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Abstract

Background. Chronic pain activates the HPA axis stress response resulting in the release of
cortisol, although empirical associations are often contradictory. Quantile regression
models of hair cortisol may help us measure HPA-axis dysregulation more accurately
and establish more robust associations with chronic pain. We also examined whether
people with chronic pain characterised by HPA-axis dysregulation are at risk of future
mental ill-health.

Methods. This study examined data from the English Longitudinal Study of Ageing (ELSA, n =
4,560) and the UK Household Longitudinal Survey-Innovation Panel (UKHLS-IP, n = 473) to
assess whether quantile regression methods enable us to assess more robust associations between
hair cortisol and chronic pain, and whether older adults with chronic pain characterised by
HPA-axis dysregulation are at risk of future mental ill-health.

Results. In ELSA, chronic pain was associated with a 15% (CI: 6%—23%) increase in cortisol at
the 10th percentile of the hair cortisol distribution among older adults and a 19% (CI: 2%—37%)
increase at the 80th percentile, but no association was found at the 30th or 40th percentiles.
Having a low cortisol response to chronic pain protected against the recurrence of depression.
These patterns of association were replicated in the UKHLS-IP sample.

Conclusions. The associations demonstrated across two longitudinal population surveys
from the UK indicate that quantile regression analysis of hair cortisol may be useful in
identifying individuals resilient to chronic pain. Hair cortisol is a promising biomarker that
can be measured in population studies to quantify the stress response and resilience to future
mental ill-health.

Introduction

Pain is a powerful stressor that activates the body’s major stress response system, the hypo-
thalamic—pituitary—adrenal (HPA) axis, to release the stress hormone cortisol (Ulrich-Lai &
Herman, 2009). When stress is prolonged (chronic), the HPA axis can become dysregulated,
resulting in either a hypo- or hyperactive system (Miller, Chen, & Zhou, 2007). However,
empirical data on the dysregulation of the HPA axis and cortisol levels in chronic pain do not fit
any consistent patterns (Abdallah & Geha, 2017). Some studies of chronic pain conditions
reported increases in salivary cortisol among people with chronic back pain (Sveinsdottir et al.,
2016; Vachon-Presseau, Roy et al., 2013; Vachon-Presseau, Martel et al., 2013) and neck,
shoulder, and back pain (Schell et al., 2008), and increased plasma cortisol levels among
patients with chronic migraine pain (Rainero et al., 2006). Other studies have reported
decreases in salivary cortisol levels among people with chronic back pain (Muhtz et al,
2013), chronic neck pain (Shahidi, Sannes, Laudenslager, & Maluf, 2015), fibromyalgia and
chronic musculoskeletal pain (Generaal et al., 2014; Riva et al., 2010), chronic pelvic pain
syndrome (Lundh et al,, 2013), and decreased plasma cortisol levels, among women with
complex regional pain syndrome (Buryanov, Kostrub, & Kotiuk, 2017). Furthermore, add-
itional studies have reported no associations between salivary cortisol and fibromyalgia (Nes
et al,, 2010) and chronic whiplash-associated disorders (Meeus et al., 2015). Similarly, no
associations between plasma cortisol levels and chronic pelvic pain were reported (Wingenfeld
et al,, 2009). Moreover, there was conflicting evidence for a relationship between cortisol and
pain in a systematic review of people with osteoarthritis (Villafafie et al., 2020). Nearly all the
studies have relatively small sample sizes (around 100 or fewer), which reduces statistical power
and makes it hard to generalize to the wider population.

One explanation for the conflicting reports could be the difficulty in distinguishing between
different patterns of adaptive and dysregulated cortisol responses to stressors. The HPA axis is
normally controlled by a negative feedback system in which circulating cortisol inhibits the
release of more cortisol after an initial increase in cortisol following exposure to a stressor
(Figure 1a — the adaptive response). HPA axis dysregulation is characterized by either excessive
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Figure 1. Differential effects of a chronic stressor on cortisol.
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Figure 1 (adapted from McEwen (2000)) represents the three patterns of cortisol responses to stressors (adaptive, prolonged, and inadequate responses) that correspond to the
different stages of allostasis and allostatic load. In the case of chronic stress, where the stressor persists but fluctuates, an adaptive response (Figure 1a) requires some cortisol
production initially, but this reduces after time — see the green line in Figure 1d. Cortisol is produced through activation of the HPA axis after exposure to a stressor (see the positive
effect of the chronic stressor on cortisol at t1 in Figure 1a). However, the negative feedback loop in the HPA axis results in cortisol production being reduced when the levels of
cortisol are too high (see the negative effect of cortisol at t1 on cortisol at t2 in Figure 1a). The initial positive effect on cortisol levels and the negative feedback loop on further
cortisol release are adaptive responses that maintain allostasis. This adaptive response indicates resilience, marked by physiologically appropriate, moderated cortisol secretion.
Hyperarousal refers to an exaggerated (or ‘prolonged’) stress response. The prolonged response is marked by a sustained production of stress hormones that does not rapidly
decline post-exposure to the stressor — see Figure 1b and the red line in Figure 1d — which may indicate a lack of internal resources to cope with chronic stress, and the continued
release of cortisol as a result of the chronic stressor (see the continuing positive effects of chronic stress on cortisol at t1 and t2 in Figure 1b). Hypo-arousal or an inadequate
response is a stage where extreme exposure to stressors results in insufficient stress hormone production — see Figure 1c and the purple line in Figure 1d. The inadequate response
suggests dysregulation or failure to mount an effective physiological response to the chronic stressor — see the lack of causal arrows from chronic stressor to cortisol at t1 or t2 in

Figure 1c.

(Figure 1b — the prolonged response) or a lack of cortisol produc-
tion (Figure 1c — the inadequate response), resulting in an allostatic
load (Figure 1d).

