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Activity of the hypothalamic-pituitary-adrenocortical (HPA) axis is commonly assessed by measur-
ing glucocorticoids such as cortisol (CORT). For many years, CORT was obtained primarily from
blood plasma or urine, whereas later approaches added saliva and feces for noninvasive moni-
toring of HPA functioning. Despite the value of all these sample matrices for answering many
research questions, they remain limited in the temporal range of assessment. Plasma and saliva are
point samples that vary as a function of circadian rhythmicity and are susceptible to confounding
by environmental disturbances. Even urine and feces generally assess HPA activity over a period of
only 24 h or less. We and others have recently developed and validated methods for measuring the
concentration of CORT in the body hair of animals (e.g. rhesus monkeys) and scalp hair of humans.
CORT is constantly deposited in the growing hair shaft, as a consequence of which such deposition
can serve as a biomarker of integrated HPA activity over weeks and months instead of minutes or
hours. Since the advent of this methodological advance, hair CORT has already been used as an
index of chronic HPA activity and stress in human clinical and nonclinical populations, in a variety
of laboratory-housed and wild-living animal species, and in archival specimens that are many
decades or even centuries old. Moreover, because human hair is known to grow at an average rate of
about 1 cm/month, several studies suggest that CORT levels in hair segments that differ in proximity to
the scalp can, under certain conditions, be used as a retrospective calendar of HPA activity during
specific time periods preceding sample collection. (Endocrinology 153: 4120–4127, 2012)

The hypothalamic-pituitary-adrenocortical (HPA) sys-
tem is rapidly activated by stressors. Although thou-

sands of papers have been published relating HPA activity
to acutely stressful situations, the field has been hampered
by the lack of a simple and reliable index of chronic phys-
iological stress. Investigators previously developed meth-
ods for assessing cortisol (CORT) in several different sam-
pling matrices. The most widely used matrices are blood
and saliva, both of which yield point estimates of HPA
activity that are subject to circadian variation and can be
confounded by environmental disturbances. Urinary and
fecal samples yield measurements of CORT and/or me-
tabolite excretion that span a number of hours up to a full
day in some cases. Collection of multiple samples using
any of these matrices may provide a rough composite in-

dex of CORT levels over time; however, none of these
approaches provides a truly long-term index of HPA ac-
tivity and the responsiveness of this system to chronic
stressors.

Measuring CORT in hair has begun to fill this impor-
tant need in the stress literature. For many years, forensic
scientists have used hair samples to detect banned sub-
stances including stimulant drugs and anabolic steroids
(1). The first forensic papers to describe methods for de-
tecting various corticosteroids (both natural and syn-
thetic) were published in 2000 by Bévalot et al. (2), Cir-
imele et al. (3), and Gaillard et al. (4), followed a few years
later by quantification of endogenous CORT and corti-
sone in the hair of normal male and female human subjects
(5). Because our laboratory has long been interested in
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characterizing HPA axis function in rhesus monkeys suf-
fering from spontaneously occurring self-injurious behav-
ior (6), we were prompted by these observations to de-
velop and validate a simple method for measuring hair
CORT in monkeys as a biomarker for stress-related HPA
activation (7). This initial work demonstrated not only
that CORT was readily quantifiable in monkey hair but
also that the levels in hair were positively correlated with
salivary CORT concentrations. Most importantly, hair
CORT was substantially elevated over baseline when the
same monkeys were subjected to the major life stressor of
an administratively mandated relocation to new housing
quarters (7, 8). Subsequent studies by other laboratories
have shown that hair CORT levels represent a heritable
trait that exhibits substantial intra-individual stability
over time in the absence of altered allostatic load (9, 10).

This minireview will examine the putative mechanisms
of incorporation and elimination of CORT in hair and
consider several methodological issues that are relevant
for investigators using this tool in their research. We will
assess the extent to which hair CORT is related to levels of
CORT in other sample matrices and to estimates of per-
ceived stress, and we will additionally discuss some of the
limitations of hair CORT measurement. Given the rapid
rise in the number of studies using hair CORT, this review
will summarize some of the applications for which hair
CORT measurement has been used and provide a brief
discussion of future directions in the field.

