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Summary The detrimental effects of stress on human health are being increasingly recognized.
There is a critical need for the establishment of a biomarker that accurately measures its intensity
and course over time. Such a biomarker would allow monitoring of stress, increase understanding
of its pathophysiology and may help identify appropriate and successful management strategies.
Whereas saliva and urine cortisol capture real-time levels, hair cortisol analysis presents a
complementary means of monitoring stress, capturing systemic cortisol exposure over longer
periods of time. This novel approach for cortisol quantification is being increasingly used to
identify the effects of stress in a variety of pathological situations, from chronic pain to acute
myocardial infarctions. Because of its ability to provide a long-term, month-by-month measure of
systemic cortisol exposure, hair cortisol analysis is becoming a useful tool, capable of answering
clinical questions that could previously not be answered by other tests. In this paper we review the
development, current status, limitations and outstanding questions regarding the use of hair
cortisol as a biomarker of chronic stress.
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1. The role of stress in health

The term stress refers to the body’s nonspecific adaptive
response to try to adapt to a perturbation. The source of the
stress, the stressor, may be actual or perceived, and can be
psychological or physiological (Selye, 1950). The sum of
physiological effort to compensate for the perturbations
caused by a stressor is defined as the allostatic load (McEwen,
1998). Allostatic load can be quantified through measure-
ment of physical changes such as blood pressure, heart rate,
waist-hip-ratio, and body fat percentage, or through bio-
chemical concentrations of various substances, including
cortisol, catecholamines, high-density lipoprotein (HDL),
total cholesterol:HDL ratio, triglycerides, glycosylated hae-
moglobin, glucose levels, C-reactive protein, fibrinogen, D-
dimer, and tumour-necrosis-factor-alpha (Bellingrath et al.,
2008). Initially, the physiologic changes induced by the stress
response serve an adaptive role as the body attempts to
maintain homeostasis in spite of the stressor, but a sustained
increase in allostatic load is associated with a host of dele-
terious consequences. These may include the development
or exacerbation of mental health disorders (Kessler et al.,
1985; Brady and Sinha, 2005; Kim et al., 2007; Lee et al.,
2010), hypertension (Esler et al., 2008), an increased risk for
cardiovascular disease (Appels, 1990; Appels et al., 2000;
Dimsdale, 2008), obesity (Vicennati et al., 2009), type 2
diabetes (Pouwer et al., 2010), exacerbation of chronic
obstructive pulmonary disease (Andenaes et al., 2004) or
asthma (Sandberg et al., 2004), exacerbation of skin condi-
tions such as psoriasis (Malhotra and Mehta, 2008), an
increased risk of ulcerative colitis (Mawdsley et al., 2006),
reduced fertility (Ebbesen et al., 2009) and poor pregnancy
outcome (Latendresse, 2009).

A recent study by the American Psychological Association
sought to quantify the extent to which subjective stress is
present in North America. The authors interviewed 1134
adults aged 18 and up, and 1136 children between the ages
of 8 and 17 from 8 cities across the continental United States.
The study included both interviews and self-reported stress
(using a Likert grading scale), and found that the majority of
Americans have moderate to high levels of stress. The three
most commonly cited sources of stress were money, work,
and economy-related. Children were more likely to cite
money as a significant source of stress. Perhaps most con-
cerning is that almost half (44%) of the participants reported
that their stress level had increased over the past 5 years
(Anderson et al., 2011). In light of the above-mentioned
significant sequelae associated with stress, this study under-
scores the need of finding an objective means of quantifying
the degree of chronic stress. Such a biomarker would poten-
tially help facilitate earlier detection, could help identify
individuals most at risk for deleterious health outcomes, and
hopefully help gauge effective methods to mitigate stress.

2. Lack of a marker for chronic stress

Biomarkers of acute stress have been well established and
primarily assess catecholamine release. Goldstein’s (1995)
paper provides a thorough review of the way in which sym-
pathetic responses can be quantified during acute stress. In
contrast, finding a ‘‘gold standard’’ biomarker for chronic
stress has proved challenging given its complex etiology and
the highly individual manifestations.

Glucocorticoids are commonly used as biomarkers of
stress. In humans, non-human primates and many larger
mammals cortisol is the most common glucocorticoid, while
in other vertebrates including rodents, corticosterone is the
primary stress hormone. As there are only very few studies on
corticosterone in hair, this paper will focus on cortisol as a
biomarker of stress.

During times when an organism undergoes physiologic
duress, cortisol acts to mobilize energy stores and modulate
the immune system. Despite its well-recognized role in stress
in both animals and humans, the ability of cortisol to reflect
stress levels over long periods of time has been limited. This
is largely due to the nature of the traditional matrices in
which cortisol has been sampled. To date, the majority of
studies have investigated cortisol responses using samples of
serum, saliva, or urine. The most commonly used assays to
detect cortisol in these samples are radioimmunoassays
(RIAs), liquid chromatography—mass spectrometry (LC—MS/
MS) and enzyme-linked immunosorbent assays (ELISA) (Gatti
et al., 2009).

Both saliva and serum samples provide a measurement of
the cortisol concentration at a single point in time. They can
therefore be used to test acute changes, but are subject to
major physiological daily fluctuations, making the assess-
ment of overall long-term systemic cortisol exposure diffi-
cult. In healthy individuals, plasma cortisol levels peak in the
early morning, and gradually decrease thereafter. Hence, a
single measurement cannot reflect the integral of systemic
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exposure. To help overcome this challenge, most contem-
porary studies obtain multiple salivary samples from the time
of waking until sleep, but this is experimentally complex, the
compliance of individual participants with the sampling
schedule may vary (Yehuda et al., 2004), and this methodol-
ogy is difficult to apply to larger populations. In addition,
measuring cortisol in serum samples assesses total serum
cortisol that includes both protein-bound and bioactive (free)
cortisol. Consequently, total serum cortisol is affected by
changes in levels of cortisol-binding globulin (e.g. by birth
control pills or pregnancy) that can result in increases in total
cortisol concentration measured, even though there is no
increase in stress or free cortisol concentrations. In addition,
the act of obtaining a sample via venipuncture could by itself
be a source of stress and increase cortisol (Vining et al.,
1983). Salivary cortisol concentrations correlate well with
serum concentrations (Vining et al., 1983; Aardal and Holm,
1995). In contrast to serum cortisol, salivary cortisol reflects
free (unbound) cortisol and is collected by a less-invasive
method. However, salivary cortisol concentrations still fluc-
tuate significantly throughout the course of the day. A similar
strategy is employed when urine is used; 24-h urine collec-
tions provide an integral of the free cortisol concentrations
through the day, thus overcoming the issue of its diurnal
rhythm (Burch, 1982). However, the collection is labor inten-
sive for participants, and cannot be used in cases of chronic
renal failure or dialysis.

3. The development of cortisol detection in
hair

Hair analysis has been used for decades to monitor exposure
to exogenous compounds, with particular emphasis on
detecting drugs of abuse (Gaillard et al., 1999). Because
head hair grows at an average of 1 cm/month, assessment of
drugs in hair can reflect changes in drug exposure over time
(Wennig, 2000). More recently there has been a growing
interest in quantifying endogenously produced compounds
such as cortisol in hair (Gow et al., 2010).

One of the earliest studies examining whether cortisol
could be detected in hair was performed by Koren et al.
(2002) using hair from wild hyraxes (small herbivorous mam-
mals). In this study, the hyraxes were briefly captured so that
7—20 mg of hair could be plucked. Cortisol was then
extracted from the hair using methanol, followed by analysis
on a modified salivary ELISA. Cortisol was found in detectable
ranges in the hair, and a significant positive correlation was
found between hair cortisol concentration and social ranking
of the hyraxes. A follow-up study used hair cortisol analysis to
support the ‘stress of dominance’ hypothesis. In the most
dominant group of hyraxes, higher hair cortisol concentra-
tions were predictive of greater social dominance (Koren
et al., 2008).

Sauve et al. (2007) were the first to use an ELISA protocol
similar to the one used by Koren et al. in 39 non-obese human
subjects. Hair cortisol concentrations were not normally
distributed, but after log transformation a reference range
of 1.7—153.2 pg/mg was established, with a median concen-
tration of 46.1 pg/mg. The hair cortisol concentrations
obtained were compared against those obtained from saliva,
serum, and 24-h urine collections. A positive correlation was
observed between cortisol concentrations in hair and in 24-h
urine (r = 0.333, P < 0.04), but no significant correlation was
found when comparing cortisol in hair with salivary or serum
cortisol. The authors postulated that this lack of correlation
was due to the differences in time period assessed by the
various matrices: saliva and serum provide information on
brief point measures, whereas the total 24-h urine collection
provided an integral of production more close to the integral
of production that hair analysis captured. Additionally, this
study reported that sampling from the vertex posterior
region of the scalp proved optimal because it had the lowest
intra-individual coefficient of variation for cortisol concen-
tration. In rhesus macaques, in contrast, there was a sig-
nificant correlation between the cortisol concentration in
saliva and that in hair (r = 0.797, P < 0.001) (Davenport
et al., 2006). Bennett and Hayssen (2010) measured hair
cortisol in dogs, and found that it was significantly correlated
with cortisol in saliva (r = 0.48; P < 0.001).