The allostatic load model is based on how our bodies respond
(in terms of physiological responses) to repeated exposures to
stressors over time. Most of the chronic pain studies reviewed
above measured salivary cortisol. However, as there is a large
diurnal variation in the HPA axis, time-specific measures, such
as salivary cortisol, may reflect diurnal influences rather than the
effect of chronic stressors. Many existing studies have not meas-
ured waking cortisol responses or how HPA axis production
changes over the day (Villafafie et al., 2020). Cortisol measured
from hair, on the other hand, measures HPA axis hormone
production over multiple weeks or months, enabling an integrated
assessment of long-term cortisol production (Kirschbaum, Tietze,
Skoluda, & Dettenborn, 2009). This reduces methodological
issues related to diurnal variability; however, with an integrated
(or cumulative) measure of cortisol, it is not easy to infer whether a
low value of hair cortisol corresponds to an inadequate or an
adaptive response. In the case of chronic stress, where the stressor
persists but fluctuates, an adaptive response requires some cortisol
production, but this reduces over time. In contrast, an ‘inadequate
response’ would reflect insufficient cortisol production, even as
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the stressor persists but fluctuates over time. Therefore, in chronic
stress scenarios, an adaptive response indicates resilience, marked
by physiologically appropriate, moderated cortisol secretion,
whereas inadequate responses suggest dysregulation or failure to
mount an effective physiological response. This study attempts to
distinguish between these two responses when interpreting low
values of hair cortisol.

Measuring dysregulation in cortisol production necessitates the
use of statistical methods that go beyond a focus on average levels of
cortisol. A focus on effects at the mean can result in important
effects being ignored among people at the extremes of the cortisol
distribution, even though it is at the extremes where we expect to
find dysregulation of the HPA axis functioning. As an example,
higher levels of neuroticism among middle-aged adults were asso-
ciated with increased allostatic load, with the associations increas-
ing in magnitude among adults at the high end of the distribution of
physiological ‘wear and tear’ (Atkins, Turner, Chandola, & Sutton,
2020).

We use quantile regression methods, specifically the Recentered
Influence Function (RIF) regression approach (Firpo, Fortin, &
Lemieux, 2009), to assess the relationship between cortisol levels
and chronic pain among adults at different points of the hair
cortisol distribution. Standard regression models estimate the effect
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of an explanatory variable, X, on the population unconditional
mean of an outcome variable, Y. Quantile regression methods
enable estimation at specific percentiles (or ‘quantiles’) of the
distribution of Y. In relation to hair cortisol, quantile regression
models may be particularly useful, as the effect of a stressor (such as
chronic pain) may differ between adults with high and low levels of
cortisol (or in other words, across different parts of the distribution
of cortisol). For example, in any random sample of people, those
with chronic pain, who have a prolonged response to cortisol, may
be expected to be located at the higher ends of the hair cortisol
distribution (the red line in Figure le). On the other hand, it is
unclear whether people with an adaptive or inadequate response to
chronic pain would result in patterns such that (a) the adaptive
response is located at the lower end of the hair cortisol distribution
and the inadequate response around the median, or (b) the inad-
equate response is located at the lower end of the hair cortisol
distribution and the adaptive response at the median. It is also
unclear whether the associations between chronic pain and cortisol
would differ across the distribution of hair cortisol or whether a
standard linear regression model of hair cortisol could adequately
represent the association between chronic pain and hair cortisol.

H1: Chronic pain is associated with hair cortisol, but the size of the
association varies between people with low, middle, and high levels
of hair cortisol.

If there is evidence for H1, it would be important to examine
whether the differential associations correspond to HPA axis dys-
regulation and predicted full ill-health. An adaptive response to
chronic pain (in terms of cortisol production) should correspond to
a process of resilience that reduces the risk of future ill-health
despite the experience of chronic pain. Although the constructs
of positive adaptation and resilience are often used interchangeably,
they are distinct concepts. Positive adaptation refers to the process
of adjusting to new or stressful conditions in a way that minimizes
harm and maintains or improves one’s level of functioning (Sturgeon
& Zautra, 2013). Resilience, on the other hand, is a dynamic process
that involves positive adaptation within the context of adversity,
but also includes the capacity to recover quickly from difficulties,
or ‘bounce back’ from adversity (Luthar & Cicchetti, 2000; Luthar,
Cicchetti, & Becker, 2000). Viewing resilience as a trajectory of
positive adaptation after a disturbance suggests that resilience is
not just about the immediate response to adversity but also about
the longer-term process of recovery and growth (Bonanno, 2005;
Cahill, Hager, & Shryane, 2024; Galatzer-Levy, Huang, & Bonanno,
2018). The identification of biomarkers of resilience requires an
evaluation of their predictive power in terms of future mental health
(Walker et al,, 2017). People with an adaptive response to chronic
pain should be more likely to recover (or ‘bounce back’) from poor
mental ill-health compared to people with an inadequate or pro-
longed response to chronic pain. An adaptive response would also
include lower chances of incident mental ill-health, although given
the strong association between chronic pain and mental ill-health,
resilience is more likely among the recovery group rather than the
incidence group.

H2: Hair cortisol levels predict future poor mental ill-health among
adults with chronic pain. Hair cortisol levels that correspond to
lower levels of poor mental ill-health among adults with chronic
pain indicate an adaptive response to chronic pain.
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Materials and methods
Datasets

The data for this study came from the English Longitudinal Study of
Ageing (ELSA) and the UK Household Longitudinal Survey-
Innovation Panel (UKHLS-IP) surveys. ELSA is a panel study of
individuals aged 50 years and older in England, which was initiated
in 2002 with biennial follow-ups and a broadly representative
sample. In wave 6 (2012-2013), hair samples for cortisol measure-
ment were collected. The UKHLS-IP survey includes 1,500 house-
holds as a testbed for innovative data collection, similar to the main
Understanding Society survey. In wave 12 (2019), 1,408 households
were interviewed, yielding 2,162 participants who provided hair
samples.

We conducted separate analyses in each dataset to compare the
results. ELSA wave 6 data were used for cross-sectional cortisol
analysis, and wave 9 data were used for follow-up on mental health
changes. UKHLS-IP wave 12 data were used for cross-sectional
cortisol analysis, and wave 13 data were used for follow-up on mental
health. This dual approach offered both a snapshot and a longitudinal
view of the relationship between cortisol levels and mental health
outcomes. Detailed descriptions of the datasets and hair sample
collection processes can be found in the SupplementaryAppendix.

Variables

Chronic pain. In the ELSA study, respondents were asked if they
were often troubled with pain and its severity. A binary chronic
pain variable was coded as 1 if the pain was moderate or severe most
of the time. In addition, 96% of those with moderate or severe pain
reported it lasting 3 months or longer. In the UKHLS-IP study, the
Short-Form-12 (SF-12) pain question, ‘In the last 4 weeks, to what
extent has pain interfered with your work?’ was used. Responses of
‘quite a bit’ to ‘extremely’ were coded as 1 in a binary pain variable,
including those not in paid work (Patel et al., 2012).

