
REVIEW Open Access

Forensic toxicological analysis of hair: a
review
Muhammad Usman1* , Abid Naseer1, Yawar Baig1, Tahir Jamshaid1, Muhammad Shahwar1 and Shazia Khurshuid2

Abstract

Analysis of hair provides useful information regarding drug addiction history or drug toxicity. Keeping in view some
important applications of hair analysis, a lot of work done in the past few decades has been reviewed in this article.
When compared with other biological samples, hair provides a larger window for drug detection. Drugs get
deposited in hair through blood circulation by various mechanisms, after its administration. The deposited drug is
much stable and can be detected after a longer period of time as compared with other biological samples, e.g.,
saliva, blood, and urine. Moreover, segmental analysis can depict multiple or single drug administration by using
sensitive analytical techniques. Complex methods for drug extraction and the high cost of analysis are some
drawbacks of hair analysis. LC-MS and GC-MS are the prominent among other techniques of choice due to high
sensitivity. In this review, detailed knowledge about the drug deposition, extraction, analysis, and application of
results in forensic and clinical cases have been discussed.
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Background
During the last few decades, tremendous research work
has been done to investigate the different drugs of abuse
and their metabolites in different types of biological
samples, e.g. saliva, sweat and hair. In a number of coun-
tries, biological samples other than urine, are being ex-
plored intensively for workplace drug testing, providing
information about chronic intoxication, awarding a driv-
ing license, clinical toxicology, in criminal justice, in the
treatment of addicted patients, postmortem toxicology
studies, solving drug-facilitated crimes and in child pro-
tection cases (Allibe et al. 2017; Baumgartner et al. 1979;
Khajuria and Nayak 2017). For analysis of new psycho-
active substances, hair testing is a good complement to
urine testing (Kintz 2017a; Montesano et al. 2017).
During the 1960s and 1970s, the hair was analyzed for

the investigation of heavy metals by atomic absorption
spectroscopy (AAS). Since at that time, analytical tech-
niques were not sensitive enough to analyze organic
compounds particularly the drugs from hair. However,
by the use of radioactive isotope-labeled drugs, it was

confirmed that they circulate through blood circulation
and deposit in hair. In 1979, the first research article was
published regarding the analysis of hair from heroin
users. Morphine, a metabolite of heroine, was found in
the hair of addicts (Kintz 2017b). It was also found that
the concentration of drug varied along the length of the
hair shaft, which could be correlated with the time
period of abuse. Nowadays, GC-MS is commonly used
and reported method for analyzing a drug of abuse from
the hair of addicts.
The major advantage of hair drug testing over blood

and urine drug testing is its better inspection window.
Hair drug testing has a better inspection window when
compared with blood and urine drug testing, which can
be characterized as its major advantage (2–4 days for
drug analysis from blood and urine for most of the drugs
against weeks to several months, depending upon the
length of hair) (Hegstad et al. 2008). Blood analysis and
urinalysis give short-term information related to drug
addiction whereas long-term drug history can be traced
by hair analysis (Saitoh 1969).
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Main text
Structure and types of hair
Hair is mainly composed of protein, which may range
from 65 to 95% (keratin), lipids 1–9%, 15–35% water,
and less than 1% minerals (Kintz 2017b). Its texture,
color, and composition vary from person to person. Dif-
ferent types of minerals accumulated in the hair may
range from 0.25 to 0.95%. About 5 million hair follicles
are present in an adult. Out of these 5 million hair folli-
cles, approximately 1 million are found in the head. Hair
follicles are rooted 3–4-mm deep in the skin, in the epi-
dermis of epithelium (Mangin 1996). The total hair
length covers its bulb rooted in the follicle through the
shaft and ends at its tip. The shaft is comprised of three
layers, i.e., cuticle, cortex, and medulla. Cuticle has some
ability to maintain its structural features for a longer
period of time and also have some resistance to chemical
decomposition. Cortex is the second layer lying under
the protective covering of cuticle. The cortex derives its
major forensic importance from the fact that it is em-
bedded with the pigment granules, which gives hair its
characteristic color. The color, shape, and distribution of
these granules provide important points of comparison
among the hairs of different individuals. The medulla is
a collection of cells that looks like a central canal run-
ning through the hair. In many animals, this canal is a
predominant feature, occupying more than half of the
hair diameter. The presence and appearance of medulla
vary from individual to individual and even among the
hairs of the same individual. Medullae may be classified
as continuous, interrupted, fragmented, or absent. Hu-
man head hairs generally exhibit no medullae or have
fragmented ones and they rarely show continuous
medullation (Kronstrand et al. 1999).
There are different types of hairs that can be used as a

substitute for drug analysis when there are no scalp hair,
e.g., axillary (armpit), pubic hair, and arm hair. A num-
ber of studies have been performed to find out the dif-
ferences in concentrations of drug in various types of
hairs from the same individual. When the concentration
levels of morphine, methadone, phenobarbital, and co-
caine were compared in different types of hairs, the
highest level of drug quantity was found in axillary hair
and lowest one was found in the scalp hair. In another
study, the concentration of morphine was determined in
different hair types: 0.4–24.2 ng/mg was found in axillary
hair, 0.6–27.1 ng/mg in scalp hair, and 0.8–1.34 ng/mg in
pubic hair. The remarkable differences in concentration
of drug are due to the improved blood supply,
telogen-anagen ratio, difference in growth rate, and dif-
ferent numbers of apocrine gland. Different types of
hairs grow at different rates, e.g., pubic hair 0.3 mm/day
and axillary hair 0.4 mm/day. The growth rate of beard
hair is 0.27 mm/day, and it is thought to be the

appropriate choice for drug analysis. Beard hair can be
collected daily for investigation of the rate of drug de-
position (Cone et al. 1991).

