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Abstract

Background

Emerging epidemiological evidence indicates nature exposure could be associated with

greater health benefits among groups in lower versus higher socioeconomic positions. One

possible mechanism underpinning this evidence is described by our framework: (suscepti-

bility) adults in low socioeconomic positions face higher exposure to persistent psychosocial

stressors in early life, inducing a pro-inflammatory phenotype as a lifelong susceptibility to

stress; (differential susceptibility) susceptible adults are more sensitive to the health risks of

adverse (stress-promoting) environments, but also to the health benefits of protective

(stress-buffering) environments.

Objective

Experimental investigation of a pro-inflammatory phenotype as a mechanism facilitating

greater stress recovery from nature exposure.

Methods

We determined differences in stress recovery (via heart rate variability) caused by exposure

to a nature or office virtual reality environment (10 min) after an acute stressor among 64

healthy college-age males with varying levels of susceptibility (socioeconomic status, early

life stress, and a pro-inflammatory state [inflammatory reactivity and glucocorticoid resis-

tance to an in vitro bacterial challenge]).

Results

Findings for inflammatory reactivity and glucocorticoid resistance were modest but consis-

tently trended towards better recovery in the nature condition. Differences in recovery were

not observed for socioeconomic status or early life stress.
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Discussion

Among healthy college-age males, we observed expected trends according to their differen-

tial susceptibility when assessed as inflammatory reactivity and glucocorticoid resistance,

suggesting these biological correlates of susceptibility could be more proximal indicators

than self-reported assessments of socioeconomic status and early life stress. If future

research in more diverse populations aligns with these trends, this could support an alterna-

tive conceptualization of susceptibility as increased environmental sensitivity, reflecting

heightened responses to adverse, but also protective environments. With this knowledge,

future investigators could examine how individual differences in environmental sensitivity

could provide an opportunity for those who are the most susceptible to experience the great-

est health benefits from nature exposure.

Introduction

Emerging epidemiological evidence indicates that nature (e.g., green spaces) exposure could

be associated with better health among individuals in low socioeconomic positions to a greater

degree than among more privileged groups [1–4]. This implies that nature exposure within

urban settings could potentially attenuate the adverse effects of chronic stress on health with

the greatest impact among individuals who are the most susceptible to life stressors [5–7].

However, the evidence supporting this possibility primarily comes from cross-sectional and

observational studies, including reports of null associations [8–10]. Further investigation is

necessary to better understand this phenomenon, especially through experimental paradigms

that can provide insight into potential causal mechanisms. Establishing experimental evidence

could further support the notion that nature-based interventions (e.g., increasing access to

urban parks) could help curb health disparities across socioeconomic conditions.

One possible mechanism underpinning this phenomenon is outlined by integrating three

overarching ideas: (a) individuals in low socioeconomic conditions often experience higher

exposure to persistent psychosocial stressors in early life, inducing a lifelong susceptibility to

stress; (b) nature exposure protects against the adverse health effects of stress; (c) susceptibility

to stress could reflect increased sensitivity to environmental conditions, inducing greater

health benefits from the protective effects of nature exposure among individuals in lower ver-

sus higher socioeconomic positions.

Early life stress

Evidence demonstrates that individuals in low socioeconomic positions, compared to those in

higher positions, often experience higher exposure to persistent psychosocial stressors in early

life [11–15]. Evidence also indicates that early life stress can produce a lifelong susceptibility to

stress through various allostatic pathways (Biological Embedding Model [16–26]). In this con-

text, one well-established neurobiological pathway consists of early life stress inducing a pro-

inflammatory phenotype, observed as increased neuro-immune reactivity to psychological and

biological stressors combined with resistance to anti-inflammatory signals (Neuro-Immune

Network Hypothesis [27, 28]).

In short, when the amygdala activates in response to perceived threats, the sympathetic-

adrenal-medullary axis engages within seconds to trigger the sympathetic nervous system,

sending a cascade of messengers (e.g., catecholamines) that are received by monocytes as pro-
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inflammatory signals [29]. Minutes later, the hypothalamic-pituitary-adrenal axis engages,

sending another cascade of messengers (e.g., glucocorticoids) that are received by monocytes

as anti-inflammatory signals [29]. Importantly, early life stress has been shown to augment the

reactivity of monocytes to these signals (heightened sensitivity to pro-inflammatory signals,

but also, decreased sensitivity to anti-inflammatory signals), leading to a pro-inflammatory

immune state, which has been shown to persist throughout adulthood (“brain to immune traf-

fic” [27, 28]). To this end, inflammation is systemic and induces neuro-inflammation which

has also been shown to elevate amygdala reactivity to perceived threats (“immune to brain traf-

fic” [27, 28]) in a self-sustaining cycle.

As an example of this pro-inflammatory phenotype, experimental evidence has shown that

early life stress is associated with increased monocyte production of pro-inflammatory cyto-

kines (e.g., interleukin-6; IL-6) among healthy adults in response to psychosocial stressors [30,

31]. Other evidence has shown that early life stress is associated with increased monocyte pro-

duction of pro-inflammatory cytokines (e.g., IL-6) and resistance to glucocorticoids (e.g., cor-

tisol) among healthy adults in response to in vitro bacterial challenges [32–34]. Importantly,

evidence also indicates that higher socioeconomic status during adulthood is unable to reverse

these alterations [32, 35].

Together, these findings suggest that early life stress becomes biologically embedded

through a pro-inflammatory phenotype that, when combined with persistent exposure to

stressors, could result in chronic inflammation and consequently heighten the risk of develop-

ing diseases of aging [27, 28]. This risk is particularly elevated among adults in low socioeco-

nomic positions, who are more likely to experience early life stress, current life stressors, and

health disparities across these diseases [32, 35]. In this context, a pro-inflammatory phenotype

could represent a more sensitive and relevant indicator as a biological correlate of susceptibil-

ity to stress (proximal; shorter pathway between indicators and outcomes), compared to self-

report assessments of socioeconomic status and early life stress (distal; longer pathway between

indicators and outcomes that in turn, increases the risk of unmeasured confounders).

Nature exposure

Psychoevolutionary theories posit that many types of nature exposure are health-protective rel-

ative to exposure to urban settings, as human beings share an innate physiological affinity to

natural features that afforded safety and nourishment throughout our evolutionary history

[36–39]. Due to these connections, nature exposure can have a positive effect on health

through stress-related mechanisms, including better stress recovery (Stress Reduction Theory

[39–41]). This notion is supported by experimental evidence of increased parasympathetic and

reduced sympathetic activation within natural versus urban settings following sympathetic

arousal induced by an acute psychosocial stressor [41–46].

