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Abstract

INTRODUCTION—Dysregulation of the hypothalamic-pituitary-adrenal axis (HPA-axis) is 

common in individuals who experience chronic psychological stress, as well as individuals with 

chronic pain. Changes in cortisol availability in the presence of a chronic stressor such as pain 

may influence the sympathetic-adrenal-medullary (SAM) system, which contributes to 

cardiovascular responses to stress and also exhibits altered responsiveness in the presence of pain. 

The purpose of this study was to investigate the relationship between HPA activity during the 

cortisol awakening response and cardiovascular reactivity during exposure to an acute 

psychological stressor in individuals with chronic neck pain.

METHODS—Area under the curve (AUC) of the salivary cortisol awakening response was 

assessed in 41 individuals with chronic neck pain aged 19–80 years (22 men, 23 women). Slopes 

representing the change in mean arterial pressure and heart rate during a baseline quiet sitting 

condition, a low stress condition with mental concentration, and a high stress condition combining 

mental concentration with social evaluative threat were calculated for each individual as an index 

of cardiovascular responsiveness to the acute stressor. Cardiovascular responses were regressed on 

cortisol awakening AUC and pain duration, adjusting for age and sex.

RESULTS—Greater mean arterial pressure (β = -0.33, p=0.02) and heart rate responses (β 

=-0.41, p = 0.007) to the acute psychological stressor were associated with lower cortisol 

awakening responses after adjusting for age and sex. Individuals with a shorter duration of chronic 
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pain also demonstrated a larger increase in mean arterial pressure during the laboratory stressor (β 

=−0.39, p =0.01), but there was no relationship between pain duration and changes in heart rate (p 

= 0.25).

CONCLUSIONS—Individuals with a shorter duration of chronic neck pain who demonstrate 

heightened cardiovascular responsiveness to an acute psychological stressor also exhibit lower 

cortisol awakening response. These results are consistent with time-dependent adaptations across 

the two major stress systems in the presence of chronic pain.

INTRODUCTION

Chronic neck pain and psychological stress

The annual prevalence of neck pain has been reported to be between 30 and 50% of the 

population, with 10–20% of these individuals reporting interference in daily activities 

(Hogg-Johnson 2008). Chronic neck pain is defined as pain occurring between the superior 

nuchal line and the spine of the scapula for a duration longer than that expected for normal 

tissue healing (Guzman 2009). Typically, a pain condition is considered chronic after 3–6 

months of continuous or recurrent symptoms (Sluka 2009). Between 50 and 75% of 

individuals who experience an acute episode of neck pain go on to develop persistent 

symptoms lasting more than 6 months, regardless of the mechanism of injury (Manchikanti 

2009). Although neck pain continues to be a source of significant burden to both the 

individual and the health care system (Ferrari 2003), there is limited information on 

mechanisms that contribute to the development and maintenance of pain chronicity.

The most consistent risk factors for the development of chronic neck pain include 

psychological factors such as anxiety, depression, and perceived stress (Linton 2000, Cote 

2008, Ariens 2001). Additionally, psychological distress is a prevalent comorbid condition 

for many chronic pain disorders, including neck pain (Nieto 2011, Sjors 2011). 

Psychological factors may not only contribute to the initial development of chronic pain, but 

may also facilitate its chronicity given that maladaptive responses to psychological stressors 

contribute to a poor prognosis for recovery from pain (Linton 2000). Consistent reports of an 

association between psychological stress and chronic pain from both cross sectional and 

longitudinal studies suggest that better understanding the mechanisms underlying this 

relationship may improve the prevention and treatment of stress-related chronic pain 

disorders.

Pain as a stressor

It is widely accepted that pain itself can serve as a stressor, eliciting physiologic responses 

from multiple systems, including the hypothalamic-pituitary-adrenal (HPA) axis and the 

sympathetic-adrenal-medullary (SAM) system. In response to an acute nociceptive stimulus, 

the HPA axis increases cortisol secretion which facilitates glucose metabolism, suppresses 

non-vital organ system functions, and inhibits pain. This response is consistent with an 

adaptive “fight or flight” response and ultimately allows the individual to continue 

performing vital functions in the presence of pain (Heim 2000). When the system continues 

to experience an ongoing nociceptive stimulus however, this heightened cortisol secretory 

response can become attenuated due to negative feedback regulation of the HPA axis. In this 
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manner, chronic pain may lead to diminished cortisol levels over time and impede the 

system’s ability to modulate further increases in pain (Ehlert 2001, Tsigos 2002, Generaal 

2014).