Putative Mechanisms of CORT
Incorporation and Elimination in Hair

CORT incorporation into hair
The exact mechanism whereby CORT is incorporated

into hair is not yet known. Consequently, because CORT
and other steroid hormones are lipophilic substances, sci-
entists must rely on what forensic scientists have discov-
ered about routes of incorporation of lipophilic drugs into
the growing hair shaft. Figure 1 depicts the known mech-
anisms of incorporation of substances into hair. A major
route of incorporation is thought to be from the vascular
supply to the follicular cells that generate the hair shaft (1,
11). Diffusion from tissues surrounding the follicle is likely
to be an additional pathway by which CORT eventually
reaches the hair.

Once the growing shaft emerges from the scalp, it is
coated with sebum originating from the associated seba-
ceous gland along with sweat secreted by nearby eccrine
glands. Early studies using iv administration of radiola-
beled CORT to human subjects demonstrated that this
hormone can diffuse from the bloodstream into both

sebum and sweat (12, 13). Consequently, there is probably
some deposition of CORT from these fluids onto the out-
side of the hair shaft. However, it remains unclear whether
this external CORT is incorporated into the shaft.

Another potential source of CORT is the hair follicle
itself. Research over the past 20 yr has established the skin
as an endocrine organ (14). Most importantly, Ito and
co-workers (15) demonstrated the existence of a func-
tional HPA-like system in microdissected human hair fol-
licles maintained in organ culture. The cultured follicles
were shown to synthesize CRH, ACTH, CORT, and the
cognate receptors for these signaling molecules. Further-
more, CORT was released into the culture medium and
exerted a negative feedback action on CRH synthesis.
More recently, Sharpley and colleagues (16, 17) reported
that hair on the arm displayed a rapid increase in immu-
noreactive CORT after challenge with a cold pressor test.
Although these findings suggest the possibility of local
stress responses by the skin that could cause increased hair
CORT concentrations, such a rapid incorporation of
CORT into hair seems inconsistent both with the known
structure of hair (containing barriers to diffusion due to its
low water and lipid content) (18) and with the segmental
analyses discussed in the next section that rely on CORT
remaining relatively static within the hair shaft after de-
position. Moreover, there are humoral and neuronal path-
ways whereby centrally mediated stress responses could
signal the follicular HPA-like system (19). Additional
studies are needed to ascertain the degree of cross talk
between these central and peripheral systems.

Evidence for a local HPA-like system raises the impor-
tant question of how much of the CORT measured in hair
has come from the bloodstream. If most of the hair CORT
originates from the bloodstream, we would predict that
conditions that elevate circulating CORT should likewise

FIG. 1. Mechanisms of incorporation and elimination of lipophilic
substances in hair.
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be reflected in hair CORT concentrations. Indeed, hair
CORT is elevated during the third trimester of pregnancy
(20, 21) and in Cushing’s syndrome (22, 23), both of
which are physiological conditions associated with in-
creased plasma CORT. Furthermore, three ACTH injec-
tions over a 14-d period resulted in significant increases in
both plasma and hair CORT in dairy cattle (24). It is ad-
ditionally possible that hair CORT, like CORT in saliva,
is derived from the unbound fraction in the plasma. Al-
though this hypothesis has not yet been proven, data from
our monkey relocation study support the hypothesis in-
sofar as changes in hair CORT levels over time after the
relocation event closely paralleled changes in the free
CORT index (the ratio of total plasma CORT to plasma
corticosteroid-binding globulin) (8).