Growth of hair
Human hair grows in three developmental stages. The
shape and size of the hair root are determined by the
growth phase in which the hair happens to be. The three
phases of hair growth are the anagen, catagen, and telo-
gen phases. The anagen phase may last up to 6years.
During this phase, the root remains attached to the fol-
licle for continued growth, giving the root bulb a
flame-shaped appearance. The catagen phase may
proceed from 2 to 3 weeks. During this phase, hair con-
tinues to grow but at a retarded growth rate. In the cata-
gen phase, roots acquire an elongated appearance as the
root bulb shrinks and are pushed out of the hair follicle.
Once the hair growth stops, the telogen phase begins
and the root takes on a club-shaped appearance. By the
next 2 to 6 months, the hair is pushed out of the follicle,
causing the hair to shed off naturally (Baumgartner et al.
1989) (Khajuria et al. 2018).
The growth of hair does not remain continuous

throughout the course. It is a cyclic process in which
hair growth phase alternates with dormant or no growth
phase. The actively growing follicles are in the anagen
phase. The head hairs grow at a rate of 0.6–1.42 cm/
month or 0.22–0.52 mm/day. The rate of growth of hair
depends on location and type of hair. After the growth
phase, the hair follicle enters in catagen phase. In this
phase, the hair shaft stops growing and shed off (Cart-
mell et al. 1991; Kintz 2017b).

Mechanisms of drug incorporation
The simple passive transfer is the simplest model that
explains the deposition of a drug into the hair. Accord-
ing to this model, drugs incorporate in the hair by the
passive diffusion from the growing cells in hair root, and
when the keratogenesis occur, the drug is transferred to
the hair shaft in a tightly bound form. The deposition of
drug in the hair depends on the concentration of drug in
blood if the rate of hair growth is constant. This model
describes that segmental analysis of hair can predict the
presence of the drug in the blood for a specific time
interval.
Complex multi-compartment model is another model

describing the drug deposition mechanism in hairs. This
model is more accepted than the previous one. Accord-
ing to it, the drugs incorporate into the hair in three dif-
ferent ways.

Through blood circulation during hair formation
Through sweat and sebum gland after the formation of
hair
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Through the external environment after the formation
of hair

Several studies support this concept that drug incorpo-
rates into the hair after its formation. The drug which is
deposited after the formation of the hair is loosely bound
and can be removed easily by washing (Cirimele et al.
1995).
Intradermal transfer of lipid soluble drug is another

possible way of drug incorporation in the hair. Cocaine
and its metabolites are accumulated into the skin layers
and subsequently into the hair by this mechanism (Sachs
and Kintz 1998). Among all the models, the
multi-compartment model is the best to explain the
drug incorporation into the hair. Still, there are many
areas which are to be investigated, e.g., exact mechanism
and factors affecting the deposition of drug in hair.
(Franceschin et al. 1987; Pragst and Balikova 2006) (Kha-
juria et al. 2018). It is important to note that the nature
of substance/drug being incorporated, i.e., its structure
and chemical properties as well as physiological/physical
characteristics of individual strongly affect the dominant
mechanism of drug deposition. Comparison of hair drug
analysis of Caucasian and African American showed no
difference (Huestis et al. 2007). Villain found that drug
deposition due to contamination cannot take place in
the hair, even if a person is working daily in a controlled
drug environment with minimal hygiene and cautions
(Villain et al. 2010).
The linkage between hair pigmentation and the con-

centration of drug deposited can be revealed by the fact
that white hairs have the least concentration of drug as
compared with black hairs, having the highest drug con-
centration. DeLauder investigated the binding of the
drug with hair using fluorescence microscopy and found
that negatively charged drugs, e.g., THC-COOH, do not
incorporate freely into the hair. The preferential attach-
ment of the drug to hair is due to the electrostatic forces
of attractions between hair and drug of abuse.

