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Preface

This text is aimed at master’s students studying
forensic science, forensic toxicology and analyti-
cal chemistry involving forensic toxicology, and
at PhD students carrying out research in these
areas. The driver for this student text has been
the opportunity to make the wonderful resource
that is Clarke’s Analysis of Drugs and Poisons more
readily accessible to students. As those familiar
with the third edition of Clarke’s will know, this
is a resource par excellence in the field of toxicol-
ogy, but out of the financial reach of most stu-
dents. We hope that this text will redress this
balance.

The early chapters of the text cover the main
elements of forensic toxicology with an intro-
duction to the subject in Chapter 1. An under-
standing of the importance of pharmacokinetics
and metabolism is essential for forensic toxicol-
ogy (Chapter 2). It is impossible to cover all sig-
nificant substances encountered in toxicology in
a text of this nature. The most important sub-
stances, such as drugs of abuse, are described in
Chapter 3. Examples of other toxicologically sig-
nificant substances are discussed in Chapter 4.
Although blood, urine and tissues such as liver,
lung, etc., are still widely used for forensic
analysis, alternative matrices are of considerable
interest (Chapter 6), particularly for drugs
screening, for example in workplace drug testing
(Chapter 5), roadside drug testing (Chapter 11),
sports doping (Chapter 9) and drug monitoring
in clinical settings (Chapter 8). For the purpose
of clarity, the chapters on drugs in saliva and
hair analysis from the third edition of Clarke’s
have been combined and a separate section on
drugs in sweat added (Chapter 6). The subject of
in utero exposure to drugs was not included in

the third edition of Clarke’s but is included in
this text (Chapter 8) as it is a topic of increasing
interest. Another topic of current interest not
included in the third edition of Clarke’s is drug-
facilitated sexual assault (Chapter 10).
Impairment of driving through ingestion of alco-
hol has been known for some time, but the aspect
of impairment due to drugs is a more recently
recognised phenomenon: both aspects form a
major element in the casework of toxicology
laboratories and are addressed in Chapter 11.
There are many situations in clinical and
forensic toxicology when the solid form of a
drug is encountered and it is advantageous to be
able to identify the drug directly from this evi-
dence without recourse to analysis (Chapter 12),
although the suite of analytical techniques
available to and used by toxicologists is exten-
sive. Colour tests and TLC (Chapter 13) and
immunoassays (Chapter 14) are typically used for
screening purposes to direct the choice of analyses
used for identification and quantification.
Spectroscopic techniques such as UV, visible and
fluorescence (Chapter 15) may be used as stand-
alone techniques for screening or quantification,
but are also often hyphenated with chromatog-
raphic techniques such as high performance
liquid chromatography (HPLC) (Chapter 19) or
capillary electrophoresis (CE) (Chapter 20). Gas
chromatography (GC) (Chapter 18) is another
important technique used in toxicology and, like
HPLC and CE, is typically coupled with mass
spectrometry (Chapter 21) to provide what is
often considered to be the ‘gold standard’ tech-
nique for identification and quantification.
Spectroscopic techniques such as infrared and
near-infrared (Chapter 16) find uses in toxicol-



ogy as does Raman spectroscopy (Chapter 17).
Although a very important technique elsewhere
in chemistry, nuclear magnetic resonance (NMR)
spectroscopy is not widely used in toxicological
analysis and hence is not covered in this text.
Being as certain as one can be of the correct
answer is of fundamental importance in analyti-
cal chemistry and the field of toxicological
analysis is no exception, particularly where
someone'’s career may be affected by the out-
come of drugs screening, as may be the case in
workplace drug testing and sports doping test-
ing, or when a person faces prosecution and pos-
sible conviction, for example, for causing death
by dangerous driving due to impairment
through alcohol or drugs, for suspected poison-
ing, or for supplying drugs of abuse. Analytical
laboratories involved in toxicological analyses
should employ suitable quality control (QC) and
quality assurance (QA) procedures and this
aspect is covered in Chapter 23. The material
included in the third edition of Clarke’s on

Preface xiii
emerging techniques has been revised and
updated (Chapter 22).

In editing the third edition of Clarke’s for
student use we recognise that we have still
produced a text of considerable depth and com-
plexity. This is due in part to our reluctance to
lose too much of the excellent information in
Clarke’s and also because we believe that this
information provides an excellent introduction
for students intent on a career in toxicology. We
are indebted to the authors of chapters in the
third edition of Clarke’s Analysis of Drugs and
Poisons who have co-operated with our edit of
their original chapters and to Professor Anthony
Moffat, Professor David Osselton and Professor
Brian Widdop for putting our names forward to
Pharmaceutical Press as possible editors of this
student text.

S Jickells
A Negrusz
April 2008
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atomic absorption spectrophotometry
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angiotensin-converting enzyme
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attention deficit disorder

alcohol dehydrogenase

acceptable daily intake

atomic emission detector
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atomic emission spectrometry/spectrometer
alkali flame ionisation detector
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CE
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Da
DAD

DESI
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DMS
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DOC
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DON
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EC
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cannabinol

charged coupled device
cyclodextrin

capillary electrophoresis

capillary electrochromatography
cloned enzyme donor immunoassay
Ciguatera fish poisoning

capillary gel electrophoresis
pseudocholinesterase

chemical ionisation

capillary ion analysis
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combustion isotope ratio MS
capillary isotachophoresis

central nervous system
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catecholmethyltransferase

certified reference material

capillary sieving electrophoresis
cerebrospinal fluid
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ciguatoxins

coefficient of variation
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Dalton

diode-array detection/detector
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drug-facilitated sexual assault
dimethylpolysiloxane
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4-bromo-2,5-dimethoxyamfetamine
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diffuse reflectance IR Fourier transform (spectroscopy)
diarrhoetic shellfish poisoning
driving under the influence

driving under the influence of alcohol
driving under the influence of drugs
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electrochemical

electron capture detection/detector
enzyme donor
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
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electron impact

electrokinetic
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microemulsion electrokinetic capillary chromatography
maximum exposure limit

mechano growth factors

maximum residue limit
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MRO
MS
MS/MS
MSTFA
MT
MTBSTFA
NA
NACE
NAD
NADH
NADP
NAPQI
NAT
NBD-F
NC-SPE
NICI
NIOSH
NIR
NIST
NMDA
NMR
NPD
NSAID
NSB
NSP
oDS
OES
oLsT
opP
P-2-P
P-lll-P
PC
PCA
PCl
PCP
PCR
PDA
PDH
PEEK
PEG
PFDTD
PFK
PFP
PFPA
PFTBA
P-gp
PICI
PID
PLOT
PLS

medical review officer

mass spectrometry

tandem mass spectrometry
N-methyltrimethylsilyltrifluoroacetamide
methyltransferase
N-methyl-N-(t-butyldimethylsilyl)trifluoroacetamide
numerical aperture

non-aqueous capillary electrophoresis
nicotinamide-adenine dinucleotide
nicotine-adenine dinucleotide reduced form
nicotinamide-adenine dinucleotide phosphate
N-acetyl-p-benzoquinoneimine
N-acetyltransferase
4-fluoro-7-nitro-2,1,3-benzoxadiazole
non-conditioned SPE