Much like the HPA axis, when an individual experiences stress in the form of an acute 

nociceptive stimulus, activation of the SAM system is accompanied by heightened arousal, 

increased blood pressure and heart rate, and vasodilation in the extremities. Simultaneously, 

descending non-opioid pain inhibitory pathways are activated that lead to acute analgesia 

(Mayer 2009). This response is also an important contributor to the “fight or flight” 

response, allowing increased limb function in the presence of pain. Although the effects of 

acute pain are well described in the literature with respect to cardiovascular responsiveness 

(Mayer 2009, Huang 2013), changes in the presence of prolonged nociceptive stimuli are not 

as well understood. However, some evidence suggests that individuals with a variety of 

chronic pain disorders demonstrate dysregulation of the sympathetic nervous system (Perry 

1989, Stein 2004, Boneva 2007, Torpy 2000). One proposed mechanism for this relationship 

is that heightened sympathetic activation may perpetuate the pain state through sensitization 

of peripheral nociceptors to inflammation, which is mediated by norepinephrine and other 

inflammatory mediators (Janig 2006).

Psychological stressors

Multiple investigations have observed similar effects of psychological stressors on HPA and 

SAM systems as described above for nociceptive stimuli (reviewed in Hannibal 2014). For 

example, exposure to acute psychological stressors involving social evaluative threat evokes 

a transient increase in cardiac autonomic responses, followed by a delayed and more 

prolonged rise in cortisol (Dickerson 2004, Bosch 2009). Importantly, autonomic responses 

to an acute psychological stressor have been shown to predict subsequent elevations in 

cortisol (Bosch 2009, Uchino 1995), indicating coordinated activation of the two major 

stress systems. However, it is not known whether these acute stress reactions are associated 

with chronic dyregulation of the HPA axis among individuals with chronic neck pain. For 

these individuals, it seems reasonable to speculate that exaggerated autonomic responses to 

repeated psychological stressors and noxious stimuli throughout the day may be associated 

with over-activation and eventual suppression of HPA axis activity (Crofford 2002) to 

further perpetuate the pain state (Generaal 2014).

The HPA and SAM systems are often studied independently of each other in the context of 

pain; however, given evidence that both systems adapt to the presence of prolonged stressful 

stimuli, it is worthwhile to examine how these systems and their resulting functions 

interrelate in patients with chronic pain. Therefore the purpose of this study was to 

investigate associations between cardiovascular reactivity in response to an acute 

psychological stressor and chronic alterations in cortisol awakening response (CAR) among 

individuals with chronic neck pain. Consistent with our hypothesis that exaggerated 

cardiovascular responses to psychological stressors may be associated with activity-

dependent HPA suppression in a system already burdened by chronic pain, we hypothesize 

an inverse relationship between acute cardiovascular responses to the stressor and CAR.
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METHODS

Participants

Forty-five adults (23 women, 22 men) with chronic neck pain were recruited from health 

care clinics and the local community through physician referral and electronic, print, and 

radio advertisements. Individuals were considered to have chronic, interfering neck pain if 

they reported pain between the superior nuchal line and the spine of the scapula for at least 3 

months duration, and reported >10% neck pain related disability on the Neck Disability 

Index. This cutoff was selected to ensure that all participants experienced at least mild 

interference with daily activities based on previously established disability levels (Vernon 

1991) despite varying intensities of neck pain. Women 35–50 years of age were excluded 

due to possible confounding effects of perimenopausal hormone fluctuations on vasomotor 

function (Mishra 2012), which generally peak in the fourth decade of life but can begin 

earlier for more than half of women in late reproductive age (Hale 2014). Male participants 

were age matched to women. Women under 35 years of age were included if they had 

regular menstrual cycles (26–31 days apart, confirmed by tracking onset of menses over two 

consecutive cycles) and were not using hormonal contraceptives. Pre-menopausal women 

were tested in the early follicular (low estrogen) phase of the menstrual cycle (6–10 days 

after onset of menses), as CAR has been shown to be elevated during ovulation (Wolfram 

2011). Post-menopausal women over 50 years of age were enrolled if they reported having 

no menstrual cycle during the previous year, and were not taking hormone supplement 

medications. Individuals with major psychological or cardiovascular disorders, and those 

taking medications known to affect these systems (e.g. anti-depressants, beta-blockers) were 

also excluded. All participants provided signed informed consent for study procedures 

approved by the Colorado Institutional Review Board with additional protections for the use 

of deception during the stress manipulation.