Mental ill-health. For the ELSA study, we used the Center for
Epidemiologic Studies Depression scale (CES-D 8) questionnaire.
According to previous research (Briggs et al., 2018), the cutoff point
for depressive symptoms was established between scores of 0-3 and
4 or more. For UKHLS-IP, we used the General Health Question-
naire (GHQ-12) questionnaire, setting a cutoff point for poor
mental health between scores of 0-2 and 3 or more (Goldberg
et al., 1997).

Hair cortisol. In the ELSA study, around 25% of the participants
at wave 6, who were eligible for the hair sample collection, did not
contribute, mainly because they had <2 cm of hair. In the UKHLS-
IP study, the missingness of hair data was around 45%. For ELSA
and UKHLS-IP, we initially performed a log transformation on the
cortisol data to approximate a normal distribution. For the analysis
predicting future mental ill-health, we transformed the log cortisol
values into z-scores.

Covariates. We considered a range of demographic and health-
related variables to control for potential confounding and meas-
urement error factors. In the ELSA study, the potential confound-
ing variables included age, sex, education level, ethnicity,
relationship status, moderate physical activity, adverse childhood
experiences (such as the death of the mother when aged < 18 years
and lived apart from both natural parents as a child), smoking
status, and the number of medications taken, which could be
common causes of chronic pain as well as cortisol levels. The
measurement error factors include hair color, whether the hair
had been dyed or chemically treated, season, and phase of cortisol
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collection, all of which have previously been shown to affect esti-
mated levels of hair cortisol (Abell et al., 2016). Due to a smaller
sample size in the UKHLS-IP study, our analysis was confined to a
more limited set of variables, such as age, gender, and hair treat-
ment. Descriptive statistics for these variables are presented in
Table 1. The survey questions can be found in Table S5 in the
Supplementary Appendix.

Analytical approaches

Quantile regression models. We used the RIF method (Firpo et al.,
2009) to estimate the association between chronic pain and hair
cortisol among older adults at different quantiles of the uncondi-
tional (or the overall, uncontrolled) hair cortisol distribution (at the
10th, 20th, 30th, 40th, 50th, 60th, 70th, 80th, and 90th quantiles).
Chronic pain was converted to z-statistics before analysis, such that
the coefficient represents associations between cortisol and 1 stand-
ard deviation increase in chronic pain. The hair cortisol values were
log transformed in order to achieve a more normal distribution. As
small changes in the natural log of a variable are directly interpret-
able as percentage changes, to a very close approximation, using the
log-transformed cortisol as a dependent variable in a regression
model means that the estimated coefficients can be interpreted as a
percentage change in cortisol.

Logistic regression models. We used logistic regression models
to predict cases of mental ill-health among older adults with
chronic pain/pain interference, estimating the interaction effect
between baseline mental ill-health and z-scores of the log cortisol
values. The interaction term examined to what extent older adults
with chronic pain differed in terms of future mental ill-health
(incidence and recurrence) by levels of cortisol.

Nonrandom attrition bias. Due to substantial attrition between
waves 6 and 9 of the ELSA study, we used inverse probability
weighting (IPW) to correct for nonrandom attrition bias under
the missing at random assumption (Bhaskaran & Smeeth, 2014;
Seaman & White, 2013). IPW re-weights the sample so that the
characteristics of those who remain are, on average, similar to those
of the full sample, making it a representative of both lost and
retained individuals (Seaman & White, 2013).

Longitudinal weights. We generated longitudinal weights
(using IPW methods) starting with a response variable indicating
missingness of mental ill-health data in follow-up waves (ELSA
wave 9 and UKHLS-IP wave 13). Propensity scores for this response
variable were then calculated using logistic regression, with the
response variable as the dependent variable and a set of socio-
demographic characteristics at baseline (ELSA wave 6 and UKHLS-
IP wave 12) as independent variables. These propensity scores were
then merged with the baseline cross-sectional analysis weights to
produce follow-up weights that account for response (missingness).
These weights were pruned and normalized to a sum of 1. A detailed
description of the analytical approaches can be found in the
Supplementary Appendix.

Results

Figures S1 and S2 (Supplementary Appendix) are flowcharts
describing how the analytical samples for the ELSA and UKHLS-
IP analyses were derived. The characteristics of the analytical
sample from wave 6 of the ELSA study are shown in Table 1.
Around 30% of the sample reported moderate or severe pain most
of the time, with nearly all of them (over 96%) reporting chronic
pain lasting for more than 3 months. The ELSA sample had a mean
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age of 66 years, with a higher proportion of women. Over a quarter
of the sample reported no educational qualifications, in line with
the educational experiences of this cohort. There were very few
people of non-White ethnicities. In all, 13% of the ELSA sample
were current smokers. The mean number of medications reported
was over 2. Nearly 42% of the sample reported having undergone
some chemical treatment of their hair.

Table 1 also shows the characteristics of the analytical sample
from the UKHLS-IP study. As the UKHLS-IP original sample
includes children and young adults, the analytical sample was
restricted to those aged 50 years and over. Nearly 11% of the
UKHLS-IP participants reported pain that interfered with their
work (‘quite a bit’ or ‘extremely’), and these included participants
not in paid work.

The results of the quantile regression models for the ELSA
sample are shown in Table 2 (coefficients of chronic pain only)
and Table S1 (Supplementary Appendix, with the full model coef-
ficients). The estimate of chronic pain among older adults at the
10th quantile of the (log) cortisol distribution was 0.15 (or a 15%
increase in the levels of cortisol for those with chronic pain), and it
was between 0.10 and 0.19 at the 50th—90th quantiles. However,
between the 30th and 40th quantiles of log cortisol, the estimate of
chronic pain was close to zero. Figure 2a visualizes this U-shape
association between the estimates of chronic pain coefficients by the
(log) cortisol quantiles in the ELSA data — the estimates of pain were
largest at the lowest and highest levels of the hair cortisol distribu-
tion, with no significant association between pain and cortisol
observed at the 30th—40th quantiles of the cortisol distribution.
At the 90th quantile of the cortisol distribution, the confidence
intervals (ClIs) were too wide for interpretation. The U-shape
association is mirrored by the difference in the histograms of
cortisol for people with chronic pain (in red) compared to those
without chronic pain (in green). A higher proportion of older adults
with chronic pain are located at the higher levels of the cortisol
distribution, as well as some overrepresentation of those with
chronic pain at very low levels of the cortisol distribution. Sex-
specific analyses (Supplementary Figure S3) suggest similar pat-
terns for men and women.