For instance, a landmark study found increased parasympathetic (pulse transit time) and

reduced sympathetic activation (muscle tension and skin conductance) during recovery from

heightened sympathetic arousal induced by an acute stressor (video depicting serious injuries)

among healthy adults exposed to videos of natural versus urban environments [41]. More

recent studies have also reported similar findings, showing increased parasympathetic and

reduced sympathetic activation (e.g., heart rate variability) during recovery from sympathetic

arousal induced by an acute stressor (Trier Social Stress Test; TSST) among healthy adults

exposed to natural environments through virtual reality, compared to an indoor office envi-

ronment [45, 46].

Therefore, better stress recovery (increased parasympathetic and reduced sympathetic acti-

vation after an acute stressor) is one plausible mechanism underpinning the health-protective
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effects of nature [41, 47, 48]. More specifically, evidence supports the notion that incorporating

nature into residential settings could buffer against the effects of chronic stress [49–51], reduc-

ing the risk of various stress-induced health outcomes [52–55] as demonstrated by the epide-

miological evidence [1–4]. In this investigation, we centered our interpretations on

cardiovascular disease per the direct and observable link between autonomic and cardiovascu-

lar functioning, evidenced by changes in heart rate and blood pressure.

Differential susceptibility

We propose that adults living in lower versus higher socioeconomic positions could experience

greater cardiovascular benefits from nature exposure through increased sensitivity to environ-

mental conditions as a function of susceptibility to stress. In this context, a pro-inflammatory

phenotype induced by early life stress could heighten the effects of various environmental con-

ditions; although research has primarily centered on the negative effects of adverse (stress-pro-

moting) environments, growing evidence indicates a link to better outcomes within protective

(stress-buffering) environments. This notion is grounded within neurodevelopmental theories

[56–59] which converge on the Differential Susceptibility Hypothesis [59], positing that sus-

ceptible individuals, compared to less susceptible individuals, are more sensitive to adverse,

but also protective environmental conditions.

In support of this hypothesis, a review of fifty-six studies, encompassing thousands of par-

ticipants (n = ~ 23K) consistently noted that individuals who were susceptible to stress (using

a broad range of phenotypic, endophenotypic, and genotypic indicators) showed greater phys-

ical and mental health benefits within protective social conditions (e.g., positive feedback,

social support) relative to less susceptible participants [60]. Emerging evidence also indicates

differential susceptibility could be relevant for the specific susceptibility indicators employed

in this investigation, including socioeconomic status, early life stress, and a pro-inflammatory

phenotype.

For instance, regarding socioeconomic status, a landmark study on the population of

England below the age of retirement (n = ~ 41M) found that the cardiovascular disparity gap

between the highest and lowest income groups was 30% smaller in neighborhoods with the

highest versus lowest levels of nature exposure [1]. Regarding early life stress, a national longi-

tudinal survey of adults in the United States (n = ~ 34K) provided evidence that adults with

adverse childhood experiences showed greater decreases in transdiagnostic psychopathological

factors following annual reductions in current life stress, compared to adults without adverse

childhood experiences [61]. Regarding a pro-inflammatory phenotype, experimental evidence

has shown that healthy adults (n = 61) exposed to an in vivo inflammatory challenge (low-dose

endotoxin) demonstrated greater neural activity in reward processing regions (ventral stria-

tum and ventromedial prefrontal cortex) when receiving positive versus neutral social feed-

back on a pre-recorded mock job interview, compared to adults who were given a placebo

(n = 57 [62]).

Throughout this body of evidence, a trend emerges in which susceptible individuals exhibit

better outcomes in protective environments compared to less susceptible individuals. In

essence, susceptible individuals tend to exhibit greater sensitivity to both adverse and protec-

tive environmental influences than their less susceptible counterparts, who appear to exhibit

relatively moderate effects from their environment [59].

Current investigation

Embedding this theory into our framework (Fig 1) implies that adults in lower versus higher

socioeconomic positions (who are at risk for higher exposure to stressors in early life [11–15]
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and a pro-inflammatory phenotype induced by early life stress [27, 28]), are more likely to

exhibit greater cardiovascular risks in adverse environments, but also greater cardiovascular

benefits in protective environments [59]. Concordantly, we expect that adults in lower versus

higher socioeconomic positions are more likely to experience: (a) early life stress; (b) a pro-

inflammatory phenotype induced by early life stress; (c) increased sensitivity to the cardiovas-

cular benefits of natural environments (increased parasympathetic and reduced sympathetic

activation [41, 45, 46]) as a function of differential susceptibility. Considering that evidence

indicates a pro-inflammatory phenotype is a key mechanism driving the association between

early life stress and negative outcomes under adverse conditions [27, 28], we expect that it

could also be a key mechanism leading to positive outcomes under protective conditions.

The aforementioned evidence supports the possibility that adults with a pro-inflammatory

phenotype could experience greater cardiovascular benefits from the stress-buffering effects of

nature. However, to our knowledge, this mechanism has never been explored in an experimen-

tal paradigm. The purpose of this investigation was to: (a) posit a theoretical framework to

highlight potential mechanisms underpinning differential susceptibility to natural environ-

ments, and (b) provide initial insight on the hypothesized associations to determine if there is

sufficient evidence that supports more comprehensive investigations in larger and more

diverse samples.

Fig 1. Theoretical framework. Emerging epidemiological evidence indicates that nature exposure could be associated with cardiovascular health among individuals in

low socioeconomic positions to a greater degree than among more privileged groups. One possible mechanism underpinning this evidence is described by our theoretical

framework: (Panel A; Susceptibility [Measures]) individuals in low socioeconomic positionsA, compared to those in higher positions, are at risk for higher exposure to

stressors in early lifeB and a pro-inflammatory phenotypeC induced by early life stress; (Panel B; Differential Susceptibility [Outcomes]) susceptible individuals are more

sensitive to the health risks of adverse environments (e.g., worse recovery from stress), relative to less susceptible individuals, but also are more sensitive to the health

benefits of protective environments (e.g., better recovery from stress), relative to less susceptible individuals. (A) Socioeconomic status is defined as the position of an

individual in their society which is determined by both social and economic factors that impact exposure to and experiences with psychosocial stressors [63]. (B) Early life

stress is defined as persistent exposure to stressors during childhood, with ranging degrees of perceived severity, that induce psychobiological responses and could

promote neurodevelopmental alterations over time [64]. (C) A pro-inflammatory phenotype is defined as increased neuro-immune reactivity to psychological and

biological stressors combined with resistance to anti-inflammatory signals [27, 28]. Panel B was adapted from “For Better and For Worse: Differential Susceptibility to

Environmental Influences” by Jay Belsky, Marian J. Bakermans-Kranenburg, and Marinus H. van IJzendoorn, 2007, Current Directions in Psychological Science, 16(6),

300–304. Copyright 2007 by Association for Psychological Science. Adapted with permission.

https://doi.org/10.1371/journal.pone.0301473.g001
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In this controlled experimental study, we investigated stress recovery (autonomic activa-

tion) following exposure to an acute psychosocial stressor (TSST) and subsequently a nature

(public park) or comparator (indoor office) environment among participants with varying lev-

els of susceptibility. We hypothesized that participants with higher susceptibility to stress

would demonstrate greater stress recovery (increased parasympathetic and reduced sympa-

thetic activation) when exposed to a virtual nature environment, following the acute stressor.