negative-ion chemical ionisation

National Institute for Occupational Safety and Health
near infrared

National Institute of Standards and Technology
N-methyl-p-aspartate

nuclear magnetic resonance
nitrogen-phosphorus detection/detector
nonsteroidal anti-inflammatory drug
nonspecific binding

neurotoxic shellfish poisoning

octadecyl silica

Occupational Exposure Standard
one-leg-stand test

organophosphorus

phenyl-2-propanone

procollagen type III

phencyclohexene

principal component analysis

positive chemical ionisation

phencyclidine

polymerase chain reaction

photodiode array

glucose-6-phosphate dehydrogenase
polyetheretherketone

poly(ethylene glycol)
perfluoro-5,8-dimethyl-3,6,9-trioxidodecane
perfluorokerosene

puffer fish poisoning

pentafluoropropionic anhydride
perfluorotributylamine

P-glycoprotein

positive ion chemical ionisation
photoionisation detection/detector

porous layer open tubular

partial least squares
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RI

RI

RIA
RMM
RP
RSD
SAR
SARMs
SBW
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SCOT
SDS
SERMs
SFE
SIM
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SNPA
SOFT
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SPME
SSRI
STIP
STX
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uTAS
TCD
TCO,
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TDM
TFA
TFAA
TGS
THC
THCA
THC-COOH
THEED
TIAFT
TIC

Abbreviations

poor metaboliser

photomultiplier tube

pre-column separating inlet

paralytic shellfish poisoning

polysiloxane

polytetrafluoroethylene

programmable temperature vaporising (sample inlet)
quality control

quality control and assessment
recombinant human erythropoietin
refractive index

retention index

radioimmunoassay

relative molecular mass

reversed phase

relative standard deviation
structure—activity relationship

selective androgen receptor modulators
spectral bandwidth

supercritical fluid

support-coated open tubular

sodium dodecyl sulfate

selective estrogen receptor modulators
supercritical fluid extraction

selected ion monitoring

single-nucleotide polymorphism
N-succinimidyl-p-nitrophenylacetate
Society of Forensic Toxicologists

standard operating procedure

solid-phase extraction

solid-phase microextraction

selective serotonin reuptake inhibitor
systematic toxicological identification procedure
saxitoxins

sulfotransferase

micro total-analysis systems

thermal conductivity detection/detector
total carbon dioxide

time-coupled time-resolved chromatography
time-to-digital converter

therapeutic drug monitoring

target factor analysis

trifluoroacetic anhydride

triglycine sulfate

tetrahydrocannabinol
11-carboxy-A’~tetrahydrocannabinol
A°-tetrahydrocannabinol-9-carboxylic acid
tetrahydroxyethylenediamine

The International Association of Forensic Toxicologists
total ion current
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TLC
TMB
TMCS
TMS
TMT
TOF
TPC
TPMT
TTAB
X
UDPGT
UEM
uHTS
UNODC
uv
VSA
VTEC
WADA
WATT
WCOT
WHO
XRD
XRF
ZPP

thin layer chromatography
tetramethylbenzidine
trimethylchlorosilane

trimethylsilyl

thiol methyltransferase

time of flight

n-trifluoroacetyl-1-propyl chloride
thiopurine methyltransferase
tetradecyltrimethyl ammonium bromide
tetrodotoxin

uridine diphosphate glucuronosyltransferase
ultra-extensive (= ultra-rapid) metaboliser
ultra-high-throughput screening

United Nations Office of Drugs and Crime
ultraviolet

volatile substance abuse
verotoxin-producing E. coli

World Anti Doping Agency
walk-and-turn test

wall-coated open tubular

World Health Organization

X-ray diffraction

X-ray fluorescence

zinc protoporphyrin
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The term ‘forensic toxicology’ covers any appli-
cation of the science and study of poisons to the
elucidation of questions that occur in judicial
proceedings. The subject is usually associated
with work for the police, the coroner and the
criminal law courts. However, the analysis and
identification of medicines and the maintenance
of agricultural, industrial and public health legis-
lation (to ensure clean air, pure water and safe
food supplies) are also aspects of forensic toxi-
cology, although usually associated with civil
courts rather than criminal courts. Like the
forensic toxicologist in criminal cases, analysts
employed in these civil areas may at times find
their work subject to severe public scrutiny in a
law court, and both groups should be aware of
the strengths and limitations of each other’s
methodology.

Accidental self-poisoning and attempted
suicide cases are generally the responsibility of
the clinical toxicologist or the hospital
biochemist, who may work in conjunction with
a poison control centre. A small proportion of
these cases is referred to the forensic toxicologist,
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either because of an allegation of malicious
poisoning or because the patient dies and a
coroner’s inquest is ordered.

The defining difference between the clinical
toxicologist and the forensic toxicologist is the
judicial element. As we shall see later in this
book, the samples taken for analysis and the
techniques used to detect and identify poisons
are generally similar for both clinical and
forensic toxicology. The clinical toxicologist is
primarily concerned with the identification of
drugs and poisons as an aid to the diagnosis and
treatment of acute and chronic poisoning. If the
patient dies, the analytical data obtained by the
clinical toxicologist may well be sufficient for
use by the pathologist and the coroner in deter-
mining the cause of death in cases where there
are no suspicious circumstances. In other cases,
including those where the patient recovers but
claims to have been poisoned by a third party, it
is usual for the investigation to be referred to a
forensic toxicologist.

Although the above indicates that the forensic
toxicologist is generally involved in cases of
suspected poisoning, more recently other roles
have developed in areas such as doping in sports,
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of both humans and animals, and workplace
drug testing. The question to be answered in
these areas is not ‘Has this person been
poisoned?’, or at least not in the conventional
sense where poisoning is taken to mean harm
having been induced. Instead, such questions as
‘Has a drug or poison been administered which
might affect performance?’ or ‘Is this person
taking an illegal substance?” may need to be
investigated. Workplace drug testing and drug
abuse in sport are discussed in more detail in
Chapters 5 and 9 respectively.

In many jurisdictions the forensic toxicologist
also deals with drink and drug driving offences,
and these aspects are addressed in Chapter 11.

Forensic toxicology has evolved throughout
the centuries and has now become a multidisci-
plinary and highly specialized ‘tool’ to investi-
gate a wide range of scenarios involving the
potential effects of drugs and chemicals on
humans and animals. The first highly significant
individual in the history of forensic toxicology
was, without a doubt, Paracelsus (1493-1541). He
was born in Switzerland and is considered one of
the greatest men of the European Renaissance
along with Nicholas Copernicus, Christopher
Columbus, Martin Luther, Erasmus of
Rotterdam, and Leonardo da Vinci. Paracelsus
defined a poison for the first time. He wrote: ‘All
substances are poisons: there is none which is not a
poison. The right dose differentiates a poison and
a remedy’. Today we know that the definition of
a poison is much more complex, but Paracelsus’s
approach was proved to be correct. His statement
has become famous and has been broadly cited
in the literature throughout the years. Paracelsus
was also a pioneer of what would be today called
occupational medicine. Several chemists became
interested in the properties of poisons over the
years and their work led ultimately to the devel-
opment of the first forensic analytical tests. For
example, in the late 18th century, the German
pharmaceutical chemist Carl Wilhelm Scheele
(1742-1786) converted arsenic trioxide to arsine
gas using nitric acid in the presence of zinc. In
1836, the English chemist James Marsh
(1794-1846) modified and perfected Scheele’s
procedure and developed a test (‘arsenic mirror’)
to detect this poison in biological specimens.
At that time arsenic trioxide was a favourite

poison and was impossible to detect. The
symptoms of arsenic poisoning resemble those
caused by the bacterial disease cholera. As a
result, many murderers got away with their
crimes. The metallic arsenic test developed by
Marsh constituted a significant achievement in
the toxicological investigation of murder.