The estimates of the association between chronic pain and (log)
cortisol derived through OLS regression models (the red line in
Figure 2) are significantly higher than the quantile regression model
estimates at the 30th—40th quantiles. This suggests standard linear
regression models may not be appropriate for describing the het-
erogeneity in cortisol responses to chronic pain. All the regression
models controlled for hair treatment and color, season, cortisol
collection phase, age, sex, ethnicity, education qualifications,
cohabitation with partner, smoking status, and the number of
medications.

The results of the quantile regression models for the UKHLS-IP
sample are shown in Table 2 (coefficients of pain level only) and
Table S2 (Supplementary Appendix), with the full model coeffi-
cients). Pain interference was associated with a 38% increase in
cortisol among older adults at the 10th quantile of the cortisol
distribution, as well as a 51-130% increase in cortisol between the
70th and 90th quantiles. However, between the 20th and 60th
quantiles, there was no statistically significant association between
pain interference and (log) cortisol. Figure 2b visualizes the
U-shape pattern of the quantile regression coefficients of pain by
(log) cortisol quantiles in the UKHLS-IP wave 12 data. The patterns
were similar to those shown in Figure 2a, although the estimated
coefficients in the UKHLS-IP sample were larger compared to the
ELSA sample, mainly because the latter included more covariates in
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Table 1. Weighted descriptive statistics for the analytical samples from the ELSA and UKHLS-IP analyses
UKHLS-IP

Cortisol (mean, range) 24.99 [0.03,658.80] Cortisol (mean, range) 59.96 [0.85,6871.50]
(log) cortisol (mean, range) 2.01 [-3.51,6.49] (log) cortisol (mean, range) 2.21[-0.16,8.84]
CESD-8 at w6 (%) GHQ-12 caseness scores at w12 (%)

CESD-8 score < 4 85.36 GHQ-12 caseness <3 83.63

CESD-8 score =24 14.38 GHQ-12 caseness = 3 16.08

Missing 0.27 Missing 0.3
CESD-8 at w9 (%) GHQ-caseness scores at w13 (%)

CESD-8 score < 4 59.62 GHQ-12 caseness <3 59.54

CESD-8 score =24 9.5 GHQ-12 caseness = 3 31.18

Missing 30.88 Missing 9.28
Chronic pain (%) Pain (%)

No severe 69.9 No severe 88.74

Moderate/severe pain 30.1 Quite a bit/extreme interference 11.26
Sex (%) Sex (%)

Male 33.11 Male 42.65

Female 66.89 Female 57.35
Age (mean, range) 65.96 [50,99] Age (mean, range) 64.47 [50,93]
Whether dye or chemically treated hair (%) Hair treated (%)

Yes 41.46 No 62.88

No 58.54 Yes Sl
Education level (%)

Higher education and above 16.2

Higher education below 46.25

Foreign or others 11.08

No qualification 26.46
Relationship status (%)

Married 64.03

Cohabit 5.45

Other 30.52
Ethnicity (%)

White 96.8

Non-White 3.2
Smoking status (%)

Never smoked 39.89

Ever smoked 46.89

Current smoker 13.22
Number of medications (%)

None 26.89

Once 13.2

Twice 12.37

Three times 9.7

Four times or more 37.85

(Continued)
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ELSA UKHLS-IP
Cortisol (mean, range) 24.99 [0.03,658.80] Cortisol (mean, range) 59.96 [0.85,6871.50]
Hair color (%)
Gray 40.47
Brown 26.04
Blonde 14.76
Other 18.72
Phase (%)
Phase 1 48.09
Phase 2 5191
Season (%)
Winter 26.5
Spring 6.28
Summer 2491
Fall 42.31
Frequency of moderate activities (%)
More than once a week 61.21
Once a week 12.81
One to three times a month 6.33
Hardly ever or never 19.65
Mother deceased when aged under 18 years (%)
Alive 91.65
Deceased 8.35
Lived with both parents as a child (%)
Lived with both parents 86.89
Did not live with both parents 13.11
N (observations) 4,539 N (observations) 473

Note: For the ELSA study, cortisol is measured in picograms per milliliter. For the UKHLS-IP study, cortisol is measured in picograms per milligram. Proportions are reported for categorical
variables. Mean values are reported for continuous variables. Ranges (minimum and maximum) are given in brackets.

the analysis that accounted for potential confounders of the effect of
chronic pain on cortisol. Similar to the histograms in Figure 2a,
older adults in the UKHLS-IP sample with pain interference were
overrepresented at both the higher and the very low levels of the
cortisol distribution.

The U-shape pattern in Figures 2a and 2b suggest that adults
with a low cortisol response (at the 10th quantile) to chronic pain
may have an adaptive response. Chronic pain appears to positively
influence the levels of cortisol for this group of adults, although the
levels of cortisol produced in response to their chronic pain are
limited to the very low end of the cortisol distribution. Adults with a
high cortisol response to pain (between the 60th and 90th quantiles)
appear to have a prolonged cortisol response to chronic pain;
chronic pain appears to result in elevated levels of cortisol at the
highest ends of the cortisol distribution. For adults with moderate
levels of cortisol (around the 30th — 40th quantiles), the association
of chronic pain with cortisol production was close to zero. This fits
the pattern of people with an inadequate response to chronic pain.

Table S3 (Supplementary Appendix) shows the results of the
logistic regression model predicting risk of depression (from CES-
D depressive symptoms) at ELSA wave 9 among older adults with
chronic pain at baseline (wave 6), controlling for the interaction
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between baseline mental ill-health and z-scores of the log cortisol
values, and other potential confounders. The interaction term was
significantly different from zero (p < 0.01 in Supplementary
Table S1), suggesting that the incidence and recurrence of depres-
sive symptoms differed by baseline cortisol levels. Figure 3a visu-
alizes the estimated proportion of CES-D depression cases at ELSA
wave 9 by levels of cortisol, among people with and without
depression at wave 6, as predicted by the model in Supplementary
Table S3. The figure distinguishes between those without depres-
sion (the blue line) and those with depression (the red line) at
baseline (wave 6). Unsurprisingly, older adults with depression at
baseline are more likely to have higher rates of future depression
than those without depression. The recurrence of depression (the
red line) increased from lower to higher levels of cortisol. The
predicted proportion of older adults with recurring depressive
symptoms was around 40% (95% CI: 25-54%) at the 10th per-
centile of the cortisol distribution. At the 30th percentile of the
cortisol distribution, the predicted proportion of recurring
depressive symptoms was higher at 49% (95% CI: 39-58%),
and the recurrence rate increased from 55% at the median to
71% at the 90th percentile of the cortisol distribution. On the
other hand, the incidence of depression (the blue line) did not
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Table 2. Quantile regression coefficients of pain and (log) cortisol quantiles:
ELSA w6 and UKHLS-IP