Cirimele et al. (2000) were the first to examine whether
glucocorticoids could be detected in human hair. Hair sam-
ples were taken from a deceased man who had been receiving
prednisone for sarcoidosis, patients receiving prednisone
after kidney transplantation, and patients receiving beclo-
methazone for asthma. The glucocorticoids were extracted
with incubation in a Sorenson buffer. Using high performance
liquid chromatography—ion spray mass spectrometry, a total
of ten glucocorticoids, including cortisol and cortisone, were
detected in hair. A follow-up study by Raul et al. (2004)
showed that in hair samples of 44 subjects a mean hair
cortisol concentration of 18 pg/mg, ranging from 5 to
91 pg/mg, could be detected. Cortisone was also quantified
in this study, and, interestingly, cortisone concentrations in
hair were higher than cortisol concentrations, unlike plasma
in which concentrations of cortisol are significantly higher
than of cortisone. It was postulated that this might be due to
increased activity of 11b-hydroxysteroid dehydrogenase type
2 (the enzyme responsible for converting cortisol to inactive
cortisone) in the hair bulb (Tiganescu et al., 2011).

4. Advantages of hair cortisol analysis

There are various advantages to using cortisol in hair as a
biomarker of chronic stress. Hair has a fairly predictable
growth rate of approximately 1 cm/month. Therefore the
most proximal 1 cm segment to the scalp approximates the
last month’s cortisol production, the second most proximal
1 cm segment approximates the production during the month
before that and so on (Wennig, 2000). This phenomenon
enables researchers to retrospectively examine cortisol pro-
duction at the times when a stressor was most salient,
without needing to take a sample right at that time. Alter-
natively, it can provide a baseline cortisol assessment for a
time period during which the stress had not yet occurred.
This was demonstrated in a study in rhesus macaques in which
hair samples for cortisol were obtained both at baseline and
after a major stressful event (relocation to a new habitat)
(Davenport et al., 2006). The sample can be collected non-
invasively by simply cutting a �1 cm diameter sample of hair
at the base of the vertex posterior of the head. This elim-
inates the risk that the sampling itself may have an impact
upon cortisol production. Furthermore, as each centimeter



Table 1 A comparison of properties of the various matrices for cortisol measurement.

Property Serum Saliva Urine Hair

Subjective level of invasiveness
associated with sample
collection

High Low Moderate Low

Cortisol affected by stress of
sampling procedure?

Possibly Possibly Possibly No

Storage requirements Spinning and refrigeration
followed by freezing

Refrigeration
or freezing

Refrigeration
or freezing

Room temperature;
stable for years

Time periods of cortisol
production represented

Single point measure Single point
measure

12—24 h; integral
of exposure

Months to years;
integral of exposure

Affected by changes in
cortisol binding globulin?

Yes; total cortisol
measured

No; only free
cortisol measured

No; only free
cortisol
measured

No; only free cortisol
measured

Clinically relevant reference
ranges established?

Yes Yes Yes No
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sample represents approximately 1 month’s worth of cortisol
production, the issue of intra- and inter-day cortisol fluctua-
tions is mitigated. Finally, unlike the bodily fluids that require
special storage conditions prior to analysis, hair samples are
easily transported and stored in envelopes or vials at room
temperature (Gow et al., 2010). A summary of the different
properties of existing matrices for cortisol measurement is
presented in Table 1.

Another matrix that may be capable of providing cumu-
lative cortisol exposure is fingernails. Recently a pilot study
was performed to determine whether cortisol and dehydroe-
piandrosterone (DHEA) could be detected in fingernails (War-
nock et al., 2010). Using a methanol extraction and ELISA,
both cortisol and DHEA were detected in fingernails from 33
university students. During times of exam stress the ratio of
cortisol over DHEA was found to be significantly increased
compared to baseline levels obtained at the beginning of the
school year. One of the limitations that the authors noted was
how fingernail growth is known to change depending on
environmental factors (e.g. seasonal changes) and differ-
ences in personal behaviour (e.g. nail-biting habits). Thus,
controlling for such variables would be important for finger-
nail cortisol concentrations to accurately reflect time periods
of interest. Another study used a Sorenson buffer extraction
and ultra-performance mass spectrometry analysis to inves-
tigate whether cortisol, cortisone, and DHEA could be
detected in fingernails (Ben Khelil et al., 2011). The median
cortisol concentration was 69.5 pg/mg (36—158 pg/mg) and
the median cortisone concentration was 65 pg/mg (32—
133 pg/mg). Further studies are required to validate finger-
nails as a reliable matrix, but they may present an alternative
for cumulative cortisol measurement when hair analysis is
not possible, such as in cases of balding or cultural objections
against hair sample collection.

5. Hair cortisol analysis

Overall, the methods used for measurement of cortisol in hair
are very similar, with some variations in procedures amongst
laboratories. Briefly, to extract cortisol from hair, the sample
is carefully sectioned into segment lengths that will approx-
imate the time period of interest (e.g. the most proximal
3 cm for the last 3 months of cortisol production). Then, the
hair is finely minced with scissors or ground with a ball mill,
and incubated in a solvent such as methanol. The resulting
solution is evaporated to dryness, and then reconstituted in a
solution such as phosphate buffered saline (Sauve et al.,
2007). Following the extraction, ELISA, RIA, or LC—MS/MS
have all been used for cortisol quantification (Gow et al.,
2010). Presently, there can be significant interassay varia-
bility in the commercially available immunoassays. The
immediate implication is that researchers in this field must
try to perform all tests of a particular protocol using the same
batch of cortisol immunoassay, using internal positive con-
trols as standards, and preferably using assays that have low
interassay variability.

6. Emergence of hair cortisol analysis to
detect clinical or stress-mediated changes in
cortisol

6.1. Observational studies

Kirschbaum et al. (2009) investigated if the well-established
increase in cortisol production in the third trimester of
pregnancy could be detected using hair cortisol analysis.
Mothers who had recently given birth provided hair samples
that were divided into section lengths corresponding to their
first, second, and third trimesters. These samples were then
paired against nulliparous women and the hair cortisol con-
centrations were compared. The cortisol concentrations in
the section of hair corresponding to the third trimester were
significantly higher when compared to earlier trimesters and
when compared to non-pregnant controls (t(1,120) = 4.77;
P < 0.001). While this study was appropriately designed to
assess the effect of pregnancy on hair cortisol content, an
effect of repeated hair washings on hair cortisol along the
hair shaft (when comparing sections obtained from a single
hair sample) cannot be ruled out. This limitation was not
present in the study by D’Anna-Hernandez et al. (2011) who
took hair samples at the end of each trimester of pregnancy
and compared hair cortisol changes throughout pregnancy
and the postpartum period. Hair cortisol concentrations were
found to be significantly elevated in the third trimester
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relative to the first trimester (t = 4.1; P < 0.001) and
decreased again in the postpartum period (t = 2.9;
P = 0.004).

Stalder et al. (2010) investigated hair cortisol concentra-
tions in alcohol-dependent subjects in acute withdrawal
compared to long-term abstinent alcoholics and a control
group of matched non-alcoholic subjects. The study rationale
was that alcoholics in acute withdrawal have been documen-
ted to be hypercortisolemic. Indeed, the samples from the
alcoholics in acute withdrawal revealed significantly higher
cortisol concentrations when compared to both the abstinent
alcoholics and the controls (51.99 � 43.30 vs. 13.98 � 10.63,
16.55 � 12.59 pg/mg, respectively; P < 0.001).

Finally, hair cortisol content was also significantly
increased in patients with Cushing’s syndrome, a condition
characterized by the endogenous overproduction of cortisol
(Thomson et al., 2010). Similarly, Manenschijn et al.
(2011b) also found significantly elevated hair cortisol con-
centrations in a group of 9 patients with Cushing’s syndrome
as compared to 195 non-Cushing’s controls (P < 0.0001). In
aggregate, these studies support the notion that cortisol in
hair provides a reflection of long-term systemic cortisol
exposure.

6.2. Intervention studies

The first experimental animal study that demonstrated that
hair cortisol can change following an intervention was pub-
lished by Davenport et al. (2006). They studied rhesus maca-
ques that had recently undergone relocation from their
original housing environment, and were displaying beha-
vioural characteristics of increased stress. Three hair sam-
ples were obtained: one representing the 13 weeks before
the relocation, one representing the 14 weeks immediately
after relocation, and one taken a year after the relocation. A
significant increase in cortisol concentration was observed in
the 14-week post-relocation samples compared to baseline
levels (129.6 � 15.5 vs. 81.1 � 7.5 pg/mg, respectively;
P < 0.001), and 1 year following the re-location the cortisol
levels approximated the pre-relocation levels again. These
results documented not only that stress is associated with
increased hair cortisol concentrations, but also that hair
cortisol content responds dynamically to changes in cortisol
over time.