The first complete work of international
importance on the subject of forensic toxicology
was written by Mathieu ]J. B. Orfila in 1813
(Traité des poisons tires des regnes minéral végétal et
animal, ou, Toxicologie générale, considérée sous les
rapports de la physiologie, de la pathologie et de la
médecine légale; see Orfila 1818). It was an imme-
diate success and won him the title of ‘Father of
Toxicology’. ‘The Chemist,’ said Otrfila, ‘horrified
by the crime of homicidal poisoning, must aim
to perfect the process necessary for establishing
the case of poisoning in order to reveal the
crime and to assist the magistrate to punish the
guilty’. It is interesting to note that he realised
the necessity of adequate proof of identification,
emphasised the importance of what we now call
quality assurance and anticipated the need for
pharmaceutical, clinical, industrial and environ-
mental toxicology. In 1850 the Belgian analytical
chemist Jean Stas and the German scientist
Friedrich Otto developed a complex system
for the extraction of unknown poisons from
biological specimens based on the chemical
properties of the substances. This methodology
was successfully applied for alkaloidal poisons
such as colchicine and strychnine. With some
modifications, the methodology developed by
Stas and Otto is still used.

Principles of forensic toxicology

The objective of the forensic toxicologist is to
attempt to provide answers to questions that
may arise during criminal investigations or in
subsequent court proceedings. The traditional
question that must be answered is ‘Has this
person been poisoned?’, together with the
supplementary queries that follow if the result is
affirmative, such as ‘What is the identity of the
poison?’, ‘How was it administered?’, ‘What are
its effects?” and ‘Was it a dangerous or lethal



amount?’. Note that it is not the role of the
forensic toxicologist to determine who adminis-
tered the poison. That is typically the role of
the police or the courts. Nor is it the role of the
forensic toxicologist to confirm the cause of
death. That is the role of the pathologist.

Chemical analyses are used to detect the pres-
ence of the poison, measure its concentration
and relate this to its known toxicity or effects on
the organism.

Generally, the forensic toxicologist is involved
in the following situations:

Toxicological investigations

e to establish poisoning as the cause of death

e to investigate unlawful poisoning by a third
party (e.g. in suspicious deaths; in cases of
non-accidental child poisoning; in cases of
drug-facilitated sexual assault (DFSA))

e to establish the presence of substances that
may affect a person’s behaviour or ability to
make rational/reasoned judgement, e.g. DFSA
and driving under the influence of drugs or
alcohol.

Human and animal performance testing

e to investigate incidents of driving under the
influence of drugs and alcohol

e to detect the use of performance-enhancing
drugs in human and animal sports.

Forensic drug testing
e to detect non-compliance with policies
governing the use of drugs in the workplace
e to provide evidence in cases where parents
may be denied access to young children on
the basis of a history of drug abuse and where
continued abuse may endanger the child.

If the poison for which the forensic toxicologist
has to test is not specified by name, the request
to ‘test for poisons’ is a major problem. Given
that all substances can be poisons, depending on
the dose, in theory this means that an exceed-
ingly broad range of substances with very
different chemical natures may need to be tested
for. Thankfully for the forensic toxicologist, in
practice the number of substances encountered
as poisons is considerably less than the total
number of compounds that exist in the world.
However, this still leaves a relatively large
number of substances as poisons likely to be
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encountered, and there is always the possibility
of an unexpected substance being involved in
any particular case. By their very nature, most
chemical methods of analysis employ some form
of detection that relies on a specific interaction
with some aspect of the physicochemical prop-
erties of the compound under test. There is no
universal method of analysis for all substances,
particularly where the requirement is to be able
to detect, identify and quantify the substance,
typically at low concentrations and in complex
matrices such as organ tissues and blood. At
least seven different analytical schemes are
required to exclude even the most commonly
encountered poisons (Fig. 1.1).

Forensic toxicology demands an overall
analytical system designed to exclude or indicate
the presence of any poison in each of the chem-
ical groups shown in Fig. 1.1. Most of the
numerous screening procedures reported in the
literature are too limited to permit a confident
negative report.

Apart from these analytical problems, the legal
aspect of the work demands a scrupulous atten-
tion to detail. Failure to make full descriptive
notes on the items received, a simple error in the
date the analysis was performed or neglecting to
check reagent purity can be presented as
evidence of careless work by an astute lawyer.
The lawyer may, with justification, explore the
extent of the toxicologist’s experience and
knowledge, demand a detailed account of the

Group 1
gases
Group 7 Group 2
miscellaneous volatile
substances substances

Group 6 Group 3

anions drugs
Group 5 Group 4
pesticides metals

Figure 1.1 The seven major groups of poisons.
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analytical methods and challenge the integrity
of any opinion. The crucial evidence of identifi-
cation and quantification of the poison may be
faultless and the conclusions correct, but if the
court’s confidence in the forensic toxicologist as
an unbiased scientific expert is destroyed, the
case may be lost. A secure chain of custody of all
the exhibits submitted also has to be proved.
Aspects of sampling, avoidance of contamina-
tion, appropriate packaging of samples, chain of
custody and recording sample information at all
stages of the process are emphasised throughout
this book. As will be seen in the various chapters,
the types of body fluids, tissues and other
samples of importance in forensic toxicology can
vary depending on the analytes under consider-
ation, the aim of the analysis and individual case
circumstances. As will also be seen in the chap-
ters that follow, the nature of the sample can
also impact on the methods used for analysis
and the interpretation of results.

Orfila was well acquainted with the aspects of
forensic toxicology outlined above, and the
guiding principles he established nearly 200
years ago are still applicable. These may be
summarised as follows:

e all chemists who undertake this work must
have toxicological experience

e the analyst must be given a complete case
history that contains all the information
available

e all the evidential material, suitably labelled
and sealed in clean containers, must be
submitted and examined

e all the known identification tests should be
applied and adequate notes made at the time

e all the necessary reagents used for these tests
should be pure, and blank tests should be
performed to establish this fact

e all tests should be repeated, and compared
with control samples to which the indicated
poison has been added.

Strict adherence to these principles makes
forensic toxicology one of the slowest and most
expensive forms of analysis. However, this must
be accepted not only to ensure justice for the
poisoned victim and for the accused, but also to
protect the integrity and reputation of the
analyst and the laboratory he or she represents.

A comparison of the principles listed above
with the modern requirements of quality control
and assurance may be made by reference to
Chapter 23.

Range of cases submitted

The range of cases the forensic toxicologist is
asked to deal with is typically very broad,
although it may be restricted by the expertise
and instrumental resources of a particular labor-
atory or the nature of the cases with which they
are authorised to deal. For example, in the areas
of workplace drug testing (Chapter 5) and drug
abuse in sport (Chapter 9) much of the testing is
carried out by laboratories with special expertise
and that are devoted entirely to this type of
work.