ELSA UKHLS-IP

Coef. Cl Coef. Cl
Chronic pain/pain (Ref. = No severe)
Quantile 10 0.15%** [0.06,0.23] 0.38* [0.04,0.73]
Quantile 20 0.10* [0.02,0.17] 0.26 [—0.09,0.61]
Quantile 30 0.06 [—0.02,0.14] 0.17 [—0.18,0.53]
Quantile 40 0.03 [—0.06,0.11] 0.29 [—0.07,0.64]
Quantile 50 0.10* [0.00,0.19] 0.33 [—0.04,0.70]
Quantile 60 0.18** [0.06,0.29] 0.29 [—0.11,0.70]
Quantile 70 0.20** [0.06,0.33] 0.51* [0.02,1.00]
Quantile 80 0.19* [0.02,0.37] 0.65 [—0.00,1.30]
Quantile 90 0.19 [—0.11,0.49] 1.30** [0.33,2.27]
N (observations) 4,539 473

Note: For the ELSA study, chronic pain refers to moderate/severe interference, while for the
UKHLS-IP study, pain refers to quite a bit/extreme interference. The ELSA analysis controlled
for age, sex, education, ethnicity, relationship status, moderate physical activity, adverse
childhood experiences (such as parental loss or separation before age 18 years), smoking
status, the number of medications, and measurement error factors (such as hair color, hair
treatment, season, and cortisol collection phase). For the UKHLS-IP study, the analysis was
limited to age, gender, and hair treatment due to a smaller sample size. The 95% confidence
intervals are given in brackets. *p < 0.05, **p < 0.01, ***p < 0.001.

significantly vary across the cortisol distribution. Thus, there is
clear evidence of lower rates of recurrence of depressive symp-
toms among older adults with chronic pain at the lowest levels of
the cortisol distribution, compared to their peers with median to
higher levels of cortisol.

Table S4 (Supplementary Appendix) shows the results of the
logistic regression model predicting the risk of mental ill-health
(from the GHQ-12) at UKHLS-IP wave 13 among older adults with

(a) ELSA data
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Error bars represent 95% CI of chronic pain coefficients at the 10th-90th
quantiles of the (log) cortisol distribution (n=4,539)

pain interference, controlling for the interaction between baseline
mental ill-health (at wave 6) and cortisol levels, as well as age and
sex. Similar to Supplementary Table S3, the interaction term was
significantly different from zero (p < 0.05). Figure 3b visualizes the
estimated proportion of recurrent and incident mental ill-health
at wave 13 by cortisol levels. These figures look very similar to
their corresponding Figures from the ELSA analyses (Figure 3a).
Figure 3b shows an increasing risk of recurrence of mental ill-health
among older adults with pain interference (the red line) as cortisol
levels increased from the 10th to the 90th percentiles of the cortisol
distribution. This suggests that low levels of cortisol (in the first
decile of the cortisol distribution) appear to enable older adults with
pain to have greater chances of recovery (lower rates of recurrence)
from mental ill-health, compared to their peers with higher levels of
cortisol.

Discussion

We found evidence for both our hypotheses. From the quantile
regression models of cortisol, we established that the association of
chronic pain and hair cortisol differed between older adults with
low, middle, and high levels of hair cortisol (H1). The U-shape
pattern of the coefficients of chronic pain across the distribution of
hair cortisol suggests that older adults differ in their cortisol
responses to chronic pain. Moreover, these differential cortisol
responses to chronic pain were associated with future risks of
recurring mental ill-health, with a low cortisol response to chronic
pain predicting a greater recovery rate from mental ill-health. Low
levels of cortisol produced in relation to chronic pain thus appear to
be an adaptive response to chronic pain. On the other hand, older
adults with chronic pain who had hair cortisol levels from the 30th
percentile and over were less likely to recover from poor mental
health. Moreover, chronic pain was not associated with hair cortisol
among older adults at the 30th and 40th percentiles of the cortisol
distribution in the ELSA sample, and at the 20th and 60th percent-
iles in the UKHLS-IP sample. This suggests that moderate levels of

(b) UKHLS-IP data
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Figure 2. Distribution of (log) cortisol by pain and coefficients of the quantile regression model of (log) cortisol regressed on pain: Data from ELSA wave 6 (Figure 2a) and UKHLS-IP

wave 12 (Figure 2b).
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(b) UKHLS-IP data

Predicted poor mental health
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Figure 3. Predicted poor mental health (recurrence and incidence) by (log) cortisol percentiles among older adults with pain: Data from the ELSA (Figure 3a) and UKHLS-IP

(Figure 3b) studies.

cortisol could be an indicator of an inadequate cortisol response to
chronic pain. Whereas the associations of the highest levels of hair
cortisol with both chronic pain and poor mental health suggest that
the highest levels of hair cortisol produced in relation to chronic
pain correspond to a prolonged cortisol response. The use of the
quantile regression methods enabled us to address a key contradic-
tion in the research on the association between chronic pain and
cortisol. With many studies reporting conflicting (positive, nega-
tive, or null) associations, previous analyses may have been inad-
equate because they did not account for negative feedback loops in
the HPA axis functioning. Standard linear regression models do not
describe the heterogeneity in cortisol responses to chronic pain.
Future research on the analysis of stressors on measures of HPA
axis functioning needs to use statistical methods that are more
sensitive to differential patterns across the distribution of HPA axis
functioning, such as quantile regression models.