Two recent studies in rhesus macaques studied the effect
of maternal separation on hair cortisol levels of the infants.
In the first study, the macaques were reared from birth
onwards by either their mothers and peers, just their peers,
or by surrogate peers. At 8 months of age, all macaque
groups were placed in a large common social environment.
Compared to the other two groups, macaques that were
raised by their mothers exhibited reduced anxious behaviour
following relocation and had lower hair cortisol both before
and after the placement in the large social environment. In
infants raised by peers only, hair cortisol before separation
was positively correlated with later composite anxiety
(Dettmer et al., 2011). In the second study, peer-raised
infant macaques had lower hair cortisol (measured at
18 month age) than those raised by their mothers. The
peer-raised macaques demonstrated abnormal stress-
response and decreased socialization behaviour at 3 years
of age (Feng et al., 2011). Thus, the direction of the HPA axis
activity (hyper- or hyposecretion) may vary in relation to
age, anxiety and social situation.

Of note, short-term increases of cortisol following brief
stressors cannot be detected by measurement of cortisol in
hair. This is illustrated by a recent study in caribou and
reindeer that received a single injection of ACTH. This did
not affect hair cortisol, suggesting that hair cortisol is not
sensitive enough to detect minor or short-lived alterations of
the HPA axis (Ashley et al., 2011).

Laudenslager et al. (2011) investigated the relation
between hair cortisol and novelty seeking behaviour. They
used a standardized test to determine the response of
female vervets to a potentially dangerous foreign object.
This generated a Novelty Seeking Score, with higher scores
indicating a greater tendency to explore the object. Next,
novelty-seeking behaviour was correlated with hair cortisol
as a tool to assess long-term hypothalamic pituitary adrenal
(HPA) axis activity. Vervets with low hair cortisol concentra-
tions had significantly higher Novelty Seeking Scores than
vervets with high cortisol concentrations (P < 0.01). These
results suggest that a dampened HPA response may be
associated with more bold behaviour and that consistently
elevated HPA activity may inhibit the ability or willingness to
examine novel challenging circumstances. This study
demonstrates the ability of hair cortisol analysis to be used
as a tool to expand the animal paradigm of human novelty
seeking behaviour.

Work on the same vervets has been continued by Fairbanks
et al. (2011) examining the heritability of HPA activity in
response to a stressor. The 226 female vervets used were
living in a colony of 16 multigeneration, matrilineal social
groups. Hair cortisol analysis was used to measure cortisol
concentrations before and after relocation to another hous-
ing facility across the country. This process was thought to be
stress-inducing because of the required multiple anestheti-
zations, transportation, and interaction with unfamiliar
staff. Pre-move hair samples were collected to establish a
baseline, and post-move hair samples were taken 25—
29 weeks after the relocation, a study design similar to the
rhesus macaque study by Davenport et al. (2006). The added
facet of the vervets study was that the pedigree of individual
vervets was delineated with the use of microsatellite markers
to determine paternal and maternal contributors to each
vervet’s DNA. As expected, mean cortisol concentrations
were significantly elevated post-move (27% increase;
P < 0.001). Additionally, when examining genetic influences
in hair cortisol levels, there was a significant concordance in
both the baseline (h2 = 0.13; P < 0.001) and the post-move
(h2 = 0.13; P < 0.001) cortisol concentrations amongst ver-
vets with similar genetic complements (Fairbanks et al.,
2011). This study validated results from previous studies
indicating the stress of moving and more importantly demon-
strated a genetic influence governing hair cortisol concen-
trations. This may prompt human studies to determine the
extent to which hair cortisol concentrations are governed by
genetics, independent of environmental factors.

The ability of hair to effectively detect changes in cortisol
concentrations has been convincingly demonstrated in sev-
eral proof-of-concept human studies. One such study by
Thomson et al. (2010) involved patients with Cushing’s syn-
drome. In this study, hair samples were obtained from
patients at the time of first presentation in the clinic. When
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analyzed month by month, a steady increase in cortisol
concentration was observed up until the point of presenta-
tion, consistent with clinical symptoms of increasing cortisol
exposure. Following a successful surgical intervention to
correct the condition another hair sample was obtained,
and the cortisol content of those samples was significantly
reduced. This was corroborated by Manenschijn et al., who
took hair samples during the clinical course of a patient with
Cushing’s disease (hypercortisolism caused by a pituitary
ACTH producing adenoma). Hair cortisol concentrations were
elevated initially, and showed a marked decline following a
corrective surgery (Manenschijn et al., 2011b).

7. Methodological challenges in hair cortisol
analysis

From its inception as a tool to monitor stress and cortisol
concentrations there have been some persistent questions
about the nature of hair cortisol analysis and the underlying
(patho-)physiology.

A frequently raised question is the mechanism by which
cortisol enters the hair. Several mechanisms have been pro-
posed (see Fig. 1).

The most commonly suggested hypothesis is based upon
the complex multi-compartment model that has been used to
explain drug incorporation in hair (Boumba et al., 2006).
Cortisol is thought to enter hair primarily at the level of the
medulla of the hair shaft via passive diffusion from blood. In
this scenario hair cortisol would be hypothesized to reflect
the integrated free cortisol fraction rather than the total
cortisol concentration in serum. Additional cortisol may coat
the outer cuticle from sebaceous and eccrine secretions
(Pragst and Balikova, 2006; Raul et al., 2004). However, to
date no studies have been conducted to confirm that cortisol
is present in sebum or sweat.

There has been some discussion as to whether the cortisol
found in hair is representative of systemic concentrations.
Figure 1 Proposed mechanisms for incorporation of cort
Most authors assume that hair cortisol content is represen-
tative of systemic levels. However, local cortisol production
may participate as well, particularly as Ito et al. (2005)
demonstrated that hair follicles contain a functional equiva-
lent of the HPA axis and can synthesize cortisol after stimula-
tion by corticotrophin-releasing hormone (CRH). This was
supported by a study by Sharpley et al. (2009) in which three
subjects were subjected to a cold pressor test (CPT), in which
their hand was immersed into a container of ice water for
1 min. Six minutes prior to the test, baseline levels were
obtained by taking a saliva sample (meant to represent
central HPA activity), a hair sample from the wrist which
was going to be immersed (meant to represent peripheral
HPA activity), and a hair sample from the opposite leg (meant
to represent the control for peripheral HPA activity). Imme-
diately following the test, samples were collected again from
the aforementioned areas, and 6 additional samples were
collected from each participant over the following 30 min. Of
interest, the hair cortisol concentrations for the wrist that
underwent the CPT were markedly elevated from the base-
line immediately following the CPT in each of the 3 partici-
pants. These concentrations then proceeded to decrease
over the course of the next 30 min. No changes were
observed in the hair samples taken from the opposite leg
which did not experience the CPT. Salivary cortisol levels did
not appear to correlate with the hair measures. The authors
postulated that this may demonstrate a peripheral HPA
activity influencing hair cortisol levels in a transitory way,
independent of central HPA activity. A caveat for this study is
that a control experiment assessing the effect of non-stres-
sing (e.g. room or body temperature) immersion in water was
lacking. Additionally, the hair examined was from the parti-
cipants’ arms, and compared it with hair from their legs–—hair
from these locations is differently regulated than scalp hair.
Further, the number of participants was small and the experi-
ment still requires confirmation. Very high hair cortisol con-
centrations were found in a patient receiving treatment with
high dose hydrocortisone (Thomson et al., 2010). In this
isol into hair via blood (A), sebum (B), and sweat (C).
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clinical scenario the CRH production is suppressed so that the
hair bulb HPA unit would not be stimulated by CRH and thus
produce none or very little cortisol. Finally, recent data from
a patient with primary adrenal insufficiency, with elevated
ACTH, showed low hair cortisol levels, supporting the evi-
dence that cortisol levels detected in hair are primarily from
central HPA activity (Manenschijn et al., 2011b).

The effect of natural hair colour or cosmetic treatments
on hair cortisol concentrations is another frequently debated
topic. With respect to natural hair colour, neither Sauve et al.
nor Manenschijn et al. have detected significant differences
in cortisol levels due to natural colouration (Sauve et al.,
2007; Manenschijn et al., 2011b). In dogs, Bennett and
Hayssen (2010) found that hair pigmentation has a significant
impact on cortisol concentration, with black (eumelanin),
agouti (mixed melanin content), and yellow (pheomelanin)
hairs showing an ascending hair cortisol concentration
(r = 0.47; P = 0.001). This was the first study to suggest that
melanin content could impact how cortisol is sequestered
into hair. Sauve et al. (2007) demonstrated that cosmetic
treatments such as hair dying significantly decrease hair
cortisol levels relative to controls (P < 0.036). A similar trend
that failed to reach significance was noted by Manenschijn
et al. (2011b). A possible mechanism for this decrease could
be that cosmetic treatments such as bleaching may increase
the porosity of hair, allowing more cortisol to be leached out
(Boumba et al., 2006), or that they add weight to the hair
causing a dilution-like effect.

