N = 371), or reared by 

humans in a nursery with another infant (nursery reared: N = 317). This variation in rearing experiences 

affords us the ability to test hypotheses about how early social environments influence mortality, and how 

these experiences modify the relationship between infant socioaffective responsiveness and mortality. 

While testing these hypotheses, we define normal rearing as being raised in field corrals or in corn cribs 
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because these environments more closely reflect natural social environments in which monkeys are raised. 

We define adverse rearing as being either mother- or nursery reared. 

Aspects of affective reactivity and physiological reactivity were all found to modestly correlate with 

mortality (unadjusted hazard ratios shown in Figure 3.1a) and some of these measures influenced mortality 

only during critical developmental windows (Figure 3.1b). 

Adverse rearing conditions are associated with nearly 50% increase in monkeys’ mortality rates 

Monkeys raised in adverse rearing conditions had significantly higher mortality rates compared to 

monkeys raised in normal rearing environments (HR = 1.44, 95% CI: [1.26, 1.66], P = 2.4 x 10-7) (Figure 3.1a). 

However, the association between adverse rearing condition and mortality rates was not constant over 

monkeys’ lifespans (P = 3.0 x 10-3). Specifically, monkeys that were raised in adverse rearing conditions had 

elevated mortality rates reaching a peak in late adolescence/early adulthood (2-5 years old) but rearing 

condition did not significantly influence mortality rates once animals reached later adulthood (> 6 years) 

(Figure 3.1b). Adolescence therefore appears to be a particularly sensitive developmental period in which 

early life adverse experiences contribute specifically to excess mortality in nonhuman primates.  

Infant monkeys’ behavioral responsiveness predicts mortality rates across their entire lifespan 

As part of the BBA program, we performed focal observations after the animals were relocated to 

the holding cages on the first day of testing (Day 1) and again approximately 22 hrs later (Day 2) in order to 

evaluate monkeys’ behavioral responsivity to the acute stressor of being relocated into a novel 

environment. These focal observations were used to compute “Activity” and “Affective Reactivity” scores 

(hereafter referred to as “holding cage Activity” and “holding cage Affective Reactivity”) derived from factor 

analysis as previously described (Golub et al., 2009). Holding cage Activity scores correspond to exploratory 

behavior and the proportion of time in locomotion. Holding cage Affective Reactivity scores were derived 
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from rates of cooing, barking, and whether or not the animal scratched (all of which are thought to be 

related to anxiety-like states monkeys; Coleman & Pierre, 2014).4  

Day 1 holding cage Activity (HR = 1.06, 95% CI: [1.01, 1.12], P = 0.028) and Day 1 holding cage 

Affective Reactivity (HR = 1.06, 95% CI: [1.01, 1.12], P = 0.021) were both positively and significantly 

associated with increased mortality rates across the entire lifespan such that infants with higher holding 

cage activity and affective reactivity died earlier—though we note the effect sizes are modest (Figure 3.1a). 

We additionally computed difference scores between Day 2 and Day 1 measures for each of holding cage 

Activity and holding cage Affective Reactivity to evaluate how adaptability to the stress of relocating to a 

novel environment was predictive of survival. Difference scores greater than 1 indicate that animals were 

more active/reactive on the second day of testing compared to the first and less inhibited and more 

exploratory/calm on their second day of testing. Neither the difference score for holding cage Activity (HR 

= 0.96, 95% CI: [0.91, 1.01], P = 0.09) nor holding cage Affective Reactivity (HR = 0.96, 95% CI: [0.92, 1.01], 

P = 0.09) (Figure 3.1a) reached statistical significance. These results indicate that we have insufficient 

evidence to say whether or not infant monkeys’ behavioral adaptation to the novel environment across the 

two days of testing holds predictive ability for mortality. 

Infant monkeys that are more active and reactive in the presence of a novel threatening human have 

increased mortality rates across development 

To assess how the animals responded to an ostensibly threating stimulus, monkeys underwent a 

variant of the “human intruder” task (Gottlieb & Capitanio, 2013) as part of BBA. Originally developed by 

 
 
 

4 The BBA program refers to this score as “emotionality” but here we opt to use “affective reactivity” as it is theoretically consistent 
with modern views on emotion theory (see Bliss-Moreau 2017, 2020) which do not assume that behaviors map to discrete 
emotions and recognize that the evidence that nonhuman animals have discrete human-like emotions is limited at best.  
Nevertheless, affect – global states characterized by some degree of valence/hedonics and some degree of arousal/activation and 
hypothesized to be evolutionary old and present across phylogeny, and behavioral reactivity of the sort indexed in BBA is thought 
to represent activity in the affect system. 
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(Kalin & Shelton, 1989), human intruder is a standard task used in nonhuman primate research in which a 

novel human (“intruder”) stands in progressively more threatening positions towards the animal. This 

procedure produces robust affective responses in which consistent individual variation is observed in 

nonhuman primates. A previous factor analysis of the behaviors generated by infant monkeys while tested 

on this task during the BBA demonstrated a four-factor structure consisting of the following subscales: 

Activity, Affective Reactivity5, Aggression, and Displacement  (Gottlieb & Capitanio, 2013) and animals that 

underwent BBA were given scores on each of these four factors. For more details see the Methods. 

Monkeys’ human intruder Activity (HR = 1.06, 95% CI: [1.01, 1.12], P = 0.024) and human intruder 

Affective Reactivity (HR = 1.05, 95% CI: [1.00, 1.10], P = 0.034) were both positively and significantly 

associated with increased mortality rates, meaning that infants that were more active and with higher 

affective reactivity in the presence of a novel human intruder had shorter life expectancy. Human intruder 

Aggression (HR = 1.01, 95% CI: [0.96, 1.06], P = 0.80) and displacement (HR = 1.01, 95% CI: [0.96, 1.07], P = 

0.61) behaviors were unrelated to survival (Figure 3.1a). In summary, consistent with the relationship 

between home cage behavior and mortality, monkeys that were more behaviorally reactive (indexed by 

both physical activity and affective reactivity) to a moderate momentary social stressor show elevated risks 

for mortality across their entire lives but their aggression and displacement behaviors held no such 

predictive ability. 

