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A B S T R A C T

Stress physiology contributes to health outcomes. Hair cortisol concentration (HCC) is an objective measure of 
cumulative cortisol secretion associated with health, including pain. The aim of the current study was to describe 
associations between pre-injury stress physiology (as measured by HCC), acute pain characteristics and relevant 
demographic factors (i.e., BMI, age, sex, days since injury) in youth with an acute musculoskeletal (MSK) injury. 
Participants were 58 youth aged 11 to 17 with acute MSK pain. Participants completed self-report measures 
assessing pain intensity, pain catastrophizing, and pain interference. Hair was collected within 1 month after 
injury using hair cortisol collection procedures adapted from published research protocols. Correlations exam
ining associations among HCC values and clinical/demographic factors revealed that higher HCC was associated 
with lower body mass index (BMI) and male sex. HCC was not associated with pain variables or age. Additional 
research is needed to clarify the relation between HCC and psychosocial variables to aid researchers in studying 
the role of pre-injury stress in acute MSK injury and pain recovery in youth.

The brain activates the hypothalamic-pituitary-adrenal (HPA) axis to 
produce a constellation of chemical responses designed to promote 
success or survival. As part of this system, the adrenal glands secrete 
cortisol, an important glucocorticoid that largely affects immune and 
metabolic systems. Given its important role in stress response, cortisol is 
widely used as a measure of physiological stress responses [1]. Cortisol 
is deposited in continuously growing hair, and hair cortisol concentra
tions (HCC) provide a single value that captures the amount of cortisol 
deposited in hair over several months, which is widely accepted as a 
measure of cumulative cortisol secretion [2]. Circulating cortisol is 
incorporated and bound to the hair proteins on a daily basis leading to a 
cumulative measure of HCC over time [3]. HCC has been established as a 
gold standard method for stress physiology [4] and can serve as an 
important source of objective data on cumulative physiological stress 
over past months.

Adult literature has established that stress physiology contributes to 
physical and mental health. HCC has been associated with poor health 
including disease onset [5]. HCC appears curvilinearly (in contrast to 
linearly) associated with health, as both elevated and blunted cortisol 

patterns have been associated with chronic stress and negative health 
outcomes in adults and children [6]. For example, in women with fi
bromyalgia, longer duration of pain was linked to lower HCC, indicating 
a trend toward hypocortisolism over time, suggesting HPA-axis dysre
gulation [5,7]. Adults with chronic pain have also shown higher HCC 
compared to controls, and HCC is associated with higher perceived stress 
[8]. In the adult literature, medium effect sizes have been shown be
tween stress and pain-related disability [9].

The use of HCC to study stress physiology in youth has increased in 
recent years. A recent meta-analysis found that perceived stress was 
positively correlated with HCC across 13 studies [10,11]. However, the 
variability of findings was notable, with some studies reporting negative 
associations, and others revealing no association between subjective 
stress and HCC. As with adults, the association between stress and HCC 
appears to be non-linear in youth. While salivary cortisol, a measure of 
acute cortisol secretion, has been associated with pediatric chronic pain 
[12], no studies to date have examined HCC in adolescents with chronic 
or acute pain.

Although protocols for hair collection and assay procedures are 
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widely available [4], studies are rare in youth. One published report of 
the feasibility of hair collection with adolescents found that 91.3 % of 
the 516 adolescents in a healthy community sample provided hair [13]. 
HCC has not been examined in the setting of acute musculoskeletal pain. 
Additionally, measuring HCC in the period immediately preceding 
injury is a unique window into the physiological context before injury 
and onset of acute pain, which otherwise relies on retrospective report. 
Given the associations between HCC and disease onset in adults, un
derstanding the associations between pre-injury physiological stress and 
pain trajectories in youth with MSK injury is important for advancing 
future research in this population.

The present study aimed to describe associations between pre-injury 
stress physiology (as measured by HCC) and acute pain characteristics (i. 
e., pain intensity, pain catastrophizing, pain interference) and relevant 
demographic factors (i.e., BMI, age, sex, days since injury) in youth with 
an acute MSK injury.

1. Materials and methods

1.1. Eligibility and recruitment

This study was conducted at two academic medical centers in the 
northwestern United States. Study procedures at both sites were 
approved by the Institutional Review Board, and all participants con
sented and assented before participating. Participants were youth ages 
11–17 participating in a larger longitudinal study assessing pain 
following MSK injury. Participants were recruited if they were seeking 
treatment for an acute musculoskeletal pain problem at an Emergency 
Department or outpatient clinic, onset of pain problem was <1 month, 
they had no history of chronic pain or surgery at pain site, they had no 
major co-occurring medical conditions, and were English speaking. 
Additional inclusion criteria for the present study required: having 
sufficient hair (3 cm length and having approximately 0.8 cm diameter 
of hair at the posterior vertex of the scalp to ensure a total sample weight 
of 15–30 mg) and no known diagnosis of Addison disease or Cushing 
syndrome. No previous publications from this dataset have presented 
HCC methodologies or included HCC data.

