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Abstract
Background—There is a dearth of knowledge about the link between cortisol and pain
sensitivity.

Purpose—We examined the association of salivary cortisol with indices of cold pain sensitivity
in 198 female twins and explored the role of familial confounding.

Methods—Three-day saliva samples were collected for cortisol levels and a cold pressor test was
used to collect pain ratings and time to threshold and tolerance. Linear regression modeling with
generalized estimating equations examined the overall and within-pair associations.

Results—Lower diurnal variation of cortisol was associated with higher pain ratings at threshold
(p = 0.02) and tolerance (p < 0.01). The relationship of diurnal variation with pain ratings at
threshold and tolerance was minimally influenced by familial factors (i.e., genetics and common
environment).

Conclusions—Understanding the genetic and non-genetic mechanisms underlying the link
between HPA axis dysregulation and pain sensitivity may help to prevent chronic pain
development and maintenance.
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INTRODUCTION
Chronic pain is a serious public health problem that reduces quality of life and productivity
(1, 2). The annual cost of chronic pain in the U.S. is estimated at $560-$635 billion,
including medical expenses as well as productivity losses (1). Despite the high prevalence
and heavy burden of chronic pain, the etiology and pathophysiology of numerous chronic
pain conditions remain largely unknown. Theories across many disciplines point to a
complex network of biological, psychological, and social elements working in bidirectional
pathways to generate the experience of chronic pain (1). Notably, research has implicated
psychological stress in the development and maintenance of many chronic pain conditions
(3), raising important questions about how stress “gets under the skin” (4).

The hypothalamus-pituitary-adrenal (HPA) axis, which connects sensory information with
the central nervous system, may be one pathway by which stress influences the perception of
painful stimuli (5). In response to perceived stressors, the HPA axis initiates a cascade of
hormones that affect numerous physiological functions (6). Cortisol is one product of this
hormonal cascade that has been widely studied because of its influence on cognition,
metabolism, and immune function, and its role in linking stress and disease (6). Cortisol
levels naturally fluctuate during the day and are elevated in response to acute stressors (7).
However, unlike the adaptive HPA response to acute stress, chronic stress can alter or
dysregulate HPA axis function, resulting in overproduction of cortisol (hypercortisolism),
underproduction of cortisol (hypocortisolism), a flattened cortisol awakening response
(CAR), or a flattened change from morning to evening cortisol levels (diurnal variation)
(6-8). This HPA axis dysregulation is associated with numerous pain conditions, although
the mechanisms that link HPA axis function and chronic pain are not well understood
(9-11).

Previous studies have examined HPA axis dysregulation in chronic pain populations as well
as the relationship between cortisol and pain sensitivity in these individuals. Chronic pain
conditions such as fibromyalgia (FM), chronic widespread pain (CWP), and chronic fatigue
syndrome are associated with changes in HPA axis function (8, 10, 12-14). Findings from a
prospective population-based study suggest that participants who later developed CWP were
more likely to have higher evening, lower morning, and higher post-suppression test cortisol
levels than those who did not. Although these results have not been independently
replicated, they suggest that HPA axis dysregulation resulting in flattened diurnal variation
may be a risk factor in developing CWP or other chronic pain conditions (15). In individuals
with chronic pain, HPA axis function has also been associated with the experience of pain
symptoms or pain sensitivity. In FM populations, cortisol levels are associated with pain
ratings at waking and within one hour of waking, but not at other times of day (16). One
intervention study supports a link between high evening cortisol and pain sensitivity, insofar
as treatment lowered evening cortisol levels and pain scores while increasing pressure pain
threshold in people with FM (17). Other studies of provide evidence that HPA axis
dysregulation through a flattened CAR and reduced diurnal variation is associated with
increased pain in individuals with chronic pain conditions (18, 19).

In addition to clinical pain research, the mechanisms behind the cortisol-pain relationship
have been examined by experimental studies. In a recent laboratory study, healthy
individuals with a flattened CAR reported significantly elevated ratings of pain intensity and
unpleasantness during a cold pressor test (20). Sensory amplification, or increased sensory
responsiveness, was related to elevated pain ratings in healthy volunteers with induced
hypocortisolism (21). Collectively, these findings support the theory that HPA axis
dysregulation influences the perception of painful stimuli by modifying processes of sensory
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responsiveness, but more research is needed to understand how HPA axis function is related
to experimental pain sensitivity.