Cortisol response in infancy is positively associated with mortality rates—but only during a critical window 

in early development 

We sampled plasma cortisol measurements at four time points during the BBA assessment in order 

to evaluate hypothalamic-pituitary-adrenal (HPA) activity and reactivity. The first sample was taken 

 
 
 

5 We again note we change nomenclature from “Emotionality” in the original reference to “Affective Reactivity”. 
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approximately two hours following relocation to the holding cage and after the focal observations 

described above. The second was taken approximately five hours after the first (and after several behavioral 

assessments had been performed). Adjusting for the platform on which cortisol was assayed, plasma 

cortisol at the first (HR = 1.14, 95% CI: [1.08, 1.20], P = 8.73 x 10-7) and the second time points (HR = 1.10, 

95% CI: [1.05, 1.16], P = 2.0 x 10-4) were positively associated with mortality, indicating that infants with 

more robust glucocorticoid responses died at younger ages. The difference between the cortisol 

measurement at the second and first time points was not significant (HR = 0.96, 95% CI: [0.89, 1.03], P = 

0.22), indicating that animals’ change in physiological responding throughout the day did not predict 

mortality (Figure 3.1a). 

Although there was not a significant linear departure from the proportional hazards assumption 

for either of these cortisol measurements (Ps > 0.05), visual inspection revealed that the first two cortisol 

measures were most predictive of mortality from 3-4 months of age and their predictive ability declined 

until approximately 2.5 years of age after which cortisol carried no significant influence on mortality rates 

(Figure 3.1b). This indicates that higher physiological reactivity (as measured via plasma cortisol) in infancy 

is a risk factor for mortality in infancy. 

The final two cortisol samples represent physiological probes of the hypothalamic-pituitary-adrenal 

(HPA) axis. Sample 3 involved a performance on the dexamethasone (DEX) suppression test, which serves 

as a measure of negative feedback sensitivity in the HPA axis function. Dexamethasone is a synthetic 

glucocorticoid that should normally lead to lower levels of circulating cortisol in the blood via negative 

feedback mechanisms—therefore a reduction in circulating cortisol levels following dexamethasone 

administration indicate normal HPA function. The fourth sample reflects stimulation of the HPA axis by 

Adrenocorticotropic hormone (ACTH), was administered at the last time point and which probes the 

evaluated the rebound of the adrenal cortex from the earlier dexamethasone blockade—abnormally low 

cortisol response to ACTH administration suggests HPA dysfunction. Neither cortisol levels following DEX 
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(HR = 1.04, 95% CI: [0.98, 1.10], P = 0.18) nor ACTH (HR = 1.01, 95% CI: [0.95, 1.07], P = 0.74) were 

significantly associated with mortality rates, indicating physiological responsivity to glucocorticoid 

suppression/challenge did not hold predictive ability for mortality rates. That said, the difference between 

responsivity on ACTH challenge and DEX suppression was positively associated with mortality (HR = 1.13, 

95% CI: [1.01, 1.27], P = 0.03). This indicates that HPA physiological hypersensitivity in infancy is a risk factor 

for increased mortality rates specifically among infancy. 

Multivariable modeling reveals early life social environment modifies the association between 

BioBehavioral measures and mortality 

Next, we fit a single multivariable model incorporating all of the BioBehavioral measures to 

estimate adjusted effects and to test the hypothesis that rearing condition (normal vs adverse) modified 

the relationship between BioBehavioral measures and mortality rates. Results from the multivariable model 

(Figure 3.2a) revealed that even after adjusting for all other BioBehavioral measures, the single most 

important predictor of mortality was monkeys’ rearing condition, such that animals raised under adverse 

conditions had significantly higher mortality rates than those raised in normal social conditions (HR = 1.40, 

95% CI: [1.08, 1.80], P = 0.01). A significant association between the first cortisol measurement and 

mortality (HR = 1.28, 95% CI: [1.13, 1.43], P = 1.0 x 10-4) was also identified, however none of the other 

cortisol measurements held predictive ability once adjusting for all other BioBehavioral measures. 

Further, we identified an interaction between rearing condition and Day 1 holding cage Affective 

Reactivity (P = 0.0070) and an interaction between rearing condition and human intruder Activity (P = 0.01) 

(Figure 3.2b). Investigating these interactions revealed that, adjusting for all other BioBehavioral factors 

being considered, monkeys raised in normal social environments evidenced a positive association between 

holding cage Day 1 Affective Reactivity and mortality (HR = 1.10, 95% CI: [1.03, 1.17], P = 0.003) and no 

such association existed for monkeys reared in adverse environments (HR = 0.85, 95% CI: [0.71, 1.01], P = 

0.07). This means that as holding cage Day 1 Affective Reactivity increased, so too did mortality rates—but 
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only for infants raised under normal rearing conditions.  Monkeys raised under adverse rearing conditions 

had higher mortality rates overall, but holding cage Affective Reactivity did not hold predictive power above 

and beyond the fact that they were raised under adverse rearing conditions (potentially due to a floor 

effect). 

Further, adjusting for all other factors, there was a negative association between activity during 

the human intruder task and mortality in animals that were raised in normal social environments (HR = 0.89, 

95% CI: [0.81, 0.98], P = 0.02) and no such association in monkeys raised under adversity (HR = 1.09, 95% 

CI: [0.97, 1.23], P = 0.16). This indicates that monkeys that were less exploratory during the human intruder 

task had shorter lifespans—but this was only true for monkeys raised in normal rearing conditions.  

Heritable risks for mortality account for substantial variation in life expectancy 

The multivariable model fit above also took advantage of the fact that we have knowledge of each 

monkey’s pedigree at the CNPRC reaching back up to 12 generations to the 1960’s, allowing us to 

incorporate relatedness information into this analysis to estimate heritability of risk factors for mortality. 

Briefly, pedigrees were used to construct a kinship matrix (Φ ) in which entries 𝜙𝑖𝑗 represent the estimated 

probability that two random alleles drawn with replacement from subjects i and j are identical by descent 

(IBD). This matrix was then used to inform the covariance structure of the random effects in a mixed effects 

Cox regression models. This allows us not only to adjust for the fact that animals are related to one another 

at our center, thus accounting for non-independence between monkeys in our sample, but to also estimate 

potential genetic contributions to early mortality. When fitting these models, a so-called frailty term 

(monkey-specific random intercept, which is a monkey-specific log hazard ratio) is estimated for each 

animal. Frailty terms are estimates of excess mortality risk (or excess longevity) for that monkey that has 

been estimated through its relationship with the other monkeys in the analysis. 