Stability of deposited drug
The drug incorporated in the hair is very much stable in
favorable conditions, e.g., ambient temperature and dry
atmosphere. Opiates were detected in hair shaft of Vic-
torian poet John Keats. The analysis of the hair was per-
formed 167 years after the death of John Keats (Jeger et
al. 1991). The scalps were tested positive for benzoylec-
gonine in the hairs of eight Peruvian and Chilean mum-
mies of ages of 2000BC to 1500AD (Khajuria et al.
2018). In a study, hair samples from the de-addiction
center were collected and analyzed to check the stability
of drugs in the hairs. Hair samples were analyzed after
90 days of drug abuse and quantified positively. It

showed that drugs are quite stable and have long detec-
tion time (Khajuria and Nayak 2013).
Although drugs are very much stable in the hair, some

cosmetic treatments may damage the hair and
pre-deposited drugs as well. The hair cuticle damage
continuously due to many factors, e.g., sunlight, weather,
pollution and cosmetic treatments, dyeing, waving,
relaxing, and shampooing. As a result of research, it was
found that there is no significant effect of shampooing
on the drug deposited in the hair (Kintz et al. 1995b). In
comparison with the original concentration of drug in
the hair, 50–80% of drug concentration reduces dramat-
ically due to cosmetic treatments. The cosmetic prod-
ucts include strong bases, which damage hair, reduce
drug contents, and affect the stability of the drug (Kala-
sinsky et al. 1994).

Dose concentration relationship
The dose of the abused drug and its concentration in
the hair is still an under research topic. The chronic
abusers take different amounts of drugs in daily routine.
So, huge data related to individual differences is needed
to determine the dose and concentration relationship
(Kintz et al. 2000a). Fragile relationship between dose
and concentration can be expounded by the following:

� Dose of the drug is uncertain
� Percentage purity of abused drug is unknown
� Deposition of the drug in the hair also vary from

person to person

It is thought that possibly the genetic effect related to
melanin concentration and porosity may be related to
drug concentration in the hair (Khajuria et al. 2018).

Collection of hair specimen
There is no standard method for the collection of a hair
sample from addicted patients or from victims for foren-
sic analysis. The hair samples are collected randomly
from different body parts. Vertex posterior (back of the
head) is the best area for sample collection (Kintz
2017b), due to the following:

� Most of the hairs exist in the same growth phase
� The growth rate of most of the hairs is also the

same in this region
� Less influence of age and sex

Hair is cut from near the scalp surface; location of hair
is also noted. The hairs are stored in an envelope,
aluminum foil, or a plastic zip lock bag and stored at
ambient temperature. The amount of hair sample taken
depends on the drug to be tested. Also, it depends on
the laboratory in which drug testing is going to be
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carried out because different labs have different methods
of extraction and analysis. The sample size mentioned in
most of the research literature ranges from 200mg to a
single hair, but the hair should be cut as closely to the
scalp as possible. Hair shaft of about 3 cm of length is
taken, when segmental analysis of hair is to be per-
formed. Length of 1 cm corresponds to 1-month growth
(Cooper et al. 2012; Klug 1980) (Khajuria et al. 2018).

Washing/decontamination procedure
Contaminants on the surface of the hair create a prob-
lem during analysis. Contaminants can be care products
(hair gel), sweat, and drug contaminants from the envir-
onment, or anything else. If these contaminants are not
properly removed, they can interfere with the analysis
and alter the possible results (Cooper et al. 2012; Moel-
ler 1992). Baumgartner and Hill described that
false-positive results can be prohibited by the external
decontamination of the hair. To remove externally
bounded contaminants, washing step prior to extraction
is used, but there is no uniform/standard procedure for
decontamination (Blank and Kidwell 1995). The most
commonly used chemicals for washing are detergents
(i.e., shampoo, surgical scrubbing solutions), surfactants
(0.1% sodium dodecyl sulfate), phosphate buffer (Heg-
stad et al. 2008), and organic solvents (i.e. acetone, di-
ethyl ether, methanol, ethanol, dichloromethane
(Mercolini et al. 2008), hexane, pentane) (Khajuria et al.
2018). Society of Hair Testing recommends that a hair
decontamination procedure should include both an or-
ganic and aqueous washing step. Studies have shown
that the most effective organic solvent was methanol
and the most effective aqueous solvent contained so-
dium dodecyl sulfate detergent (Mantinieks et al. 2018).
Most commonly single washing is used, although

sometimes hairs are washed twice, to remove external
contaminants as much as possible (Baumgartner et al.
1989). In hair analysis, the metabolites of drugs are ana-
lyzed, which would not exist in external contamination
otherwise. Metabolites are only produced as a product
in the process of metabolism (Kauert and Röhrich 1996).
Metabolites are not present in the illicit drug. Their ex-
istence in the hair sample could not be due to external
contamination. So, the presence of metabolites would
confirm the drug intake. Several types of research dem-
onstrated that when cannabis, crack, and heroin were
smoked, the external contamination could occur
(Tagliaro et al. 1997b).

Hair digestion procedures
It is essential that the drug should be solubilized before
analysis. The process of solubilization should be set in a
way that the drug and its metabolites remain intact (not
lost or altered). Special care should be paid to the drugs

which are chemically unstable and are lost in the extrac-
tion process. For example, 6-acetylmorphine (6-AM) is
converted to morphine and cocaine is converted to ben-
zoylecgonine (Pötsch et al. 1997). The hair samples prior
to analysis can be cut into segments or crushed in a ball
mill. For dissolution, there are different preparation
techniques which may involve one of the following
procedures:

� Incubation in an aqueous buffer and analysis using
immunological techniques, mostly
radioimmunoassay (RIA).

