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Background: Hair has become an increasingly valuable medium to investigate the association between chronic
stress, stable differences in systemic cortisol secretion and later health. Assessing cortisol in hair has many ad-
vantages, notably its non-invasive and retrospective nature, the need for a single biospecimen and convenient
storage until analysis. However, few studies offered empirical evidence documenting the long-term temporal
stability of hair cortisol concentration (HCC) prior to analysis, especially in humans. Yet, knowing how long hair
samples can be stored without compromising the accuracy of cortisol measurement is of crucial importance when
planning data collection and analysis. This study examined the stability of HCC in hair samples assayed twice,
five years apart.

Methods: We randomly selected from a larger distribution of HCC measured in 17-year-old participants 39 hair
samples to be reanalyzed five years later, under the same general conditions. Samples were assayed in duplicate
using a luminescence immunoassay and compared with the original HCC using the Lin’s concordance correlation
coefficient (CCC), Bland-Altman plot analysis and Wilcoxon rank test.

Results: Findings indicated a good concordance and temporal stability between the two samples assayed five
years apart (CCC [95% confidence interval] = 0.84 [0.72-0.91]), although a small decrease in HCC was noted 5
years later (8.4% reduction, p = 0.001).

Conclusion: Our study confirms that hair samples, when stored at room temperature and away from sunlight, can
be assayed for at least five years without risking a loss of precision in HCC measurement.

1. Introduction cortisol secretion [2]. Additionally, saliva and blood samples require

storage at cold and stable temperature, thus requiring additional pre-

Glucocorticoid hormones, in particular cortisol, are commonly
measured to investigate how stressful contexts jeopardize later health.
Chronic stressors are hypothesized to elicit repeated and prolonged ac-
tivations of the hypothalamic-pituitary-adrenal (HPA) axis, leading to
alterations in cortisol secretion in both basal and stressful contexts,
which may wear and tear future capacity to adapt to stressors [1].
Cortisol can be measured in a variety of fluids, such as blood and saliva.
It is released in a circadian pattern, peaking shortly following awak-
ening, followed by a decline throughout the day. However, the need to
collect multiple samples at specific time of day and to account for
time-specific confounders (e.g., transient mood or sleep disruptions)
complicate the use of these biospecimens as stable measures of systemic
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cautions regarding time of collection, transport, and storage.
Alternatively, hair cortisol concentration (HCC) is proposed to
retrospectively capture, over the two-to-three previous months, persis-
tent changes in cortisol secretion, including those that may be induced
by chronic stressors. Measuring HCC has also the advantage of being
non-invasive and easy to collect [2], especially for children who may be
frightened by needles (blood) or whom may have difficulty providing
sufficient saliva many times a day. Although it requires only one hair
sample collected at any time of day, hair samples ought to be protected
from UV rays [3] and stored at room temperature. The long-term pres-
ervation of hair for cortisol measurement is based on archeological study
of human hair (from AD550 to AD1532) that showed variation in
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systemic cortisol levels were still detectable [4]. As well, animals (e.g.,
chimpanzees and bears) studies did not detect HCC differences between
analyses conducted shortly after sampling and those ran after being
preserved for at least one year at ambient temperature [5,6]. Existing
evidence thus supports the reliability of HCC after hair samples have
been stored for long periods, yet research on human is limited. This
matters because, contrary to animal, human hair is more exposed to
chemical (e.g., shampoo, hair dye) than animals, which could influence
their preservation [2]. A few human studies (e.g.[7-11]) have noted a
slight decline in HCC with the passage of time between hair sample and
assay. This raises the possibility that changes in absolute values of HCC
may affect the relative stability of the participants’ position within the
sample, which may thus affect the estimation of the “real” magnitude of
their associations with other variables of interest.

As described in Supplemental Table 1, these studies exhibit differ-
ences beyond the sample origin (animals or humans): they vary in the
types of biological analyses conducted (immunoassay or liquid
chromatography-tandem mass spectrometry LC-MS/MS), and statistical
analyses employed to investigate these potential differences (mean dif-
ference or correlation). Identifying whether human hair samples can be
stored over long periods is of crucial importance, either to have time to
secure funding for analysis or to minimize inter-assay variation in
samples collected prior to and after interventions or at multiple time-
points across development in longitudinal studies.

In this study, we used hair samples collected among 17-year-old
adolescents, five years apart to test whether long-term storage affected
HCC stability. We also tested whether lower mean HCC would be
detected over time. We hypothesized a strong concordance between the
HCC derived from both samples, i.e. high values persistently remain
high, while low values consistently remain low despite a slightly lower
mean after 5-years storage.