There was significant variation in the frailty terms estimated by incorporating pedigree-derived 

relatedness (Figure 3.2c), suggesting there are substantial heritable factors contributing to life expectancy 
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of rhesus monkeys. Specifically, we estimate that monkeys with frailty terms that are one standard 

deviation above the mean had a mortality risk that is least 1.6 times the average monkeys, meaning that 

these monkeys have a 60% increase in mortality rates due to heritable effects. Future work performing 

sequencing analyses on animals from the extreme tails of the frailty distribution will help to inform genetic 

risk factors for increased mortality rates or that promote longevity. 

Rearing experience and BioBehavioral measures modify risks and resilience towards psychosocial stressors 

across the lifespan 

To assess how infants monkeys’ behaviors promoted risks and resilience towards psychosocial 

stressors over their lives, we computed two important time-varying socioaffective measures that, based on 

previous literature (Charbonneau et al., 2021; Gottlieb et al., 2013, 2018), we hypothesized would impact 

mortality rates: the cumulative number of relocations into another social environment (relocations) that 

the monkey has experienced and the monkey’s social state (i.e., housed in large social groups outdoors, 

indoors with another pairmate, or singly housed indoors). Each of these time-varying predictors were 

entered into a time-dependent Cox proportional hazards model using methods described in the Methods 

below. Interactions between social state at a given time point, the cumulative number of moves up until 

that time point, rearing condition, and the BioBehavioral measures discussed above were entered into the 

model. 

On average, the (standardized) cumulative number of relocations an animal experienced was 

significantly associated with mortality (HR = 1.27, 95% CI: [1.12, 1.43], P = 1.0 x 10-4), consistent with past 

research indicating that an unstable social environment causes psychological duress for monkeys (Gottlieb 

et al., 2018). That is, the stressful impact of relocations is clearly demonstrated here through increased risk 

for mortality. Further, the association between the number of relocations and mortality rates was not 

significantly modified by rearing condition (P = 0.21) or any other measures indicating that relocations are 
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invariably associated with elevated mortality rates across all monkeys regardless of rearing environment or 

behavioral responsiveness to psychosocial stressors as infants.  

Monkeys’ momentary social state (group housed outdoors, paired indoors, or singly-housed 

indoors) was additionally associated with survival (X2(2) = 14.3, P = 7.6 x 10-4), however this association was 

modified by both rearing condition and monkeys’ Day 1 holding cage Affective Reactivity (X2(2) = 7.06, P = 

0.03) (Figure 3.3). For simplicity, we present contrasts between mortality rates across social states in two 

ways: the first being indoors (singly housed or paired) vs outdoors (group housed outdoors) (Figure 3.3a,b) 

and singly housed vs paired (that is, conditional on being housed indoors, how do mortality rates differ 

between singly housed vs paired animals?) (Figure 3.3c,d). 

Being housed indoors had opposite effects on mortality rates for animals raised under normal 

compared to adverse rearing conditions, however animals’ age and Day 1 holding cage Affective reactivity 

modified this effect. For animals reared in normal social environments, mortality rates were higher among 

animals that were housed indoors compared to animals that were housed outdoors (HR = 1.55, 95% CI: 

[1.30, 1.85], P = 8.7 x 10-7), irrespective of Day 1 holding cage Affective Reactivity as an infant (low reactivity: 

HR = 1.46, 95% CI: [1.19, 1.79], P = 2.5 x 10-4, high reactivity: HR = 1.60, 95% CI: [1.33, 1.92], P = 4.9 x 10-7) 

(Figure 3.3a). Moreover, increased mortality rates as a function of being indoors vs. outdoors were 

particularly pronounced in the youngest and oldest animals that were raised under normal rearing 

conditions (Figure 3.3b). Although mortality rates did not differ between indoor and outdoor housed 

monkeys that were reared under adverse conditions and that evidence low Day 1 holding cage Affective 

reactivity (HR = 1.17, 95% CI: [0.79, 1.75], P = 0.44), monkeys reared under adverse conditions and that 

evidence high Day 1 holding cage Affective Reactivity lived longer if housed indoors compared to outdoors 

(HR = 0.60, 95% CI: [0.43, 0.84], P = 0.003) (Figure 3.3a). However, critically, the protective effect of indoor 

housing against mortality was only true in infancy and indoor housing increased mortality rates in early 
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adulthood (Figure 3.3b). Together, these results demonstrate that being housed indoors was typically 

correlated with increased mortality rates.   

Among animals that were housed indoors, we were surprised to find that being singly housed was 

correlated with lower mortality rates overall. This effect was surprising given the large literature showing 

negative impacts of being singly housed on normative monkey behavior (Charbonneau et al., 2021; Gottlieb 

et al., 2013, 2018). Specifically, for animals reared in normal social environments, mortality rates were 

lower among animals that were singly housed compared to animals that were paired (HR = 0.73, 95% CI: 

[0.55, 2.66], P = 0.031), largely irrespective of Day 1 holding cage Affective Reactivity as an infant (low 

reactivity: HR = 0.75, 95% CI: [0.53, 1.06], P = 0.12, high reactivity: HR = 0.72, 95% CI: [0.53, 0.98], P = 0.033) 

(Figure 3.3c). The protective effect that being singly housed had against mortality was most pronounced in 

the youngest animals that were raised under normal rearing conditions (Figure 3.3d). Among animals raised 

under adverse conditions, only animals that evidence high Day 1 holding cage Affective Reactivity scores 

showed decreased mortality rates when singly housed compared to paired (low reactivity: HR = 1.11, 95% 

CI: [0.52, 2.39], P = 0.92, high reactivity: HR = 0.36, 95% CI: [0.13, 0.94], P = 0.034) (Figure 3.3c). That said, 

we in no way advocate for singly housing monkeys given the substantial evidence that such social isolation 

results in psychological duress (Charbonneau et al., 2021; Hennessy et al., 2014b; M. A. Novak, 2003) and 

further research is needed to determine the mechanisms by which this mortality effect emerges. We 

interpret these data to mean extra care  needs to be taken when selecting pair mates, such as matching on 

features of each monkey’s temperament to promote pair success (Capitanio et al., 2017) and improve 

longevity. 