CORT elimination from hair
Forensic scientists have shown that washing of hair,

cosmetic treatments, and exposure to UV irradiation from
the sun are potential sources of drug elimination from hair
(Fig. 1). The idea that these processes might also remove
CORT from hair first arose from the results of segmental
analyses of hair CORT levels in humans. Segmental anal-
ysis involves cutting hair samples into segments that vary
with respect to their proximity to the scalp with the aim of
constructing a retrospective calendar of HPA activity over
the preceding several months. The ability to determine
such a timeline is based on data showing that human scalp
hair taken from the vertex posterior or the occipital region
(the two most common areas for human hair sampling)
grows at an average rate of about 1 cm/month (25). There-
fore, the 1-cm segment closest to the scalp is thought to
contain CORT incorporated during the previous month,
the next 1-cm segment should contain CORT incorpo-
rated 1 month earlier, and so forth. Interestingly, the first
reported segmental analysis, which measured hair CORT
in 3-cm segments, found a monotonic decrease in CORT
concentrations out to 18 cm from the scalp (20). Subse-
quent studies have found a similar segmental decline in
some cases but not others (26). Experimental findings
have now demonstrated that the segmental decline in hair
CORT is likely due to repeated exposure to shampooing
or to water alone, with the possibility of an additional
contribution from UV radiation (27, 28). Additionally,
exposure both to water and to UV radiation are likely to
impact hair CORT levels in wild-living animals or captive
animals living in outdoor enclosures.

Methodological Considerations for Hair
Collection and Processing

Investigators are faced with a number of important issues
in using hair as a sampling matrix, several of which are

briefly discussed in this section. These issues include 1)
where in the head (or body) to sample from, 2) how to
obtain the hair, 3) how much hair to obtain, 4) whether or
not to wash the hair sample, 5) how to process the hair
before extraction, and 6) how to measure the extracted
CORT. 1) Regardless of the site of hair sampling, it is
obviously important to keep the site constant across sub-
jects. For human studies, hair is typically obtained from
the posterior vertex of the head, an area that has been
shown to produce less intra-individual variation in CORT
levels than other head regions (29). For rhesus monkeys,
hair is collected from the nape of the neck because this area
is relatively uncontaminated from self-grooming. 2) Hair
should always be cut or shaved close to the skin (scalp)
rather than plucked so as to avoid including follicles in the
sample and to prevent possible blood contamination. In
animals such as nonhuman primates, each hair shaft
grows to a certain length after which growth stops until the
hair is shed. Consequently, hair samples obtained without
previous shaving will contain a mixture of hairs that have
incorporated CORT over different time periods. This
problem can be overcome by using a shave-reshave ap-
proach that establishes a known timeline of CORT incor-
poration (see for example Ref. 8). 3) Amounts of hair
obtained vary widely across studies, from 250 mg in an
earlier rhesus monkey study (7) to as little as 5 or 10 mg
in more recent human studies (10, 30). Although it is the-
oretically possible to measure the CORT content of a sin-
gle hair shaft if one has a sufficiently sensitive assay, such
a measure may not be representative of overall hair CORT
levels because hair growth occurs in cycles composed of
three different phases that could differ in their CORT in-
corporation properties (18). 4) Some investigators do not
wash hair samples before processing and extraction be-
cause washing removes a certain percentage of CORT
from the sample and their goal is to measure total hair
CORT content (see for example Ref. 31). In contrast, two
brief washes with isopropanol removed only 5–10% of
total CORT content of monkey hair (7). Subsequent stud-
ies were conducted with polar bear hair in which addi-
tional washes were performed to clean up samples visibly
contaminated with blood and/or adipose tissue (32). The
results of this work support the existence of two fractions
of hair CORT: a fraction that presumably contains exter-
nal CORT deposited via sebum, sweat, or other contam-
inants and that can be removed by mild washing proce-
dures and a more tightly bound fraction that is believed to
consist of CORT incorporated into the interior of the hair
matrix and that can only be extracted by stronger treat-
ment of the sample. 5) Hair samples are typically pro-
cessed after washing and drying (if those steps are in-
cluded) by mincing into small fragments (�1 mm long) or
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by grinding into a powder using a ball mill (Retsch, New-
town, PA) or a mini-beadbeater (BioSpec Products,
Bartlesville, OK). Preliminary studies with monkey hair
showed significantly greater CORT recovery after grind-
ing compared with mincing (7). 6) CORT is usually ex-
tracted from the minced fragments or powdered hair with
methanol, a solvent that has the dual advantage of causing
swelling of the hair (thus facilitating analyte liberation by
diffusion) (11) and readily solubilizing steroid hormones
such as CORT. After evaporation of the organic solvent,
the extract is reconstituted in an appropriate medium and
analyzed for its CORT content. Hair CORT has been an-
alyzed by means of enzyme immunoassay, RIA, chemilu-
minescent immunoassay, HPLC-mass spectrometry, and
HPLC with fluorescence detection. The choice of assay is
not particularly important as long as it has the requisite
specificity for CORT and a degree of sensitivity appropri-
ate for the size of the samples being analyzed.