In the chapters that follow, a broad range of
poisons and the techniques used for their
analysis will be discussed, together with the
types of samples encountered and the advan-
tages and disadvantages that these sample types
offer the toxicologist.

The forensic toxicologist is most often associ-
ated with the investigation of sickness or suspi-
cious deaths where poisoning is suspected,
whether it be self-administered or malicious.
However, it should be remembered that in many
incidents of suspicious death there may be no
obvious indication of poisoning from the case
history. For example, if an elderly person is
found dead at home and the postmortem exam-
ination does not reveal an obvious medical cause
of death, the coroner will request toxicological
analysis even though no drugs or poisons were
found near the body.

The forensic toxicologist will also receive
samples from road traffic accidents to investigate
whether alcohol and/or drugs may have been a
contributing factor. Laws that govern the posses-
sion and use of narcotic and stimulant drugs,
and legislation concerned with the influence of
drink or drugs on driving skills, have increased
the workload of many forensic laboratories;
these cases can account for over 70% of the total
workload submitted.



Modern analytical methods can give the
forensic toxicologist the ability to answer ques-
tions that previously were considered either
hopeless or not worth considering because the
results were so often negative. Methods that are
sensitive to nanogram amounts of drugs and
poisons make it worthwhile to undertake an
analysis, even when the plate, cup or container
involved has apparently no food or drink left in it.

Drugs may be detected in blood at therapeutic
concentrations, so it is possible to obtain clues to
the clinical history of the deceased, the victim or
the accused, even when they are unable or
unwilling to provide this information for them-
selves. Thus, the discovery of drugs used in the
treatment of epilepsy, diabetes, etc., in a blood
sample taken from an unidentified body may
start a new train of inquiries that leads to
successful identification of the body. Similarly,
allegations of doping prior to rape or robbery
may be refuted or confirmed.

A newer form of forensic toxicology concerns
the analytical checking of statements made by
witnesses during the course of a police inquiry.
Provided that a blood or urine sample is taken
within about 12 h of an event, there is a good
chance of checking the truth of statements such
as ‘1 don’t remember what happened because I
was high on drugs at the time’, ‘I used to be an
addict, but I haven’t taken anything for over a
year’, ‘I killed him in self-defence because after
taking LSD he went berserk and attacked me
with a knife’, ‘He spiked something into my
drink, I don’t remember much after that but I
think he raped me’.

Stains can also be examined successfully for
drugs and poisons. For example, if the victim
notices a nasty taste and spits out the drink,
the allegation that someone had tried to poison
him or her can be investigated if the stain is
submitted for analysis.

In most cases, the results obtained in the
various types of cases mentioned above can be
proved conclusively, that is the identity of the
poison can be confirmed by more than one
method and it can be quantified. Even when
specific identification is not feasible, an opinion
as to whether the suspect is most probably
telling the truth or lying can be of value to the
investigator.
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Case investigation

Most cases that enter a forensic toxicology labora-
tory start with the suspicion that a drug or
poison is present. A fatality might be an acci-
dent, suicide or murder, but a toxicological
examination must be carried out to assist the
investigating officer to decide which of these it
might be. Often the investigating officer will not
know whether or not any offence has been
committed until the results of the toxicological
analyses are available, so that forming the
correct questions for him or her to ask is vital if
accurate and useful answers are to be given.

Thus, details of the circumstances that lead to
the conclusion that a criminal action might have
taken place must be supplied to the toxicologist
so that the analyses can be planned. Figure 1.2
indicates the type of information that should be
supplied along with the samples submitted for
toxicological analysis. Not all this information
will be available or relevant to all cases, but as
much information as possible should be
obtained and submitted as it will assist the toxi-
cologist to use the most directly useful methods
of analysis and to interpret the results in the
context of the case at a later stage. If possible, a
personal consultation with the investigating
officer should be arranged, either in person or by
telephone. A few minutes talking with the inves-
tigating officer can save many hours, or even
days, of analysis time.

All those involved in a toxicological investiga-
tion need to consider the circumstances of a
case. Although the discussion here is focused on
forensic toxicology and the role of the forensic
toxicologist, it is rarely the forensic toxicologist
who encounters the body, be it living or dead,
involved in an investigation. In the case of a
reported poisoning or a suspicious death, the
police and/or paramedics may be the first
persons to attend the scene. They need to be
aware of associated samples or circumstances
that may be of importance in a toxicological
investigation. For example, is there a fuel heater
in the room which may give rise to carbon
monoxide poisoning? Are there any medicines,
drugs, drug paraphernalia or other suspicious
materials near the body? Is there an odour which



Figure 1.2
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Victim’s information

Name

Gender

Age

Weight or height

Nationality

Recent foreign travel?

Occupation (details of end-product of factory or firm}

Medical history

Did victim suffer from viral hepatitis or any other infectious disease?
Any recent illness or chronic disease? What drugs were prescribed?
Was victim an alcoholic, drug addict or smoker?

What poison is suspected? How much? (tablet bottles, syringes, etc.,
found near the body should be submitted}

Give names of any drugs or poisons tc which victim or associates
had access (apart from any mentioned above}

Timings

Date and time victim last seen to have been in normal health

Date and time of illness or death, and where victim found (e.g. at
work, in bed, outdoors)

If these times are not known, when was the victim found?

Time and details of last meal

Treatment

Any medical attention given after the suspected poisoning or doping?
Time of hospital admission. Date and time discharged

Details of any treatment given (volume of stomach wash, time when
blood/urine samples taken)

Hospital analysis: supplied/not done/not available

Tick any of the following symptoms that applv:

diarrhoea 0O vomiting O thirst m] blindness
jaundice 0O loss of weight 0O shivering 0O convulsions
deliium o coma [m] sweating 0O renal failure

Name of pathologist or doctor

Autopsy report sent: Yes/No

Date of autopsy and possible cause of death

Any further information that could be useful to the laboratory, such as
victim pregnant, details of suspect (especially occupation and
end-product of factory or firm, comments made by victim, withesses
or suspect)

Samples required

If victim alive:

Vomit, stomach aspirate or wash, blood and urine

If victim dead:

m] constipation O cyanosis (blue tinge to skin) 0O
m] eye pupils dilated 0O eye pupils constricted (]
a

Stomach contents. All available (no preservative); enquire if stomach wash or vomit is available. If no contents, submit stomach

Blood

Femoral vein

Heart

Urine

Liver

30 mL unpreserved and 5 mL preserved (for alcohol
analysis); identify source; do not mix

All available from intact heart chambers; avoid body cavity
samples; enquire if antemortem samples are available

All available, however small a volume (preserved); enquire if
antemortem samples are available. If no urine, submit kidney
and bile

250 g; gall bladder should not be included with this sample

If the suspected poison is a volatile substance, brain and lungs will be required. Bone and hair are needed if metal poisoning is suspected. Brain should

always be submitted if the body is decomposed.
If in doubt, consult the laboratory.

Glass jars should be used whenever possible. Samples should be properly labelled and sealed. The label should include the name of the victim,
signature of pathologist and the date. Antemortem samples should also specify time of sampling.