Discussion  
Our results demonstrate that aspects of infant monkeys’ physiology and behavior predict their risk 

for dying from infancy to old age. These general effects were exacerbated by some social environments. In 

general, infant monkeys with higher affective reactivity—both behaviorally and physiologically, as 
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evidenced by their cortisol responding—had shorter life expectancies following initial removal from their 

home environment and relocation into a novel setting. Adjusting for other biobehavioral measures, 

monkeys that were less physically active (e.g., less exploratory of the environment, potentially meaning 

more behaviorally inhibited (for a discussion on behavioral inhibition in nonhuman primates see Capitanio, 

2018)) during the threat responding paradigm (i.e., human intruder) also had shorter life expectancies. 

Critically, the environment in which monkeys were raised was the single most important predictor of 

mortality—monkeys raised in impoverished social environments died younger. Rearing environment was 

also found to modify how features of infant behavior correlated with mortality. Although several of our 

findings are intuitive, we uncover critical widows across development in which specific aspects of 

physiology, behavior, and exposure to psychosocial stressors most strongly impact mortality rates in 

addition to estimating the heritability of mortality—findings made possible by the large scale, high temporal 

resolution, and intergenerational nature of our study. 

Adverse rearing condition is a risk factor for early mortality specifically in adolescence 

In line with decades of research demonstrating the crucial role social environments in monkeys’ 

infancy play in the normative development of both socioaffective behavior (Capitanio et al., 1986; Harlow, 

1958; Harlow et al., 1965; Harlow & Zimmermann, 1959; Mitchell et al., 1966; Ruppenthal et al., 1976; 

Suomi & Harlow, 1972) and neurophysiology (Bliss-Moreau et al., 2017; Seraphin et al., 2022; Wood et al., 

2021), we find that the social condition in which infant monkeys were reared  (i.e., in large and small social 

groups versus very limited social environments) was the single most important predictor of mortality rates. 

Surprisingly, rearing condition remained the strongest predictor of mortality rates even after adjusting for 

the behavioral and physiological properties that we had hypothesized should mediate rearing condition’s 

impact on mortality (e.g., affective reactivity and cortisol response) and which are known to be disrupted 

following adverse rearing experiences (Nelson et al., 2009; Suomi, 1991, 2006; Vandeleest et al., 2019). 

Potential mechanisms through which rearing condition influences mortality rates may be illuminated by 
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focusing on when in development we observed excess mortality as a function of rearing condition—namely, 

during adolescence and early adulthood.  

Like humans (Bethlehem et al., 2022; Delevich et al., 2021; Vijayakumar et al., 2021), adolescence 

and early adulthood is a time of massive reconfiguration to prefrontal cortical structure and function for 

rhesus monkeys (Bourgeois et al., 1994; Fuster, 2002) and also a time during which monkeys exhibit a 

breadth of changes to their social behavior. In the wild, males disperse from their natal social groups in 

search of new groups (Colvin, 1983), females attempt to gain social status in their existing social networks 

(Bernstein & Ehardt, 1986), and monkeys encounter elevated levels of physical conflict (Bernstein & Ehardt, 

1986). Our data suggest that the widely established negative impacts of adverse rearing on monkeys’ social 

processing in adolescence (for a review see Suomi, 1991) directly translate to increased mortality rates and 

this may be due to aberrant development in neurophysiological systems critical for normative 

socioaffective processing. Specifically, we know that monkeys raised under adverse rearing conditions have 

disrupted dopaminergic (Seraphin et al., 2022) and serotonergic (Wood et al., 2021) systems, which are 

critical for engaging in species-typical behaviors, such as processing dominance signals in social interactions 

(Morgan et al., 2013; Nader et al., 2012) and also widely implicated in affective processing generally (for 

reviews see Floresco, 2015; Goschke & Bolte, 2014; Liu et al., 2020; Wise & Rompre, 1989). Adverse rearing 

experiences may thus directly contribute to excess mortality as a result of maladaptive development in 

these neural systems. 

The finding that monkeys raised under adverse rearing conditions face excess mortality in 

adolescence draws parallels to psychological health outcomes during the teen years of people who had 

adverse childhood experiences (ACEs). For example, adolescents who experienced ACEs are at increased 

risk of substance abuse (Dube et al., 2003), have hypoactive adrenocortical function (L. E. Johnson et al., 

2021), and overall poor health (Kabiru et al., 2014). Interestingly, somatic complaints are a common feature 

of many of the maladaptive behaviors that adolescents who experienced ACEs (Flaherty et al., 2013), which, 
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by definition, implies involvement of interoception (i.e., the sensation of signals arising from the body). 

Although much of the work in maladaptive behaviors in adolescence have been conceptualized around 

disruption to self-control (i.e., prefrontal regulatory mechanisms) (for a review see Dvir et al., 2014), 

dysfunction in interoceptive processing (i.e., sensing signals arising from the organs in the body) is an 

understudied aspect of psychology that may mediate maladaptive behaviors adolescence (see for example 

Atanasova et al., 2021; Schaan et al., 2019), and contribute to excess mortality in this age range. Given that 

rhesus monkeys possess interoceptive ability (Charbonneau et al., 2022), assessing the neural mechanisms 

through which adverse rearing conditions may disrupt interoceptive processing in adolescence will inform 

the development of treatments and interventions for youth at risk for negative behavioral and health 

outcomes.  

Contributions of cortisol response to infant mortality 

Infant monkeys’ cortisol reactivity was the second most important impact on mortality rates—

specifically in infancy and early childhood—and remained a significant predictor during this time window 

even after adjusting for other biological and behavioral covariates. The fact that monkeys’ cortisol response 

was only predictive of mortality in infancy is interesting given evidence from nonhuman primates that 

chronic exposure to glucocorticoids is a risk factor for depression (Qin et al., 2019) and mortality in 

adulthood (Campos et al., 2021). Increases in mortality due to cortisol in adulthood are thought to be 

largely a result of disruption to immune function (for a review see Morey et al., 2015) (making animals 

more susceptible to disease processes (Capitanio et al., 1998)) and to increases in rates of cardiovascular 

disease (for a review see Iob & Steptoe, 2019). The finding that infants’ cortisol response was only 

predictive of mortality in infancy suggests that different mechanisms may be at play in determining how 

cortisol affects mortality rates in infancy compared to in adulthood. 