Relationship between Hair CORT Levels
and CORT in Other Sample Matrices

Recent research has examined potential relationships be-
tween hair CORT and CORT levels in other sample ma-
trices such as saliva, urine, and feces. In comparing hair
and salivary CORT in the same subjects, the results have
ranged from no significant correlation in two human stud-
ies (29, 33) to a correlation of approximately 0.8 in our
initial work with adult male rhesus monkeys maintained
in a highly stable environment (8). Two recent studies of
healthy humans found moderate but statistically signifi-
cant correlations of 0.3–0.4 between hair and salivary
CORT (34, 35). In addition, correlations between hair
CORT levels and area under the curve of salivary CORT
across trimesters in pregnant women ranged from 0.29
(nonsignificant) in the first trimester to 0.57 (P � 0.01) in
the third trimester (21). Taken together, these findings
suggest that long-term HPA activity as assessed by hair
CORT concentrations is related to short-term activity as-
sessed by salivary CORT levels under some conditions but
not others. The nature of the conditions that afford a sig-
nificant correlation between these two variables remains
to be determined. Alternatively, hair CORT might be
more closely related to urinary or fecal CORT excretion
because of the longer time frames encompassed by the
latter sample matrices. Indeed, significant correlations
ranging from 0.33 for 24-h urinary CORT excretion in
humans (29) to 0.67 and 0.90 for fecal CORT excretion in
dogs and cats, respectively, have been reported (36).

Relationship between Hair CORT Levels
and Degree of Perceived Stress

A number of other studies have been directed toward de-
termining whether hair CORT levels are related to per-
ceived stress in humans. Two such studies found signifi-
cant correlations of 0.47 in healthy pregnant women (37)
and 0.59 in male patients being treated for adrenal insuf-
ficiency (38); however, many other studies found either no
relationship between hair CORT and perceived stress (34,
39–43) or a slight negative correlation between the two
variables (10, 30). Failure to obtain a significant relation-
ship between perceived stress and other measures of HPA
activity (i.e. salivary or plasma CORT) has been reported
before and has been termed lack of psychoendocrine co-
variance (39, 44). This phenomenon could be due to a
differential responsiveness of the neural circuitry control-
ling the HPA axis compared with the circuitry mediating
the subjective experience of stress. In the case of hair, how-
ever, it is important to note that perceived stress is typically
measured at just one or a few time points, whereas hair
CORT is thought to reflect an integral of adrenocortical
activity over many weeks or months. Perhaps if measures
of perceived stress were obtained repeatedly over the same
time period during which CORT is being deposited in the
hair shaft, a positive psychoendocrine covariance would
be observed.

Applications of Hair CORT

In just a few years since its inception as a new biomarker
of HPA axis activity, hair CORT has been used in a wide
variety of applications. Most such applications fall into
one of the categories listed in Table 1 and are briefly dis-
cussed below.

Chronic stress
Not surprisingly hair CORT has been used to investi-

gate the influence of major life stressors on chronic HPA
activity. Several studies have now demonstrated that hair
CORT concentrations are indeed elevated in subjects un-

TABLE 1. Categories of applications for which hair
CORT has been used

Category Ref.

Chronic stress 7–9, 39, 41, 42, 45–49
Endocrine disorders 22, 23, 38
Neuropsychiatric disorders 33, 50–52
Development 24, 53–56
Behavioral temperament 53, 59–63
Wildlife/conservation 32, 64, 65
Historical/archival samples 66, 67
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dergoing significant stress compared either with matched
controls or with the same subjects before stress imposi-
tion. Nonhuman primate examples include rhesus ma-
caques, bonnet macaques, and vervet monkeys subjected
to relocation stress (7–9, 45). Human studies of hair
CORT and stress include individuals suffering from
chronic pain (46), individuals who were unemployed for
at least 12 months compared with those who had jobs
(39), individuals consigned to shift work compared with
day workers (47), endurance athletes who undergo severe
physical stress (42), patients hospitalized with acute myo-
cardial infarction compared with control patients (48),
alcohol-dependent individuals undergoing withdrawal
compared with abstinent alcoholics or control subjects
(41), and newborn infants who required hospitalization in
the neonatal intensive care unit compared with healthy
newborns (49).