� Incubation in an acidic or basic solution followed by
liquid–liquid extraction or solid-phase extraction
and analysis with chromatographic techniques.

� Incubation in an organic solvent (generally methanol
with or without hydrochloric acid), liquid–liquid
extraction, or solid-phase extraction and analysis
with chromatographic techniques.

� Digestion in an enzymatic solution, liquid–liquid
extraction, or solid-phase extraction and analysis
with chromatographic techniques (Sachs and Arnold
1989) (Khajuria et al. 2018).

When the hair is digested by incubating in sodium hy-
droxide solution, the protein contents are damaged. The
parameters like the temperature of incubation, time of
incubation, and concentration of sodium hydroxide solu-
tion are to be set carefully. Drugs which are chemically
unstable cannot be extracted by alkaline hydrolysis.
Drugs like anabolic steroids (esters), benzodiazepines,
cocaine, and 6-AM should not be extracted by the alka-
line method because these are hydrolyzed in strong alka-
line conditions. To extract 6-AM and cocaine, acid
hydrolysis method should be used. In the acid hydrolysis
method, the hair sample is incubated at room
temperature overnight in 0.1-M HCl solution or at 120 °
C for 30 min in 0.6-M HCl solution (Cirimele et al.
1996b). The simplest extraction procedure is the organic
solvent incubation method. In this method, the hairs are
digested in an ultrasound bath for several hours at 45 °C
using ethanol or methanol as solvent. After evaporating
the organic solvent, the sample can be analyzed directly
by GC-MS. By using this method, it is possible to
analyze the unstable drugs like 6-AM in the hair of her-
oin addicts. The hair of cocaine and heroin addicts can
also be processed by enzymatic digestion process. In this
method, hairs are treated with a solution of pronase,
arylsulfatase, proteinase K, or glucuronidase. These en-
zymes digest hair by acting on hair protein (keratin)
without altering or destroying the concentration of drug
and its metabolites (Klein et al. 2000). Enzymatic hair di-
gestion may show false-positive results for ELISA ana-
lysis (Barker et al. 2017). Wang used a mixture of
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methanol, acetonitrile, and ammonium formate for ex-
traction of 116 drugs and their metabolites from hair
(Wang et al. 2017).

Drug analysis
Baumgartner analyzed morphine in the hairs of addicts
to find opiate abuse history. He used RIA to check mor-
phine in the hair (Klein et al. 2000). After the research
of Baumgartner, a lot of work was done in this field. In
most of these studies, RIA, GC-MS, or both of them
were used. Chromatographic techniques are best to
identify and quantify drugs due to high capacity for the
separation of components. If some chromatographic
technique is coupled with mass spectrometry than the
detection window becomes broader in terms of specifi-
city and sensitivity (Cirimele et al. 1996b). Different
types of methods used for drug analysis are given below:

Immunoassays
Immunological methods are used as a screening test to
check the presence of drug. The extraction procedure
should be compatible with the preliminary screening
test, so that detergents used for washing and chemicals
used for digestion do not interact with the assay. If
chemical hydrolysis process is used, then the
neutralization should be done after extraction. Before
the addition of immunoassay, the hair matrix must be
destroyed. The destruction of hair protein should be
done carefully so that it may not destroy the deposited
drug and its metabolites (Cirimele et al. 2000). Immuno-
logical methods are not used for quantification; these are
used only to check the presence of a drug. Immuno-
logical kits are not designed for a specific drug, but to
analyze a group of drugs and their metabolites (Edder et
al. 1994; Shearer et al. 2006). The most common method
used for drug screening in hair samples is radioimmuno-
assay method (RIA) (Cone 1996). Initial screening test
using RIA showed false-positive test to a great extent for
cannabinoids, so RIA is not suitable for preliminary in-
vestigation of cannabinoids (Quintela et al. 2000). Fluor-
escence polarization immunoassay (reported in 1987 for
the first time) is also used for initial screening (Forman
et al. 1992). Musshoff employed two commercial ELISA
and immunoassay kits to find out the cut-off values for
different drugs in hair samples. Hair samples from drug
addicts of amphetamine, methamphetamine, benzodiaze-
pines, cocaine, cannabis, methadone, and opiates were
analyzed. ELISA kit showed a sensitivity of 98% for
methadone, 94% for both the benzodiazepines and opi-
ates, 92% for methamphetamine, and 91% for amphet-
amine. ELISA test is not useful for
tetrahydrocannabinol. The cut-off value for THC was
found to be 0.02 ng/mg. Immunoassay kit was found to
be useful only for cocaine and morphine. New cut-off

value was investigated for these drugs, which came out
to be 0.1 ng/mg (Musshoff et al. 2012). The results ob-
tained by immunoassay should be confirmed by some
confirmatory technique. GC-MS or LC-MS is commonly
used for confirmation (Cuypers and Flanagan 2018).

Chromatographic methods
Chromatographic methods are used for the confirmation
of drugs. By using these techniques, components of a
mixture are separated and detected subsequently. Chro-
matographic techniques are used for the quantification
of drugs and their metabolites from the hair sample.
Klug separated morphine from the hair sample of ad-
dicts by using thin layer chromatography (TLC) and
quantified the drug by fluorimetery method (Franceschin
et al. 1987). By using TLC, quantification can also be
done by densitometry (Goullé et al. 2003).