The environmental exposures (nature and office) were conducted using a virtual reality para-

digm as immersive modalities have been shown to induce responses comparable to real world

exposures [65, 66] and offer several key experimental advantages. These advantages include the

mitigation of confounding factors (e.g., exercise, air pollution, noise, temperature, humidity,

light [52]), isolation of sensory effects (e.g., visual, auditory [65]), and greater control over the

exposure (e.g., duration, proximity, spatial scale, presence of humans or animals [66]).

Stress recovery was operationalized by indicators of autonomic activation (heart rate vari-

ability [67]), that were expressed as sympathetic and parasympathetic profiles. Autonomic acti-

vation was used to index stress recovery as the homeostasis of this nervous system indicates

neuro-cardiac interactions in response to various environmental conditions [68, 69], responds

rapidly to acute exposures [69, 70], and is associated with cardiovascular health [67–74].

We also tested distal and proximal indicators of susceptibility in the context of our theoreti-

cal framework (Fig 1). Distal indicators included socioeconomic status (subjective social sta-

tus) and early life stress (adverse childhood experiences); proximal indicators included two

immunological assessments of monocytes to index a pro-inflammatory phenotype: (a) higher

inflammatory reactivity to an in vitro bacterial challenge, and (b) higher glucocorticoid resis-

tance during the inflammatory response to the in vitro bacterial challenge.

Materials and methods

Participants

We recruited male students (n = 64), 18–30 years of age, from a Texas university using local

advertisements between April 1st and July 31st, 2019. Participants were fluent English speakers,

non-smokers, non-drug users, not diagnosed with or taking medication for chronic illness

(diabetes, cardiovascular disease, metabolic syndrome, epilepsy, seizures, and asthma), and

without a history of sleep problems; who were not night-shift workers and were naïve to our

stressor. We recruited young adults to focus this stage of research on a healthier sample, as

with age comes the development of aging-related health states that might confound the analy-

ses. We also recruited exclusively young males (sex assigned at birth) to minimize variability in

our outcome (stress recovery) that was not attributed to the experimental conditions or sus-

ceptibility indicators [75]. This was based on prior research showing that males demonstrate

less variability than females in response to the same psychosocial stressor that was used in this

investigation [76–78]. For instance, the literature supporting this stressor has provided evi-

dence that hormonal fluctuations associated with menstrual cycles (e.g., estradiol, progester-

one) and altered diurnal neuroendocrine rhythms associated with oral contraceptive use

increase the variability of stress responses among females [79]. All participants provided writ-

ten informed consent and were compensated with 40 USD for completing the experiment.

This study was approved by the Institutional Review Board at the University of Texas at El

Paso (1385515–3).

Study design

We used a between-group design to compare the effects of nature versus indoor office environ-

ments on stress recovery from an acute psychosocial stressor, with a focus on the modifying
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effects of susceptibility to stress. We did this by having participants experience the psychosocial

stressor, followed by a 10-minute exposure to a randomly assigned environment (nature or

office) delivered using virtual reality, and subsequently a 40-minute recovery period. Changes

in stress recovery were observed across the experiment (see Fig 2) and indexed using auto-

nomic activation (heart rate variability). We then examined changes in autonomic activation

as a function of the interaction between the environmental conditions and susceptibility to

stress, represented as both distal indicators (socioeconomic status and early life stress) and

proximal indicators (inflammatory reactivity and glucocorticoid resistance).

Procedure

During an initial visit to the laboratory, participants underwent a health screening to deter-

mine the following exclusion criteria: body mass index�25 kg/m2, waist circumference�40

inches, blood pressure�140/90 mmHg, fasting glucose�100 mg/dL, and moderate or worse

depressive severity (PHQ9 score�10 [80]). Participants then completed self-report question-

naires as measures of socioeconomic status and early life stress. Finally, all participants were

Fig 2. Flow diagram of exposure experiment. Stress recovery was assessed using heart rate variability to index

changes in autonomic activation (sympathetic and parasympathetic) from baseline to the recovery period.

Susceptibility indicators (socioeconomic status, early life stress, inflammatory reactivity, and glucocorticoid resistance)

were assessed at various time points. Socioeconomic status (MacArthur Scale of Subjective Social Status) and early life

stress (Adverse Childhood Experience Questionnaire) were measured during an initial visit to the laboratory within

three days of the exposure experiment. Inflammatory reactivity and glucocorticoid resistance (in vitro bacterial

challenge) were assessed using serum collected before the start of the exposure experiment.

https://doi.org/10.1371/journal.pone.0301473.g002
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exposed to a 5-minute interactive 360˚ VR video of Zion National Park, minimizing the poten-

tial for a “novelty” effect during the exposure experiment for those who had never experienced

virtual reality [81]. Participants who passed the health screening were scheduled for the expo-

sure experiment (Fig 2) on a separate day (within three days of the first visit) at a standardized

time (9:00 am or 2:00 pm) to mitigate circadian effects [82].

Baseline. Upon arrival at the laboratory on the day of the exposure experiment, partici-

pants rested in an examination room (15 min) and then provided a blood sample (to perform

bioassays of inflammatory reactivity and glucocorticoid resistance in response to an in vitro

bacterial challenge). Subsequently, participants attached three wireless electrocardiogram leads

to their abdomen and below their collarbone and reclined (supine) on an examination table

(10 min) for the baseline assessment. Electrodes were connected wirelessly to a computer and

remained on the participant for the duration of the experiment.

Stressor. Participants were taken to an office space devoid of natural elements to experi-

ence a variation of the TSST which has been shown to effectively simulate stressful situations

in the real world [76, 83, 84]. The stressor exposure was coordinated by a female experimenter

and performed in front of a male judge with two tasks, a public speaking task (why you would

be the best candidate for your “dream job” during a mock job interview) and a mental arith-

metic task (rapid and accurate serial subtraction). To increase the efficacy of the stressor, par-

ticipants were informed that video monitoring was being conducted for the speech task and

misinformed that the participant with the highest score on the mental arithmetic task would

receive an additional incentive worth 30 USD. When participants stopped before the time allo-

cated for the speech task, they were prompted to continue, with 10-second pauses on subse-

quent prompts. For the mental arithmetic task, when participants answered incorrectly, a

buzzer was sounded, and they were prompted to restart from the beginning of the task. The

stressor lasted for 20 min with four 5-minute blocks (instructions, preparation, speech task,

and mental arithmetic task).

Exposure. Participants were then exposed to one of two randomly assigned immersive

virtual environmental conditions consisting of nature (a local public park with distance

houses) or an indoor office (the same office used for the experiment, but in virtual reality).