Wildlife studies using point measures of cortisol to exam-
ine the relationship between basal cortisol concentrations
and organic pollutants have frequently suffered from the
confounding effect of the stress induced by the chase to
anesthetize the animal. As hair cortisol measurement can
potentially overcome this confounder, two studies measured
hair cortisol in bears to determine factors that affect hair
cortisol content. Hair cortisol was found in both studies, and
isopropanol washes eliminated any contribution from con-
tamination. These studies did not find any affect of age or
hair colour on hair cortisol in bears. In grizzly bears, hair
cortisol content was affected by body hair type (with lowest
hair cortisol variability for guard hair), body region and
capture method (Macbeth et al., 2010). Interestingly, female
polar bears had higher hair cortisol than male polar bears
(Bechshoft et al., 2011), while in grizzly bears such a differ-
ence was not found. This may perhaps be explained by a
difference in pregnancy states, as hair cortisol in humans and
primates increases with pregnancy, but information on preg-
nancy state was not provided in these studies.

Since personal hygiene is quite variable from person to
person, it is important to know what effect, if any, frequency
of hair washing has on hair cortisol concentrations. In rhesus
macaques, Hamel et al. (2011) have shown that repeated
washing with either shampoo or water decreased hair cortisol
concentration. Hair samples from 20 different macaques
were collected, and hair shavings were divided into 4 dif-
ferent pools of hair with hair from 5 different macaques
contributing to each pool. Hair samples from each pool were
placed in separate test tubes and subjected to 20 water
washes and 10, 20, and 30 shampoo washes with a 10%
shampoo solution. A wash consisted of a 10 ml addition of
the solution, inversion for 45 s, and decanting. For the test
tubes with shampoo additional water washes were used to
remove any residual shampoo. Upon analysis, non-washed
control samples had significantly more cortisol than any of
the wash treatments in all 4 pools (P < 0.001). Additionally,
all hair that had been washed with shampoo 30 times had
significantly less cortisol than that which had been only
washed 10 times (P < 0.005). This finding implies that infor-
mation on the frequency of hair washing should be collected
when conducting hair cortisol analysis studies. A follow-up
study to replicate these results in humans would be prudent,
since macaques and humans have very different baseline
levels of hygiene.

Though the mean hair growth rate averages about 1 cm/
month, variations in hair growth profile do exist, and may in
certain circumstances need to be accounted for. Hair growth
varies on different regions of the scalp, but consistent sam-
pling from the vertex posterior should overcome intra-scalp
differences. When sampling from different populations, tak-
ing note of the ethnic background will be important, as
African, Asian, and Caucasian individuals have different hair
growth rates (288 � 51, 421 � 53, 371 � 59 mm/day, respec-
tively) (Loussouarn et al., 2005). In addition, it is possible
that clinical conditions affect hair growth rate, as suggested
by a study in Angora goats in whom hyperthyroidism resulted
in increased mohair fiber growth (Puchala et al., 2001).

Maybe the most contentious methodological debate sur-
rounding hair cortisol analysis pertains to whether cortisol
concentrations remain constant along the length of the hair
shaft. Kirschbaum et al. (2009) examined hair cortisol con-
centrations along the hair shafts of 9 nulliparous women. Hair
samples of at least 18 cm length were collected from each
woman and divided into six 3 cm sections. In the first seg-
ments, cortisol concentrations decreased continuously
(P < 0.0001), 30—40% each time, reaching an asymptotic-
like level in the final two most distal segments. The authors
suggested that this decrease was likely due to a leaching
effect, where more distal hair segments had experienced
greater environmental damage, compromising hair integrity.
Thus, they suggested using only the most proximal 1—6 cm of
hair can reliably estimate systemic cortisol concentrations.
Gao et al. (2010) found similar results with segmental ana-
lysis of 5 subjects. The first five 1 cm segments experienced
an average linear hair cortisol decline of �2.7 � 0.3 pg/cm
(b = �0.98; P < 0.01). In contrast, several studies have con-
tradicted these results. Thomson et al. (2010) recruited 9
healthy control subjects with hair lengths ranging from 10 to
14 cm, and could not confirm the previous studies. Hair
samples were segmented into 1 cm sections and of the 9
healthy controls, 8 had no significant differences in cortisol
concentration along the length of the shaft (mean for all
sections 147 � 46 ng/g); one participant did demonstrate a
significant decrease (P < 0.05) over time. Similarly, Man-
enschijn et al. (2011b) could not show time-dependent
changes. A group of 28 women provided hair samples at least
18 cm in length, and these were then segmented into six 3 cm
sections. No significant differences in hair cortisol concen-
tration were observed in consecutive segments (P = 0.249).
Adding to the argument that cortisol does not naturally vary
in distribution along the length of the hair shaft, both a study
in rhesus macaques (Davenport et al., 2006) and a study in
dogs (Bennett and Hayssen, 2010) found no significant differ-
ences between the most proximal half and the most distal
half of the hair shaft. However, these animal studies may not
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necessarily translate to the human condition, as the hair
length and the hygiene in the animals may be considerably
different from humans. The dog hair length of 2.3—4.3 cm is
shorter than in many human samples, and the argument
surrounding a significant decrease in hair cortisol concentra-
tion is most often applied to segments beyond 6 cm distal
from the scalp. While further studies are needed to resolve
this controversy there is a wide consensus that the first 5—
6 cm of hair away from a person’s scalp can reliably reflect
HPA activity.

Finally, the question of stability of cortisol over longer
durations of time has also arisen. This question was effec-
tively addressed by a study performed by Webb et al. (2011)
who obtained hair samples ranging in length from 6 to 21 cm
from 10 ancient Peruvian mummies, dating from AD550 to
1532. Segmental analysis was performed on the hair samples
provided, and while variation was observed from segment to
segment, proximal and distal segments were not significantly
different. The mean cortisol concentration determined was
281 � 35 ng/g, similar to those measured by the same labora-
tory in healthy volunteers today, demonstrating that cortisol
can even be extracted from hair over thousands of years old.

8. Hair cortisol analysis in clinical sources of
stress

While hair is still a relatively new means of measuring
cortisol, several human studies have showed its ability to
identify important pathophysiological sources of stress.

Kalra et al. were the first to correlate cortisol levels in hair
with self-reported stress using the Perceived Stress Scale
(PSS), a validated self-report questionnaire of an individual’s
stress level over the past month (Cohen et al., 1983). In that
study, 25 healthy pregnant women were assessed around the
time of late first trimester to early second trimester (Kalra
et al., 2007). They provided a hair sample representing the last
month’s worth of cortisol production and also filled out a PSS.
There was a significant correlation between hair cortisol con-
centration and PSS score (rs = 0.47; P < 0.05). The concor-
dance between cortisol as a measure of stress and a self-report
measure indicated that hair cortisol analysis might provide a
good assessment of an individual’s chronic stress level.

Kramer et al. (2009) sought to examine whether higher
cortisol concentrations might predict spontaneous pre-term
birth. Levels of maternal CRH are reportedly elevated in such
cases, so it could be expected that cortisol concentrations in
the hair might be found in higher concentrations as well. The
case group consisted of 207 women who spontaneously began
labor prior to 37 weeks in their pregnancy, and the control
group consisted of 444 women who initiated labor at term.
Hair samples were obtained (most proximal 9 cm to the
scalp), a PSS was completed, and a pregnancy-related anxi-
ety assessment was performed. Hair cortisol concentrations
of the case and control groups were not significantly differ-
ent, nor were hair cortisol concentrations significantly asso-
ciated with PSS scores or anxiety assessments. This study
demonstrates how in some instances hair cortisol analysis on
its own may not be able to detect stress in cases where the
etiology of prematurity is multifactorial and where every
woman experiences elevated cortisol production in late
pregnancy, irrespective of stress.
A stay in the neonatal intensive care unit (NICU) is thought
to be stressful in infants because they endure a series of
diagnostic and/or therapeutic procedures that are often
painful and highly stressful. To examine whether this stress
could be quantified, Yamada et al. (2007) compared hair
cortisol concentrations of infants requiring a stay in a NICU
with those of healthy infants born at term. The cortisol
concentrations of the NICU group were significantly higher
than the control (2.06 � 2.05 vs. 0.11 � 0.42 nmol/g,
respectively; P = 0.004). Of note, the infants in the NICU
group were born at younger gestational age than the control
group, which could create a potential confounding effect.

Another study looking to capture the stress effects of
chronic pain using hair analysis was performed by Van Uum
et al. (2008) who recruited adult patients who were using
opioids to help control severe chronic non-cancer pain and
compared them to non-obese controls. A hair sample was
obtained in both groups, and the PSS questionnaire com-
pleted. The patients with chronic pain had significantly
higher mean hair cortisol concentrations than the controls
(83.1 vs. 46.1 pg/mg) and their PSS scores indicated signifi-
cantly more stress relative to the controls as well
(P < 0.001). This lends powerful support to the notion that
hair cortisol concentrations can provide an indication as to an
individual’s perceived stress level.