Gas chromatography–mass spectrometry
Gas chromatography (GC) separates a mixture of com-
pounds into individual components and the detector
coupled with GC identifies each component. There are
different types of detectors which can be coupled with
GC, i.e., flame ionization detector and mass spectrom-
eter. Flame ionization detector (FID) is not much useful
for the detection of a drug in the hair (Henderson et al.
1998). For best results, mostly the GC-MS is used for
hair analysis. By using GC-MS, a number of drugs can
be detected, e.g., amphetamines, benzoylecgonine, can-
nabinoids, cocaine, codeine, methadone, morphine, and
other opiates (Henderson et al. 1996; Johansen and Jor-
nil 2009; Meng et al. 2009). Analysis using GC-MS in-
volves some complex sample extraction and
derivatization steps; still, it is an important technique for
qualitative analysis of drugs in forensic science. BSTFA
is one of the derivatizing agents used for drug analysis
(Orfanidis et al. 2017).
For the quantitative analysis of tetrahydrocannabinol

(THC), cannabinol (CBN), and cannabidiol (CBD), hairs are
extracted by digestion in 1M NaOH at 95 °C for 10min
followed by solvent extraction using n-hexane-ethyl acetate.
The extracted drug is analyzed on GC-MS. The method
showed the lowest LOD for THC, CBD, and CBN, i.e.,
0.006, 0.005, and 0.002 ng/mg, respectively (Kim et al. 2005).
The extraction of CBD, d9-tetrahydrocannabinol (d9-THC),
CBN, and 11-nor-d9-tetrahydrocannabinol-carboxylic acid
(d9-THC-COOH) from human hair can also be done by the
hydrolysis of hair. For hydrolysis, hairs are incubated in an
aqueous solution of b-glucuronidase/arylsulfatase for 2 h at
40 °C. After the hydrolysis, the sample is extracted with
chloroform/isopropyl alcohol. After the derivatization, the
extracted drugs are analyzed by GC-MS in electron impact
mode (GC-MS-EI) or GC-MS in negative ion chemical
ionization mode (GC-MS-NCI). It has been found that
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GC-MS-NCI shows better result than GC-MS-EI for the
quantification of d9-THC-COOH (Baptista et al. 2002). Ciri-
mele proposed a simple, rapid, and free of derivatization
screening procedure for detection and quantification of
THC, CBD, and CBN in hairs of long-term drug abusers.
Hair samples were rinsed with methylene chloride, hydro-
lyzed by sodium hydroxide, extracted with n-hexane-ethyl
acetate mixture, and finally analyzed using GC-MS-EI. The
mean concentrations were 0.44 ng/mg, 0.13 ng/mg, and
0.15 ng/mg for CBD, CBN, and THC respectively (Cirimele
et al. 2000; Cirimele et al. 1996b).
Hair analysis for amphetamine-type stimulant (ATS)

and a number of related drugs (i.e., methylenedioxy-
methamphetamine, N-methylbenzodioxazolylbutanamine)
can also be performed using GC-MS (Cirimele et al.
1999), but the drugs need to be derivatized prior to the
analysis. There are a number of research articles in which
acid or base hydrolysis is done. After hydrolysis, liquid–li-
quid extraction is normally performed to separate the
drug from the hair. Most of the researches used the same
derivatization procedures (Negrusz et al. 2002; Negrusz et
al. 2001). Hair samples are washed and digested. The drug
is extracted by liquid–liquid extraction using ethyl acetate
and derivatized with heptafluorobutyric anhydride
(HFBA). The analysis using GC-MS in SIM
mode-detected MDMA with LOD 5.0 ng/mg (Karačonji
and Brajenović 2014). Supercritical fluid extraction (SFE)
can also be used for extraction of amphetamine from hair
for both the qualitative and the quantitative analysis by
GC-MS (Allen and Oliver 2000). Trifluoroacetyl-prolyl
chloride is a chiral derivatizing agent. It is used for separ-
ation and detection of R and S isomers of ATS. After de-
rivatization and liquid–liquid extraction by hexane, the
sample is analyzed using GC-MS in SIM mode. A study
on this method found the LOD for amphetamine, meth-
amphetamine, and methylenedioxyamphetamine (MDA)
to be 0.1 ng/mg each and 0.2 ng/mg for both the MDEA
and MDMA (Strano-Rossi et al. 2009). Amphetamine is
the major metabolite of methamphetamine in the body,
which is produced as a result of metabolism after the in-
gestion of the drug. The drug ratio of amphetamine and
methamphetamine has been determined to confirm that
which drug was abused. MDMA (ecstasy) was first investi-
gated in 1992 in the hair of abusers; the concentration was
0.6 ng/mg (Kintz et al. 2000b).
In the case of heroin abuse, codeine, morphine, and

6-acetylmorphine (6-AM) are detected. If morphine is
abused than both, morphine and 6-AM (morphine glu-
curonides are the metabolites of heroin) would be de-
tected in samples and if codeine exposure also occurred
than both, the codeine and morphine would be present.
To confirm that which drug was actually abused, it is
necessary to quantify the drugs in a sample (Kidwell
1993). If the concentration of morphine is higher than

that of codeine, then heroin or morphine might have
been abused, and if codeine concentration is higher than
that of morphine, it might be a codeine abuse case. To
differentiate between morphine and heroin abuse cases,
the concentration of 6-AM is determined. The concen-
tration of 6-AM would be greater in the case of heroin
abuse (Kintz et al. 1995c). In the case of opioids, the al-
kaline extraction procedure should not be used because
of low chemical stability and inter-conversion of opioids
in alkaline conditions (Cirimele et al. 1996a).