Images of these environments are presented in Fig 3. A technician conducted the random

assignment, blinding the experimenter to the condition group of the participant. The virtual

exposures were delivered using a commercial headset (VIVE Pro™, HTC Corporation,

Taoyuan, Taiwan) and the virtual environments consisted of 360˚ videos, recorded using an

8k 360˚ camera (Insta360 Pro™, Insta360.Inc, Shenzhen, Hong Kong). We selected a public

park in the same county as the university as this was a natural landscape that was familiar and

accessible to the participants, concordant with epidemiological evidence that observed the

effects of nature in residential settings [1–4]. We avoided settings with humans or animals, tall

grass or dense tree cover, substantial landscape features or significant inclines, and recorded

the setting in mid-spring under direct sunlight. We also used the office environment as the ref-

erence condition during analyses as this was the physical location of the participants during

the virtual exposures, ensuring that the participants in the office condition did not experience

a change of setting. This was done to minimize the impact of this condition, avoiding con-

founders that could be introduced by exposing participants to a different setting than their cur-

rent location while also accounting for any potential effects of wearing the headset.

Participants were seated in a chair in the middle of the office for the duration of the exposure

(10 min). The length of this exposure was expected to induce a measurable effect, based on

other studies observing effects after shorter periods [45, 46, 85–87].

Recovery. Subsequently, participants remained in the office for 40 min while resting in a

chair for the recovery period. The length of this period was selected to ensure data was
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collected for at least 70 min after the initiation of the stressor, which is sufficient time to cap-

ture stress recovery (heart rate variability) based on prior literature [84, 88]. After this recovery

period, participants were taken back to the examination room and the electrodes were

removed. Participants were then debriefed, including the disclosure of misinformation (related

to the stressor), marking the end of the exposure experiment.

Stress recovery

Stress recovery was assessed using heart rate variability to index changes in autonomic activa-

tion (sympathetic and parasympathetic) throughout the experiment. Data were collected using

BIOPAC MP150 for Windows and AcqKnoweldge data acquisition software (Biopac Systems

Inc., Santa Barbara, CA). Raw signals were filtered through a BIOPAC ECG100C bioamplifier

with a sampling frequency of 1kHz and set to record heart rate (HR) from 40–180 beats per

minute. Data were broken up into four segments corresponding to the study periods (baseline,

stressor, exposure, and recovery; see Fig 2).

Time, frequency, and non-linear domain metrics were analyzed using Kubios software

(3.4.3 [89]), using an automatic correction algorithm for artifacts [90]. Time domain analyses

included the root mean square of successive RR interval differences (RMSSD) which reflects

vagal-mediated changes in beat-to-beat variance [69]. Frequency analyses included low

Fig 3. Virtual reality environments. Equirectangular depictions of the 360-degree 8k stationary recordings (Insta360

Pro™, Insta360.Inc, Shenzhen, Hong Kong) delivered in virtual reality using a commercial headset (VIVE Pro™, HTC

Corporation, Taoyuan, Taiwan) after participants experienced an acute stressor. The virtual greenspace environment

(nature) was recorded at a public park within the same county as the university where the exposure experiment was

conducted. The virtual indoor environment (office) was recorded at the same university office used for the experiment.

Participants were seated in a chair for the duration of the exposure (10 min).

https://doi.org/10.1371/journal.pone.0301473.g003
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frequency (LF: 0.04 to 0.15 Hz) and high frequency (HF: 0.15 to 0.4 Hz) metrics to calculate

the LF/HF ratio which reflects sympatho-vagal balance [69] and was expressed in power bands

of normalized units. Non-linear analyses used return maps (plotting every interval against the

prior interval) to estimate the width of the eclipse (SD1) which reflects vagal-mediated changes

in beat-to-beat variance [69], and the length of the eclipse (SD2) which reflects sympatho-

vagal balance [69]. Distinct sympathetic (SNS) and parasympathetic (PNS) tone indexes were

then estimated as a composite of time domain (e.g., HR intervals, RR intervals) and non-linear

domain (e.g., SD2, SD1) metrics [89]. While these indexes are relatively novel in research

applications, evidence has demonstrated they provide highly reliable assessments of the corre-

sponding branch of the autonomic nervous system [91–94]. Cleaned data were log-trans-

formed to normalize model residuals and correct for skewed distributions. These metrics were

then separated into two profiles to index higher sympathetic (LF/HF, SNS, HR") or parasym-

pathetic activation (RMSSD, PNS, HR#) across the study periods.

Stress susceptibility

Susceptibility to stress was indicated by both distal (socioeconomic status and early life stress)

and proximal (inflammatory reactivity and glucocorticoid resistance) indicators, as implicated

by our framework (see Fig 1).

Distal indicators (socioeconomic status and early life stress). Perceived socioeconomic

status was measured using the MacArthur Scale of Subjective Social Status [95] which evaluates

subjective social standing, reflecting impressions of current circumstances, background char-

acteristics, and future opportunities. Scores are represented on a 10-point scale with higher

scores representing higher perceived socioeconomic status.

Early life stress was measured using the Adverse Childhood Experience Questionnaire [96].

This questionnaire includes 10 self-report items on experiences of childhood abuse (emotional,

physical, and sexual), neglect (emotional and physical), and household dysfunction (divorce,

maternal violence, substance abuse, mental illness, and incarceration). Each endorsement of a

childhood stressor is scored as one point with a total score representing the sum of these

endorsements.

Proximal indicators (pro-inflammatory phenotype). Bioassays of serum drawn before

the baseline assessment were used to assess: (a) inflammatory reactivity, and (b) glucocorticoid

resistance as proximal indicators of susceptibility to stress. Inflammatory reactivity was

assessed by the quantity of IL-6 produced by monocytes from an in vitro exposure to lipopoly-

saccharide bacteria. Glucocorticoid resistance was assessed by the sensitivity of monocytes to

dexamethasone; the quantity of dexamethasone needed to reduce 50% of IL-6 produced (IC50)

from the same lipopolysaccharide exposure.

We used the protocol validated by Miller et al [33, 34, 97] to assess these indicators using

monocyte-corrected values (correcting for the absolute number of monocytes in circulation to

account for cellular disparities). Concentrations of IL-6 in supernatants were measured in

duplicate using the MILLIPLEX MAP Human High Sensitivity Cytokine panel (catalog #

HSCYTMAG-60SK) from MilliporeSigma Corp. (Burlington, MA USA); analyzed on a Lumi-

nex 200 analyzer running xPOTENT1 (3.1) software (Luminex Corp., Austin, TX). IL-6 con-

centrations were reported as pg/mL (detection limit: 0.11). Controls were within the expected

range (inter-assay CV: 6.17%). IC50 calculations were performed using GraphPad Prism soft-

ware (9.1.1; San Diego, CA). Data were log-transformed to normalize model residuals and cor-

rect for skewed distributions. Larger values were indicative of higher inflammatory reactivity

and glucocorticoid resistance in response to the in vitro bacterial challenge.
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Data analysis

First, we confirmed that the stressor induced cardiovascular arousal (increased sympathetic

and reduced parasympathetic activation during the stressor period, relative to the baseline

period) and that stress recovery was captured following the stressor (increased parasympa-

thetic and reduced sympathetic activation during the exposure and recovery periods, relative

to the stressor period) using linear mixed effect models with random intercepts (participants)

and restricted maximum likelihood estimation to explore the main effect of time for each auto-

nomic metric. This was accomplished using pairwise contrasts with corrections for multiple

comparisons (Tukey’s HSD). Second, we tested if the nature condition was associated with bet-

ter stress recovery relative to the office condition, also using mixed effect models, but with an

interaction term (time x condition group) for each autonomic metric. In these mixed effect

interaction models, the office condition was used as a reference for the pairwise contrasts.