We returned to the health records of the animals in this study in order to get a sense of the causes 

of death in younger animals with high cortisol responses.  Gastrointestinal problems (e.g., colitis) as the 
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cause of decline in health resulted in the overwhelming majority of these animals’ deaths. Past research 

from BBA has demonstrated features of infant monkeys’ behavior (Gottlieb et al., 2018) and maternal stress 

while in utero  (Elfenbein et al., 2016) can influence rates of gastrointestinal problems throughout monkeys’ 

lives. Critically, the findings that gastrointestinal problems are observed in infant monkeys following 

stressors is  consistent with research in human children and adults, who are at increased risk for diseases 

such as irritable bowel disorder which may be mediated by cortisol-induced inflammatory dysregulation 

and immune dysfunction (Gao et al., 2018; Sun et al., 2019). These past findings, combined with our 

mortality work, highlight the importance of understanding and investigating further mechanisms though 

which stress alters gastrointestinal function in infancy as we demonstrate this to be a severe risk factor for 

early mortality. 

Risks and resilience towards psychosocial stressors across development 

Our analyses reveal a nuanced relationship between how infant monkeys’ behavioral 

responsiveness and rearing environment correlated with resilience towards psychosocial stressors across 

the lifespan. The most consistent finding was that an unstable social environment (indexed by the number 

of times monkeys were moved to new living quarters) was invariably associated with increased mortality 

rates. This finding is consistent with past work in monkeys demonstrating that frequent relocations is a 

stress induction, observed through increases in self-injurious behavior (Davenport et al., 2008; Gottlieb et 

al., 2013; Novak, 2003), cortisol concentrations in hair cortisol (Davenport et al., 2008; Dettmer et al., 2012), 

and risk for developing gastrointestinal problems (Gottlieb et al., 2018) following many relocations (for a 

review on how housing practices influence monkeys’ wellbeing see Hannibal et al., 2017) and we 

demonstrate that this stress has measurable impacts on mortality rates across the entire lifespan. 

In contrast to social environment stability, measures regarding features of the social environment 

itself had a more nuanced correlation with mortality rates. Regardless of infant temperament, monkeys 

raised in normal rearing conditions were uniformly and negatively affected by being moved indoors into 
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relatively impoverished physical and social environments—with older monkeys and infants having 

significantly higher mortality rates when housed indoors compared to outdoors. A combination of access 

to physical exercise in addition to rich social relationships likely drives reduced mortality rates in outdoors-

housed compared to indoor-housed animals, as we know that in humans, exercise (for a meta-analysis see 

Reimers et al., 2012) and strong social networks (for a meta-analysis see Holt-Lunstad et al., 2010) promote 

longevity. We find the difference in life expectancy between indoor and outdoor animals to be especially 

interesting because although monkeys are clearly at risk for being the target of aggression when in large 

social settings outside, this risk pales in comparison to the benefits monkeys gain by being in large outdoors 

enclosures in which they have access to physical activity and the positive psychological benefits of 

interacting with social partners. 

The reduction in mortality rates as a result of being housed outdoors was not universally true, 

however. Animals that were highly reactive in infancy and were raised in adverse rearing conditions had 

increased mortality rates when housed outdoors—at least in infancy. Increased mortality rates for these 

animals may be driven by a combination of the fact infants have low rank when moved to a new social 

network (Wooddell et al., 2017) and that because these infants were raised under adverse conditions they 

have impaired social processing (for reviews see Suomi, 1991, 2005) and thus likely faced major 

psychosocial challenges integrating into and navigating their new robust social environments. Thus, 

extreme care should be taken when integrating infant monkeys with adverse rearing experiences to novel 

social networks. Critically, our data also suggest that these animals should be integrated into larger social 

networks, as they have increased mortality rates in adulthood when housed in pairs or alone (indoors) 

compared to being housed in social groups (outdoors). We note that at our center, very little group housing 

occurs indoors and when it does it is typically for developmental experiments (and those infants were 

excluded from this analysis) – as a result, we are unable to disentangle the effects of indoor versus outdoor 

housing from robust versus impoverished social environments.  Our sense given the literature, however, 
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and our own team’s ability to rear normal healthy infants in groups indoors, is that the determining factor 

is not where the animals are housed physically but the extent to which those housing conditions provide 

robust social contexts. 

Our evidence suggests that not all indoor housing conditions (i.e., being paired or living alone) 

provide the same benefits with regards to lifespan. We were surprised to find that being paired indoors 

was correlated with increased mortality rates compared to being singly housed among animals housed 

indoors. This was surprising to us given the substantial evidence that housing monkeys alone results in the 

development of depressive-like behaviors (Hennessy et al., 2017; Suomi et al., 1975), dysfunctional 

reactivity to psychosocial stressors (Charbonneau et al., 2021), and has negative impacts on monkeys’ 

cardiovascular health (Shively et al., 1989). There has and continues to be discussion (and disagreement) 

regarding how to best house monkeys indoors given the delicate balance between promoting species-

typical behaviors (and presumably wellbeing) via socialization but minimizing adverse outcomes such as 

aggression/trauma (for commentaries see DiVincenti & Wyatt, 2011; Hannibal et al., 2017; Novak, 2004). 

Our data underscore the importance of existing research into how to optimize monkey pair formation, such 

as matching on features of temperament (Capitanio et al., 2017; Truelove et al., 2017), and points to the 

need for further research into optimal pair formation practices. 

Why these data matter for understanding the human condition 

Our results corroborate research in people demonstrating a relationship between their 

socioemotional experiences and mortality rates (e.g., Holt-Lunstad et al., 2010; Steptoe et al., 2013; 

Steptoe & Wardle, 2011) and provide evidence that biopsychological risk factors for mortality are 

evolutionarily conserved between rhesus monkeys and humans. Similar to our findings, people with 

abnormal affective reactivity—namely anxiety and depression—face increased mortality rates (Meier et al., 

2016; Meng et al., 2020; Pratt et al., 2016), whereas people with larger and more meaningful social 

connections live longer (Holt-Lunstad et al., 2010; Steptoe et al., 2013). One interesting aspect of predictors 
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of survival in the human literature is that, among older adults, levels of positive affect are predictive of 

longevity above and beyond levels of negative affect (Chida & Steptoe, 2008; Steptoe & Wardle, 2011). 