Recently, Pereg et al. (2011) investigated the role of
chronic stress as measured by hair cortisol, in the develop-
ment of an acute myocardial infarction (AMI). As chronic
psychosocial stressors (e.g. financial concerns, marital
stress, job stress) are frequently listed as risk factors for
AMIs, the authors hypothesized that hair cortisol analysis
could potentially be a useful tool to quantify these stressors.
Hair samples representing the past 3 months of cortisol
production were obtained from patients within 2 days of
admission to a hospital for chest pain. The study group
consisted of 56 patients who had a confirmed AMI, with a
control group consisting of 56 patients in whom chest pain
was attributed to other causes. Median cortisol concentra-
tion of the AMI group was significantly higher than that of the
control group (295.3 vs. 224.9 ng/g; P = 0.006). In logistic
regression, accounting for age, lipid status, smoking, and
other predictors, hair cortisol was the strongest predictor of
AMI, followed by BMI. It should be emphasized that the hair
cortisol measurement reflected the 3 months before the
heart attack, and not the stress caused by the heart attack.
Thus, this suggests that chronic stress plays a causative role
in the pathophysiology of AMI. This type of information
cannot usually be obtained using other matrices, except as
part of a prospective study, as illustrated by the predictive
effect of urinary cortisol excretion on cardiovascular mor-
bidity and mortality (Vogelzangs et al., 2010).

Hair cortisol analysis was also used by Dowlati et al.
(2010) to assess its potential to predict depressive symptoms
in patients suffering from coronary artery disease (CAD), a
population far more at risk of depression. Depressive symp-
toms were demonstrated in 34 of the 121 patients with CAD.
The most proximal 3 cm of hair were obtained from each
patient and hair cortisol concentrations were determined.
When comparing depressed and non-depressed CAD
patients, no significant difference in hair cortisol concen-
tration was observed between these two groups. It was
postulated that the general psychosocial stress associated
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with CAD, irrespective of the presence of depression, may
have masked any actual differences in cortisol production
between these two groups.

Hair cortisol analysis has been used to determine to what
extent chronic stress is related to the nasal carriage of Sta-
phylococcus aureus, a common bacterial infection. Man-
enschijn et al. (2011a) predicted that since higher cortisol
levels are associated with immunosuppression, the long-term
carriers of S. aureus would likely have the highest hair cortisol
levels. Of 72 healthy subjects, 38 were non-carriers, 10 were
intermittent carriers, and 24 were long-term carriers of S.
aureus. An analysis of hair segments representing the last
3 months of cortisol exposure, no significant differences were
detected amongst the 3 groups of carriers (F(2,66) = 0.425;
P = 0.638). The authors concluded that higher cortisol levels
might not play a significant role in the degree of S. aureus
colonization.

Van Rossum et al. (2011) employed hair cortisol analysis to
investigate patients with bipolar disorder, a condition in
which HPA dysregulation may play an etiological role. The
most proximal 3 cm of hair was collected from 100 bipolar
patients and 195 healthy controls and hair cortisol concen-
trations were determined. There were no significant differ-
ences between bipolar patients and healthy controls
(31.84 pg/mg vs. 28.18 pg/mg; P = 0.23). However, when
the bipolar group was split into subgroups in which onset
occurred before or after the age of 30, significant differences
were noted. Patients with bipolar disorder diagnosed after 30
had significantly higher cortisol concentrations than those
diagnosed before 30 or the healthy controls (P = 0.004). This
led the researchers to suggest that HPA dysregulation may be
relevant in older onset patients, and this maybe represent a
different disease entity altogether.

9. Hair cortisol analysis for monitoring of
glucocorticoid replacement therapy

In addition to its role in monitoring stress, hair cortisol analysis
is being explored as a means of monitoring the treatment of
patients with adrenal insufficiency (AI). Patients with AI suffer
from inadequate cortisol production, either due to disease
of the adrenal gland itself (‘primary’) or due to an inadequate
production of adrenocorticotropic hormone (ACTH), the
hormone secreted from the pituitary gland stimulating adrenal
cortisol secretion. Since patients do not produce sufficient
glucocorticoid to sustain normal homeostasis, a replacement
therapy, often hydrocortisone, is required to ensure physiolo-
gical well-being and survival. Because there are currently
no effective measures to monitor long-term glucocorticoid
exposure in these patients, Gow et al. (2011) examined
whether hair cortisol analysis could fill this void. A total of
93 patients with AI were recruited, and their partners were
used as controls. Median hair cortisol concentrations were
increased in AI patients (230.7 [22.7—1377] ng/g) as compared
to controls (184.7 [57.7—14,790] ng/g), but the difference
failed to reach statistical significance (P = 0.08). Further, in
the female subgroup there was a significant positive correla-
tion between daily dose of hydrocortisone (mg/day) and hair
cortisol concentrations (r = 0.28; P = 0.01). These results indi-
cate that patients with AI are often overtreated with gluco-
corticoid replacement, potentially making them more prone
to comorbidities associated with long-term glucocorticoid
exposure, such as changes in glucose and lipid metabolism,
clinically important osteoporosis, and neuropsychiatric
effects.

Similarly, a study by Manenschijn et al. (2011b) supported
the finding that hair cortisol concentrations can be used to
monitor hydrocortisone replacement in patients. They
recorded a case of a patient developing adrenal insufficiency
who became hypocortisolemic and required glucocorticoid
replacement therapy. Hair samples taken at time points along
this patient’s clinical course showed gradually decreasing
hair cortisol concentrations before the intervention, with
concentrations increasing after start of hydrocortisone treat-
ment. Overall, these studies indicate that not only can hair
cortisol analysis be a useful tool in detecting and monitoring
stress, but also may play an important role in the monitoring
and management of diseases of the pituitary—adrenal axis.

10. Hair cortisol analysis to identify
psychosocial sources of stress

Financial and work-related concerns are subjectively the
most common causes of social stress experienced by indivi-
duals today. Dettenborn et al. (2010) used hair cortisol
analysis to rate levels of psychological stress. Individuals
who had been unemployed for at least 1 year were compared
with currently employed control subjects. All participants
provided a hair sample and rated their level of chronic stress
with the Trier Inventory for the Assessment of Chronic Stress
(TICS) and a PSS. Cortisol concentrations in hair segments
representing the most recent 3 months and the most recent
3—6 months were significantly higher in the unemployed
group (h2 = 0.071; P < 0.05 and h2 = 0.085; P < 0.05 respec-
tively). Additionally, the unemployed group reported signifi-
cantly higher levels of worry on the TICS subscale (P < 0.01)
and had significantly higher scores on the PSS (P < 0.01). In
this study, hair cortisol analysis was shown to be a powerful
tool in measuring chronic stress resulting from a common
psychological stressor, further indicating it effectiveness as a
biomarker of chronic stress.

Steudte et al. (2011b) recently investigated hair cortisol
concentrations in patients with Generalized Anxiety Disorder
(GAD), a condition marked by excessive worry and anxiety
regarding a variety of life problems. These symptoms are
thought to be stressful in nature, but the literature examin-
ing its effect on the HPA axis is mixed, with some studies
suggesting an overactive HPA axis and others finding no
aberrations to the HPA axis. The researchers collected
9 cm hair samples from 15 patients with GAD and 15 age-,
gender-, and lifestyle-matched controls. These samples were
then divided into 3 cm segments and analyzed for cortisol
content. Additionally, all participants completed a PSS.
Interestingly, despite the GAD group having significantly
higher mean PSS scores than the control group (P < 0.001),
their mean hair cortisol content in the two most proximal
3 cm segments of hair was significantly lower than in the
control subjects (P < 0.01). This is a new finding to this area
of research, and suggests that while GAD patients have higher
perceived stress, they may actually be hypocortisolemic.
This could be the result of down regulation of the HPA axis
with chronic anxiety, as evident in the recent meta-analysis
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(Miller et al., 2007). These studies highlight how hair cortisol
analysis may provide new insight and perspectives to support
or challenge mechanistic notions on stress response in various
conditions, and underscores the need to expand this body of
research.

The unique ability of hair cortisol analysis to examine
temporally distant psychological stressors has been perhaps
best exemplified with a recent paper by Steudte et al. (2011a).
Ugandan civil war survivors, many of whom had been severely
traumatized within the past year, were examined. Trauma-
tized participants were ranked on a Clinician-Administered
Posttraumatic Stress Disorder Scale to delineate those who
had posttraumatic stress disorder (PTSD). Sociodemographic
background information known to affect cortisol production
including age, sex, body mass index, smoking status and
alcohol consumption was also collected. In addition, a four
point PSS, Hopkins Symptom Checklist for depression and Mini-
International Neuropsychiatric Interview for suicidal ideation
were all conducted. The specifics of the traumatic events
that each participant had experienced were recorded, and
the most proximal 3 cm of hair were used to represent cortisol
production over the past 15 weeks. In total 10 PTSD patients
and 17 controls were included for the analysis. Traumatized
patients with PTSD were found to have significantly higher
hair cortisol concentrations than their paired traumatized
controls without PTSD (F(1,25) = 5.35; P < 0.05; hp2 = 0.18).
In addition, in both groups the number of lifetime traumatic
events was positively correlated with hair cortisol concentra-
tion (r = 0.41; P < 0.05).