Despite evidence of HPA axis dysregulation in individuals with chronic pain and a
relationship between HPA axis function and pain symptoms in clinical populations, little is
known about HPA axis dysregulation and pain sensitivity in individuals without chronic
pain. If cortisol function in pain-free individuals is indicative of later development of
chronic pain conditions, will HPA axis dysregulation in this population be associated with
increased pain sensitivity? If so, the link between experimental pain sensitivity and cortisol
function could serve as an early indicator of developing pain conditions before they become
chronic (22, 23). Therefore, studying how cortisol relates to pain sensitivity in individuals
without chronic pain conditions may provide insight into how HPA axis dysregulation is
associated with the onset of increased pain sensitivity, including the genetic and familial
influences, before increased pain sensitivity is maintained and perpetuated as in chronic pain
populations.

Further, to our knowledge, no research to date has examined the role of genetic and common
environmental influences (i.e., familial factors) in the relationship between HPA axis
function and experimental pain sensitivity. Genetics and common environmental factors
both influence HPA axis function (24), and genetic factors have been found to impact
experimental pain sensitivity (25). Further, genetic factors may also contribute to the HPA-
pain relationship, as genes related to HPA axis function have been linked to musculoskeletal
pain and comorbid symptoms such as poor sleep quality and depression (26). Therefore,
genetic and familial factors may be implicated in the cortisol-pain sensitivity relationship
either as potential risk or protective factors for increased pain sensitivity and later
development of chronic pain.

The aims of the present study were a) to examine the association of basal morning and
evening salivary cortisol, and diurnal variation (i.e., changes in cortisol from morning to
evening), with indices of cold pain sensitivity in relatively pain-free individuals, and b) to
explore the role of familial confounding in those associations. We hypothesized that lower
basal morning, higher basal evening, and lower diurnal variation would be associated with
increased pain sensitivity. Due to the novel examination of genetic and familial influence on
the cortisol-pain sensitivity relationship, we did not have any hypotheses about how these
factors would contribute to the associations.

METHODS
Participants

Participants were 198 female twins (99 pairs) drawn from the community-based University
of Washington Twin Registry (UWTR), which uses data from the Washington State
Department of Licensing to identify twins (27, 28). Participants were enrolled in a study
addressing psychological, behavioral, and physiological risk factors for medically
unexplained chronic pain in women (29). Recruitment occurred between 2006 and 2010.
Potential participants were randomly selected from the UWTR and included both pain-free
twin pairs and pairs discordant for medically unexplained pain. Because the study focused
on medically unexplained chronic pain, potential participants were excluded if they had any
medical conditions that could explain their pain (e.g., cancer, autoimmune diseases) or that
might affect data collection (e.g., uncontrolled endocrine and allergy conditions,
cardiopulmonary problems, sleep disorders). Further exclusionary criteria included current
smoking, positive test on a screen for drugs of abuse, a body mass index (BMI) of less than
20 or more than 30 kg/m2, current or planned pregnancy during the study period, limb
amputation, and complete deafness or blindness. All participants provided written informed
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consent before commencing any study activities. The study protocol received approval from
the Institutional Review Boards of the University of Washington, the University of
California, San Diego, and the University of Kentucky.

General Procedures
Once enrolled in the study, participants were asked to stop taking all medications that might
affect pain, sleep, the HPA axis, or the autonomic nervous system during the study period
and for two weeks before the study procedures. Participants were permitted to take over-the-
counter pain medication (e.g., Tylenol) as needed during the study period, but no
participants reported taking pain relievers during the two-day laboratory portion of the
study. Restrictions were also placed on the consumption of alcohol (two drinks per week)
and caffeine (one cup of coffee per day) for the study period. Adherence to these restrictions
was confirmed using urine drug tests performed at the lab visit with no subjects showing
non-adherence.

The study began with an at-home protocol including basal salivary cortisol collection for
three days and a questionnaire packet. The questionnaire packet measured basic
sociodemographic data, including age, ethnicity, level of education, and marital status. To
determine zygosity, we used questions about childhood similarity that have been shown to
classify zygosity with an accuracy of 95%-98% compared with biological indicators
(30-33). Approximately two weeks after the at-home protocol, participants completed a two-
day visit to the University of Washington General Clinical Research Center. The laboratory
protocol included a medical history and physical examination, laboratory and exercise
testing, pain sensitivity tasks, and Holter monitoring. Both twins in each pair visited the
laboratory during the same two-day period but underwent all study procedures separately.