Given that the presence of positive affect is not necessarily the same as the absence of negative affect (Deci 

& Ryan, 2008), separate mechanisms may underlie differential effects of positive and negative affective 

experiences and risks for mortality. Age-related changes to behavior in addition to preservation of 

autonomic nervous system function may be one such mechanism for promoting longevity in aging 

populations. Specifically, respiratory sinus arrhythmia—a cardiovascular measure of parasympathetic 

nervous system activity which is known to be disrupted in normal aging (Jandackova et al., 2016, 2019), is 

implicated in the processing of positively valenced affective stimuli in both humans and monkeys (Bliss-

Moreau et al., 2013; Cacioppo et al., 2000; Santistevan et al., 2022; however see Behnke et al., 2022), and 

is a measure of cardiovascular health (Mantantzis et al., 2020) is a likely target. That said, the relationship 

between positive affect and longevity in aging humans is all correlational work that would benefit from 

performing experiments in which aspects of biology and social environments are manipulated—work that 

is unethical in humans. Such studies should take place in aging rhesus monkeys, which demonstrate 

similarities to humans in age-related changes to visual processing of social signals (Santistevan, Fiske, et al., 

submitted) and autonomic function (Santistevan, Moadab, et al., submitted). 

Conclusions 
Our results demonstrate that aspects of infant monkeys’ physiology and behavior predict their risks and 

resilience towards mortality from infancy to old age. In general, infant monkeys that were more reactive 

following removal from their home environments to a novel testing environment had shorter life 

expectancies. Monkeys raised under adverse rearing conditions had increased mortality rates and were 

differentially affected by psychosocial stressors across their lifespans relative to monkeys raised in enriched 

social environments. Our data have far-reaching implications for when in development targeted 

interventions should take place to promote health and wellbeing for individuals exposed to adverse 
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childhood experiences, with adolescence and old age as particularly important periods for intervention. 

Future work causally manipulating aspects of monkeys’ social environments specifically during adolescence 

and old age is necessary for uncovering true causal impact such interventions may carry in reducing 

mortality rates. 

Materials and Methods 

Subjects included 4,939 rhesus macaques (Macaca mulatta) (2,695 female). Monkeys that were 

born and reared at the California National Primate Research Center (CNPRC) between the years of 2001 

and 2019 and that underwent the BioBehavioral assessment were included in the analysis. Subjects were 

reared in either large social groups (~60-180 members) in 0.2 hectare (hA) outdoor encloses (field corral: 

N = 3,853), outdoors in smaller social groups in approximately 400 square foot enclosures (~7-22 members) 

(corn crib: N = 398), indoors in standard primate caging with their mothers (and, at most, an additional 

adult-infant pair) (indoor mother reared: N = 371), or reared by humans in a nursery with another infant 

pairmate (nursery reared: N = 317). These subjects represent all animals at the CNPRC that underwent the 

BioBehavioral assessment (BBA) (Capitanio, 2017) and were deemed useable for this analysis (e.g., were 

not part of invasive developmental studies). All procedures were approved by the UC Davis Institutional 

Animal Care and Use Committee (IACUC) and were in compliance with the National Institutes of Health 

guide for the care and use of Laboratory animals. 

BioBehavioral Assessment 

For a detailed description of the BioBehavioral program see (Capitanio, 2021). All subjects 

underwent an extensive 25-hour-long behavioral and physiological evaluation between 3-4 months of age 

(Average days old at assessment: 106.8, interquartile range [IQR] = 17 days) aimed at quantifying various 

measures of BioBehavioral variation. Details of the assessment have been previously described (Capitanio, 

2017; Golub, Hogrefe, Widaman, & Capitanio, 2009). Briefly, infants were temporarily relocated from their 
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home environment to individual indoor cages (holding cage) for the 25-hr testing period, where they took 

part in multiple behavioral and physiological assessments which assayed affective reactivity to threat and 

underwent blood draws for measuring endogenous cortisol as a measure of hypothalamic-adrenal-pituitary 

(HPA) axis function, and additional genetic, metabolic, and immunological measures not used in this 

analysis. This study focuses on two composite behavioral measures collected during the assessment—

holding cage observations and the human intruder task—and on cortisol assayed from blood draws at four 

different time points during the 25-hr assessment. Although the BBA program assays a number of other 

different behavioral and biological measures, we focused on home cage observations, the human intruder 

task, and cortisol as these measures are most directly related to infants’ stress response. 

Holding Cage Observations 

We performed focal observations after the animals were relocated to the holding cages on the first 

day of testing (Day 1) and again approximately 22hrs later (Day 2) in order to evaluate monkeys’ behavioral 

responsivity to the acute stressor of being relocated into a novel environment. These focal observations 

were used to compute “Activity” and “Affective Reactivity”6 scores (hereafter referred to as “holding cage 

Activity” and “holding cage Affective Reactivity”) derived from factor analysis as previously described 

(Golub et al., 2009). Holding cage Activity scores correspond to exploratory behavior and the proportion of 

time in locomotion. Holding cage Affective Reactivity scores were derived from rates of cooing, barking, 

and whether or not the animal scratched (all of which are anxiety-like behaviors in monkeys; Coleman & 

Pierre, 2014). Holding cage Activity and Affective Reactivity scores were Z-scored within each year. 

 
 
 

6 We again note we change nomenclature from “Emotionality” in the original reference to “Affective Reactivity”. See previous 

footnote on page 92 for more details.  
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Human Intruder Task 

Next, to assess how the monkeys responded to an ostensibly threating stimulus, they experienced 

the “human intruder” (HI) task (Gottlieb et al., 2013). HI is a standard task used in nonhuman primate 

research in which a novel human (“intruder”) stands in progressively more threatening positions towards 

the animal. Initially inspired by classic work evaluating behavioral inhibition in human children (Ainsworth 

& Bell, 1970), variation in reactivity in the HI task has been shown to correlate with numerous behavioral 

and physiological outcomes in nonhuman primates—highlighting translational validity of our approach and 

findings to inform human health.  