Salivary cortisol collection

Prior to the experimental session, participants were provided with four 10 mL collection 

vials housed in a MEMS cap container (Behavioral Medicine Core Laboratory, National 

Jewish Health, CO) that recorded a time stamp upon opening and closing of the container. 

This allowed for verification of adherence to instructed collection times for the salivary 

CAR. Participants were instructed to drool into a numerically labeled collection vial through 

a straw immediately upon waking and every 15 minutes thereafter, for a total of four 

separate saliva samples collected on the morning of the experimental session. Participants 

were instructed not to eat, drink, chew gum, or brush their teeth until after the last morning 

sample was collected. Samples were stored in the participant’s home freezer until returned 

to the laboratory in an ice container on the day of the experiment, after which all samples 

were stored at -80 degrees C until later analyzed in duplicate for cortisol concentrations 

using a commercially available enzyme immunoassay (Salimetrics LLC, State College, PA; 

sensitivity <0.007 ug/dL, intra-assay coefficient of variation = 3.65%.

Acute psychological stressor

Prior to the experimental session, participants were asked to refrain from participating in 

vigorous exercise or using non-prescription analgesic medications within 24 hours of 
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testing, and consuming a major meal or caffeine within 1 hour of testing. All experimental 

sessions were scheduled between 1300 and 1600 hours to control for any diurnal 

fluctuations in stress response outcomes across participants. At the beginning of the 

experimental session, participants completed a medical history questionnaire to assess the 

duration of neck pain, the intensity of symptoms on the day of testing using a 10 cm visual 

analogue scale (VAS), and trait anxiety levels using the Speilberger Trait Anxiety (STAI-T) 

Index. The STAI-T provides an index of generalized anxiety, including traits of nervousness 

and fear-based worry that remain relatively stable despite fluctuating contextual factors. It is 

scored using a 4-point Likert scale ranging from 20–80 points, with higher scores indicating 

greater trait anxiety (Speilberger 1983).

The mental concentration task consisted of a computerized version of the Operation Span 

(OpSpan) test, which requires participants to solve arithmetic problems while memorizing 

sequential words lists and selecting answers with a computer mouse (Conway 2005). The 

OpSpan test required approximately 5 minutes to complete and was repeated for each 

participant under low stress and high stress conditions, separated by at least 15 minutes. 

Mean arterial blood pressure (MAP) and heart rate (HR) were monitored using an automated 

device (Coulbourn Instruments, PA) in a resting seated position prior to the start of the 

experiment and immediately upon completion of the low and high stress conditions.

In the low stress condition, participants were told that their performance would not be 

monitored during a “practice trial” with no requirements for speed or accuracy, and 

individuals were given positive feedback by a familiar tester regardless of their performance. 

Prior to the high stress condition, participants were told that they would be videotaped and 

were instructed to perform the test as fast and accurately as possible. Additionally, a 

monetary reward was offered for high scores. This condition was administered by an 

authoritative and unfamiliar tester who did not provide any positive feedback. Participants 

were naive to the purpose of the stress manipulation prior to the experiment, and were fully 

debriefed immediately upon completion of the high stress condition.

Data analysis

The CAR measurement is often used as an index of basal HPA activation, with typical CAR 

levels in healthy individuals increasing by approximately 50% within the first 30 minutes of 

waking, regardless of morning routine (Wust 2000). CAR was measured as area under the 

curve (AUC) of the four samples collected within the first 45 minutes of wakening. Cortisol 

AUC was calculated with respect to ground in nmol/L over the 45 minute period using a 

widely applied formula: 

 (Pruessner 2003). 

As indices of autonomic cardiovascular responses to the acute stressor, a best-fit linear 

analysis (e.g., slope) of MAP and HR were applied for each individual to quantify the 

magnitude of change between resting baseline, low stress, and high stress conditions. 

Changes in salivary cortisol across collection time points, and changes in MAP and HR 

across stress conditions were assessed with Repeated Measures Analysis of Variance 

(RMANOVA) with Tukey HSD post-hoc adjustments as appropriate.
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Two multivariate regression models were performed using CAR levels and pain chronicity 

(e.g., duration of neck pain) as independent predictor variables. The dependent variable was 

the slope of MAP in the first regression, and the slope of HR in the second regression. Pain 

chronicity was included in the model as a surrogate measure of time-dependent adaptive 

changes. Given their previously reported relationship with cortisol, age (Almeida 2009) and 

sex (Kirschbaum 1992) were included in both regression models as a priori covariates. 