Cortisol
Participants collected salivary cortisol at home for three days in the morning within 30
minutes of waking up (AM) and in the evening within 30 minutes of going to bed, but no
later than 11:30 PM (PM). Participants were instructed to collect saliva by chewing or
placing an absorbent swab (Salimetrics, State College, PA) under the tongue and then
sealing it in a salivate tube. During this period, participants had daily contact with research
staff to troubleshoot any saliva collection problems, and kept a daily log to report any
problems encountered during the collection process. A sleep log was used to capture the
time participants woke up and went to bed each day during the at-home collection period.
Saliva samples were stored in home freezers and brought to the Seattle research center on
dry ice during the laboratory visit.

Thereafter, samples were stored in a −80°C freezer and batch shipped to the University of
Kentucky General Center for Clinical and Translational Science on dry ice for batch
processing. Samples were processed by centrifugation, and cortisol concentrations were
determined with High Sensitivity Salivary Cortisol Enzyme Immunoassay Kits (Salimetrics,
State College, PA) following manufacturer’s instructions. Sensitivity for cortisol assays is <
0.003 ug/dL. Inter-assay variability was ascertained from internal control samples in every
assay. Samples were analyzed by using a KC4 uQuant Plate Reader (BioTek Instruments,
Inc., Winooski, VT). Average values for the three daily AM and three daily PM samples
were calculated; log transformed values were used in the statistical models, given non-
normal distributions. As the pattern of change in cortisol from morning to evening can be
indicative of HPA axis dysregulation, a cortisol change variable, diurnal variation, was
calculated by subtracting basal evening cortisol levels from basal morning cortisol levels
and averaging these difference scores across the three days of collection. This is the most
basic method of calculating diurnal variation in cortisol as only two time points, morning
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and evening, are required (34). Previous research has used morning and evening basal levels
to draw conclusions about the diurnal variation of cortisol (15). Diurnal variation values
were left on their original, non-log transformed scale. Altogether, three cortisol indicators
were used in the models: log average AM cortisol, log average PM cortisol, and average
diurnal variation.

Experimental Pain Sensitivity
The cold pressor test was used to measure experimental pain sensitivity. For this test, a large
container of water was kept at 1-2°C with ice cubes and a submerged pump (35).
Participants immersed their dominant hands and forearms in the water and indicated when
the sensation became painful (threshold) and when they could no longer stand the pain
(tolerance). Participants removed their arms from the water at tolerance or at 5 minutes,
whichever came first. Two pain latency variables were captured from this test: the time from
test start when the participant put his/her hand and forearm in water to the threshold point
(time to threshold) and the time from test start to the tolerance point (time to tolerance).
Participants were also instructed to rate their overall pain intensity level “at this moment” on
a visual analog scale (VAS), anchored at “no pain” (score of 0) and “worst pain ever” (score
of 100). VAS ratings were taken immediately before the start of the procedure (baseline), at
threshold, and at tolerance. As a result, we had four indicators of experimental pain
sensitivity: pain latency measures of time in seconds to threshold and to tolerance, and pain
intensity ratings at threshold and at tolerance.

Statistical Analyses
We first calculated means and standard deviations (SD) for the continuous variables (age,
cortisol measures, and pain sensitivity measures) and percentages for the categorical
variables (ethnicity, twin status, education, and marital status). To investigate the overall
associations between the three cortisol indicators and four experimental pain indicators, all
individual twins were included in separate linear regression models to assess the cross-
sectional relationships between cortisol and pain sensitivity. Initial models showed no
association between the cortisol indicators and pain latency (i.e., time to threshold and
tolerance), so we present results for pain intensity ratings only. We fit generalized estimating
equations (GEE) regression models with robust standard errors to account for the lack of
independence of members of twin pairs. Models were adjusted for age, baseline pain
intensity rating, and pain latency. Time to threshold was used as the pain latency covariate
for the threshold pain rating model, and time to tolerance was used for tolerance pain rating.
To facilitate interpretation of the parameter estimates for log-transformed exposure variables
(AM and PM cortisol), we present results as the change in pain rating for a 10% change in
the independent variable. Results for diurnal variation, which was not log-transformed, are
presented with the typical beta-coefficient interpretation: change in pain rating for a 1-unit
change in the independent variable.