Liquid chromatography–mass spectrometry
Liquid chromatography–mass spectrometry had been
among the widely used techniques for hair analysis. It is
advantageous as it is highly sensitive and it can detect
even a trace amount of drug in the hair sample without
derivatization (Huang et al. 2009; Pelander et al. 2008).
Due to the dramatic improvements, instrumentation
based on liquid chromatography–tandem mass spec-
trometry (LC-MS/MS) makes it possible to detect a little
amount of almost every possible drug in the hair, and it
remains possible even after a single-dose administration.
Therefore, LC-MS/MS is gradually replacing the gas
chromatographic techniques in both screening and con-
firmation procedures. Nowadays, it is increasingly ac-
knowledged as the technique of choice for hair analysis
(Di Corcia et al. 2018; Leung et al. 2018). After washing
and digestion, the drugs are extracted with some suitable
solvent by liquid–liquid extraction and then by SPE. The
extracted drug is directly injected into LC-MS for ana-
lysis (Lendoiro et al. 2012). Identification and quantita-
tion of tetrahydrocannabinol can be done by the analysis
of 11-nor-9-carboxy-D9-tetrahydrocannabinol which is a
metabolite of THC, and it is found only in the body. So,
the presence of 11-nor-9-carboxy-D9–tetrahydrocanna-
binol allows us to find the chronic user of THC and also
excludes the chances of external contamination. After li-
quid–liquid extraction, chromatographic separation can
be done by using a reverse phase column in LC-MS/MS
(LOD 3 pg/mg). It can be used to monitor chronic drug
users. (Kintz et al. 2004; Machnik et al. 1999; Mercolini
et al. 2013; Möller et al. 1992). It was found that the last
intake of THC can be detected till 3 months in hair sam-
ple (Khajuria and Nayak 2014).
Quantitative analysis of benzodiazepines from the hair

of criminals can also be performed by using LC-MS/MS
technique (Xiang et al. 2011). Miller et al. extracted ben-
zodiazepines from hair by a simple method. Hairs were
decontaminated by washing with 0.1% solution of so-
dium dodecyl sulfate, distilled water, and dichlorometh-
ane. The decontaminated hairs were extracted by SPE,
after the overnight soaking in 25% methanol and ammo-
nium hydroxide mixture (20:1). The extract was ana-
lyzed for benzodiazepines on LC-MS/MS (Miller et al.
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2006). VMA-T extracted solution can be used further
for LC-MS analysis (Baumgartner et al. 2012).
Ketamine and norketamine (a metabolite of ketamine)

can be extracted by ultrasonication for 4 h in 0.01% so-
lution of formic acid for analysis on LC-MS/MS. The
limit of detection and limit of quantification for the
method is 0.1 ng/mg (Tabernero et al. 2009).
For the analysis of cocaine, the drug and its metabo-

lites are extracted using SPE after digestion of the hair
by incubating in 0.1M HCl. The mixture of phosphate
buffer (pH 3.0), methanol, and acetonitrile is used as a
mobile phase in LC-MS (Mercolini et al. 2008). LC-MS/
MS can also be used for simultaneous detection and
quantitation of cocaine, benzoylecgonine, codeine, mor-
phine, and 6-acetylmorphine. For simultaneous analysis,
drugs are extracted with methanol after pulverization.
The extract is injected into LC-MS/MS, and methanol
and ammonium acetate (pH 4.00) are used as mobile
phase with a flow rate of 500 μL/min. The limit of detec-
tion for codeine, morphine, and 6-acetylmorphine is 10
pg/mg and for cocaine and benzoylecgonine 1 pg/mg
(Henderson 1993; Kikura et al. 1997; Miller et al. 2008).
Forensic hair drug testing showed extended usage of a
drug for regular cocaine users. Hair testing did not show
positive results immediately after the drug administra-
tion. Results of hair analysis are used along with the re-
sults of urine and blood analysis (Harrison and Fu 2014).
For the detection of amphetamine, methamphetamine,

and their metabolites using LC-ESI-MS, special
N-vinylacetamide containing hydrophilic polymer online
extraction column and SCX semi-micro LC column in
electrospray ionization interface has been applied suc-
cessfully. Dibenzylamine was used as an internal stand-
ard. Analysis on SIM mode showed a lower LOD, i.e.,
0.02 ng/mg compared to LOD 0.1–0.2 ng/mg on
full-scan mode (Miki et al. 2003).