Information to be submitted with the exhibits in all cases in which there is suspicion of poisoning or doping.



may implicate a certain poison (e.g. the smell of
almonds pointing to cyanide poisoning)? Has
the incident taken place in a place of occupation
and, if so, what operations was the victim
carrying out at the time of the incident? Samples
need to be taken and packaged appropriately and
passed to the toxicologist, with suitable storage
through this process. Failure to manage this
stage correctly can ruin any subsequent analyses.
The pathologist carrying out a postmortem
examination will be experienced in knowing
which samples should be taken for toxicological
analysis, but caution should again be exercised
to ensure that samples are placed in appropriate
containers and stored correctly before and
during transportation to the forensic toxicology
laboratory.

Where clinical treatment has preceded a
forensic investigation, case notes and any
samples taken during clinical treatment should
be requested via the consultant physician
responsible for the patient.

Classification of poisons

Drugs and poisons can be classified alpha-
betically, pharmacologically (antidiabetic, anti-
convulsant, etc.) or by chemical structure
(barbiturates, phenothiazines, etc.). However, for
analytical purposes it is more useful to classify
poisons according to the method used for
extraction. Five major groups are usually
considered:

e gaseous and volatile substances isolated by
distillation or, more usually, by sampling the
headspace above the sample held in a closed
container

e organic non-volatile substances isolated by
solvent extraction (drugs and pesticides)

e metallic poisons isolated by ashing, by wet
oxidation of the organic matter or by enzym-
atic hydrolysis of the tissue

e toxic anions isolated by dialysis

e miscellaneous poisons that require
immunoassays or special extraction tech-
niques, such as ion-exchange columns,
formation of derivatives or ion-pairs, freeze-
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drying and continuous extraction with a
polar solvent.

Some of these groups have been subdivided
because they are too large or because alternative
methods of extraction are available. For
example, gases are considered separately from
volatile substances. Pesticides are considered as a
separate category from drugs, although both typ-
ically fall into the category ‘organic non-volatile
substances isolated by solvent extraction’ and
share similar methods of analysis. The seven
groups so formed are illustrated in Figure 1.1 and
were introduced earlier in the chapter.

Most analyses require several unit operations,
namely:

e separation of the poison and its metabolites
from the biological material

e concentration

¢ identification

e confirmation of identity

e quantification.

Not all these steps will be required for all tests
and particularly not where rapid screening
methods are applied. The most useful methods
are those that combine two or more of these unit
operations. Thus, colour tests (Chapter 13),
which can be applied to the sample directly
without the need for any isolation or purifica-
tion processes, are indispensable in the initial
stages of an analysis. Immunoassay techniques
(Chapter 14) also eliminate the need for many
separate operations and, like colour tests, can
provide a tentative identification and approxi-
mate quantification of the poison. However, a
disadvantage of both these methods is that a
negative result eliminates only a few of the
possible toxic substances. Consequently, addi-
tional colour tests or immunoassays are required
before that particular group of poisons can be
excluded. This type of sequential testing can be
time consuming and judgement must be made
depending on the quantity of tissue available for
analysis.

A broad-spectrum screen, able to detect or
eliminate most of the poisons in a group, usually
requires a combination of three or more of the
available techniques. For the drug and pesticide
groups, the only combination potentially able to
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encompass all the required steps is mass spec-
trometry (MS) coupled with either gas chro-
matography (GC) or high-performance liquid
chromatography (HPLC). However, a simple,
direct solvent-extraction scheme is generally
employed before MS analysis to eliminate
endogenous substances that might otherwise
reduce the efficiency of the system.

Screening strategies are discussed in Chapter 7
on postmortem toxicology. It should be recog-
nised that strategies of this type have a far wider
application than just postmortem investigations.

Samples

It is essential that the appropriate samples be
collected as soon as possible, correctly and infor-
matively labelled, and stored appropriately. Their
acquisition, storage and transportation to the
laboratory should be documented adequately
(with timings where appropriate) to ensure a safe
chain of custody. A list of suggested postmortem
examination samples for routine toxicological
screening is given in Figure 7.1 (Chapter 7) and
those for particular anions and metals in
Chapter 4. Specimens for investigating volatile
substance abuse are discussed in Chapter 4; for
workplace drug testing in Chapter 5; for clinical
toxicology and therapeutic drug monitoring in
Chapter 8; for drug abuse in sport in Chapter 9;
and for drink and drug driving offences in
Chapter 11.

Samples other than blood, urine, tissues and
organs are finding increased uses in toxicological
analysis. These samples are often referred to as
alternative specimens and are discussed in detail
in Chapter 6. Examples include oral fluid
(saliva), which is of particular interest as a speci-
men for workplace drug testing (Chapter 5) and
for suspected drug-driving offences (Chapter 11);
hair which can be used to evaluate the history
of drug use (Chapters 4 and 5); and sweat
(Chapter 5).

The containers used for the samples may vary
depending on the analysis to be performed, and
it is vital that the correct types are used. For
example, a fluoride oxalate sample tube for
blood is useless if a fluoride estimation is

required, and gamma-hydroxybutyrate may be
destroyed by citrate. If containers are to be exam-
ined for fingerprints and/or for DNA, this should
be carried out before any toxicological exam-
inations. Containers to be used for sampling
for various analytes, volumes or masses to be
sampled and any special preservation to be
applied are noted in the chapters for the various
drugs and poisons covered.

Sample analysis

General methodology

The forensic toxicologist should remember
Orfila’s maxim ‘The presence of a poison must be
proved in the blood and organs before it can be
considered as a cause of death’.

There are typically four main steps in any
toxicological examination:

1. Detection - to detect any drugs or poisons in
the samples submitted by means of screening
procedures.

2. Identification - to identify conclusively any
drugs, metabolites or poisons present by
means of specific relevant physicochemical
tests.

3. Quantification - to quantify accurately those
drugs, metabolites or poisons present.

4. Interpretation - to interpret the analytical
findings in (2) and (3) in the context of the
case, the information given and the questions
asked by the investigating officer.

Note the distinction above between detection
and identification. In forensic toxicology, as
with many other areas of chemistry, there is a
clear difference between these two aspects.
Colour tests, thin-layer chromatography,
immunoassays and other screening tests are
commonly applied in toxicology. These tests rely
on detecting a particular interaction with a func-
tionality of the compound being tested for. For
colour tests (Chapter 13) this interaction is
generally via a reaction with a functional group
present in the chemical structure of a substance
or group of substances. However, other
substances that may be present may have this



same functional group and hence give the same
or a very similar interaction. Thin-layer chro-
matography (TLC) (Chapter 13) relies on the
molecular interactions of analytes with a solvent
or mixture of solvents and an inert medium
called the stationary phase to enable separation
from other substances present in the sample.
However, some of the other substances present
may have similar molecular interactions and
hence may behave similarly to drugs and
poisons such that complete separation is not
achieved. If techniques such as GC and/or HPLC
are not available and the analyst has to rely on
TLC, at least two, and preferably three, non-
correlating TLC systems should be employed in
order to improve the discrimination of the
analysis. The specificity of an immunoassay is
only as good as the specificity of the
antigen-antibody interaction. As we will see in
the chapter on immunoassays (Chapter 14), for
some drug assays an antibody with broad speci-
ficity for the drug class under test is often delib-
erately employed to minimise the number of
tests that need to be carried out to detect
members of a drug group. Thus, in the case of
opiates, immunoassays may give a positive result
in the presence of diamorphine (heroin),
morphine or codeine. The reporting of a positive
result for such an immunoassay without being
certain which of these substances is present
could have serious implications for the interpret-
ation of cases in a court of law. Toxicologists
typically refer to the results of these initial tests
as presumptive, i.e. there is a strong indication
that a particular substance or class of substances
may be present but further tests are required to
confirm the identity of the particular substance.