As the overall models do not take genetic or familial factors into account, we estimated
within-pair models that are inherently adjusted for familial factors such as genetic and
common environmental influences in twin pairs. These within-pair analyses are based on the
assumptions that monozygotic (MZ) pairs share 100% of their DNA; dizygotic (DZ) pairs
share, on average, 50% of their DNA; and twin pairs are typically raised in the same
household. Therefore, within-pair associations control for both genetic and common
environmental factors that may influence the relationship between two traits. If the
associations in the within-pair models are attenuated compared to the overall associations,
we can conclude that familial factors contribute to these relationships. Alternately, a within-
pair association that is not attenuated compared to the association in the overall model
provides evidence that familial factors do not play a prime role in that relationship.
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To calculate within-pair effects, GEE linear regression models were fit such that the
exposure of interest was the deviation of the individual cortisol measurement from the pair-
level mean cortisol (36). Within-pair effects were estimated only for associations that were
significant in the overall analyses. Within-pair models were also adjusted for age, baseline
pain rating, and pain latency. The significance level for all analyses was set at p < 0.05. Data
were analyzed by using Stata/SE 12.1 for Windows (StataCorp LP, College Station, TX,
2012).

RESULTS
Participant Characteristics

Table 1 displays the demographic and clinical characteristics of the sample. Of the 198 twins
who participated in the study, four (2%) were excluded because their zygosity was
indeterminate and eighteen (9%) were excluded because their cortisol measurements were
missing. All participants were female, with 77% identified as MZ. The average age of the
sample was 29 years (SD = 10); 85% self-identified as White, 52% had a Bachelor’s degree
or higher, and 34% were married or cohabitating. As expected, the sample exhibited a
pattern of higher AM cortisol levels and lower PM cortisol levels. Participants required an
average of 18.3 seconds to reach pain threshold (SD = 19.9) and 65.8 seconds to reach pain
tolerance (SD = 73.9). Average pain ratings on a scale from 0 to 100 were 7.8 (SD = 12.1) at
baseline, confirming that the sample was relatively pain-free. Average threshold and
tolerance pain ratings on the 0-100 VAS scale were 43.9 (SD = 19.3) and 66.9 (SD = 18.9),
respectively.

AM and PM Cortisol and Experimental Pain Sensitivity
Threshold and tolerance pain intensity ratings were not significantly correlated with AM
cortisol or PM cortisol in the overall models (Table 2). Baseline pain rating was the only
covariate significantly associated with pain rating at threshold or tolerance; this finding was
consistent for both AM and PM cortisol models.

Diurnal Variation in Cortisol and Experimental Pain Sensitivity
In the overall analyses, diurnal variation was negatively associated with pain intensity
ratings at both threshold (p = 0.02) and tolerance (p < 0.01) (Table 3). Baseline pain rating
was also significantly associated with pain ratings at threshold and tolerance. Within-pair
analyses for diurnal variation showed effects of similar magnitude compared to the overall
analyses (B = −12.7 versus −11.9 for threshold and B = −13.1 versus −14.7 for tolerance
pain rating), but only the association between diurnal variation and pain rating at tolerance
remained significant (p = 0.04). Baseline pain rating remained the only covariate
significantly associated with pain ratings at threshold (p = 0.03) or tolerance (p = 0.04) in
within-pair analyses.

DISCUSSION
To our knowledge, this is the first study to examine the relationship between basal salivary
cortisol and experimental pain sensitivity in a twin sample in which familial confounding
could be examined. Using the cold pressor test, we found that lower diurnal variation of
cortisol was significantly associated with higher pain intensity ratings at both threshold and
tolerance, even after controlling for age, baseline pain intensity rating, and pain latency. In
within-pair analyses, we found that the magnitude of the associations remained relatively
robust after controlling for shared familial factors, even though the significance levels for
the association of diurnal variation with pain ratings at threshold and tolerance were reduced
(and rendered non-significant for threshold). These findings suggest that familial factors
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may play only a partial role in the relationship between diurnal variation in cortisol and
experimental pain sensitivity. As expected, we found that baseline pain ratings, even in this
relatively pain-free sample, were significantly associated with pain ratings at threshold and
tolerance in both the overall and with-pair models (37). We also found no significant
associations between any of the cortisol indicators and the experimental pain latency
measures, nor were there any associations between AM or PM cortisol levels and pain
intensity ratings at threshold and tolerance.