Endocrine disorders
Among the clinical applications of hair CORT is the

determination of long-term changes in CORT levels in
patients with Cushing’s syndrome or adrenal insuffi-
ciency. Initial studies showed that hair CORT can play a
useful role in monitoring disease progression and treat-
ment efficacy in such patients (22, 23). This approach has
also revealed that some patients suffering from adrenal
insufficiency may have received inappropriately high
doses of hydrocortisone replacement therapy (38).

Neuropsychiatric disorders
Several neuropsychiatric disorders are characterized by

dysregulation of the HPA axis, notably major depression
and posttraumatic stress disorder (PTSD). Recent work by
Dettenborn and colleagues (50) found increased CORT
concentrations in the first and second 3-cm hair segments
(from the scalp) of depressed patients compared with
matched healthy controls. Two PTSD studies have also
been published thus far. The first reported increased hair
CORT in Ugandan PTSD patients who had been severely
traumatized compared with severely traumatized Ugan-
dans who had not developed PTSD (51). The second study
examined female adolescents who experienced a major
earthquake in China in 2008 (52). Subjects exposed to the
earthquake had higher hair CORT levels than controls
who were not affected by the earthquake, but within the
earthquake-exposed group, the adolescents who had de-
veloped PTSD had lower levels than those who had not
developed the disorder. Finally, Steudte et al. (33) found
decreased hair CORT concentrations in patients with gen-
eralized anxiety disorder compared with healthy controls.
These studies illustrate that hair CORT can provide an
important addition to the existing literature on salivary,

plasma, or urinary CORT concentrations in patients with
neuropsychiatric disorders.

Development
Early postnatal development is a period of both nor-

mative changes in HPA activity and sensitivity of the sys-
tem to different rearing environments. Like plasma
CORT, hair CORT levels decline during the first several
years of life in a number of species. Such changes have been
observed in rhesus monkeys [6–24 months of age (53); 2
yr vs. 3.5 yr of age (54)], vervet monkeys [�0.5–2.5 yr of
age (55); 1–12 yr of age (56)], Guinea baboons [12–72
months (55)], and cattle [15 d old vs. 2 yr old (24)]. The
two rhesus monkey studies also reported differences in
developmental hair CORT profiles as a function of rearing
environment (53, 54). Thus, at least in many nonhuman
primates and in cattle, CORT levels are high during early
postnatal development and gradually decrease over time.
Hair CORT is also a sensitive indicator of altered HPA
axis activity produced by different rearing environments.

Behavioral temperament
Behavioral temperament (defined as “the phenomenon

that individual behavioral differences are consistent over
time and/or across situations” in Ref. 57, p. 294) has pre-
viously been associated with HPA axis activity using tra-
ditional measures such as salivary CORT (58). More re-
cently, hair CORT levels were found to be lower in vervet
monkeys with a high novelty-seeking phenotype com-
pared with low novelty-seeking animals (59), hair CORT
during infancy predicted later anxiety-like behaviors as
well as performance on an object permanence task in rhe-
sus monkeys (53, 60), hair CORT in adult dogs was pos-
itively related to behavioral reactivity after exposure to the
sounds of a thunderstorm (61), and hair CORT was pos-
itively correlated with agonistic behaviors in free-roaming
female cats in Tel Aviv (62) but also positively correlated
with a docility index in eastern chipmunks in a Quebec
forest visited by tourists (63). Further research is needed to
ascertain the genetic and environmental factors that con-
tribute jointly to temperament and HPA activity.