Secondary Pearson correlation (r) analyses were used to explore bivariate relationships 

between variables that were not investigated in the primary regression models. Significance 

levels were set at an alpha of 0.05. All statistical analyses were performed in SAS version 

9.3 (SAS v 9.3, SAS Institute Inc. Cary, NC USA). Results are reported as mean (SD) in the 

text and figures.

RESULTS

Participant characteristics

A total of 164 saliva samples were collected and analyzed; participants who did not provide 

all 4 morning saliva samples were excluded from analysis (2 men, 2 women). The remaining 

41 participants ranged from 19 to 80 years of age (43.5(18.7) years), with an average body 

mass index of 24.9(4.2) kg/m2. The intensity of neck pain as measured by the VAS on the 

day of testing was mild on average (2.56 (2.01) cm), with ratings ranging from 0 cm (no 

pain) to 7.5 cm (severe) on a 10 cm scale. Neck Disability Index scores indicated mild, 

bordering on moderate, levels of neck-related disability on average (29.6 (14.8)%), with 

scores ranging from 12 (mild disability) to 70 (complete disability)%. The self-reported 

duration of neck pain ranged from 6 months to 30 years, with an average of 10.0 (7.9) years. 

Trait anxiety scores (STAI-T) were 32.9(8.6) on average, with scores ranging from 22 to 58 

points.

Cortisol awakening response and acute cardiovascular responses

There was a significant increase in salivary cortisol levels across the four collection time 

points (F=7.1, df=163, p<0.001), consistent with the cortisol awakening response. A 39.5% 

increase in cortisol occurred 30 minutes after waking (Figure 1). Additionally, there was a 

significant increase in MAP across the three experimental conditions (F=49.1, df=122, 

p<0.001), with an average slope of 4.7(3.6) mmHg. However changes in HR were more 

variable and did not demonstrate a consistent increase (F=0.01, df=122, p=0.98), with an 

average slope of -0.06(2.9) across conditions (Figure 2).

Associations between CAR and acute cardiovascular responses to the stressor

There were no significant relationships between pain intensity on the day of testing and 

either CAR (r = 0.07, p = 0.65) or cardiovascular responses to the stressor (r = 0.19, p = 0.19 

for HR, and r = 0.01, p = 0.96 for MAP). Multivariate regression analyses demonstrated that 

CAR and pain duration were significantly associated with MAP responses to stress after 

adjusting for age and sex (F = 3.08, p = 0.03), with both CAR and pain duration being 

inversely related to MAP slope (β = -0.33, p = 0.02, and β = -0.39, p = 0.01 respectively). 

The overall adjusted model for HR responses was not significant (F=2.19, p=0.08); there 

was a significant inverse association between CAR and HR slope (β=-0.41, p=0.007), 

Shahidi et al. Page 6

Physiol Behav. Author manuscript; available in PMC 2016 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



however, pain duration was not significantly related to HR responses in this model (β=-0.16, 

p=0.25). There were no significant age or sex effects observed in the adjusted models 

(p>0.20). Furthermore, there were no significant associations between self-reported trait 

anxiety and any of the primary physiological outcomes. For illustrative purposes, bivariate 

CAR associations with pain intensity and acute cardiovascular responses to the stressor are 

shown in Figure 3.

DISCUSSION

This study examined the association between cardiovascular responses to an acute 

psychological stressor and CAR levels in a chronic pain population. Results indicated that 

heightened MAP responses to the stressor were associated with a lower cortisol awakening 

response and a shorter duration of self-reported chronic pain. These findings are consistent 

with the hypothesis that elevated autonomic responses to psychological stressors, 

particularly in the earlier stages of a persistent pain syndrome, may be related to chronic 

suppression of HPA activity. This observation suggests a potential model for stress-related 

pain chronicity that can be explored in future experimental studies.

Association between CAR and acute cardiovascular responses to psychological stress

Few studies have investigated the relationship between HPA axis activity and cardiovascular 

reactivity among individuals with chronic pain. Animal models of repeated acute stress have 

demonstrated that the HPA response becomes attenuated over time, whereas the 

catecholamine response increases (Thiagarajan 1989). This finding of divergent adaptations 

in the two major stress systems is consistent with the inverse relation between CAR and 

cardiovascular responses observed in the present study. However, habituation or 

sensitization of the stress response for each of these systems likely depends on the type and 

duration of the stressor. Examining a repeated stress paradigm in humans, Schommer et al. 