The detection of the drug or poison is the most
difficult part, as the nature of the poison may
not be known. Hence toxicologists employ
screening tests for a wide range of drugs or
poisons. General screening methods are usually
more flexible than special methods and can
therefore be applied to a wide variety of mater-
ials. They are essential for the investigation of
unknown poisonings, and have some advan-
tages even when the toxic agent is known or
suspected.

Once a toxic agent has been detected, specific
analytical procedures can be used to identify it
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conclusively. Most analytical procedures in toxi-
cology rely on a combination of chromatog-
raphy to separate out the substances in the
sample and some form of spectroscopy to detect
and/or identify the separated substances. The
most commonly employed chromatographic
techniques include TLC (Chapter 13), GC
(Chapter 18), HPLC (Chapter 19) and capillary
electrophoresis (CE) (Chapter 20). Spectroscopic
techniques used include ultraviolet-visible and
fluorescence UV-visible (Chapter 15), infrared
(IR) and near infrared (NIR) (Chapter 16), Raman
(Chapter 17) and MS (Chapter 21).

In toxicological analyses where a body fluid or
tissue is being analysed, maximum efficiency is
gained by coupling a chromatographic tech-
nique with a suitable detection technique (so
called hyphenation) so that separation and
detection can be carried out in-line, typically
with automation of sample introduction to the
analytical instrument and automated data
collection. This also allows analysis to be carried
out on a 24 h basis. Hyphenated techniques
most commonly used are GC-MS, HPLC-UV or
HPLC-fluorescence and HPLC-MS (generally
abbreviated to LC-MS). As we will see in Chapter
18, GC can be combined with several other types
of detector but the powerful combination
offered by GC-MS analysis has made it the work-
horse instrument in most modern analytical
toxicology laboratories. LC-MS offers several
advantages over GC-MS and is finding more and
more uses in toxicology laboratories. CE-MS is
still a developing technique and has yet to find
routine use in many toxicology laboratories.
However, the advantages that it offers in terms of
relatively simple sample preparation and the
simplicity of analysing certain types of analytes
that are more difficult to analyse by GC or
HPLC mean that its use is likely to increase in
the future as the technology matures. Nuclear
magnetic resonance (NMR) spectroscopy is the
workhorse technique of most organic chemistry
laboratories, enabling identification of a
compound from an NMR spectrum. However,
the relative insensitivity of NMR and the diffi-
culty of interpreting a spectrum of a complex
mixture has meant that NMR is not a technique
used in most toxicology laboratories. LC-NMR
instruments have been developed. At the present
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time these instruments are costly relative to GC-
MS and LC-MS and considerably more complex
to use, and thus they are not in routine use in
most toxicology laboratories. As a result, NMR is
not covered in this textbook. IR, NIR and Raman
spectroscopies are covered because, although
they are not used in combination with chro-
matographic techniques in most toxicology
laboratories, they are used to identify bulk
drugs.

Conclusions

As can be seen, the knowledge and skills required
by the forensic toxicologist are extensive. The
range of cases they may be required to investi-
gate can be very variable. The potential
outcomes if they make a mistake in analysis or
interpretation are very serious. All this makes the
job of a forensic toxicologist an exceedingly
challenging one but also a very rewarding one.

In the chapters that follow, the areas of know-
ledge that a forensic toxicologist must have are
covered first. The primary requirement is a
knowledge of how drugs are administered and
how they are distributed, metabolised and
excreted from the body. This is detailed in
Chapter 2.

As we have seen above, the forensic toxicolo-
gist must be familiar with a wide range of
poisons (Chapters 3 and 4). This familiarity
should include an understanding of how drugs
and poisons affect the body and how to detect
and quantify the types of substances that may be
encountered.

The various judicially-related areas that the
forensic toxicologist may have to address are
discussed in Chapters 5, 7, 8,9, 10 and 11. These
cover workplace drug testing (Chapter 5), post-
mortem toxicology (Chapter 7), in utero exposure
to drugs of abuse (Chapter 8), drug abuse in sport
(Chapter 9), toxicological investigation of drug-
facilitated sexual assault (Chapter 10), and
alcohol, drugs and driving (Chapter 11). Samples

to be taken for analysis and related issues are
discussed within these various chapters because
there are special circumstances relating to this
aspect for many of these particular areas. The
issue of alternative specimens is covered in
Chapter 6.

Although the emphasis of this text is on
forensic toxicology, the forensic toxicologist
should have some knowledge of the role of the
clinical toxicologist and vice versa because their
work often overlaps. Clinical toxicology, thera-
peutic drug monitoring and in utero exposure to
drugs are discussed in Chapter 8.

Both the clinical toxicologist and the forensic
toxicologist may be faced with the situation
where they need to identify tablets, capsules, etc.
This is covered in Chapter 12.

These chapters are followed by those on the
analytical methodologies used in toxicological
analysis. These methods include colour tests and
thin-layer chromatography (Chapter 13), immu-
noassays (Chapter 14); UV, visible and fluores-
cence spectrophotometry (Chapter 15), infrared
(including near-infrared spectroscopy) (Chapter
16), Raman spectroscopy (Chapter 17), gas chro-
matography (Chapter 18), high-performance
liquid chromatography (Chapter 19), capillary
electrophoresis (Chapter 20) and mass spectrom-
etry (Chapter 21). Techniques which are not yet
sufficiently developed and established to be
employed routinely in forensic toxicology but
which offer much promise for the future are
discussed in Chapter 22. Chapter 23 covers one
of the most important aspects of any forensic
toxicology analysis: analytical quality control
and assessment.
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Basic concepts of pharmacokinetics

An important part of any investigation involving
drugs or poisons is the interpretation of toxico-
logical data. The onset, duration and intensity of
action of a drug after administration are
controlled by the rate at which the drug reaches
its site of action, by the concentration of the
drug and by the sensitivity of the individual to
the drug. Hence, a good understanding of the
basic concepts of pharmacokinetics and metabol-
ism is essential to enable an informed comment
to be made on the approximate amount and
timing of the exposure, and a likely response to
the substance(s) under question. These answers
are always predicated on the amount of infor-
mation available to the toxicologist (the route of
administration, age, sex, presence of disease and
whether exposure was acute or chronic are
important factors).

These issues are explored in this chapter and
relevant examples are given.

The disposition of a drug includes the following
processes:

e absorption
e distribution
e metabolism
e excretion.

The processes of metabolism and excretion are
often referred to as elimination because they
function together to eliminate poisons from the
body.

Pharmacokinetics describes the time course of
the blood and tissue concentration profile, while
pharmacodynamics refers to the relationship
between dose and the intended pharmacological
response.