The other key significance of this study is evidence of a bio-
marker associated with resilience to chronic pain. While promising
candidate biomarkers for resilience have been proposed in physio-
logical, neurochemical, and immune systems, such as blood micro-
RNAs, cortisol, and chemokines (Chen et al., 2015; Lau et al., 2021;
Walker et al,, 2017; Zhang et al., 2020), their interpretation and
application remain challenging due to the multifaceted nature of
biological systems and the influence of various factors on bio-
marker levels. There has also been a lack of evidence on the
predictive validity of potential candidate biomarkers of resilience
in terms of predicting future ill-health. Biomarkers of the stress
response can provide information about how an individual is
currently responding to stress, but they may not accurately predict
how that individual will respond to future stressors. Biomarkers of
resilience to stress, on the other hand, can potentially provide more
accurate predictions about an individual’s future stress response
and future health states (Sweeten, Sutton, Wellman, & Sanford,
2020). While cortisol is a known key measure of the stress response,
the analysis also demonstrated how a low cortisol response to
chronic pain protects against future mental ill-health, in contrast
to a null or inadequate cortisol response to chronic pain. Low
cortisol levels following chronic pain may be an indicator of resili-
ence. The measurement of hair cortisol as a potential biomarker of
resilience offers a quantifiable dimension to this complex construct
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and also enriches our understanding of the biological foundations
of resilience.

As hair cortisol is a noninvasive biomarker and is easier to
collect in surveys than blood-based biomarkers, this could be an
important measure to collect for surveys interested in physiological
stress responses, as well as resilient responses to chronic stress. A
key strength of the study was the use of data from two population
representative surveys, with similar patterns of association with
measurements of hair cortisol conducted from the same lab. How-
ever, this leads us to the key limitation of the study, which is that
hair cortisol could not be collected in a large proportion of the
sample (between 20 and 25% of the eligible sample). In particular,
older men and women in the ELSA study were more likely to be
missing a hair sample compared to younger men. Existing research
on missing data analyses of the ELSA hair cortisol samples suggests
that IPW is the preferred missing data compensation method
(Chatzi et al., 2024). In addition, the use of differing measures of
mental health across surveys introduces a degree of variability that
may affect the comparability of the results. However, the consist-
ency in patterns observed across both studies mitigates this con-
cern. The prediction analyses assumed that chronic pain predicts
future mental ill-health, although depression and painful symp-
toms commonly occur together. Hence, it was important to restrict
the prediction analyses only to those with chronic pain/pain inter-
ference at baseline and also to distinguish between the incidence
and recurrence of mental ill-health (Bair, Robinson, Katon, &
Kroenke, 2003).

Hair cortisol can be used not only as a measure of chronic
stress response among individuals in population surveys, but also
as a measure that can identify resilient individuals to chronic
pain. Surveys interested in measuring physiological stress
responses should consider measuring hair cortisol as a noninva-
sive objective marker of the stress response and a potential
indicator of resiliency to chronic stress. Future research that uses
biomarkers related to stress needs to use appropriate statistical
models that explore the effects across the distributions of the
biomarkers.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1017/5S0033291725101049.


http://doi.org/10.1017/S0033291725101049
https://doi.org/10.1017/S0033291725101049

Psychological Medicine

Classification. Major: Social Sciences; Minor: Psychological and Cognitive
Science.

Author contribution. TC and SC designed the research. TC and WL analyzed
data and MK collected data. TC, SC, WL, and MK wrote the paper.

Competing interests. The authors declare none.

References

Abdallah, C. G., & Geha, P. (2017). Chronic pain and chronic stress: Two sides of
the same coin? Chronic Stress, 1, 247054701770476. https://doi.org/10.1177/
2470547017704763.

Abell, J. G, Stalder, T., Ferrie, J. E., Shipley, M. J., Kirschbaum, C., Kiviméki, M.,
& Kumari, M. (2016). Assessing cortisol from hair samples in a large
observational cohort: The Whitehall II study. Psychoneuroendocrinology,
73, 148-156. https://doi.org/10.1016/j.psyneuen.2016.07.214.

Atkins, R., Turner, A. J.,, Chandola, T., & Sutton, M. (2020). Going beyond the
mean in examining relationships of adolescent non-cognitive skills with
health-related quality of life and biomarkers in later-life. Economics and
Human Biology, 39. https://doi.org/10.1016/j.ehb.2020.100923.

Bair, M. J., Robinson, R. L., Katon, W., & Kroenke, K. (2003). Depression and
pain comorbidity: A literature review. Archives of Internal Medicine, 163(20),
2433-2445. https://doi.org/10.1001/archinte.163.20.2433.

Bhaskaran, K., & Smeeth, L. (2014). What is the difference between missing
completely at random and missing at random? International Journal of
Epidemiology, 43(4), 1336—1339. https://doi.org/10.1093/ije/dyu080.

Bonanno, G. A. (2005). Resilience in the face of potential trauma. Current
Directions in Psychological Science, 14(3), 135-138. https://doi.org/10.1111/
j.0963-7214.2005.00347 x.

Briggs, R, Carey, D., O’'Halloran, A. M., Kenny, R. A., & Kennelly, S. P. (2018).
Validation of the 8-item Centre for Epidemiological Studies Depression Scale
in a cohort of community-dwelling older people: Data from the Irish longi-
tudinal study on ageing (TILDA). European Geriatric Medicine, 9(1),
121-126. https://doi.org/10.1007/s41999-017-0016-0.

Buryanov, A., Kostrub, A., & Kotiuk, V. (2017). Endocrine disorders in women
with complex regional pain syndrome type I. European Journal of Pain, 21(2),
302-308. https://doi.org/10.1002/ejp.924.

Cahill, S., Hager, R., & Shryane, N. (2024). Patterns of resilient functioning in
early life: Identifying distinct groups and associated factors. Development and
Psychopathology, 36(4), 1789-1809. doi:10.1017/50954579423001165

Chatzi, G., Chandola, T., Shlomo, N., Cernat, A., & Hannemann, T. (2024). Is
social disadvantage a chronic stressor? Socioeconomic position and HPA axis
activity among older adults living in England. Psychoneuroendocrinology,
168, 107116. https://doi.org/10.1016/j.psyneuen.2024.107116.

Chen, R.J., Kelly, G., Sengupta, A., Heydendael, W., Nicholas, B., Beltrami, S.,
& Bhatnagar, S. (2015). MicroRNAs as biomarkers of resilience or vulner-
ability to stress. Neuroscience, 305, 36—48. https://doi.org/10.1016/j.neuro-
science.2015.07.045.

Firpo, S., Fortin, N. M., & Lemieux, T. (2009). Unconditional Quantile regres-
sions. Econometrica, 77(3), 953—-973. Retrieved from http://www.jstor.org/
stable/40263848

Galatzer-Levy, I. R,, Huang, S. H., & Bonanno, G. A. (2018). Trajectories of
resilience and dysfunction following potential trauma: A review and statis-
tical evaluation. Clinical Psychology Review, 63, 41-55. https://doi.org/
10.1016/j.cpr.2018.05.008.