(2003) found that cortisol and heart rate responses habituated with repeated applications of 

the stressor, whereas the norepinephrine response did not change. Interestingly, although 

responsiveness did not change, basal levels of norepinephrine increased with repeated 

exposure to the stressor which may support differential regulation of basal and acute 

reactivity of the major stress systems.

Dysregulation of HPA function has been well documented among individuals with chronic 

pain, for whom noxious stimuli may serve as a repetitive stressor causing long-term adaptive 

changes (Hannibal 2014). Among individuals with chronic neck pain, the present results 

indicate that heightened autonomic responses to an acute psychological stressor are 

associated with reduced HPA activity, as indexed by the CAR. It has previously been shown 

in healthy individuals that autonomic responses to an acute psychological stressor predict 

the subsequent rise in cortisol levels (Bosch 2009, Uchino 1995), indicating a link between 

cardiovascular responses and HPA activation.

Together, these findings suggest that when superimposed on a system already burdened by 

persistent pain, elevated autonomic responses to relatively minor daily stressors may be 

related to chronic suppression of HPA function, ultimately reducing its analgesic effects and 

perpetuating the pain state. Suppression of HPA function may occur through negative 
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feedback regulation, cortisol depletion, changes in receptor sensitivity, or other related 

mechanisms (Crofford 2002). This model of stress-related pain chronicity is consistent with 

findings from the present investigation; however, experimental studies are needed to verify 

causal relationships and mechanisms underlying the observed association between acute 

cardiovascular responses to stress and chronic adaptations in HPA function.

Previous studies indicate that the inverse association between CAR and acute cardiovascular 

responses to psychological stress may be explained by interactions between the HPA and 

SAM systems at multiple central and/or peripheral sites during exposure to acute 

psychological stressors in the presence of persistent pain. For example, many studies 

implicate activation of higher brain centers such as the amygdala, hippocampus, and 

hypothalamus by emotional or fear based stressors (Tsigos 2002). Specifically, the central 

nucleus of the amygdala has been shown to be involved in both cardiovascular and 

endocrine responses to psychological stress (Van de Kar 1999). Although cortical activation 

was not examined in the present study, pain has previously been interpreted as a fear-based 

threat that can activate amygdalar pathways affecting downstream regulation of cortisol and 

catecholamine release (Lloyd 2014). This interaction is thought to be mediated by 

descending circuits involving the paraventricular nucleus (PVN) of the hypothalamus, based 

on studies showing that lesions of the PVN reduce corticosterone secretion in response to 

stress (Richardson 1990). Projections of catecholamine pathways are not as well 

characterized, but are thought to originate either through medullary connections to the 

paraventricular nucleus, or from the locus coeruleus in the brainstem (Van de Kar 1999). 

Interestingly, the locus coeruleus is also known to be activated by noxious stimuli (Szabadi 

2012).

Association between pain chronicity and acute cardiovascular responses to psychological 
stress

Pain duration was included in the regression models as a surrogate measure of time-

dependent adaptations that may occur with persistent pain. Somewhat surprisingly, we found 

that blood pressure but not heart rate responses to the psychological stressor were inversely 

associated with pain chronicity. Importantly, this association was independent of age. 

Previous studies have shown that transient increases in blood pressure allow for a 

sympathetically mediated hypoalgesic response to an acute pain stimulus (Sacco 2013). 

Inhibition of pain is thought to be an integral part of the “fight or flight” response, which is 

facilitated by the additional release of serotonin and noradrenaline. However, when pain 

becomes chronic, the relationship between blood pressure and pain appears to be reversed. 

For example, an association between elevated blood pressure and higher pain sensitivity has 

been observed in individuals with chronic back or orofacial pain (Sacco 2013, Maixner 

1997). This time-dependent adaptation is thought to be due to changes in the baroreceptor 

reflex caused by a reduction in baroreceptor sensitivity to persistent pain. Decreased 

baroreceptor sensitivity attenuates the hypoalgesic effect of SAM activation, resulting in 

increased pain perception (Maixner 1997). Thus, individuals may engage sympathetically 

mediated pain inhibitory mechanisms more readily during exposure to psychological 

stressors in the earlier stages of chronic pain. These findings indicate that pain chronicity is 

an important determinate of cardiovascular responses to psychological stress. Interestingly, 
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CAR and blood pressure responses to the acute stressor were related to the duration but not 

the intensity of neck pain. Although the lack of association for pain intensity may be 

explained by small discrepancies in times of measurement for CAR (morning of 

experiment), pain intensity (afternoon just prior to experiment), and cardiovascular 

responses (afternoon during experiment), it seems likely that adaptations in physiological 

stress responses are more strongly related to the chronicity of symptoms, rather than the 

magnitude of neck pain which exhibits large day-to-day variability (Balter 2013).