Cortisol and Pain Sensitivity
Cortisol is a measure of HPA axis functioning, which is a component of the autonomic
nervous system that responds to psychological or physiological stress. Levels of cortisol
naturally fluctuate during the day, such that high morning levels taper into lower evening
levels, with minor changes in response to acute stressors. Although research supports large
individual differences in basal cortisol levels and diurnal variation of cortisol (38), chronic
stress is associated with dysregulation of the HPA axis, including flattened CAR and lower
levels of morning cortisol that do not diminish over the course of the day, producing a
flattened diurnal variation (5, 10). However, the association between stress and HPA axis
function in the cortisol awakening response may depend on the type of stressor (39).
Overall, limited studies in clinical and experimental settings tend to support the theory that
heightened pain sensitivity is related to HPA axis dysreguation through either a flattened
CAR (20) or reduced diurnal variation (10, 17), but the findings and exact associations are
inconsistent across studies (6).

This study cannot speak to the association of CAR and pain sensitivity. However, it is the
first study to report the association between decreased diurnal variation in cortisol and
increased experimental pain sensitivity. In line with studies conducted in individuals with
chronic pain, our findings support that HPA dysregulation resulting in a flattened cortisol
diurnal rhythm is associated with increased pain sensitivity (18, 19). Our findings are
consistent with the one study demonstrating flattened diurnal variation as a predictor of later
development of CWP (15). Additional studies are needed to further examine the association
of absolute AM or PM cortisol versus diurnal changes in cortisol with pain sensitivity and to
determine through prospective studies if HPA axis dysregulation is a reliable predictor of
both increased pain sensitivity and chronic pain development.

Our findings that lower diurnal variation is associated with higher pain ratings at threshold
and tolerance also expand upon the existing literature on cortisol dysregulation and pain
sensitivity. This finding suggests that absolute levels of cortisol in the AM or PM may not
be as important as changes in cortisol levels from morning to evening. In other words,
diurnal variation may capture intra-individual differences in cortisol throughout the day that
may be more strongly associated with pain sensitivity than are inter-individual differences in
absolute cortisol levels in the morning or evening.

Unlike the limited previous literature, we did not find associations between basal AM or PM
cortisol levels and pain sensitivity. This divergence may result from differing
methodologies. The current study treated cortisol as a continuous variable, whereas other
studies (16, 20) have compared pain sensitivity across groups determined by clinical pain
status or normal/abnormal CAR. These grouping methods may reduce inter-individual
variance by creating groups with more homogeneous cortisol levels. It should be noted that
basal AM and PM cortisol levels did contribute to the diurnal variation variable in this
study. However, it is not clear if the dysregulation of the diurnal variation was due to low
AM levels, high PM levels, or the combination of the two. Although neither basal AM nor
basal PM cortisol levels were significantly associated with pain ratings in this study, the
association between high PM cortisol and high pain ratings was stronger than the
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relationship between low AM cortisol and pain ratings (Table 2). If these associations were
significant, they could provide support that the relationship between diurnal variation and
pain sensitivity may be more influenced by higher PM cortisol than low AM cortisol in this
sample.

Diurnal variation in cortisol was associated only with pain intensity and not with pain
latency. This asymmetry might indicate that the two sets of pain sensitivity measures used in
our protocol actually assess separate pain constructs. Following Melzack’s model (40), pain
ratings might be more closely related to the affective component of pain perception, whereas
pain latency could be tapping into action programs associated with the physical sensation of
pain. The HPA axis might have a stronger relationship with the affective experience of pain
than with behavioral response during the pain experience; such a relationship might also
explain the close ties between chronic pain and affective conditions (41). The difference in
findings between pain intensity ratings and pain latency measures also highlights the
difficulty in measuring pain and related behaviors in humans to elucidate psychological,
biological, and neurological mechanisms.