The absorption phase relates to the entry of
drug from the absorption site. This may be rela-
tively slow, as from the gastrointestinal tract for
oral absorption, or rapid if given intravenously.
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During the absorption phase, drugs are distrib-
uted by the blood to all parts of the body. The
uptake of drug into tissues is a time-dependent
process and differs between tissues and from
drug to drug. Shortly after entry into the tissues,
drugs are subject to both metabolism and excre-
tion from the body. These two processes are
often the more important for toxicologists and
are also often the most variable.

Most drugs given intravenously or orally
produce blood (or plasma) concentration-time
curves of the type shown in Figures 2.1A and
2.1B, respectively. Following intravenous admin-
istration, there is initially a rapid decrease in
plasma drug concentration. Decline of plasma
drug concentration is usually exponential. For
some drugs, it is possible to distinguish two
components (biexponential) following intra-
venous administration: the early phase (a-phase)
in which distribution is the major process, and a
second period with a slower decay, in which
elimination predominates (f-phase). After oral
administration, plasma concentrations initially
increase while the drug is being absorbed and
then decrease when elimination becomes the
major process. The drug distribution phase is
often not considered, since it tends to be more
rapid than either the absorptive or elimination
phases; however, in some situations it needs to
be considered.

Absorption

Drug absorption is an important process in drug
pharmacokinetics. The route of administration is
an important factor in determining the rate and
extent of absorption. Routes of administration
can include oral, rectal, ocular, inhalation
through the nose or mouth, absorption through
the skin and other body surfaces, and injection
into muscle or veins, etc. All of these routes have
different rates and extents of absorption.

Most drugs are administered orally, and hence
an understanding of the mechanism of absorp-
tion by this route is most important for the
toxicologist.
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Figure 2.1 Typical semilogarithmic plots of plasma

concentration (C) versus time for a drug given (A) by intra-
venous injection and (B) orally. The terminal rate of decline
of plasma concentration is the same irrespective of the
route of administration.

Absorption from the gastrointestinal tract

Drugs are usually absorbed either by passive
diffusion of the un-ionised drug or by active
transport. Passive diffusion is by far the most
common mechanism.

Absorption is possible throughout the
gastrointestinal tract, from stomach to rectum,
although the major site is the upper small intes-
tine. This has high peristalsis, a high surface area
(200 m?), high blood flow and optimal pH (pH
5-7) for the absorption of most drugs, all of
which result in a high absorption rate. Drug
absorption tends to be much less rapid from
other parts of the gastrointestinal tract.



Some drugs are absorbed to a small extent in
the stomach, although these are largely acidic
drugs that are un-ionised in the low pH
(pH 1-3) environment in this organ. These drugs
include aspirin, nonsteroidal anti-inflammatory
drugs and some angiotensin-converting enzyme
inhibitors.

Absorption also occurs if drugs are given
rectally as suppositories. In this situation absorp-
tion is usually less efficient than following
oral administration. For example, oxycodone
suppositories require a higher dose to achieve
the desired response than oxycodone by oral
administration.

Absorption of ionised drugs and poisons also
occurs. For example, paraquat is highly ionised
but appears to be absorbed slowly from the
gastrointestinal tract throughout its length and
over a considerable period of time from the
moment of ingestion.

Poisoning with orally active drugs can be
treated effectively by the prompt administration
of an oral adsorbent, such as activated charcoal,
which prevents further absorption of the drug.
This is only effective if given less than 2 h after
ingestion of the drug, so that the drug has not
passed too far down the gastrointestinal tract for
the charcoal to gain contact with it.

Absorption from other sites

Absorption through the lungs occurs for
substances that are smoked or inhaled, such as
smoked cocaine, heroin, tetrahydrocannabinol
(THC) from cannabis, drugs such as salbutamol
from inhalers, and volatile substances that are
abused such as butane and toluene. The lungs
are an efficient organ for the transport of a drug
from the air into the blood supply, such that
the rate of absorption approaches that of
intravenous injection.

Absorption of drugs through mucous
membranes and skin is also common. This
includes nasal insufflation of cocaine
(‘snorting’), sublingual and buccal absorption of
buprenorphine and nitroglycerine-like vasodila-
tors, as well as absorption of drugs through skin

15

Pharmacokinetics and metabolism

patches (e.g. oestrogens, fentanyl, nicotine, etc.).
Less commonly, toxicologists also encounter the
vaginal and ocular absorption of drugs. The rate
of absorption can vary significantly from one
site to another. Sublingual absorption is very
rapid, with drug effects noticeable within
minutes, while drugs are absorbed relatively
slowly through the skin.

Drugs injected into the spinal canal and into
muscle or surface tissues (intramuscular,
intraperitoneal) usually exhibit relatively rapid
absorption. However, absorption from an intra-
muscular injection can be slow if the site of
injection is perfused pootly by the blood supply
and if the site is very fatty.

Drugs that are administered to bypass the
gastrointestinal tract will not be subject to
first-pass metabolism (see the next section).
These drugs, therefore, show higher bioavail-
ability than the same drug delivered through
the gastrointestinal tract.

First-pass metabolism and bioavailability

Drugs may be destroyed by the acid in the
stomach or by enzymes in the gastrointestinal
tract, or may hardly be absorbed at all because of
their chemical nature. These factors reduce the
drug’s bioavailability.

Drugs absorbed after oral ingestion pass
through the mesenteric circulation into the liver
before they enter the systemic circulation. In
this ‘first-pass’, drugs can be substantially
metabolised by the liver before ever having a
pharmacological effect. The proportion of the
drug that reaches the systemic circulation after
oral administration compared to that obtained
after intravenous dosing is the oral (or absolute)
bioavailability (F). This is measured by com-
paring the area under the curve (AUC) for the
oral and intravenous doses from time zero to the
time-point at which most or all of the drug is
finally eliminated by the body. The formula is:

AUC (oral route)
AUC (intravenous route)

F= 2.1)
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where AUC (the area under the plasma
concentration-time curve) (see Fig. 2.1) repre-
sents the amount of drug that enters the
systemic circulation from time zero to infinite
time for each route of administration.

The relative bioavailabilities of drugs can be
determined by comparing other routes of admin-
istration with oral or another reference route of
administration, or between drug formulations.

The oral bioavailabilities of selected drugs are
shown in Table 2.1. In general, drugs that are
readily metabolised by liver enzymes have
lower bioavailabilities than drugs that are not
metabolised as readily by the liver. Some drugs
are metabolised in the liver to active forms.
While the effect of first-pass metabolism is to
reduce the action of the parent drug, a drug that
is administered orally and metabolised in the
liver to active forms has a different profile of
activity from that when the drug is given
parenterally (not through the gastrointestinal
system). For example, when cannabis is
consumed orally (cookies), THC is converted in
the liver to the 11-hydroxy metabolite, which is
active and hence exerts a significant drug effect.
When cannabis is smoked, first-pass metabolism

of THC to the 11-hydroxy metabolite is
markedly reduced and effects due to the metabol-
ite are less. Some drugs which are activated by
liver metabolism are administered as pro-drugs,
with oral administration of the pro-drug
preferred to other routes of administration to
maximise the activity of the drug. An example is
enalapril, which is converted into enalaprilic
acid. The latter form is much more active than
the parent drug. Drugs given rectally are subject
to only a small degree of first-pass metabolism,
since only about one-third of the blood supply
from the lower part of the gastrointestinal
system passes though the liver.