These findings are significant because this was the first time
that hair cortisol analysis was used to investigate patients with
PTSD, and the results stood in stark contrast to most other
studies that have found PTSD to be frequently associated with
hypocortisolism (Mason et al., 1986; Yehuda et al., 1996; King
et al., 2001). Some have postulated that this aberrant finding
about a disorder that is clearly stress-mediated may have been
an artifact of sampling procedure. Previously the only matrices
used to examine cortisol concentrations in patients with PTSD
were serum, saliva, or urine–—all of which only provide a very
narrow window into a patient’s cortisol production profile.
Steudte’s results are consistent with the systematic review by
Miller et al. (2007) who, in a meta-analysis of 107 studies on
chronic stress, have shown that an important factor influen-
cing cortisol output is the time that has elapsed since the
stressful incident occurred. When the source of the stress was
ongoing or had been relatively recent, cortisol concentrations
appear to be elevated, but when the source of the stress is
temporally distant, lower cortisol concentrations are
observed. In the past, acquiring samples at the time that
the stressful event (such as the Ugandan civil war) occurred
has often not been logistically or ethically feasible. Hair
cortisol analysis has introduced a new tool to complement
current methods for cortisol quantification and may provide a
means to overcome some limitations of the established meth-
ods. Thus it may reinforce a potential paradigm shift suggest-
ing that patients with PTSD may actually have started out with
hypercortisolemia and have transitioned to hypocortisolemia.

11. Limitations

Hair is an exciting new matrix able to provide long-term
retrospective measures of cumulative cortisol secretion.
However, several challenges need to be considered when
applying this novel biomarker of stress. For instance, because
psychologically based measures of stress have only been
validated for relatively short periods of days to weeks, they
cannot serve as a gold standard against emerging methods
such as hair cortisol analysis which measures stress levels
occurring several months ago. This may explain some of the
observed inconsistencies in correlations between hair corti-
sol levels and psychological tests. The heterogeneity in the
types of psychological tests (e.g. PSS vs. MIVE) also presents a
challenge when trying to directly compare studies from
different research groups. Additionally, in subjects who
may be exposed externally to corticosteroids in the form
of lotions or creams, external contamination of the hair shaft
will preclude analysis. It is important to remember that this
matrix is not capable of measuring acute changes in stress,
and therefore if such changes need to be observed in addition
to chronic stress, the other matrices for cortisol measure-
ment should also be used. Finally, in subjects who are unable
or unwilling to provide a hair sample, analysis is not possible–
—simply put, one cannot measure cortisol in hair if one has
no hair!

12. Outstanding questions and areas for
future research

Even though the literature on hair cortisol measurement is
growing quickly, there are still many outstanding questions
and gaps in our knowledge that need to be addressed. First of
all, the mechanism of cortisol incorporation in hair needs to
be clarified. Further studies need to determine if and to what
extent hair cortisol originates from blood, eccrine and/or
sebaceous sources, if this is different for medullary versus
outer layers, and if hair cortisol is a reflection of total and/or
free cortisol exposure.

Secondly, it is important to obtain more specific informa-
tion on the extent to which hair cortisol varies along the hair
shaft, and which factors determine this. This needs to include
assessment of the effect of hair washing, both while the hair
is in situ, and during sample preparation before measuring
hair cortisol. The degree to which washing procedures are
required to negate the effects of external contamination
(e.g. by blood or saliva) needs to be determined, particularly
for animal studies. Furthermore, there is a dearth of knowl-
edge on the effect of factors such as ethnicity, age, sex, and
seasonal influences on hair cortisol content.

Immunoassays are commonly used to measure saliva,
blood, urine, and hair cortisol concentrations. These meth-
ods, while sensitive to changes, are presently subject to
interassay variability, precluding a unified definition of phy-
siologic ranges of levels. Development of LC—MS/MS tech-
nology is likely to overcome this issue in the future.

As described previously, the effect of maternal separation
in animals, and of psychological factors in both humans and
animals on hair cortisol can vary in both direction and extent.
This is a major area in need of increased understanding
before this can be applied in clinical settings.

With respect to application for patient care, the studies
on the utility of hair cortisol measurement in diagnosis and
treatment of Cushing’s disease and adrenal insufficiency
need to be expanded and confirmed. In addition, the effect
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of other disease states, including malignancies, metabolic
and sleep disorders, is currently unknown.

Finally, the majority of human studies using hair cortisol
analysis as a chronic biomarker of stress are associative.
While initially such studies are important to try to identify
some novel sources of stress, they cannot confirm causation
or rectification of stress levels. Rather, intervention studies
are needed to understand what initiates cortisol release,
and, more importantly, if and to what extent hair cortisol (as
a reflection of systemic cortisol exposure) can be changed. To
date, only the relocation studies involving rhesus macaques
and vervets, and the studies following the disease course of
Cushing’s or adrenal insufficiency in response to treatment
have been true intervention studies. A greater emphasis on
long-term intervention studies will expand the utility of this
novel biomarker.

It is conceivable that hair cortisol analysis will continue
to be adopted as a useful tool for measuring chronic stress
in many clinical and experimental situations. Currently it is
not available in most laboratories, even though the meth-
odology and technology are relatively simple and straight-
forward, thus allowing a seamless integration with existing
biomonitoring techniques. It is foreseeable that its ability
to assess systemic cortisol concentrations will be inte-
grated into clinical practice as a measure of chronic stress,
as well as monitoring for systemic exposure to cortisol in
Cushing’s syndrome and in Adrenal Insufficiency for poten-
tial deleterious health effects associated with glucocorti-
coid therapies.

Role of funding source

No funding.

Conflict of interest

None declared.

Acknowledgements

None.

References

Aardal, E., Holm, A.C., 1995. Cortisol in saliva–—reference ranges and
relation to cortisol in serum. Eur. J. Clin. Chem. Clin. Biochem.
33, 927—932.

Andenaes, R., Kalfoss, M.H., Wahl, A., 2004. Psychological distress
and quality of life in hospitalized patients with chronic obstruc-
tive pulmonary disease. J. Adv. Nurs. 46, 523—530.

Anderson, N.B., Nordal, K.C., Breckler, S.J., Ballard, D., Bufka, L.,
Bossolo, L., Bethune, S., Brownawell, A., Kelly, K., 2011. Stress in
America. pp. 1—68, http://www.apa.org/monitor/2011/01/
stressed-america.aspx (accessed June 11, 2011).

Appels, A., 1990. Mental precursors of myocardial infarction. Br. J.
Psychiatry 156, 465—471.

Appels, A., Bar, F.W., Bar, J., Bruggeman, C., de Baets, M., 2000.
Inflammation, depressive symptomtology, and coronary artery
disease. Psychosom. Med. 62, 601—605.

Ashley, N.T., Barboza, P.S., Macbeth, B.J., Janz, D.M., Cattet, M.R.,
Booth, R.K., Wasser, S.K., 2011. Glucocorticosteroid concentra-
tions in feces and hair of captive caribou and reindeer following
adrenocorticotropic hormone challenge. Gen. Comp. Endocrinol.
172, 382—391.

Bechshoft, T.O., Sonne, C., Dietz, R., Born, E.W., Novak, M.A.,
Henchey, E., Meyer, J.S., 2011. Cortisol levels in hair of East
Greenland polar bears. Sci. Total Environ. 409, 831—834.

Bellingrath, S., Weigl, T., Kudielka, B.M., 2008. Cortisol dysregula-
tion in school teachers in relation to burnout, vital exhaustion,
and effort-reward-imbalance. Biol. Psychol. 78, 104—113.

Ben Khelil, M., Tegethoff, M., Meinlschmidt, G., Jamey, C., Ludes, B.,
Raul, J.S., 2011. Simultaneous measurement of endogenous cor-
tisol, cortisone, dehydroepiandrosterone, and dehydroepiandros-
terone sulfate in nails by use of UPLC—MS—MS. Anal. Bioanal.
Chem. 401, 1153—1162.

Bennett, A., Hayssen, V., 2010. Measuring cortisol in hair and saliva
from dogs: coat color and pigment differences. Domest. Anim.
Endocrinol. 39, 171—180.

Boumba, V.A., Ziavrou, K.S., Vougiouklakis, T., 2006. Hair as a
biological indicator of drug use, drug abuse or chronic exposure
to environmental toxicants. Int. J. Toxicol. 25, 143—163.

Brady, K.T., Sinha, R., 2005. Co-occurring mental and substance use
disorders: the neurobiological effects of chronic stress. Am. J.
Psychiatry 162, 1483—1493.