Wildlife/conservation
Because hair collection is less invasive than blood draw-

ing and measuring CORT in hair provides an integrated
rather than a point measure of HPA activity, hair CORT
is now used in wildlife and environmental conservation
studies. One such study demonstrated the feasibility of
measuring hair CORT in polar bears in East Greenland
(32), which was followed by additional research showing
that CORT levels were related to the concentrations of
several persistent organohalogen pollutants in the same
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samples (64). Macbeth and co-workers (65) have also
measured hair CORT in free-ranging grizzly bears in Al-
berta. Additional applications of hair CORT to the as-
sessment of stress in wild-living animal populations are
expected in the coming years.

Historical/archival samples
CORT is stable in intact hair for at least a year, even

when maintained at ambient temperature (24). Measur-
able levels of this hormone persist for even longer periods
of time, which permitted the assessment of CORT in mu-
seum polar bear fur specimens collected in the late 19th
and early 20th centuries (66). In fact, the mean CORT
level from the museum samples was approximately twice
as high as the mean level in samples collected from free-
ranging bears over the past 24 yr. This outcome seems
highly unlikely if there had been significant CORT deg-
radation within the hair over time. Even more remarkably,
hair CORT has been measured in Peruvian human archae-
ological samples that were as much as 1500 yr old (67).
The stability of CORT in hair compared with other bio-
logical compartments makes it ideal for using archival
samples to obtain an index of HPA activity in long-de-
ceased subjects.

Limitations of Hair CORT Measurement

Several limitations should be kept in mind when using the
hair CORT approach. First, because hair CORT is
thought to represent an integrated measure of HPA activ-
ity over long time periods, this approach is not sensitive to
changes in the circadian rhythmicity of HPA activity or the
awakening CORT response. Hair CORT levels also might
not detect the impact of relatively brief stressors that oc-
curred during the period of hormone deposition. Hence,
this approach should be thought of as complementary to
measurements of salivary and/or plasma CORT, not as a
replacement for such measurements. Second, whereas the
use of hair CORT will likely be of particular value to
researchers interested in psychosocial and environmental
stressors like those mentioned earlier, it is important to
keep in mind that elevated HPA activity can occur under
a variety of conditions, including physical exercise, met-
abolic abnormalities, and infectious disease. Indeed, one
recent study found increased hair CORT in amateur en-
durance athletes (42), and another reported a significant
positive correlation between hair CORT and body mass
index (43). Third, the degree to which hair CORT is de-
rived from the circulation has not yet been determined, nor
is it certain that CORT in hair comes from the free fraction
in the plasma.

The hypothesis that hair CORT is derived primarily
from the bloodstream is supported by previously cited
studies showing increased hair CORT levels during the
third trimester of pregnancy, in Cushing’s syndrome pa-
tients, and in cattle given repeated ACTH injections; how-
ever, such evidence is not definitive, and therefore addi-
tional research is needed. Finally, studies of plasma,
salivary, and urinary CORT have led to a growing recog-
nition that chronic stress can lead to HPA hypoactivity
rather than hyperactivity under certain conditions (68).
Hair CORT in stressed populations may similarly exhibit
bidirectional changes depending on experimental vari-
ables such as the time of sampling in relation to stress
onset.

Summary and Future Directions

Hair CORT provides a new approach to assessing long-
term HPA activity over periods of weeks to months. Use of
this novel measure should help resolve controversies in the
current neuroendocrine literature (e.g. the status of HPA
activity in PTSD patients) as well as open up new avenues
for research. For example, it should be possible to assess
in utero CORT exposure from about 28 wk of gestation to
the time of birth by measuring the hormone in scalp hair
from human newborns (69). Although limited by an ap-
parent washout effect, segmental analysis of hair CORT
content still has the potential to provide a retrospective
calendar of HPA activity over a period of several months,
particularly when combined with an appropriate cross-
sectional comparison (see, for example, Refs. 20 and 52).
Lastly, other steroid hormones are also deposited in grow-
ing hair and can be measured by appropriate analytical
methods. There are published reports of hair testosterone
levels in men and women (70, 71), and esterified steroids
such as nortestosterone decanoate and estradiol benzoate
have been analyzed in cattle hair after treatment with these
growth-promoting compounds (72). In addition, our lab-
oratory is currently working to develop and validate pro-
cedures for measuring corticosterone in rat and mouse
hair so that this technique becomes available to investi-
gators using rodent models.
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