The test proceeds as follows: After a brief 1-min acclimation, an unfamiliar human entered the 

room and presented themselves to the monkey for 1-min intervals in four different positions (4 minutes 

total). The various positions were presented in the following order: 1) profile-far: human standing ~ 1 m 

from cage facing 90 degrees away from cage; 2) profile-near: human standing ~ 0.5 m from cage, facing 90 

degrees away from the cage; 3) stare-far: human standing  ~ 1 m from cage, facing cage, and making eye 

contact with subject; 4) stare-near: human standing ~ 0.5 m from cage, facing cage and making eye contact 

with subject.  

A previous factor analysis of the behaviors performed during this task demonstrated a four-factor 

structure: Activity (proportion of time spent active; rate of environment exploration; whether cage shake 

was recorded or not), Affective Reactivity (rate of silent bared tooth display (often referred to as a “fear 

grimace”); rate of coo vocalization; and dichotomized codes of whether convulsive jerk or self-clasp was 

recorded), Aggression (rate of threat; rate of bark; whether other vocalizations were recorded), and 

Displacement (rate of tooth grind; whether yawn was recorded) (Gottlieb & Capitanio, 2013). These four 

measures, or derivatives therefrom, were used in the analyses. 
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Hypothalamic-Pituitary-Adrenal (HPA) Axis Function 

Blood measurements were taken at four time points during the BBA assessment, from which 

plasma cortisol measures are assayed. The first samples were taken approximately two hours following 

relocation to the holding cage and after the focal observations described above. The second were taken 

approximately five hours after the first (after several behavioral experiments had been performed). The 

final two cortisol samples represent physiological probes of the hypothalamic-pituitary-adrenal (HPA) axis. 

Sample 3 involved a performance on the dexamethasone (DEX) suppression test, which serves as a measure 

of negative feedback sensitivity in the HPA axis function. Dexamethasone is a synthetic glucocorticoid that 

should normally lead to lower levels of circulating cortisol in the blood via negative feedback mechanisms—

therefore a reduction in circulating cortisol levels following dexamethasone administration indicate normal 

HPA function. The fourth sample reflects stimulation of the HPA axis by Adrenocorticotropic hormone 

(ACTH), was administered at the last time point and which probes the evaluated the rebound of the adrenal 

cortex from the earlier dexamethasone blockade—abnormally low cortisol response to ACTH 

administration suggests HPA dysfunction.  

Psychosocial & Environmental changes through life 

The unique resources available at the CNPRC allowed us to compute changes in each animal’s social 

environment throughout their entire life (e.g., changes to where the animal lived and changes to the 

number of social partners with which the animal could interact) and to ultimately correlate these changes 

with mortality rates.  

Given previous results indicating that instability in one’s social environment (e.g., frequently being 

moved into different rooms with new social partners) can lead to abnormal behaviors in rhesus monkeys 

(Gottlieb, Capitanio, & McCowan, 2013), we used our database to compute the number of times an animal 

was relocated throughout their life. A “relocation” was defined as being physically moved to another 
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room/outdoor enclosure and staying in that same location for one week or longer. We ignored relocations 

to the veterinary hospital for the purposes of this variable. 

A large literature additionally points to physiological and behavioral benefits of having access to a 

pair mate compared to being housed alone (for a review see Hannibal, Bliss-Moreau, Vandeleest, McCowan, 

& Capitanio, 2017)—for example, rhesus monkeys that are singly housed display abnormal behavioral 

reactivity in response to a social stressor (Charbonneau et al., 2021).  We therefore computed changes to 

social housing status across each monkey’s life to evaluate the degree to which social housing condition 

influenced mortality risk. At any point in time, an animal could be in one of three mutually exclusive social 

environments: group housed (housed in the large outdoors enclosures including field corrals and corn cribs), 

paired with another social partner indoors, or singly housed indoors. 

Statistical analyses 

All statistical analyses were performed in R version 4.0.3 (R Core Team, 2020). Cox proportional 

hazards models were used to test for associations between baseline behavioral responsiveness measures, 

cortisol response, and all-cause mortality. All models were tested for the proportional hazards assumption 

(i.e., that the effect of the covariate is constant across all age groups) using the cox.zph function in the 

Survival package, and time-varying effects (e.g., violations of the proportional hazards assumption) are 

shown where appropriate. Because cox.zph only formally tests for significant linear trends of departure of 

the proportional hazards assumption, we additionally plotted graphs of the Schoenfeld residuals to identify 

non-linear departures of the proportional hazards assumption. Models incorporating pedigree information 

in order to estimate heritability were fit using the coxme package (Therneau, 2020).  

Censoring 

Survival analyses are often performed on data from humans in longitudinal studies in which 

subjects either drop out of the study or are still alive at the end of the study. These participants are said to 
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be censored—that is, we know that they lived at least as long as they had been followed up, but we don’t 

know their actual survival time. Survival analysis models take this censoring process into account when 

computing hazards ratios and allow for using all of the data that the subjects contribute (even the subjects 

that dropped out) to obtain unbiased estimates of differences in life expectancy between groups of interest. 

Given that the CNPRC is a research institute and breeding facility, some animals lives are ended for 

experimental purposes and not due to natural causes. As a result, treating deaths from animals who were 

a part of experiments with terminal endpoints would lead to biased estimates of how early life behavioral 

responsiveness—and adversity trough life—are associated with mortality. To address this issue, four raters 

were trained to review each animal’s records to determine if and when animals should be considered 

censored (i.e., we only include portions of animals’ lives during which they were not enrolled on projects 

that interfered with their life expectancy). For example, if a monkey was put on a project that significantly 

altered its life trajectory/had a terminal endpoint, then we recorded the date on which that monkey was 

placed on that project and indicated that this monkey was still alive on that date. We ignore everything 

that happened to the monkey after that date (i.e., treat it as missing data). Projects with a terminal endpoint 

or that otherwise interfered with the monkeys’ health, social environment, and wellbeing resulted in an 

animal being censored if they were placed on that project. Raters were required to reach > 90% accuracy 

(as measured by intraclass correlation) on identifying whether or not a given animal should be censored 

and on what date they should be censored. Animals that were shipped to other research facilities were 

censored on the date they were shipped (as we have no information about how long they lived thereafter). 