Genetic and Familial Influences
Co-twin studies that examine within-pair differences are one of the most sensitive
approaches to assessing the association of subtle clinical measurements, such as salivary
cortisol and pain sensitivity. Although we found that the magnitude of the association
between diurnal variation and pain intensity ratings at threshold changed minimally, the
association became non-significant in the within-pair analysis. In contrast, the association of
diurnal variation and pain intensity ratings at tolerance remained significant in the within-
pair analysis. On one hand, these differing results for pain at threshold and at tolerance
suggest that the experience of pain at threshold and the experience of pain at tolerance may
be separate constructs, with distinct mechanisms related to HPA axis function. On the other
hand, the similarly robust magnitude of these associations, despite dissimilar levels of
statistical significance, argues against such an interpretation.

In lieu of experimental designs that may be impossible or unethical, co-twin studies
constitute a natural experiment that can help to distinguish potentially causal relationships
from relationships that stem from shared genetic or common environmental factors (42, 43).
For example, if the association between two traits is not causal but results from genetic and
environmental factors that affect both traits, we would expect little association between the
two traits in a within-pair design that adjusts for the confounding effects of genetics and
environment. Alternately, if the association between two traits is causal, then we would
expect a robust association even within our closely matched twin pairs.

We found indications that familial factors play only a small role in the link between diurnal
variation in cortisol and the experience of pain at both threshold and tolerance. The relative
lack of familial confounding is consistent with the possibility that diurnal variations in
cortisol and pain response have causal dynamics (42). Additional research with larger MZ
and DZ twin samples is necessary to validate these findings and further explicate the role of
genetic and familial factors in the association between HPA axis functioning and pain
sensitivity. In addition, prospective studies are needed to better understand these
relationships, especially to examine whether perturbations in diurnal variation in cortisol
predispose a person to heightened pain sensitivity, or conversely, whether a heightened pain
response distorts the natural rhythm of cortisol. Lastly, more research is needed to determine
if the influence of genetic and familial factors on the cortisol-pain sensitivity relationship is
also involved in the development and maintenance of chronic pain conditions.
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Implications
The present study is unique insofar as our sample included healthy, relatively pain-free
participants and our methods did not involve experimental manipulation of HPA axis
functioning. Our findings have both theoretical and practical implications. Because of the
role stress may play in precipitating or predisposing individuals to chronic pain conditions
(13), HPA-associated physiological changes should be investigated as factors that might
lead to heightened pain sensitivity, even before the appearance of perpetuating factors (e.g.,
central sensitization, chronic inflammation, or neurological changes) that may turn increased
pain sensitivity into a chronic pain condition (44, 45). Clinically, daily cortisol patterns
might serve as a biomarker of increased pain sensitivity that would alert healthcare
professionals to the potential development of chronic pain. If the directionality between
HPA axis function and pain sensitivity is established, it may be that other factors implicated
in pain sensitivity (e.g., inflammatory cytokines or lipid messengers) exist as mediators in
this pathway (46-48). Although findings from the current study support the association of
HPA axis dysregulation with increased pain sensitivity, cortisol may serve as one of many
possible biomarkers of chronic pain development in addition to the possible mediators of the
stress-pain relationship.

Limitations
This study has several limitations. First, our sample consisted of young adult female twin
pairs who were mostly pain-free at the time of examination. As a result, our results can be
generalized only with great caution to men, to elderly populations, or to people with chronic
pain. Second, we did not collect cortisol at multiple morning times, unlike other
investigations of the link between cortisol and pain (20, 49). Therefore, we could not
examine the CAR, determine diurnal slope based on multiple time points during the day, or
perform an area-under-the-curve analysis for total cortisol output throughout the day. We
chose to collect salivary cortisol only twice a day to reduce burden on participants and
increase compliance with the study protocol. Replication studies with improved sampling
strategies (i.e., more daily collections over more days of collection) may provide more
reliable estimates of the relationship between diurnal variation and pain sensitivity. Third,
our experimental procedure captured only cold pain sensitivity, so our findings may not be
relevant to other modalities such as heat, pressure, or mechanical pain. Finally, this was a
cross-sectional study. Although some of our findings suggest potentially causal
relationships, prospective designs are necessary to further investigate these findings and
fully understand the direction of association between HPA axis functioning and pain
sensitivity and to further examine potential mediators.