Our hypothesis was tested using a series of multiple regression models, with one sequence

per autonomic metric (outcome), to test the unique effect of each susceptibility indicator

(socioeconomic status, early life stress, inflammatory reactivity, and glucocorticoid resistance),

independently, conserving statistical power. These models used assessments during the recov-

ery period, where the greatest differences between conditions were observed across all auto-

nomic metrics. Each model included the corresponding assessment of the autonomic metric at

baseline (to explore changes over time and account for individual differences), two main

effects (condition group and susceptibility indicator), and an interaction term (condition

group x susceptibility indicator) to test our hypothesis that the slope of the linear relationship

between the susceptibility indicator and autonomic metric differed between the nature and

office (reference) conditions. Susceptibility indicators were centered to aid in interpretations

and all assumptions for multiple regression were confirmed before interpreting the models.

We also tested the sensitivity of the effects within all multiple regression models using binary

representations of the susceptibility indicators (delineated by the median). These sensitivity

analyses were conducted to explore whether our results remained consistent across various

representations of susceptibility (binary versus continuous).

Although we utilized alphas (0.05 level) to report significant findings, we focused our inter-

pretations on forest plots (standardized coefficients and confidence intervals) that were used

to infer directional trends and relative effect sizes across all regression models, regardless of

statistical significance. Data were analyzed using R (3.6.3) with the “lmerTest” package for

mixed effect models, the “emmeans” package for contrasts, the “effectsize” package for stan-

dardized coefficients, and the “ggplot2” package for generating plots.

Results

No significant differences in participant demographics, health status, susceptibility indicators,

or autonomic metrics at baseline were noted across the condition groups, as expected from

randomization (Table 1). Bivariate correlations for the susceptibility indicators (S1 Table) and

autonomic metrics (S2 Table) are provided in the supplemental materials.

The stressor induced observable cardiovascular arousal as indicated by significant differ-

ences in autonomic activation between the baseline and stressor periods, with higher arousal

observed during the stressor period (increased sympathetic and reduced parasympathetic acti-

vation, relative to the baseline period; S1 Fig). Significant between-group differences were not

observed during the baseline (p = .71 –.93) or stressor periods (p = .74 –.99), indicating similar

stress reactivity across the condition groups.

We also observed clear indications of stress recovery following the stressor, indicated by

significant differences between the stressor and subsequent periods, trending towards lower
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arousal over time (increased parasympathetic and reduced sympathetic activation, relative to

the stressor period; S1 Fig). Significant between-group differences were also not observed dur-

ing the exposure (p = .42 –.99) or recovery (p = .26 –.60) periods. However, non-significant

trends were consistently in the direction of better stress recovery for participants in the nature

versus office condition during both post-stressor periods (S2 Fig), with the largest differences

observed during the recovery period.

Modifying effects of susceptibility on stress recovery

We then tested our interaction terms (condition groups x susceptibility indicator) and inter-

preted global trends across all models, regardless of statistical significance, using forest plots

with standardized coefficients and confidence intervals (Fig 4). Modest trends were observed

among the interaction effects during the recovery period for the pro-inflammatory indicators;

higher inflammatory reactivity and glucocorticoid resistance consistently trended in the direc-

tion of better stress recovery (increased parasympathetic and reduced sympathetic activation)

in the nature condition versus office condition across all models. However, these same trends

Table 1. Participant characteristics.

Characteristic M ± SD or N (%)

Total (n = 64) Office (n = 32) Nature (n = 32) p
Demographics

Age (Years) 22.70 ± 3.35 22.16 ± 3.21 23.25 ± 3.44 .19

Hispanic or Latino 53 (82.8%) 25 (78.1%) 28 (87.5%) .51

White A 55 (85.9%) 26 (81.3%) 29 (90.6%) .47

Health Status

BMI (kg/m2) 24.32 ± 3.27 24.50 ± 3.81 24.14 ± 2.67 .66

SBP (mmHg) 121.67 ± 10.24 122.56 ± 10.91 120.78 ± 9.62 .49

DBP (mmHg) 73.27 ± 7.69 72.88 ± 7.90 73.66 ± 7.59 .69

Pulse (per min) 61.73 ± 8.89 62.50 ± 9.34 60.97 ± 8.49 .50

Depressive Symptoms B 3.53 ± 2.81 3.66 ± 2.62 3.41 ± 3.02 .72

Sleep Duration (Hours) C 6.93 ± 0.83 7.00 ± 0.94 6.86 ± 0.70 .51

Sleep Quality D 2.38 ± 0.75 2.53 ± 0.72 2.22 ± 0.75 .09

Physical Activity E 22.32 ± 15.45 22.31 ± 18.26 22.33 ± 12.38 .99

Susceptibility

Socioeconomic Status F 4.00 ± 1.75 3.97 ± 1.75 4.03 ± 1.77 .89

Early Life Stress G 1.56 ± 1.71 1.59 ± 1.97 1.53 ± 1.44 .89

Inflammatory Reactivity H 1.17 ± 0.41 1.15 ± 0.43 1.19 ± 0.39 .68

Glucocorticoid Resistance H 2.02 ± 0.19 2.02 ± 0.19 2.03 ± 0.19 .90

Autonomic Activation (Baseline)

RMSSD (ms) 73.84 ± 45.66 69.98 ± 32.13 77.70 ± 56.34 .50

PNS (nu) I 1.29 ± 1.59 1.19 ± 1.34 1.38 ± 1.82 .62

LF/HF (nu) 1.01 ± 0.86 0.90 ± 0.57 1.30 ± 1.08 .28

SNS (nu) I -0.74 ± 0.85 -0.72 ± 0.95 -0.76 ± 0.76 .86

HR (bpm) 61.04 ± 8.10 60.95 ± 8.35 61.13 ± 7.97 .93

P-values represent between-group differences using t-tests or chi-square tests for the corresponding characteristic. (A) Black: n = 5, Asian: n = 2, Native American:

n = 1, Pacific Islander: n = 1. (B) Patient Health Questionnaire. (C) Past month average sleep duration; (D) Past month average sleep quality, from 1 “very good” to 5

“very bad”. (E) Past month days x hours of exercise. (F) MacArthur Scale of Subjective Social Status; (G) Adverse Childhood Experience Questionnaire; (H) In vitro

bacterial challenge; (I) Composite of time and non-linear domain metrics.

https://doi.org/10.1371/journal.pone.0301473.t001
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were not observed for socioeconomic status or early life stress which showed no discernable

trends among the interaction effects with the condition groups on stress recovery.