Generaal, E., Vogelzangs, N., Macfarlane, G. J., Geenen, R., Smit, J. H., Penninx,
B. W., & Dekker, J. (2014). Reduced hypothalamic-pituitary-adrenal axis
activity in chronic multi-site musculoskeletal pain: Partly masked by depres-
sive and anxiety disorders. BMC Musculoskeletal Disorders, 15(1), 227.
https://doi.org/10.1186/1471-2474-15-227.

Goldberg, D. P, Gater, R, Sartorius, N., Ustun, T. B., Piccinelli, M., Gureje, O., &
Rutter, C. (1997). The validity of two versions of the GHQ in the WHO study
of mental illness in general health care. Psychological Medicine, 27(1),
191-197. https://doi.org/10.1017/S0033291796004242.

Kirschbaum, C., Tietze, A., Skoluda, N., & Dettenborn, L. (2009). Hair as a
retrospective calendar of cortisol production—Increased cortisol incorporation

https://doi.org/10.1017/50033291725101049 Published online by Cambridge University Press

into hair in the third trimester of pregnancy. Psychoneuroendocrinology, 34(1),
32-37. https://doi.org/10.1016/j.psyneuen.2008.08.024.

Lau, W.K,, Tai, A. P., Chan,]. N,, Lau, B. W., & Geng, X. (2021). Integrative psycho-
biophysiological markers in predicting psychological resilience. Psychoneuroen-
docrinology, 129, 105267. https://doi.org/10.1016/j.psyneuen.2021.105267.

Lundh, D., Hedelin, H., Jonsson, K., Gifford, M., & Larsson, D. (2013). Assessing
chronic pelvic pain syndrome patients: Blood plasma factors and cortisol
saliva. Scandinavian Journal of Urology, 47(6), 521-528. https://doi.org/
10.3109/21681805.2013.769460.

Luthar, S. S., & Cicchetti, D. (2000). The construct of resilience: Implications for
interventions and social policies. Development and Psychopathology, 12(4),
857-885. https://doi.org/10.1017/50954579400004156.

Luthar, S. S., Cicchetti, D., & Becker, B. (2000). The construct of resilience: A
critical evaluation and guidelines for future work. Child Development, 71(3),
543-562. https://doi.org/10.1111/1467-8624.00164.

McEwen, B. S. (2000). Allostasis and allostatic load: Implications for neurop-
sychopharmacology. Neuropsychopharmacology: Official Publication of the
American College of Neuropsychopharmacology, 22(2), 108-124. https://doi.
0rg/10.1016/50893-133X(99)00129-3.

Meeus, M., Van Oosterwijck, J., Ickmans, K., Baert, L., Coppieters, I., Roussel, N.,
& Nijs, J. (2015). Interrelationships between pain processing, cortisol and
cognitive performance in chronic whiplash-associated disorders. Clinical
Rheumatology, 34(3), 545-553. https://doi.org/10.1007/s10067-013-2446-5.

Miller, G. E., Chen, E., & Zhou, E. S. (2007). If it goes up, must it come down?
Chronic stress and the hypothalamic-pituitary-adrenocortical axis in
humans. Psychological Bulletin, 133(1), 25. https://doi.org/10.1037/0033-
2909.133.1.25.

Muhtz, C., Rodriguez-Raecke, R., Hinkelmann, K., Moeller-Bertram, T, Kiefer, F.,
Wiedemann, K., & Otte, C. (2013). Cortisol response to experimental pain in
patients with chronic low back pain and patients with major depression. Pain
Medicine, 14(4), 498-503. https://doi.org/10.1111/j.1526-4637.2012.01514 x.

Nes, L. S., Carlson, C. R., Crofford, L. ., De Leeuw, R., & Segerstrom, S. C. (2010).
Self-regulatory deficits in fibromyalgia and temporomandibular disorders.
Pain, 151(1), 37—44. https://doi.org/10.1016/j.pain.2010.05.009.

Patel, A. S., Farquharson, R., Carroll, D., Moore, A., Phillips, C.]., Taylor, R.S., &
Barden, J. (2012). The impact and burden of chronic pain in the workplace: A
qualitative systematic review. Pain Practice, 12(7), 578-589. https://doi.
org/10.1111/j.1533-2500.2012.00547 x.

Rainero, 1., Ferrero, M., Rubino, E., Valfre, W., Pellegrino, M., Arvat, E., &
Pinessi, L. (2006). Endocrine function is altered in chronic migraine patients
with medication-overuse. Headache: The Journal of Head and Face Pain,
46(4), 597-603. https://doi.org/10.1111/j.1526-4610.2006.00409.x.

Riva, R.,, Mork, P. ], Westgaard, R. H., Rg, M., & Lundberg, U. (2010).
Fibromyalgia syndrome is associated with hypocortisolism. International
Journal of Behavioral Medicine, 17(3), 223-233. https://doi.org/10.1007/
§12529-010-9097-6.

Schell, E., Theorell, T., Hasson, D., Arnetz, B., & Saraste, H. (2008). Stress
biomarkers’ associations to pain in the neck, shoulder and back in healthy
media workers: 12-month prospective follow-up. European Spine Journal,
17(3), 393—405. https://doi.org/10.1007/s00586-007-0554-0.

Seaman, S. R., & White, I. R. (2013). Review of inverse probability weighting for
dealing with missing data. Statistical Methods in Medical Research, 22(3),
278-295. https://doi.org/10.1177/0962280210395740.

Shahidi, B., Sannes, T., Laudenslager, M., & Maluf, K. S. (2015). Cardiovascular
responses to an acute psychological stressor are associated with the cortisol
awakening response in individuals with chronic neck pain. Physiology ¢
Behavior, 150, 93-98. https://doi.org/10.1016/j.physbeh.2015.02.010.

Sturgeon, J. A., & Zautra, A. ]. (2013). Psychological resilience, pain catastro-
phizing, and positive emotions: Perspectives on comprehensive modeling of
individual pain adaptation. Current Pain and Headache Reports, 17, 1-9.
https://doi.org/10.1007/s11916-012-0317-4.

Sveinsdottir, V., Eriksen, H. R., Ursin, H., Hansen, A. M., & Harris, A. (2016).
Cortisol, health, and coping in patients with nonspecific low back pain.
Applied Psychophysiology and Biofeedback, 41(1), 9-16. https://doi.
org/10.1007/s10484-015-9300-2.