Conclusions
In conclusion, we found that reduced diurnal variation in cortisol was related to higher pain
intensity ratings at threshold and at tolerance in a cold pressor task. Familial factors
appeared to contribute minimally to the link between diurnal variation in cortisol and these
pain sensitivity measures. Collectively, our findings provide support for cortisol as a
potential biomarker of pain in research settings. The mechanisms underlying the link
between HPA axis dysregulation, like flattened diurnal variation, and pain sensitivity are
likely complex and multifactorial. Future research should further examine genetic, familial,
and other mechanisms to illuminate factors that might prevent the development and
persistence of chronic pain.
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Table 1

Demographic and clinical characteristics of female twins

Characteristic (n = 176)

Demographics

 Age, mean years (SD) 28.6 (9.7)

 White, % 85.2

 Monozygotic, % 76.7

 Bachelor’s degree or higher, % 52.3

 Married or cohabitating, % 34.1

Cortisol (μg/dL)

 Average AM cortisol 0.38 (0.22)

 Average PM cortisol 0.10 (0.16)

 Average diurnal variation 0.28 (0.24)

Experimental Pain Sensitivity

Pain Latency (seconds)

 Time to threshold, mean (SD) 18.3 (19.9)

 Time to tolerance, mean (SD) 65.8 (73.9)

Pain Rating (0-100)

 Pain rating at baseline, mean (SD) 7.80 (12.1)

 Pain rating at threshold, mean (SD) 43.9 (19.3)

 Pain rating at tolerance, mean (SD) 66.9 (18.9)
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Table 2

Overall associations for cortisol and experimental pain sensitivity at pain threshold and tolerance

Threshold pain rating Tolerance pain rating

Independent variable
B 

a (95% CI) P
B 

a (95% CI) P

AM Cortisol

 Cortisol −0.088 (−0.47, 0.30) 0.66 −0.167 (−0.579, 0.245) 0.43

 Age 0.004 (−0.037, 0.045) 0.85 0.000 (−0.033, 0.034) 0.99

 Baseline pain 0.027 (0.004, 0.050) 0.02 0.015 (0.002, 0.028) 0.03

 Pain latency 
b −0.010 (−0.022, 0.003) 0.13 −0.004 (−0.009, 0.001) 0.09

PM Cortisol

 Cortisol 0.134 (−0.195, 0.463) 0.42 0.214 (−0.086, 0.514) 0.16

 Age 0.003 (−0.035, 0.041) 0.89 −0.002 (−0.032, 0.029) 0.92

 Baseline pain 0.028 (0.005, 0.050) 0.02 0.015 (0.002, 0.028) 0.03

 Pain latency 
b −0.010 (−0.022, 0.003) 0.12 −0.004 (−0.009, 0.001) 0.08

a
B = change in pain rating for a 10% change in the independent variable;

b
Threshold (tolerance) models adjust for time to pain threshold (tolerance); CI = confidence interval.
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Table 3

Overall and within-pair associations for average diurnal variation in cortisol and experimental pain sensitivity
measures

Threshold pain rating Tolerance pain rating

Independent variable
B 

a (95% CI) P
B 

a (95% CI) P

Overall model

 Diurnal variation −11.9 (−21.7, −2.04) 0.02 −14.7 (−23.2, −6.13) <0.01

 Age 0.022 (−0.380, 0.423) 0.92 −0.022 (−0.357, 0.313) 0.90

 Baseline pain 0.298 (0.057, 0.538) 0.02 0.165 (0.032, 0.299) 0.02

 Pain latency 
b −0.101 (−0.232, 0.031) 0.14 −0.040 (−0.089, 0.009) 0.11

Within-pair model

 Diurnal variation −12.7 (−27.7, 2.33) 0.10 −13.1 (−25.6, −0.544) 0.04

 Age 0.037 (−0.383, 0.458) 0.86 −0.002 (−0.342, 0.338) 0.99

 Baseline pain 0.278 (0.033, 0.522) 0.03 0.140 (0.004, 0.276) 0.04

 Pain latency 
b −0.090 (−0.233, 0.053) 0.22 −0.039 (−0.088, 0.010) 0.12

a
B = change in pain rating for a 1-unit change in the independent variable;

b
Threshold (tolerance) models adjust for time to pain threshold (tolerance); CI = confidence interval.
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