Fig 4. Forest plots of standardized effects (Continuous interaction terms). Forest plots visualizing interaction terms (standardized coefficients and

confidence intervals [95%]) across all multiple regression models. Within these plots, all models were specified so that among participants with higher

susceptibility (continuous), positive interaction terms indicate greater stress recovery (increased parasympathetic and reduced sympathetic activation) in

the nature versus office condition while negative terms indicate greater stress recovery in the office versus nature condition. Interaction terms at zero

indicate no differences in the association between susceptibility and stress recovery (autonomic activation) by condition group. * p< .05.

https://doi.org/10.1371/journal.pone.0301473.g004
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To better understand the characteristics of these trends, we then generated interaction plots

for our significant interactions (Figs 5 and S3). Specifically, inflammatory reactivity was associ-

ated with greater reductions in sympathetic activation for participants in the nature versus

office group during the recovery period (SNS: β = -0.390, 95% CI [-0.750, -0.029], p = .035),

and glucocorticoid resistance was associated with greater increases in parasympathetic activa-

tion for participants in the nature versus office group during the recovery period (RMSSD: β =

0.382, 95% CI [0.024, 0.739], p = .037; PNS: β = 0.334 95% CI [0.009, 0.659], p = .044).

The direction of these significant interactions indicates the influence (slope) of a pro-

inflammatory phenotype on autonomic activation differs between the environmental condi-

tions. Specifically, a pro-inflammatory phenotype was associated with greater recovery

(increased parasympathetic and reduced sympathetic activation) in the nature versus office

environment, following sympathetic arousal induced by the stressor. The direction of the sim-

ple slopes for each condition suggests a pro-inflammatory phenotype had a positive trend on

stress recovery in the nature condition (SNS: β = -0.335, 95% CI [-0.586, -0.083], p = .010;

RMSSD: β = 0.134, 95% CI [-0.117, 0.385], p = .290; PNS: β = 0.186, 95% CI [-0.043, 0.414],

p = 0.110) but a negative trend on stress recovery in the office condition (SNS: β = 0.055, 95%

CI [-0.202, 0.311], p = .671; RMSSD: β = -0.248, 95% CI [-0.502, 0.007], p = .056; PNS: β =

-0.148, 95% CI [-0.381, 0.084], p = .206), although these trends were modest and mostly non-

significant.

Sensitivity analyses

Sensitivity analyses using binary indicators suggested these trends were fairly consistent across

continuous and binary representations of susceptibility. Specifically, these binary analyses

again revealed no discernable trends for socioeconomic status or early life stress while inflam-

matory reactivity and glucocorticoid resistance consistently trended towards better stress

recovery in the nature condition and worse recovery in the office condition (S4 Fig). It is also

of note that binary trends for inflammatory reactivity and glucocorticoid resistance were larger

and mostly significant relative to continuous trends (modest and mostly non-significant).

Fig 5. Interaction plots: Susceptibility by condition on autonomic activation (Recovery). Interaction plots visualizing significant associations (slopes) between

susceptibility and stress recovery (autonomic activation) by condition group (nature [solid black line] versus office [dashed gray line]). Y-axes present sympathetic or

parasympathetic activation using fitted values (unstandardized) from the corresponding regression model (baseline adjusted metric of autonomic activity [log] during the

recovery period [40 min]). X-axes present susceptibility indicators using log-values. P-values (beta weights) represent the interaction term.

https://doi.org/10.1371/journal.pone.0301473.g005
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Discussion

In this experimental study among healthy college-age males, we observed trend-level, partial

support for our hypothesis that participants with higher susceptibility to stress would show

greater recovery from acute stress when exposed to natural environments, compared to less

susceptible participants. Specifically, we found that participants with a pro-inflammatory phe-

notype, indicated by higher inflammatory reactivity and glucocorticoid resistance, consistently

trended towards better stress recovery (increased parasympathetic and reduced sympathetic

activation) when exposed to simulated elements of natural environments after an acute psy-

chosocial stressor. However, differences in stress recovery were not observed among partici-

pants in lower versus higher socioeconomic positions or among participants with higher

versus lower exposure to stressors in early life.

While the conclusions that can be drawn from this evidence are tentative and limited to col-

lege-age males, overall our findings are supportive of the need for further research in larger

and more diverse samples, given the fact that we observed expected trends for inflammatory

reactivity and glucocorticoid resistance, following just a 10-minute virtual reality exposure,

even among a sample of participants with limited variability in terms of socioeconomic status

and early life stress. As the diverse body of evidence supporting our framework was derived

from more representative samples, including both females and older adults, it is plausible these

trends could be supported in larger and more generalizable studies that include participants

from low socioeconomic backgrounds with higher exposure to stressors in early life. In the fol-

lowing sections, we discuss some potential implications if future research using broader sam-

ples aligns with our findings.

Theoretical implications

These trend-level findings only supported specific elements of our framework (see Fig 1)

where we expected that susceptible participants in lower versus higher socioeconomic posi-

tions, who were at risk for higher exposure to stressors in early life and a pro-inflammatory

phenotype induced by early life stress, would exhibit greater cardiovascular benefits (better

stress recovery) in natural settings. Specifically, our findings support the plausibility that par-

ticipants with higher inflammatory reactivity and glucocorticoid resistance exhibit better stress

recovery in natural settings. However, our findings did not support this plausibility for partici-

pants in lower versus higher socioeconomic positions, or among those with higher versus

lower exposure to stressors in early life.

This was surprising, as these expectations were based on large-scale epidemiological and

national population-based studies in Europe and North America, which have consistently

shown that adults (males and females) living in socioeconomically deprived neighborhoods

experience greater health benefits from the protective effects of residential nature exposure [1–

4]. However, it is possible these associations were not replicated in this study due to our small

convenience sample of male college students, and a relative lack of variability in our study pop-

ulation regarding socioeconomic status and early life stress. This might also explain why we

did not observe associations between our indicators of socioeconomic status, early life stress,

and a pro-inflammatory phenotype (S1 Table) as shown within experimental studies [27, 28,

30–35].

Research implications

If future research in more diverse populations shows that adults with a pro-inflammatory phe-

notype experience greater health benefits in natural settings, this could carry substantial impli-

cations for public health research. Specifically, these findings could support an alternative
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conceptualization of susceptibility, predominantly used to explain the health risks associated

with adverse environments, as increased environmental sensitivity, reflecting heightened

responses to both adverse and protective environmental conditions.