2. Methods
2.1. Initial study population

Participants were drawn from the Quebec Longitudinal Study of
Child Development (QLSCD), a population-based cohort comprising
2120 children born in Quebec, Canada, in 1997-1998. At the age of 17, a
subset of 1150 individuals still participating in the study and living in
the province of Quebec were invited to provide hair samples for HCC
measurement. A total of 556 participants provided enough hair to
measure HCC (231 males) [12]. Specifically, participants received a
package containing essential materials to collect one hair strand from
the posterior vertex area of the scalp, which was showed to provide
comparable HCC than when collected by trained research assistants
[13]. Participants sent their hair samples back to our laboratory in a
Ziploc bag, utilizing a prepaid and pre-addressed envelope. The collec-
tion was completed at the end of 2015, stored at room temperature, and
not exposed to sunlight until they were analyzed 9 months later.
Informed consent was obtained from parents, while youth assented to
the study. Ethical approval was granted by the ethical committees of the
Institut de la Statistique du Québec and University of Montreal.

2.2. Subsample analyzed five years later

After this initial analysis, the remaining hair samples of 507 partic-
ipants were returned to storage under the same conditions. To ensure the
investigation in the full range of HCC, the original distribution was split
into thirteen epochs. Three participants were randomly selected within
each epoch, resulting in the re-analysis of thirty-nine participants.
During this process, five participants had to be resampled because of
insufficient hair mass left. HCC distribution among the initial cohort and
the follow-up subsample is presented in Supplemental Fig. 1.
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2.3. Hair cortisol concentration (HCC)

The analysis of both samples was completed under the same condi-
tions, including procedure and equipment, laboratory, and technician.
The analysis kit manufacturer was also the same, although the product
has been updated (see Supplemental Table 2 for main differences).
Biological analyses were conducted at the Centre for Studies on Human
Stress (Montreal, Canada). After checking the absence of humidity, the
first 3-cm hair segment was weighted to get 25 mg and directly washed
into a 15-ml tube with 2.5 ml of isopropanol and then mixed. After
decanting, repeated wash cycle and overnight drying, we added 1.5 ml
of pure methanol, rotated for 24 h, and centrifuged the solution, ali-
quoting 1 ml. Methanol evaporation occurred at 37 °C under constant
nitrogen, followed by adding 0.4 ml of phosphate buffer to the tube and
vortexing for 15 s. Samples were assayed in duplicate using a lumines-
cence immunoassay (initial sample: detection range: 0.005-4 pg/dl;
intra-assay coefficient of variation = 7.24%; inter-assay coefficient of
variation = 10.13%; re-analysis: detection range: 0.015-3.2 pg/dl; intra-
assay coefficient of variation = 2.11%). A logl0 transformation was
applied to minimize the skewness of the distribution.

2.4. Statistical analyses

We first evaluated the concordance between the HCC analyzed five
years apart using the Lin’s concordance correlation coefficient (CCC),
which evaluates the agreement between two measures by studying their
variations around a 45° line passing through the origin [14]. Comparing
to other correlation estimates, CCC has the advantage to measure both
precision and accuracy [14]. Additionally, extreme values weigh less on
the correlation coefficient because no intercept is assumed. CCC ranges
from —1 to +1 and CCC >0.90 corresponds to a perfect concordance
[14]. The Bland-Altman plot analysis then assessed the bias between the
two measurements by constructing limits of agreement, whereby 95% of
the differences are displayed across the average measures’ distribution
[15]. We also examined the mean difference between measures assayed
5 years apart using Wilcoxon rank test for paired data. All statistical
analyses were done using R version 4.3.1 using the epiR package [16].

3. Results

Fig. 1 shows correspondence between the measures of HCC assayed
five years apart along the 45° perfect concordance line. Visually, the
points appear to be close to the concordance line, with a slightly higher
frequency below it. CCC estimation was 0.84 (95% confidence interval,
CI = 0.72-0.91) between the two samples, indicating a good
concordance.

Fig. 2 represents the Bland-Altman plot analysis. The differences
between the two measurements appeared to be evenly distributed be-
tween the original and in the re-analyzed samples and all points fell
within the 95% confidence intervals, once more suggesting temporal
stability. However, a statistically significant, albeit small, mean differ-
ence was observed, corresponding to a reduction in HCC of 8.4% 5 years
later (initial mean = 2.73 log-pg/mg vs. 5 years later = 2.50 log-pg/mg,
p = 0.001).