1.2. Study procedures

At one study site (Site 1), participants were invited to participate in 
the present pilot study at the time of their baseline lab visit for the larger 
study. At Site 2, participants were invited to participate via phone before 
their lab visit. All participants completed questionnaires using REDCap 
within one week of their lab visit.

1.3. Hair cortisol collection and analysis

Hair cortisol samples at both sites were collected using a revised 
version of existing published procedures [14]. Hair was cut at the pos
terior vertex at the scalp. The quantity of hairs collected was approxi
mately the diameter of a pencil (0.8 cm). The 3 cm of hair closest to the 
scalp was measured, cut and weighed. All hair samples weighed between 
15 and 30 mg. Samples were placed in a freezer at − 20O C, and shipped 
and assayed together in one batch once all were collected.

Hair cortisol concentrations were determined following the previ
ously published and validated method [4]. Pre-weighed hair was cut to a 
powder consistency. Four successive extraction phases were performed 
on each hair sample alternating 1 mL of methanol (at 52 ◦C, 15 h) with 1 
mL of acetone extraction (25 ◦C, 5 min). These extraction steps were 
repeated twice. Supernatants from each of the four extractions per 
sample were pooled for air evaporation in a refrigerator (4 ◦C). Dried 
residues were reconstituted in phosphate-buffered saline (PBS, pH 7.6) 
according to the hair sample’s weight (i.e., 70 μL per 10 mg hair). HCC 
were determined using ALPCO cortisol ELISA kits (11-CRLHU-E01) with 
developed plates read performed in a BioTeK plate using Gen 5 software 

(Winooski, VT). The intra- and inter-rater agreement coefficients of 
variance for these analyses were 3.5 % and 3.9 % respectively with an R2 

of per standard curve per plate = .999. Hair samples are estimated to 
represent cortisol ranging from a minimum of 8 days prior to their MSK 
injury to 56 days prior to injury by subtracting days since injury (range 
of 11–31 days) from the interval of time expected to constitute the 
samples (39 days based on average growth of 1 cm/month). HCC results 
are presented as a measure of ng cortisol/mg of hair.

1.4. Self-report measures

Demographics. Participants reported date of birth, sex at birth, and 
gender identity. Height and weight were recorded during the lab visit. 
BMI percentile was calculated using the CDC calculator using partici
pant age, sex, weight, and height.

Hair processing. Participants reported if they had dyed their hair in 
the past 3 months.

Pain intensity. Participants reported their average pain intensity over 
the past 7 days using an 11-point Numerical Rating Scale (0 = no pain, 
10 = worst pain you can think of).

Pain interference. Participants reported their pain interference using 
the 4-item PROMIS-25 pain interference subscale [15] using a 5-point 
scale ranging from 0 = never to 5 = always in the last 7 days. The 
scale assessed difficulties sleeping, paying attention, and physical 
movement due to pain, and has been well validated among youth with 
pain.

Pain catastrophizing. The revised 11-item Pain Catastrophizing Scale 
for Children (PCS-C) [16] was used to assess the degree to which chil
dren catastrophize or experience helplessness about pain symptoms. 
This measure uses a 5-point rating scale (0 = not at all, 4 = extremely) 
and has been validated in pediatric pain samples.

Days since MSK injury was calculated by subtracting the date of hair 
collection from the parent-provided date of injury.

1.5. Data analysis

To determine the number of participants required to detect each 
expected effect with a power of .80, a priori power analyses were con
ducted using G*Power 3.1 [17]. Power estimates below include inclu
sion of covariates (youth sex, age and BMI) in analyses. In the adult 
literature, medium effect sizes have been shown between stress and 
pain-related disability (b = .43); thus, a medium effect can be detected 
with a sample of 45 participants [9]. Descriptive analyses were con
ducted on all study variables. Hair cortisol concentrations were 
log-transformed for subsequent analyses. Visual inspection of scatter
plots evidenced no non-linear/U-shaped associations between variables. 
Bivariate correlational analyses were conducted to examine associations 
between study variables. An independent t-test was performed to 
compare HCC values for males versus females.

2. Results

Across both study sites, 84 youth were approached to participate. Of 
those, 69 % (n = 58) consented, 24 % declined and 7 % were ineligible 
due to insufficient hair (less than 3 cm length). Of those who declined 
participation, 61.9 % were from Study Site 2. All collected hair samples 
were sufficient for analysis.

Participants were 55.2 % female assigned at birth and 44.8 % male. 
One female assigned at birth identified as non-binary, all other partici
pants identified sex/gender congruence. Racial identification was 78.6 
% White, 8.9 % Multiracial, 5.4 % Other, 3.6 % Black or African 
American, 1.8 % Asian and 1.8 % American Indian/Alaskan Native. 
Fifteen participants reported using hair dye in the past 3 months, which 
was not associated with HCC (r (55) = − .20, p = .130). See Table 1 for 
additional descriptives and correlations among measures. HCC values 
were positively skewed, with a few outliers showing greater HCC values 
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(see Fig. 1). Results of analyses examining associations among HCC and 
demographic factors revealed that males had greater HCC than females 
(t (56) = 2.81, p = .008, Cohen’s d = .74) and that BMI was significantly 
negatively associated with HCC. No evidence of associations between 
HCC and pain characteristics were found when visually examining 
correlational plots. HCC was not linearly associated with age, pain in
tensity, pain interference, pain catastrophizing nor days since injury.