These findings could also further support the evidence base for the Differential Susceptibil-

ity Hypothesis [59], which has centered on social conditions, by indicating that susceptible

adults also experience greater health benefits in protective physical environments such as

nature. This could provide opportunities for effective interventions through altering and

improving physical environments with the intention of promoting positive well-being out-

comes. This has been less of a focus in public health literature, which has predominantly cen-

tered on the experiences of susceptible individuals in adverse environments. Future research

could also underscore the importance of reconsidering how susceptibility is indexed in public

health research, highlighting the advantages of using proximal indicators (i.e., biological corre-

lates of susceptibility to stress). Traditional self-report measures of socioeconomic status and

early life stress are mechanistically distal from health outcomes, restricting their utility as indi-

cators of susceptibility due to the increased likelihood of confounding and the need to account

for counteracting exposures (e.g., parental attachment, social support [98, 99]), that could be

unknown or immeasurable [100, 101]. For instance, not all adults in low socioeconomic posi-

tions or adults with high exposure to stressors in early life develop susceptibility to their envi-

ronment due to protective factors. These measures also do not consistently yield biological

indicators of susceptibility, limiting applications in the discerning of causal pathways.

In our investigation, only the pro-inflammatory indicators trended towards better stress

recovery among participants exposed to a natural setting following an acute stressor. We

encourage further experimental work on these causal pathways to employ assessments of

inflammatory reactivity and glucocorticoid resistance, potentially representing objective and

sensitive indicators of susceptibility to stress compared to distal indicators such as socioeco-

nomic status and early life stress [100, 101]. To this end, if we define “susceptibility” as an

increased sensitivity to environmental factors, and “vulnerability” as higher exposure to envi-

ronmental factors [102], then socioeconomic status and early life stress arguably serve as better

indicators of “vulnerability” than “susceptibility”.

Future researchers are also encouraged to explore other proximal indicators of susceptibil-

ity to stress as implicated by a pro-inflammatory phenotype (e.g., cortisol reactivity, sympa-

thetic reactivity, cardiovascular reactivity, amygdala reactivity [27, 28]). However, there are

some discrepancies in the literature regarding how early life stress alters these systems. For

instance, some reviews suggest early life stress induces cortisol hyper-reactivity [27] while

other reviews suggest early life stress induces cortisol hypo-reactivity [19], with either augmen-

tation leading to negative health outcomes during adulthood [103]. Distinguishing between

experiences of childhood trauma versus adversities [104] might explain some of these discrep-

ancies in the literature [58], as emerging systematic evidence indicates cortisol hypo-reactivity

is associated with experiences of trauma while cortisol hyper-reactivity is associated with expe-

riences of adversities [23]. Therefore, it is important that future investigators also consider

how distinguishing between experiences of trauma versus adversities influences the effects of

inflammatory reactivity and glucocorticoid resistance.

Strengths and limitations

We provide trend-level experimental evidence supporting the possibility that susceptibility to

stress (indicated by a pro-inflammatory phenotype) could induce greater cardiovascular bene-

fits from nature exposure (stress recovery), among a specific sub-group of adults (male college

students). Further, our results are supported by high levels of internal validity due to the
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blinded experimental design, successful induction of stress during the stressor, and successful

capture of stress recovery during the post-stressor periods. We also used stringent inclusion/

exclusion criteria [76], advanced algorithms to clean the heart rate variability data [90], strate-

gies to mitigate confounding factors (e.g., novelty effect of virtual reality [81], timing of the

exposure experiment for circadian effects [82]), along with analyzing blood samples in dupli-

cate using a validated protocol [33, 34, 97].

We also used a virtual paradigm to isolate sensory effects (e.g., visual, auditory [65]) and

mitigate environmental confounding factors (e.g., noise, temperature, exercise [52]) that

might have been encountered in real world settings. However, while virtual and real world

exposures are comparable [65, 66] effect sizes are often attenuated in virtual paradigms [105],

suggesting our effect sizes might have been larger had we used a real world paradigm. None-

theless, the use of a virtual paradigm also provides implications for simulated nature-based

interventions that might be remarkably simple but effective, such as windows with nature

views [106] or indoor plants [107, 108].

However, the generalizability of our study was substantially limited, warranting caution

when interpreting our results from a small sample (n = 64) of male college students who were

primarily Hispanic/Latinx and lived in West Texas. Although we expected our sample to have

a distribution of socioeconomic position, we observed limited variability in our measures of

socioeconomic status and early life stress, potentially contributing to the null results associated

with these variables. Consequently, our results may have been underpowered and future

research is needed to explore these trends in larger and more diverse samples, including

females and older adults, with more variability in terms of socioeconomic status, early life

stress, current life stress, and protective factors.

The use of a current measure of socioeconomic status represents another limitation as evi-

dence indicates that higher socioeconomic status during adulthood is unable to reverse the

lifelong effects of early life stress [32, 35]. To this end, it is also possible our outcomes could

have been influenced by other pathways attributed to childhood socioeconomic status that are

independent of early life stress. Further, the measure we used could have oversimplified our

assessments and it might have been more informative to use a composite index across a

broader range of indicators (e.g., household income, maternal education) to account for the

various pathways to which socioeconomic status could influence susceptibility to stress,

beyond the psychological aspects of subjective social status. Despite these shortcomings, some

evidence indicates subjective assessments provide stronger and more consistent associations

with stress-related factors, compared to objective scales using earned income, educational

attainment, and occupational status [95] which were remarkably homogeneous in our sample

of college student, most of whom were in their teens or early twenties. However, future

researchers should include more comprehensive measures of different pathways (objective

and subjective) in early life.

Using adverse childhood experiences (specific childhood stressors [96]) as a proxy for early

life stress represents another limitation, as this measure does not account for the perceived

severity, intensity, duration, or frequency of these events [100], protective factors [101], or

broad social contexts emphasized by the social determinates of health [109]. Future researchers

should account for these factors with more comprehensive assessments. Regarding the experi-

mental design, it is also possible the virtual office setting was not a perfect neutral reference as

this was the same room where the participants experienced the stressor. However, a perfect

neutral environmental condition might be unattainable, and we considered that a change from

the same real to virtual office setting would be a good approximation of neutral change com-

pared to a new environment. Further, another benefit of using the same real and virtual office
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setting was that it accounted for any potential effects of wearing the headset. However, future

researchers should also explore these trends across different comparator environments.

Another concern with our approach is the multiple comparisons problem, as alpha inflation

increases the risk of false positives when testing a large volume of models without corrections

[110]. To address this challenge, we focused our interpretations on directional trends and rela-

tive effect sizes across all regression models (hypothesis tests), using forest plots with standard-

ized coefficients and confidence intervals. Further, without pre-established cut-off ranges for

our pro-inflammatory indicators, we used a median split relative to the distribution of our

sample for the binary representations. There is also controversy in the literature regarding the

LF metric, with some authors suggesting it reflects both sympathetic and parasympathetic acti-

vation [111]. Yet, evidence indicates this metric solely reflects sympathetic activation when it is

expressed in normalized units [88, 112]. This is also complimented by our results, showing a

tight alignment with another metric of sympathetic activation (SNS) from alternative domains

(composite of time and non-linear metrics [89]). Despite these limitations, overall, our results

were supportive of specific elements of our framework which builds upon evidence derived

from larger and more diverse samples.