Study Limitations

The present study accounted for several variables that have not been well controlled in 

previous investigations of the relationship between CAR levels and cardiovascular responses 

to psychological stress in humans, including age, sex, diurnal rhythms, and perimenopausal 

status. However, our results should be interpreted in the context of several limitations. First, 

causal relationships cannot be established through correlation analyses, and proposed 

hypotheses regarding interactions across these complex systems remain speculative until 

verified by experimental investigations. Although our findings are consistent with the 

hypothesis that elevated autonomic responses to acute stressors are related to chronic 

suppression of HPA activity, it is equally plausible that reduced HPA activity in the 

presence of chronic pain may ultimately lead to an adaptive increase in autonomic responses 

to psychological stress. The relationship between these systems may also be mediated 

through concurrent activation of higher brain centers, in addition to direct interactions in the 

periphery. Future research is needed to delineate central and peripheral mechanisms 

contributing to observed interactions between the HPA and SAM systems in response to 

psychological stress in chronic pain populations, as well as in healthy individuals without a 

history of pain. Investigation of pain-free individuals is needed to determine whether the 

observed associations are specific adaptations to a chronic pain state.

A second limitation is that cardiovascular responses do not provide a direct measure of SAM 

activation, as they are influenced by inputs from multiple systems (Buijs 2013). This may 

partially explain discrepancies in heart rate and blood responses to the acute stressor and 

their association with pain duration. Future studies would benefit from more direct measures 

of sympathetic function (e.g., epinephrine and norepinephrine) to clarify the relation 

between acute SAM activation and chronic adaptations in HPA function.

Finally, salivary cortisol was collected only on a single day. Recent studies have suggested 

that cortisol secretion may have large day-to-day variations, which can be influenced by 

factors such as the sleep-wake cycle, and weekday versus weekend collection times 

(Karlamangla 2013). As such, HPA activity may have been more accurately captured by 

sampling CAR over multiple days. Similarly, HPA activity was measured at a different time 

point (morning of the experiment) and in response to a different stressor (awakening) 

compared to measurement of cardiovascular responses. This was done to reflect chronic 

adaptations in HPA function, and does not provide information on concurrent responses of 

the two stress systems to the same acute stressor as has been done in previous studies (Bosch 

2009, Uchino 1995).
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In summary, the present findings demonstrate that individual cardiovascular responses to an 

acute psychological stressor are inversely associated with the cortisol awakening response in 

patients with chronic neck pain. In addition, those experiencing a shorter duration of pain 

also demonstrated more pronounced blood pressure responses to the stressor. Taken 

together, these results support time-dependent adaptations in interactions between the two 

major stress response systems in the presence of persistent pain that may inform our 

understanding of how psychological stress contributes to the maintenance of pain.
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Highlights

• We measured cardiovascular and cortisol awakening response in individuals 

with neck pain

• Greater mean arterial pressure was associated with lower cortisol awakening 

response

• Shorter duration of pain was related to higher mean arterial pressure response
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Figure 1. 
Mean (SD) salivary cortisol levels upon wakening (AM+0) and every 15 minutes thereafter 

(AM+15, AM+30, AM+45). The cortisol awakening response (CAR) was measured as the 

area under the curve for each participant. * p<0.05 compared to AM+0; + p<0.05 compared 

to AM+15
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Figure 2. 
Individual (grey) and group mean (SD) (black) responses to the acute psychological stressor. 

On average, mean arterial pressure (A) increased across baseline, low stress, and high stress 

conditions (p<0.001), whereas heart rate (B) did not (p=0.98). Individual responses to the 

stressor were measured as the slope of the line across conditions.
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Figure 3. 
Scatter plots showing bivariate associations between cortisol area under the curve (AUC) (x-

axis) and pain intensity on the day of testing (A), mean arterial pressure (MAP) slope (B), 

and heart rate (HR) slope (C) on the y-axes, respectively. Significant beta weights were 

found between cortisol AUC and cardiovascular responses to the stressor in the adjusted 

multivariate regression.
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