3. Discussion and conclusions

The present study shows that hair cortisol sampling can be used in 
youth with acute MSK pain to measure stress physiology. All samples 
obtained were suitable for processing and data on HCC in the pre-injury 
period was collected. Notably, participation in this study was lower than 
a previous feasibility study of healthy adolescents (decline rate 6 %) 
[13]. In the current sample, 24 % with sufficient hair declined partici
pation. We found that participation rates varied by study site with the 
site that completed consent procedures in person resulting in fewer 
declines. Being recruited in person may be important for participants to 
ask questions about the protocol and the hair collection process.

The lack of associations between HCC and pain, pain catastrophizing, 
and pain interference contrasted with some previous literature. One 
explanation could be that cortisol is only one component of a complex 
HPA-axis. Stress is a more complex construct than a single chemical can 
capture; other aspects of the stress response may also mask the perceived 
stress. In the case of an acute musculoskeletal injury, one concurrent 
aspect of the stress response may be increased β-Endorphins, which are 
the body’s natural highly powerful pain-relieving opioids [18]. Further, 
past research suggests that the association between stress and HCC ap
pears curvilinear rather than linear [6] although this was not evidenced 
in the present study. Future research in samples of youth with pain ought 
to further explore the complex systems at play linking stress physiology 
and pain.

In contrast with past literature, HCC was negatively correlated with 
BMI. The association between BMI and HCC was in the opposite direc
tion from findings in a meta-analysis with adults [19] and children [20]. 

This may suggest that BMI in adolescents who are experiencing MSK 
injury and pain may have a different relation with stress physiology and 
requires continued research. Future research may consider measuring 
change in BMI and its association with stress physiology and pain over 
time. Although chemical hair treatment (i.e. hair dye) was not associ
ated with HCC in the present study, past research reveals small, but 
significant effects [19], and researchers are encouraged to evaluate 
which specific chemical treatments impact HCC.

The present study has several limitations. First, we did not assess 
refusal reasons. Ford and colleagues [13] found privacy concerns, 
aversion to physical contact, and hairstyle preferences as common rea
sons for refusal. Adolescents’ appearance concerns may have affected 
acceptability of providing hair samples in the present study as well. 
Participants’ recent injuries or pain symptoms may also affect partici
pation. Future studies with acute pain samples should investigate refusal 
reasons for better understanding of acceptability of hair sampling. 
Another limitation of this study was that we do not have measures of 
perceived stress for the time overlapping the HCC time period 
(approximately 6–10 weeks prior to the injury). Future research should 
include subjective measures of stress and past history of stress to eval
uate associations with HCC and pain measures.

Additionally, due to our small pilot sample, we were unable to 
explore associations between HCC, gender identity and racialization in 
this sample. These are important areas of study, as stress is greater in 
individuals who confront racial or ethnic discrimination [21]; addi
tionally, hair growth rates and HCC vary by hair type [22], which makes 
this an important area for continued research. We also did not collect 
pubertal information which is likely an important factor. In future 
research, pubertal factors (e.g., Tanner staging) would be valuable to 
evaluate the effects of puberty on HCC and pain outcomes in youth. 
Finally, future directions may be to use participants as their own control 
across time points (i.e. pre-injury and longitudinal time-points) to cap
ture change in HCC.

In conclusion, pre-injury HCC does not appear to affect acute pain 
following MSK injury in youth. Future research may benefit from using 
HCC to examine the role of pre-injury physiological stress on 

Table 1 
Descriptives and bivariate correlations.

Age (years) Pain intensity HCCa Pain interference Pain catastrophizing BMIb Days of pain (days)

M (SD) 14.25 (1.82) 3.24 (2.28) 3.05 (2.28) 54.85 (7.91) 9.21 (9.71) 65.61 (30.84) 24.29 (4.71)
Range 11.06–17.61 0–8 .82–13.14 36.70–74.00 0–44 .70–99.60 11–31

Pain intensity − .006 ​ ​ ​ ​ ​ ​
HCC − .022 − .119 ​ ​ ​ ​ ​
Pain interference .111 .482c − .162 ​ ​ ​ ​
Pain catastrophizing .047 .176 − .103 .236 ​ ​ ​
BMI .179 .227 − .403c .251 − .077 ​ ​
Days of pain − 241 − .185 − .087 − .123 − .008 − .034 ​

Note.
a For Correlations, log-transformed values for HCC were utilized, raw values (ng/mg) are presented in the descriptives section of the table for cross-study 

comparison.
b BMI percentiles.
c p < .001.

Fig. 1. Scatterplot of Hair Cortisol Concentration values.
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longitudinal pain outcomes (e.g., transition to chronic pain), as this 
association has been shown with salivary cortisol measurements in 
youth.
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