Public health implications

Overall, our trend-level findings support the value of further investigation into the notion that

a pro-inflammatory phenotype could be a potential mechanism explaining greater cardiovas-

cular benefits of nature exposure among adults in lower versus higher socioeconomic posi-

tions. However, even if the differential effects of a pro-inflammatory phenotype are

independent of socioeconomic status in more diverse samples, such findings could also hold

substantial implications for public health.

Specifically, future findings might further support the notion that incorporating nature into

urban settings could be a strategic intervention target to curb the prevalence of cardiovascular

disease, as indicated by existing evidence [52–55], but especially among adults with a pro-

inflammatory phenotype. Importantly, nature in urban settings is typically a safe, feasible, and

cost-effective intervention target [113, 114] with potential as a complementary health approach

[52]. For instance, urban nature: (a) could be installed as a passive intervention; (b) is a long-

term intervention, fostering generational health; and (c) could be implemented through public

health policy. Urban nature also provides multiple co-benefits, such as reducing exposure to

air pollution [52], representing another cardiovascular benefit of nature exposure among

adults with a pro-inflammatory phenotype. For instance, work by Olvera-Alvarez et al (includ-

ing work in progress) indicates these adults might also experience stronger cardiovascular

risks from air pollution [102]. Other helpful nature-based interventions could even be pro-

vided using windows with nature views [106] or indoor plants [107, 108].

Future findings could also support a reconceptualization of susceptibility in public health,

shifting focus to sensitivity across all environmental conditions (adverse and protective). This

is underscored by our findings, providing modest support that higher inflammatory reactivity

and glucocorticoid resistance might not just be risk factors [27, 28] but also resources in pro-

tective environments, promoting cardiovascular benefits among male college students. While

this concept is contained within the Differential Susceptibility Hypothesis [59], we provide

trend-level evidence these effects might also pertain to protective physical environments, pro-

viding another avenue of integration with public health.

We also indicated susceptibility across a range of proximal and distal indicators with our

results affording: (a) higher confidence for inflammatory reactivity and glucocorticoid resis-

tance as indicators of susceptibility (sensitivity) to environmental factors (see Miller & Chen
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[33]; Muscatell et al [62]); (b) lower confidence for traditional self-report measures of socio-

economic status and early life stress (see Anda et al [100]; McEwen & Gregerson [101]). Fur-

ther validation of these proximal indicators in larger and more diverse samples could

significantly enhance assessments of susceptibility to environmental factors in research and

clinical settings, promoting prevention efforts for public health strategies centered on reducing

the prevalence of cardiovascular disease.

Ultimately, future research in line with this conceptual framework could lead to a greater

understanding of the ways in which nature-based interventions could be leveraged to mitigate

cardiovascular health disparities among susceptible groups. Specifically, future research could

further underscore the value of integrating protective environments, such as nature, into pub-

lic health strategies, especially for adults with a pro-inflammatory phenotype, who are particu-

larly susceptible to health risks but also might stand to experience the greatest health benefits

from protective environments. Through the use of proximal indicators, we can also more

effectively identify potential mechanisms facilitating cardiovascular risks and benefits among

susceptible groups and tailor public health interventions, taking into account individual differ-

ences in environmental sensitivity to mitigate cardiovascular health disparities.

Supporting information

S1 Table. Bivariate correlations (Susceptibility indicators). Distal indicators of susceptibility

included socioeconomic status (SES) and adverse childhood experiences (ACE) while proxi-

mal indicators included inflammatory reactivity (IL6) and glucocorticoid resistance (IC50).

(TIF)

S2 Table. Bivariate correlations (Baseline autonomic metrics). Autonomic metrics were

separated into two profiles to index higher parasympathetic (RMSSD, PNS, HR#) or sympa-

thetic activation (LF/HF, SNS, HR").

(TIF)

S1 Fig. Cardiovascular arousal and recovery (Autonomic activation). Time plots visualizing

changes in sympathetic (LF/HF, SNS, HR") or parasympathetic (RMSSD, PNS, HR#) activa-

tion throughout the experimental protocol, relative to the baseline period. X-axes present the

study periods (baseline [10 min], stressor [20 min], exposure [10 min], recovery [40 min]). Y-

axes present mean differences from the baseline period (Δ; points) and corresponding confi-

dence intervals (95%; error bars) obtained from the pairwise contrasts, using corrections for

multiple comparisons (mixed effect models without interaction terms). Asterisks above the

error bars represent significant differences from the baseline period; asterisks below these

error bars represent significant differences from the stressor period. Gray dashed lines high-

light the mean value for the baseline period. Gray dotted lines highlight the mean value for the

stressor period. *p< .05; **p< .001.

(TIF)

S2 Fig. Nature exposure and stress recovery (Autonomic activation). Mean and error plots

visualizing group differences in sympathetic (LF/HF, SNS, HR") or parasympathetic (RMSSD,

PNS, HR#) activation during the exposure (left) or recovery (right) periods. Y-axis present

mean differences between the nature versus office group obtained from the pairwise contrasts

(mixed effect models with interaction terms). Points and confidence intervals (95% error bars)

represent the nature condition compared to the office condition (dashed black line; y-intercept

at zero).

(TIF)
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S3 Fig. Interaction plots: Maximum information. Interaction plots visualizing significant

associations (slopes) between susceptibility and stress recovery (autonomic activation) by con-

dition group (nature [solid black line] versus office [dashed gray line]). Y-axes present sympa-

thetic or parasympathetic activation using fitted values (unstandardized) from the

corresponding regression model (baseline adjusted metric of autonomic activity [log] during

the recovery period [40 min]). X-axes present susceptibility indicators using log-values. P-val-

ues denote the simple slope for the nature (black) or office (gray) condition; error bands repre-

sent the standard error for each slope. Points denote participants in the nature (black triangle)

or office (gray circle) condition. Type III effects represent the interaction term.

(TIF)

S4 Fig. Forest plots of standardized effects (Binary interaction terms). Forest plots visualiz-

ing interaction terms (standardized coefficients and confidence intervals [95%]) across all mul-

tiple regression models. Within these plots, all models were specified so that among

participants with high versus low susceptibility (binary; median-value), positive interaction

terms indicate greater stress recovery (increased parasympathetic and reduced sympathetic

activation) in the nature versus office condition while negative terms indicate greater stress

recovery in the office versus nature condition. Interaction terms at zero indicate no differences

in the association between susceptibility and stress recovery (autonomic activation) by condi-

tion group. * p< .05.

(TIF)
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