Burch, W.M., 1982. Urine free-cortisol determination. A useful tool
in the management of chronic hypoadrenal states. JAMA 247,
2002—2004.

Cirimele, V., Kintz, P., Dumestre, V., Goulle, J.P., Ludes, B., 2000.
Identification of ten corticosteroids in human hair by liquid
chromatography—ionspray mass spectrometry. Forensic Sci. Int.
107, 381—388.

Cohen, S., Kamarck, T., Mermelstein, R., 1983. A global measure of
perceived stress. J. Health Soc. Behav. 24, 385—396.

D’Anna-Hernandez, K.L., Ross, R.G., Natvig, C.L., Laudenslager,
M.L., 2011. Hair cortisol levels as a retrospective marker of
hypothalamic-pituitary axis activity throughout pregnancy: com-
parison to salivary cortisol. Physiol. Behav. 104, 348—353.

Davenport, M.D., Tiefenbacher, S., Lutz, C.K., Novak, M.A., Meyer,
J.S., 2006. Analysis of endogenous cortisol concentrations in the
hair of rhesus macaques. Gen. Comp. Endocrinol. 147, 255—261.

Dettenborn, L., Tietze, A., Bruckner, F., Kirschbaum, C., 2010.
Higher cortisol content in hair among long-term unemployed
individuals compared to controls. Psychoneuroendocrinology
35, 1404—1409.

Dettmer, A.M., Novak, M.A., Suomi, S.J., Meyer, J.S., 2011. Physio-
logical and behavioral adaptation to relocation stress in differ-
entially reared rhesus monkeys: hair cortisol as a biomarker for
anxiety-related responses. Psychoneuroendocrinology,
doi:10.1016/j.psyneuen.2011.06.003.

Dimsdale, J.E., 2008. Psychological stress and cardiovascular dis-
ease. J. Am. Coll. Cardiol. 51, 1237—1246.

Dowlati, Y., Herrmann, N., Swardfager, W., Thomson, S., Oh, P.I.,
Van Uum, S., Koren, G., Lanctot, K.L., 2010. Relationship
between hair cortisol concentrations and depressive symptoms
in patients with coronary artery disease. Neuropsychiatr. Dis.
Treat. 6, 393—400.

Ebbesen, S.M., Zachariae, R., Mehlsen, M.Y., Thomsen, D., Hojgaard,
A., Ottosen, L., Petersen, T., Ingerslev, H.J., 2009. Stressful life
events are associated with a poor in-vitro fertilization (IVF)
outcome: a prospective study. Hum. Reprod. 24, 2173—2182.

Esler, M., Eikelis, N., Schlaich, M., Lambert, G., Alvarenga, M.,
Dawood, T., Kaye, D., Barton, D., Pier, C., Guo, L., Brenchley,
C., Jennings, G., Lambert, E., 2008. Chronic mental stress is a
cause of essential hypertension: presence of biological markers of
stress. Clin. Exp. Pharmacol. Physiol. 35, 498—502.

Fairbanks, L.A., Jorgensen, M.J., Bailey, J.N., Breidenthal, S.E.,
Grzywa, R., Laudenslager, M.L., 2011. Heritability and genetic
correlation of hair cortisol in vervet monkeys in low and
higher stress environments. Psychoneuroendocrinology 36,
1201—1208.

http://www.apa.org/monitor/2011/01/stressed-america.aspx
http://www.apa.org/monitor/2011/01/stressed-america.aspx
http://dx.doi.org/10.1016/j.psyneuen.2011.06.003
http://dx.doi.org/10.1016/j.psyneuen.2011.06.003


600 E. Russell et al.
Feng, X., Wang, L., Yang, S., Qin, D., Wang, J., Li, C., Lv, L., Ma, Y.,
Hu, X., 2011. Maternal separation produces lasting changes in
cortisol and behavior in rhesus monkeys. Proc. Natl. Acad. Sci. U.
S. A. 108, 14312—14317.

Gaillard, Y., Vayssette, F., Balland, A., Pepin, G., 1999. Gas chro-
matographic—tandem mass spectrometric determination of ana-
bolic steroids and their esters in hair. Application in doping
control and meat quality control. J. Chromatogr. B: Biomed.
Sci. Appl. 735, 189—205.

Gao, W., Xie, Q., Jin, J., Qiao, T., Wang, H., Chen, L., Deng, H., Lu,
Z., 2010. HPLC-FLU detection of cortisol distribution in human
hair. Clin. Biochem. 43, 677—682.

Gatti, R., Antonelli, G., Prearo, M., Spinella, P., Cappellin, E., De
Palo, E.F., 2009. Cortisol assays and diagnostic laboratory proce-
dures in human biological fluids. Clin. Biochem. 42, 1205—1217.

Goldstein, D.S., 1995. Clinical assessment of sympathetic responses
to stress. Ann. N.Y. Acad. Sci. 771, 570—593.

Gow, R., Koren, G., Rieder, M., Van Uum, S., 2011. Hair cortisol
content in patients with adrenal insufficiency on hydrocortisone
replacement therapy. Clin. Endocrinol. (Oxf.) 74, 687—693.

Gow, R., Thomson, S., Rieder, M., Van Uum, S., Koren, G., 2010. An
assessment of cortisol analysis in hair and its clinical applications.
Forensic Sci. Int. 196, 32—37.

Hamel, A.F., Meyer, J.S., Henchey, E., Dettmer, A.M., Suomi, S.J.,
Novak, M.A., 2011. Effects of shampoo and water washing on hair
cortisol concentrations. Clin. Chim. Acta 412, 382—385.

Ito, N., Ito, T., Kromminga, A., Bettermann, A., Takigawa, M., Kees,
F., Straub, R.H., Paus, R., 2005. Human hair follicles display a
functional equivalent of the hypothalamic-pituitary-adrenal axis
and synthesize cortisol. FASEB J. 19, 1332—1334.

Kalra, S., Einarson, A., Karaskov, T., Van Uum, S., Koren, G., 2007.
The relationship between stress and hair cortisol in healthy
pregnant women. Clin. Invest. Med. 30, E103—E107.

Kessler, R.C., Price, R.H., Wortman, C.B., 1985. Social factors in
psychopathology: stress, social support, and coping processes.
Annu. Rev. Psychol. 36, 531—572.

Kim, E.Y., Miklowitz, D.J., Biuckians, A., Mullen, K., 2007. Life stress
and the course of early-onset bipolar disorder. J. Affect. Disord.
99, 37—44.

King, J.A., Mandansky, D., King, S., Fletcher, K.E., Brewer, J., 2001.
Early sexual abuse and low cortisol. Psychiatry Clin. Neurosci. 55,
71—74.

Kirschbaum, C., Tietze, A., Skoluda, N., Dettenborn, L., 2009. Hair as
a retrospective calendar of cortisol production–—increased corti-
sol incorporation into hair in the third trimester of pregnancy.
Psychoneuroendocrinology 34, 32—37.

Koren, L., Mokady, O., Geffen, E., 2008. Social status and cortisol
levels in singing rock hyraxes. Horm. Behav. 54, 212—216.

Koren, L., Mokady, O., Karaskov, T., Klein, J., Koren, G., Geffen, E.,
2002. A novel method using hair for determining hormonal levels
in wildlife. Anim. Behav. 63, 403—406.

Kramer, M.S., Lydon, J., Seguin, L., Goulet, L., Kahn, S.R., McNa-
mara, H., Genest, J., Dassa, C., Chen, M.F., Sharma, S., Meaney,
M.J., Thomson, S., Van Uum, S., Koren, G., Dahhou, M., Lamour-
eux, J., Platt, R.W., 2009. Stress pathways to spontaneous pre-
term birth: the role of stressors, psychological distress, and stress
hormones. Am. J. Epidemiol. 169, 1319—1326.

Latendresse, G., 2009. The interaction between chronic stress and
pregnancy: preterm birth from a biobehavioral perspective. J.
Midwifery Womens Health 54, 8—17.

Laudenslager, M.L., Jorgensen, M.J., Grzywa, R., Fairbanks, L.A.,
2011. A novelty seeking phenotype is related to chronic hypotha-
lamic-pituitary-adrenal activity reflected by hair cortisol. Phy-
siol. Behav. 104, 291—295.

Lee, S., Jeong, J., Kwak, Y., Park, S.K., 2010. Depression research:
where are we now? Mol. Brain 3, 8.

Loussouarn, G., El, R.C., Genain, G., 2005. Diversity of hair growth
profiles. Int. J. Dermatol. 44 (Suppl 1), 6—9.
Macbeth, B.J., Cattet, M.R.L., Stenhouse, G.B., Gibeau, M.L., Janz,
D.M., 2010. Hair cortisol concentration as a noninvasive measure
of long-term stress in free-ranging grizzly bears (Ursus arctos):
considerations with implications for other wildlife. Can. J. Zool.
88, 935—949.

Malhotra, S.K., Mehta, V., 2008. Role of stressful life events in
induction or exacerbation of psoriasis and chronic urticaria.
Indian J. Dermatol. Venereol. Leprol. 74, 594—599.