Other hair analysis techniques
Capillary zone electrophoresis (CZE) can be used for the
determination of the quantity of morphine and cocaine
in the hair of addicts (Höld et al. 1999). Un-extracted
hair can be examined by infrared microscopy. Infrared
spectra of cuticle, cortex, and medulla of a single hair
can show the drug exposure. Fourier transform infrared
microscopy (FTIR) is more sensitive than GC-MS (Jur-
ado et al. 1995). The presence of organic compounds
can be detected by fluorescence microscopy which could
be a good alternative to chromatographic procedures
(Jeger et al. 1991). Gottardo employed time-of-flight
mass spectrometry and capillary electrophoresis–electro-
spray ionization, first time for the detection of drugs of
abuse (cocaine, codeine, ephedrine, morphine, MDMA,
methamphetamine, MDA, amphetamine) from the hair
sample. The quantity of drug was also determined.

Results showed moderate accuracy, but the method is
still found useful for the analysis of drug of abuse from
hairs (Gottardo et al. 2007).

Applications of hair analysis
Drug-facilitated sexual assaults
The cases of drug-facilitated sexual assaults (DFSA) are
normally reported late due to the effects of drugs used.
The victim becomes unable to understand what hap-
pened and does not remember anything related to the
event, due to the effects of “date rape drugs.” When she
realizes the situation, it gets too late to investigate the
drug used in crime from urine or blood (Dinis-Oliveira
and Magalhães 2013; LeBeau and Montgomery 2010).
Different drugs, e.g., ketamine, rohypnol, and GHB are
used for the crime (Busardò et al. 2018). Drugs used for
DFSA are converted to metabolites, so their presence
cannot be detected in urine or in blood. Hair samples
from the victim of a DFSA can be analyzed after 1 month
of aggression. The parent compound cannot be detected
but the metabolites can (Maublanc et al. 2014; Wang et
al. 2018). Kuwayama successfully used internal temporal
markers (ITMs) micro-segmental hair analysis technique
for the determination of specific day of drug ingestion
(Kuwayama et al. 2018).

Verification of drug history through sectional analysis of
hair
To measure a drug for a relatively short period of time,
sectional analysis of hair is performed by cutting hair
into short fragments. It is important to cut the hair as
close to the skin as possible. When hairs are cut, it is
also very important to keep the information of relative
position of hair fragments. As farther away from the root
hair, the quantitative analysis of hair sections should be
done carefully. This cross-sectional analysis provides re-
flective calendar of a person’s drug abuse history (Kintz
2017b; Kintz et al. 1999). The information can also be
used to find the level of drugs abused during the latest
short period before admitting to a rehabilitation center.
The analysis of sections of hair for abused drugs is most
widely used in rehabilitation centers to find out the pre-
vious history of abuse (Negrusz et al. 2002). The shift
from one drug to another can also be confirmed accur-
ately, e.g., from heroin to codeine or ethyl-morphine.
The drugs like cannabinoids (which have extended
half-lives and remain in the body for longer periods of
time, i.e., for weeks and months) should not be analyzed
by sectional analysis for a particular period of drug abuse
and also not for the comparison of addict patients
(Rothe et al. 1997).
By providing information on exposure to drugs over

time, hair analysis may be useful in verifying
self-reported histories of drug use in any situation in
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which a history of past rather than recent drug use is de-
sired (Sachs 2000). In addition, hair analysis might also
be useful when a history of drug abuse is difficult or im-
possible to obtain, such as from psychiatric patients (Jur-
ado et al. 2000; Uhl 1997).

Determination of gestational drug exposure
Maternal drug abuse is a health hazard for the fetus, and
the effects of methadone, cocaine, PCP, opiates, cannabi-
noids, amphetamines, ecstasy, benzodiazepines, and
nicotine are well documented (Pragst et al. 2015). It is
very difficult to determine the drug in hairs of young
children due to more porosity and finer than hairs of
adults (Kintz et al. 2017). In 1987, Parton reported for
the first time the fetal cocaine exposure by hair analysis
(obtained from 15 babies) using RIA. Other studies have
demonstrated the placental transfer of maternal halo-
peridol and the presence of nicotine, morphine, amphet-
amine, and benzodiazepines in neonatal hair (Thieme et
al. 2000). It has been suggested that fetal accumulation
of cocaine and its metabolites follows a linear pattern
within clinically used doses and that a dose-dependent
transfer of maternal nicotine to the baby exists. Analysis
of new-born hair may overcome the disadvantages of
currently used methods to verify drug abuse, such as
maternal self-reported drug history, maternal urinalysis,
and analysis of the urine or the meconium of the baby at
the time of delivery (risk of false-negative information
during the preceding 1–3 days) (Kintz et al. 1993).