4. Discussion

In the current study, we used hair collected among 17-year-old ad-
olescents to test if HCC can be reliably measured after five-year storage
at room temperature protected from sunlight. Our study revealed that,
although the mean HCC was lower 5 years later, there was a robust
concordance and temporal stability between the two measurements,
providing additional support that human hair samples can be stored
over the long term with few HCC alterations in the relative position of
the participants within the cohort.

Among previously published studies, some point to stability of HCC
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Fig. 1. Scatter plot displaying the HCC of samples analyzed five years apart Notes. HCC = hair cortisol concentration; pg/mg = picogram/milligram; log = loga-
rithmic. Data compiled from the final master file of the Quebec Longitudinal Study of Child Development (1998-2018), ©Gouvernement du Québec, Institut de la

statistique du Québec.

after years of storage (until 2 years) [5,6], while others show a decrease
(until 5 years) [7-11]. Beyond the sample origin, two distinctive fea-
tures of these studies ought to be considered (see Supplemental Table 1):
those showing HCC stability were published between 2010 and 2016
and are based on immunoassays. In contrast, studies showing a decrease
in HCC are more recent (2016-2023) and based on LC-MS/MS. Unlike
immunoassay, LC-MS/MS provides a more specific and precise method
for quantifying compounds through the combined power of liquid
chromatography and tandem mass spectrometry [17]. Utilizing a more
precise hormone measurement technique is more likely to uncover mean
differences over time if they exist. Despite having used the same
immunoassay, our results point to a slight mean HCC decrease after 5
years of storage. Our analyses were carried out with more advanced kit
formulations that tend to approximate the results of the LC-MS/MS
method. This is the case for the kit used in 2017 (RE62011/RE62019,
IBL International) and especially for the 2022 kit (RE62111/RE62119,
IBL International). This was the only parameter that changed between
our two measurement times. As described in Supplemental Table 2,
cross-reactivity differs between these two kits and we cannot exclude
that, as cross-reactivity was higher for the 2017 kit, the initial HCC
measurements may have been overestimated, leading to a statistically
significant mean difference 5 years apart.

Beyond this mean difference, we observed a good concordance be-
tween HCC measured 5-years apart, i.e. high initial HCC values are still
high 5 years later. Given that the relative positions of individuals within
the sample were mostly preserved, it is anticipated that subsequent
statistical analyses investigating the correlations between HCC
measured years after collection and other variables should not be unduly

influenced by the small decrease in the raw HCC values.

Our study has many strengths. First, we re-analyzed the samples five
years later controlling most of the conditions (laboratory, technician,
procedures, manufacturer). In our study, we examined HCC within the
same samples analyzed twice, ensuring that no external factors inde-
pendent of storage conditions (or analysis) could have influenced our
results. This approach differentiates from investigations that explore
HCC stability across various samples collected over time, as well as from
those examining storage time as potential confounders within a sample,
which results could be affected by a third factor [7-11]. There are,
however, certain limitations. The initial analyses were conducted about
9 months after sampling. As such, we ignore if a decrease in HCC already
occurred within this interval. Nevertheless, animal studies, which
assayed samples right after collection and again after 1 or 2 years,
concluded to high reproducibility and no significant differences across
this period [6]. It remains crucial, however, to confirm these findings in
humans. Moreover, the observed concordance was not perfect. In
addition to the change of the kit or a potential degradation in HCC over
time, this variability may be due to time-specific errors of measurement,
batch effect, or to differences in the humidity affecting weighting the
hair samples on each occasion. Finally, our sample was too small to
explore HCC stability in extreme values and whether the use of hair
treatment affected the stability of HCC during storage (only 3 partici-
pants reported hair treatment use). Larger studies are needed to test
these possibilities.
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Fig. 2. Bland-Altman plot analysis comparing the mean HCC differences between the samples analyzed five years apart Notes. The solid line represents the average
difference between the two measures; dashed lines represent the lower and upper confidence limits with 95% of this difference. HCC = hair cortisol concentration;

pg/mg = picogram/milligram; log = logarithmic.
5. Conclusion

As the use of HCC in stress research continues to rise, it is imperative
remain vigilant about the possibility of hormonal degradation in hair
over time, and the variations it may induce between the participants for
whom the time interval differs between sample collection and analysis.
Our study offers additional evidence that hair can be stored safely over
at least five years without significant disruption in HCC when samples
are unprocessed, stored at room temperature and protected from
sunlight.
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