Manenschijn, L., Jetten, A.M., van Wamel, W.J., Tavakol, M., Koper,
J.W., van den Akker, E.L., van, B.A., van Rossum, E.F., 2011a.
Long-term cortisol levels are not associated with nasal carriage of
Staphylococcus aureus. Eur. J. Clin. Microbiol. Infect. Dis.,
doi:10.1007/s10096-011-1282-2.

Manenschijn, L., Koper, J.W., Lamberts, S.W., van Rossum, E.F.,
2011b. Evaluation of a method to measure long term cortisol
levels. Steroids 76, 1032—1036.

Mason, J.W., Giller, E.L., Kosten, T.R., Ostroff, R.B., Podd, L., 1986.
Urinary free-cortisol levels in posttraumatic stress disorder
patients. J. Nerv. Ment. Dis. 174, 145—149.

Mawdsley, J.E., Macey, M.G., Feakins, R.M., Langmead, L., Rampton,
D.S., 2006. The effect of acute psychologic stress on systemic and
rectal mucosal measures of inflammation in ulcerative colitis.
Gastroenterology 131, 410—419.

McEwen, B.S., 1998. Stress, adaptation, and disease. Allostasis and
allostatic load. Ann. N.Y. Acad. Sci. 840, 33—44.

Miller, G.E., Chen, E., Zhou, E.S., 2007. If it goes up, must it come
down? Chronic stress and the hypothalamic-pituitary-adrenocor-
tical axis in humans. Psychol. Bull. 133, 25—45.

Pereg, D., Gow, R., Mosseri, M., Lishner, M., Rieder, M., Van Uum, S.,
Koren, G., 2011. Hair cortisol and the risk for acute myocardial
infarction in adult men. Stress 14, 73—81.

Pouwer, F., Kupper, N., Adriaanse, M.C., 2010. Does emotional stress
cause type 2 diabetes mellitus? A review from the European
Depression in Diabetes (EDID) Research Consortium. Discov.
Med. 9, 112—118.

Pragst, F., Balikova, M.A., 2006. State of the art in hair analysis
for detection of drug and alcohol abuse. Clin. Chim. Acta 370,
17—49.

Puchala, R., Prieto, I., Banskalieva, V., Goetsch, A.L., Lachica, M.,
Sahlu, T., 2001. Effects of bovine somatotropin and thyroid
hormone status on hormone levels, body weight gain, and mohair
fiber growth of Angora goats. J. Anim. Sci. 79, 2913—2919.

Raul, J.S., Cirimele, V., Ludes, B., Kintz, P., 2004. Detection of
physiological concentrations of cortisol and cortisone in human
hair. Clin. Biochem. 37, 1105—1111.

Sandberg, S., Jarvenpaa, S., Penttinen, A., Paton, J.Y., McCann,
D.C., 2004. Asthma exacerbations in children immediately fol-
lowing stressful life events: a Cox’s hierarchical regression. Tho-
rax 59, 1046—1051.

Sauve, B., Koren, G., Walsh, G., Tokmakejian, S., Van Uum, S.H.,
2007. Measurement of cortisol in human hair as a biomarker of
systemic exposure. Clin. Invest. Med. 30, E183—E191.

Selye, H., 1950. Stress and the general adaptation syndrome. Br.
Med. J. 1, 1383—1392.

Sharpley, C.F., Kauter, K.G., McFarlane, J.R., 2009. An initial explo-
ration of in vivo hair cortisol responses to a brief pain stressor:
latency, localization and independence effects. Physiol. Res. 58,
757—761.

Stalder, T., Kirschbaum, C., Heinze, K., Steudte, S., Foley, P., Tietze,
A., Dettenborn, L., 2010. Use of hair cortisol analysis to detect
hypercortisolism during active drinking phases in alcohol-depen-
dent individuals. Biol. Psychol. 85, 357—360.

Steudte, S., Kolassa, I.T., Stalder, T., Pfeiffer, A., Kirschbaum, C.,
Elbert, T., 2011a. Increased cortisol concentrations in hair of
severely traumatized Ugandan individuals with PTSD. Psycho-
neuroendocrinology 36, 1193—1200.

Steudte, S., Stalder, T., Dettenborn, L., Klumbies, E., Foley, P.,
Beesdo-Baum, K., Kirschbaum, C., 2011b. Decreased hair cortisol

http://dx.doi.org/10.1007/s10096-011-1282-2
http://dx.doi.org/10.1007/s10096-011-1282-2


Hair cortisol as biomarker of chronic stress 601
concentrations in generalised anxiety disorder. Psychiatry Res.
186, 310—314.

Thomson, S., Koren, G., Fraser, L.A., Rieder, M., Friedman, T.C., Van
Uum, S.H., 2010. Hair analysis provides a historical record of
cortisol levels in Cushing’s syndrome. Exp. Clin. Endocrinol.
Diabetes 118, 133—138.

Tiganescu, A., Walker, E.A., Hardy, R.S., Mayes, A.E., Stewart, P.M.,
2011. Localization, age- and site-dependent expression, and
regulation of 11beta-hydroxysteroid dehydrogenase type 1 in
skin. J. Invest. Dermatol. 131, 30—36.

Van Rossum, E.F.C., Manenschijn, L., Spijker, A.T., Koper, J.W., Jet-
ten, A.M., Giltay, E.J., Haffmans, J., Hoencamp, E., 2011. Long-
term cortisol measured in scalp hair in patients with bipolar
disorder: associations with age of onset and psychiatric comorbid-
ity. In: International Society of Psychoneuroendocrinology, August
4—6, 2011, pp. 64—65., In: http://www.ispne.org/conference/
agenda-final.pdf.

Van Uum, S.H., Sauve, B., Fraser, L.A., Morley-Forster, P., Paul, T.L.,
Koren, G., 2008. Elevated content of cortisol in hair of patients
with severe chronic pain: a novel biomarker for stress. Stress 11,
483—488.

Vicennati, V., Pasqui, F., Cavazza, C., Pagotto, U., Pasquali, R., 2009.
Stress-related development of obesity and cortisol in women.
Obesity 17, 1678—1683.

Vining, R.F., McGinley, R.A., Maksvytis, J.J., Ho, K.Y., 1983. Salivary
cortisol: a better measure of adrenal cortical function than serum
cortisol. Ann. Clin. Biochem. 20 (Pt 6), 329—335.
Vogelzangs, N., Beekman, A.T., Milaneschi, Y., Bandinelli, S., Fer-
rucci, L., Penninx, B.W., 2010. Urinary cortisol and six-year risk of
all-cause and cardiovascular mortality. J. Clin. Endocrinol.
Metab. 95, 4959—4964.

Warnock, F., McElwee, K., Seo, R.J., McIsaac, S., Seim, D., Ramirez-
Aponte, T., Macritchie, K.A., Young, A.H., 2010. Measuring corti-
sol and DHEA in fingernails: a pilot study. Neuropsychiatr. Dis.
Treat. 6, 1—7.

Webb, E., Thomson, S., Nelson, A., White, C., Koren, G., Rieder, M.,
Van Uum, S., 2011. Assessing individual systemic stress through
cortisol analysis of archaeological hair. J. Archeol. Sci. 37,
807—812.

Wennig, R., 2000. Potential problems with the interpretation of hair
analysis results. Forensic Sci. Int. 107, 5—12.

Yamada, J., Stevens, B., de, S.N., Gibbins, S., Beyene, J., Taddio, A.,
Newman, C., Koren, G., 2007. Hair cortisol as a potential biologic
marker of chronic stress in hospitalized neonates. Neonatology
92, 42—49.

Yehuda, R., Halligan, S.L., Golier, J.A., Grossman, R., Bierer, L.M.,
2004. Effects of trauma exposure on the cortisol response to
dexamethasone administration in PTSD and major depressive
disorder. Psychoneuroendocrinology 29, 389—404.

Yehuda, R., Levengood, R.A., Schmeidler, J., Wilson, S., Guo, L.S.,
Gerber, D., 1996. Increased pituitary activation following metyr-
apone administration in post-traumatic stress disorder. Psycho-
neuroendocrinology 21, 1—16.

http://www.ispne.org/conference/agenda-final.pdf
http://www.ispne.org/conference/agenda-final.pdf

	Hair cortisol as a biological marker of chronic stress: Current status, future directions and unanswered questions
	The role of stress in health
	Lack of a marker for chronic stress
	The development of cortisol detection in hair
	Advantages of hair cortisol analysis
	Hair cortisol analysis
	Emergence of hair cortisol analysis to detect clinical or stress-mediated changes in cortisol
	Observational studies
	Intervention studies

	Methodological challenges in hair cortisol analysis
	Hair cortisol analysis in clinical sources of stress
	Hair cortisol analysis for monitoring of glucocorticoid replacement therapy
	Hair cortisol analysis to identify psychosocial sources of stress
	Limitations
	Outstanding questions and areas for future research
	Role of funding source
	Conflict of interest
	Acknowledgements
	References