Sweeten, B. L., Sutton, A. M., Wellman, L. L., & Sanford, L. D. (2020). Predicting
stress resilience and vulnerability: Brain-derived neurotrophic factor and


https://doi.org/10.1177/2470547017704763
https://doi.org/10.1177/2470547017704763
https://doi.org/10.1016/j.psyneuen.2016.07.214
https://doi.org/10.1016/j.ehb.2020.100923
https://doi.org/10.1001/archinte.163.20.2433
https://doi.org/10.1093/ije/dyu080
https://doi.org/10.1111/j.0963-7214.2005.00347.x
https://doi.org/10.1111/j.0963-7214.2005.00347.x
https://doi.org/10.1007/s41999-017-0016-0
https://doi.org/10.1002/ejp.924
https://doi.org/10.1017/S0954579423001165
https://doi.org/10.1016/j.psyneuen.2024.107116
https://doi.org/10.1016/j.neuroscience.2015.07.045
https://doi.org/10.1016/j.neuroscience.2015.07.045
http://www.jstor.org/stable/40263848
http://www.jstor.org/stable/40263848
https://doi.org/10.1016/j.cpr.2018.05.008
https://doi.org/10.1016/j.cpr.2018.05.008
https://doi.org/10.1186/1471-2474-15-227
https://doi.org/10.1017/S0033291796004242
https://doi.org/10.1016/j.psyneuen.2008.08.024
https://doi.org/10.1016/j.psyneuen.2021.105267
https://doi.org/10.3109/21681805.2013.769460
https://doi.org/10.3109/21681805.2013.769460
https://doi.org/10.1017/S0954579400004156
https://doi.org/10.1111/1467-8624.00164
https://doi.org/10.1016/S0893-133X(99)00129-3
https://doi.org/10.1016/S0893-133X(99)00129-3
https://doi.org/10.1007/s10067-013-2446-5
https://doi.org/10.1037/0033-2909.133.1.25
https://doi.org/10.1037/0033-2909.133.1.25
https://doi.org/10.1111/j.1526-4637.2012.01514.x
https://doi.org/10.1016/j.pain.2010.05.009
https://doi.org/10.1111/j.1533-2500.2012.00547.x
https://doi.org/10.1111/j.1533-2500.2012.00547.x
https://doi.org/10.1111/j.1526-4610.2006.00409.x
https://doi.org/10.1007/s12529-010-9097-6
https://doi.org/10.1007/s12529-010-9097-6
https://doi.org/10.1007/s00586-007-0554-0
https://doi.org/10.1177/0962280210395740
https://doi.org/10.1016/j.physbeh.2015.02.010
https://doi.org/10.1007/s11916-012-0317-4
https://doi.org/10.1007/s10484-015-9300-2
https://doi.org/10.1007/s10484-015-9300-2
https://doi.org/10.1017/S0033291725101049

10

rapid eye movement sleep as potential biomarkers of individual stress
responses. Sleep, 43(1), zsz199. https://doi.org/10.1093/sleep/zsz199.

Ulrich-Lai, Y. M., & Herman, J. P. (2009). Neural regulation of endocrine and
autonomic stress responses. Nature Reviews Neuroscience, 10(6), 397—-409.
https://doi.org/10.1038/nrn2647.

Vachon-Presseau, E., Martel, M.-O., Roy, M., Caron, E., Albouy, G., Marin, M.-
F., & Rainville, P. (2013). Acute stress contributes to individual differences in
pain and pain-related brain activity in healthy and chronic pain patients. The
Journal of Neuroscience, 33(16), 6826—6833. https://doi.org/10.1523/JNEUR-
OSCI.4584-12.2013.

Vachon-Presseau, E., Roy, M., Martel, M.-O., Caron, E., Marin, M.-F,, Chen, J.,
& Rainville, P. (2013). The stress model of chronic pain: Evidence from basal
cortisol and hippocampal structure and function in humans. Brain, 136(3),
815-827. https://doi.org/10.1093/brain/aws371.

Villafafie, J. H., Pedersini, P., Bertozzi, L., Drago, L., Fernandez-Carnero, J.,
Bishop, M. D., & Berjano, P. (2020). Exploring the relationship between

https://doi.org/10.1017/50033291725101049 Published online by Cambridge University Press

Tarani Chandola et al.

chronic pain and cortisol levels in subjects with osteoarthritis: Results from a
systematic review of the literature. Osteoarthritis and Cartilage, 28(5), 572—580.
https://doi.org/10.1016/j.joca.2020.02.836.

Walker, F. R,, Pfingst, K., Carnevali, L., Sgoifo, A., & Nalivaiko, E. (2017). In the
search for integrative biomarker of resilience to psychological stress. Neuro-
science & Biobehavioral Reviews, 74, 310-320. https://doi.org/10.1016/].
neubiorev.2016.05.003.

Wingenfeld, K., Hellhammer, D. H., Schmidt, I, Wagner, D., Meinlschmidt, G.,
& Heim, C. (2009). HPA axis reactivity in chronic pelvic pain: Association
with depression. Journal of Psychosomatic Obstetrics ¢ Gynecology, 30(4),
282-286. https://doi.org/10.3109/01674820903254732.

Zhang, L., Hu, X.-Z., Li, X, Chen, Z., Benedek, D. M., Fullerton, C. S., & Ursano,
R. J. (2020). Potential chemokine biomarkers associated with PTSD onset,
risk and resilience as well as stress responses in US military service members.
Translational Psychiatry, 10(1), 31. https://doi.org/10.1038/s41398-020-
0693-1.


https://doi.org/10.1093/sleep/zsz199
https://doi.org/10.1038/nrn2647
https://doi.org/10.1523/JNEUROSCI.4584-12.2013
https://doi.org/10.1523/JNEUROSCI.4584-12.2013
https://doi.org/10.1093/brain/aws371
https://doi.org/10.1016/j.joca.2020.02.836
https://doi.org/10.1016/j.neubiorev.2016.05.003
https://doi.org/10.1016/j.neubiorev.2016.05.003
https://doi.org/10.3109/01674820903254732
https://doi.org/10.1038/s41398-020-0693-1
https://doi.org/10.1038/s41398-020-0693-1
https://doi.org/10.1017/S0033291725101049

	Measuring resilience to chronic pain in population surveys using hair cortisol
	Introduction
	Materials and methods
	Datasets
	Variables
	Analytical approaches

	Results
	Discussion
	Supplementary material
	Classification
	Author contribution
	Competing interests
	References