Relatedness 

Each monkey’s dam and sire were determined genetically using a panel of 29 short tandem repeats 

(STR’s) by the UC Davis Veterinary Genetics Lab (for details see Andrade et al., 2004, Kanthaswamy et al., 

2006). Parentage was then used to construct a familial pedigree for all animals at the primate center going 

back to up to 12 generations. This pedigree was used to compute a kinship matrix, Φ, in which entries 𝜙𝑖𝑗 
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represent the estimated probability that two random alleles drawn with replacement from subjects i and j 

are identical by descent (IBD)—that is, that the alleles have the same ancestral origin (Balding et al., 2008). 

This matrix was then used to inform the covariance structure of the random effects in mixed effect Cox 

regression models. This allows us to not only adjust for the fact that animals are related to one another at 

our center, thus adjusting for non-independence in our sample, but to also estimate potential genetic 

contributions to excess mortality after adjusting for shared environmental and behavioral effects (Figure 

3.2c). 
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Figures 
 
 
 

 
Figure 3.4 Association between BioBehavioral measures in infancy and longevity. (A) Hazard ratios (HR) for 
mortality. Significant HR‘s (p < 0.05) that are greater than 1 (i.e., associated with increased mortality) are 
shown in orange. (B) Time-varying HR’s for predictors that violated the proportional hazards assumption. 
Shaded areas show ages at which these predictors were significantly associated with mortality. (C) Survival 
curves for rearing condition, holding cage Affective Reactivity, and cortisol response after initial separation 
and relocation to the novel testing environment. Low = lower 33rd percentile, high = upper 66th percentile, 
and continuous measures were split for display purposes only. All intervals represent 95% confidence 
intervals. 
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Figure 3.2 Adjusted hazards ratios and heritability of longevity. (A) Adjusted hazard ratios of infant 
BioBehavioral measures indicated morning cortisol and adverse rearing were positively associated with 
mortality. (B) Monkeys that were raised under normal rearing conditions evidenced a positive association 
between reactivity in the holding cage and mortality, but this association was blunted and almost reversed 
in monkeys raised under adverse rearing conditions. (C) Monkeys that were raised under normal rearing 
conditions evidenced a negative association between activity during human intruder and mortality and this 
association was almost reversed in monkeys raised under adverse rearing conditions. (D) There was 
substantial heritability of longevity, shown in the distribution of monkey-specific frailty terms (log HR’s) that 
were estimated by incorporating relatedness between monkeys into the model using pedigree information. 
Frailty terms represent monkey-specific risks/residences that are due to inherited effects. 
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Figure 3.3 Effects of social environment on mortality. (A) Animals that were raised in normal rearing 
conditions had elevated mortality rates when housed indoors compared to outdoors, regardless of Day 1 
holding cage Affective Reactivity. On average, animals that had adverse rearing experiences and had high 
Day 1 holding cage Affective Reactivity scores had lower mortality rates when housed indoors, however (B) 
this was only true in infancy. (C) Both animals that were raised under normal rearing conditions and animals 
that were raised under adverse rearing conditions and that had high Day 1 holding cage Affective Reactivity 
scores lived longer if singly housed, compared to being paired. However, (B) this was predominantly driven 
by protective effects in infancy. We do not advocate for singly housing monkeys solely on the merit of 
decreasing mortality rates as there are likely tradeoffs between quantity and quality of life—please see the 
discussion for further details. 
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Conclusion 
These studies further our current understanding of how aging impacts the psychological processing 

of socioaffective stimuli across the nonhuman primate lifespan and additionally point to the important role 

socioaffective processing—even as early as infancy—plays in determining health and wellbeing. Results 

point to phylogenetically conserved features of socioaffective aging between rhesus monkeys and humans 

but also highlight important species differences. Integrating findings across the studies helps to inform 

biological, psychological, and evolutionary mechanisms though which age-related changes to socioaffective 

processing occur. 

The first chapter demonstrated that, like humans, middle-aged monkeys display a potent bias in 

visual attention towards threatening faces; however, the bias towards threatening stimuli was not present 

in older monkeys. Unlike humans, older monkeys did not display an age-related bias in visual attention 

towards putatively positive facial stimuli. These results suggest that the avoidance of negative 

socioaffective stimuli—at least in the context in which these experiments were performed—is 

evolutionarily conserved between rhesus monkeys and humans, indicating that age-related reduction in 

attending to threatening stimuli potentially confers fitness advantages for aged primates. Results of the 

second and third chapters help to inform the potential fitness advantages that avoiding negative 

socioaffective stimuli confers to aged monkeys.  

Specifically, in the second chapter, we found an age-related reduction in monkeys’ 

parasympathetic nervous system responsivity (as indexed through respiratory sinus arrhythmia) to 

socioaffective stimuli. Put another way, older monkeys displayed reduced autonomic flexibility and were 

less able to physiologically adapt to changes in environmental demands. Therefore, avoiding threatening 

situations promotes survival for older monkeys because engaging with such stimuli carries a physiological 

price that their bodies cannot afford to pay. As a result, we believe that threat avoidance—at least in the 

context in which our experiments were carried out—promotes survival in aged animals and was thus 
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selected for evolutionarily. Whether or not threat avoidance in aging primates is causally mediated by 

changes to the vagal system remains an open question and is a future avenue of research.  

The final chapter demonstrated that aspects of monkeys’ temperament and biology in infancy were 

predictive of longevity. Critical windows across development were identified, with physiological features 

carrying most predictive power in early life and behavioral features being most predictive of mortality in 

adolescence and adulthood. Behaviorally, we find that monkeys that were more reactive as a result of being 

removed from their home environment and animals that were less physically activity in the presence of a 

threatening stimuli had shorter life expectancies. Therefore, in the context in which our studies have been 

carried out (at a research institute/breeding facility), measures of efficient affective regulation in infancy 

carry predictive ability for survival.  

Future work directly assessing features of neurophysiology as animals age is necessary for truly 

uncovering causal mechanisms through which changes to the body, brain, and social environment mediate 

changes to behavior in aging but such work is critical for promoting wellbeing in an aging world. 