Dope testing
The analysis of hair segments can prove the regular use
of a drug for anabolic purposes. The scientific literature
does not contain many articles that deal with the identi-
fication of anabolic steroids in the hair, as only a few
studies have been undertaken (Moeller et al. 1992). A
professional male boxer was found to contain clostebol
metabolite during his urine testing. Later, hair samples
collected from his arm and leg confirmed the clostebol
abuse (Salomone et al. 2018). In a well-known fatal case
of a male bodybuilder who was known to abuse various
anabolic steroids regularly and died of a cardiac arrest at
the age of 32, testosterone esters, nandrolone decanoate,
metenolone, and methandienone were identified in the
hair (Moeller et al. 1993). Similarly, French customs offi-
cials arrested two bodybuilders with 250 ampoules and
more than 2000 tablets of anabolic steroids. In both sub-
jects, hair analysis showed positive results for stanozolol
(135 and 156 pg/mg), nandrolone (196 and 260 pg/mg),
and testosterone (46 and 71 pg/mg), which clearly indi-
cated chronic exposure to anabolic drugs (Nakahara et
al. 1990). Various other performance-enhancing drugs
have also been identified in the hair, such as
beta-adrenergic drugs (agonists and antagonists) (Kintz

et al. 1995a), ephedrine (Nakahara et al. 1992b) or corti-
costeroids (Nakahara et al. 1992a; Wester et al. 2017;
White 1990), and clostebol (Salomone et al. 2018).

Drug screening for pre-employment and driving license
fitness testing
For fitness testing before employment and driving li-
cense issuance, hair testing is the best option used to
verify the drug abuse history. Segmental analysis of hair
can confirm the abuse of a drug in the past few months
(Ricossa et al. 2000). Level of drug abuse, single, mul-
tiple, or chronic users can also be confirmed (Wang et
al. 2018). Driving under the influence of psychotropic
substances is a life-threatening matter for the driver as
well as for the passers-by. Hair analysis in combination
with psychological tests can help to trace out the drug
abuse history, which can be used for re-granting or can-
celing the license (Kintz et al. 2006; Lendoiro et al.
2018). The applicants having drug abuse history have to
prove fitness and undergo a physical examination. Urine
and hair samples are collected and analyzed for the pres-
ence of amphetamines, barbiturates, benzodiazepines,
cocaine, and opiates (Tagliaro et al. 1997a). Studies
showed that hair analysis is more effective than urinaly-
sis for “fitness to drive assessment” (Furrer et al. 2017).
Montagana developed a sensitive GC-MS method for
the investigation of cocaine, opiates, and their metabo-
lites from the hair of driving license applicants with drug
addiction history (Montagna et al. 2000).

Post-mortem toxicology
In post-mortem toxicology, there are a number of bio-
logical samples (blood, muscles, lung, fat, or any other
body tissue) for analysis to determine the cause of death.
For forensic investigation, it is helpful to gain maximum
possible information regarding the victim’s regular use
of drugs before death (Høiseth et al. 2017). Some drugs,
which are unstable in post-mortem conditions, e.g., co-
caine, morphine, heroin, benzodiazepines, and glucuro-
nide can be determined by the presence of metabolites
(Drummer 2004). The presence of a drug or its metabol-
ite in the hair can confirm whether the person was a
regular user of a drug or not (Skopp 2010).

Metal toxicity
Metal toxicity can cause different diseases and even
death. Like drug deposition, metals also get deposited in
the hair. The metals can be analyzed by atomic absorp-
tion spectroscopy (AAS) and ICP-MS (Ash and He
2018). Recently, the presence of mercury in the hair of
ancient mummies was studied positively (Arnold et al.
2018). Peter analyzed hair samples for heavy metals (As,
Cr, Cd, and Pb) across various occupational distributions
and gender by using AAS technique. The concentrations
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of metal were measured, and mean concentration values
in milligram per kilogram were As = 222 ± 34.1, Cr =
2.70 ± 0.7, Cd = 27.8 ± 8.0, and Pb = 73.8 ± 42.3. Also,
there was a difference in concentrations of metals in
both the genders. The individual differences, living style,
and exposure to heavy metals could be some causes of
difference in concentrations (Peter et al. 2012). Barreera
used acidified digestion of hair by using microwave en-
ergy to determine the concentrations of Cu, Zn, Fe, Mg,
and Ca by flame atomic absorption spectroscopy (FAAS)
and Mn by electrothermal atomic absorption spectrom-
etry (ETAAS) (Bermejo-Barrera et al. 2000).

Conclusion
Hair analysis has a number of applications in forensic
toxicology, clinical toxicology, occupational medicine,
and doping control. The major practical advantage of
hair analysis for testing drugs as compared to urine and
blood is its larger detection window. For hair analysis,
drugs can be detected even after months, depending on
the length of the hair shaft analyzed, against a few days
for urine. In practice, detection window offered by urine
and hair testing is complementary: urine analysis pro-
vides short-term information on an individual’s drug use,
whereas long-term history is accessible through hair
analysis. Although there is a reasonable agreement that
the qualitative results from hair analysis are valid. The
interpretation of the results is still under debate because
of some unresolved questions, such as the influence of
external contamination or cosmetic treatment and pos-
sible genetic differences (White et al. 1993). Hair analysis
depicts the usage of drugs for several months. Hair can
show the accurate result for amphetamine and cocaine if
these drugs were abused weekly but cannot find out ac-
curately even the daily abuse of cannabis. The cost for
hair drug analysis is highest while the lowest for urine
(Gjerde et al. 2011).
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