Enterohepatic circulation

Drugs and metabolites present in the liver are
often also excreted into bile. These pass into the
jejunum and may be reabsorbed or passed into
the faeces. The process of biliary excretion and
reabsorption may occur a number of times
before a drug is completely eliminated by
the body. This recycling of drugs is known as
enterohepatic circulation.

Table 2.1  Bioavailabilities and volumes of distribution for selected drugs
Drug Bioavailability Volume of distribution Clearance
(%)e (L/kg) (mL/min/kg)
Alprazolam 90 0.7-1.3 1.2
Amitriptyline - 6-10 -
Diazepam 100 0.5-2.6 0.5
Ethanol 50-80 0.4-5 N/A
Flunitrazepam 70 3.4-5.5 N/A
Imipramine - 20-40 -
Morphine 15-60 3-5 21
Oxazepam 93 0.5-2 1.2
Pentobarbital 95 0.7-1.0 0.3-0.5
Temazepam >80 0.8-1.4 1.2
Thioridazine - 18 -
Tetrahydrocannabinol 6 9-11 14
Zaleplon 30 1.3 0.9
Zolpidem 70 0.5-0.7 0.25
Zopiclone 80 1.5 2.2-3.3

9 Oral bioavailability compared with an intravenous injection.
N/A = not available.




Common examples include the glucuronide
conjugates of drugs such as morphine. Entero-
hepatic circulation prolongs the persistence of a
drug in the body and may lead to delayed toxi-
city. Drugs that undergo enterohepatic circula-
tion may be detected in the faeces or in gastric
contents (small amounts) after reflux or
vomiting, or in unchanged forms, even if
administered by a parenteral route. Basic drugs
(e.g. amfetamine) may also appear in the gastric
contents by passive diffusion across the gastric
mucosa from the blood. It is therefore import-
ant that if gastric contents are analysed and
small amounts of drug are detected, these are
not automatically assumed to be from oral
administration.

In the absence of urine, bile can be a useful
body fluid for analysis (e.g. for opioids, benzodi-
azepines and colchicine).

Distribution of drugs into tissues

The uptake of drugs (distribution) into tissues
depends on a number of factors. These include
the blood flow to the tissues, the partition coef-
ficient of the drug between blood and the tissue,
the degree of ionisation of the drug at the pH of
plasma, the molecular size of the drug and the
extent of tissue and plasma protein binding. For
example, the distribution of plasma protein-
bound drugs such as the warfarin-type anticoag-
ulants is restricted to plasma and extracellular
fluid, whereas alcohol distributes equally into
the total body water.

The approximate volumes of the body water
compartments for a person of average weight are
25 L for intracellular water and 17 L for extracel-
lular water (of which 3 L is plasma water). An
intravenous dose of a drug distributed immedi-
ately and equally into the total body water
(approximately 42 L) gives an initial plasma
concentration (dose divided by 42) approxi-
mately two-fifths of that obtained if the same
dose were distributed only into extracellular
water (dose divided by 17). If the drug is exten-
sively bound to tissue proteins, an even lower
initial plasma concentration is obtained, and the
volume term relating the dose to the plasma
concentration can exceed the volume of the

17

Pharmacokinetics and metabolism

body. The approximate proportions of drugs
with particular volumes of distribution in the
plasma water are given in Table 2.2.

The instantaneous equilibrium of drug
concentrations throughout the body does not
necessarily require that the concentrations be
equal throughout the body. In fact, drug concen-
trations in tissues are rarely equal to those in
plasma. For example, the tissue : plasma concen-
tration ratio is very low immediately after intra-
venous administration because it takes time for
the drug to transfer from the blood to tissues. As
time progresses, the amount of drug in the tissue
compartment increases and, like that in the
plasma compartment, eventually reaches a
maximum. If the drug is stored actively in a
particular tissue compartment, the ultimate
concentration ratio between the tissue and
plasma will be relatively high. Note also that the
tissue : plasma concentration ratio depends not
only on the processes of distribution but also to
a large extent on the route of drug administra-
tion and on whether single or multiple doses are
given.

Knowledge of how a particular drug or
metabolite partitions between blood and tissues
is important in interpreting analytical results,
particularly where only one sample type (e.g.
blood but not tissue) has been analysed.

Blood and plasma concentrations

Many drugs show differences in concentration
between whole blood and plasma (or serum).
This occurs because the uptake of drugs into red
blood cells (erythrocytes) can be limited by the

Table 2.2  Proportion of a drug in the body water
compartment

Volume of distribution Proportion in water

(L/kg) compartment (%)
0.1 40
0.15 27
0.6 6.7
1.0 4
10 0.4
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physiochemical properties of the drug and its
ability to move through cellular membranes. For
example, THC is almost absent from red blood
cells, and hence the plasma concentration is
almost twice that of whole blood, assuming a
haematocrit of 0.5. In contrast, chloroquine has
a much higher red blood cell concentration than
plasma concentration (plasma : whole blood
ratio about 0.3). If this ratio is known, then the
blood concentration can be estimated from a
plasma concentration, or vice versa.

Toxicologists should be wary of performing
this calculation for haemolysed specimens, since
haemolysis liberates the contents of red blood
cells into the plasma (serum), and thereby affects
this equilibrium. This applies particularly to
postmortem specimens.

Binding of drugs to plasma proteins

Many, if not most, drugs bind to proteins in
plasma with sufficient affinity to prevent that
portion of the drug being biologically active. For
example, if a drug is 90% bound to plasma
proteins, only 10% can exhibit biological
activity.

The binding sites for drugs in plasma are
predominantly albumin (which preferentially
binds acidic drugs), although B-globulin and
a,-acid glycoprotein are also significant sites for
some drugs (particularly basic ones).

The significance of the protein binding of
drugs is that the ‘free’ or unbound fraction in
plasma may be affected by illness and by the use
of other drugs. In disease states (particularly
kidney and liver dysfunction), protein binding
can be reduced markedly, and often increases the
apparent effects of drugs. Since binding sites are
saturable, other drugs can compete with the
binding and reduce the net binding of the drug.
This can cause a net increase in drug action for
some drug combinations and may need to be
taken into account when interpreting results of
an analysis.

Volume of distribution

The apparent volume of distribution (V,) is the
amount of drug in the body (4 ) divided by the
plasma concentration (Cp) after distribution
equilibrium has been established:

A
v.=_2F
d
Co

2.2)

It can be difficult to determine V, experimen-
tally because elimination will typically start
before distribution equilibrium is reached. An
estimate of V, can be obtained by calculating the
concentration before elimination has occurred
by extrapolating the concentration versus time
curve for intravenous doses to time zero (C,) and
dividing this value into the dose delivered.

If oral doses are used the dose must be adjusted
for the bioavailability (F):

2.3)

Drugs that are taken up into body fat or bind to
cellular structures have a higher V, and it is not
uncommon for volumes of distribution to be
over 1.0 L/kg. Morphine has a V, of 3-5 L/kg. A
range of 0.5 to 5 L/kg is seen for most of the
amfetamines and many of the benzodiazepines.
The highly lipid-soluble THC has a volume of
distribution of about 10 L/kg. Drugs with high
octanol-buffer partition coefficients, such as
psychotropic drugs, generally have high volumes
of distribution. Octanol-water coefficients for
specific drugs are available (e.g. Clarke’s Analysis
of Drugs and Poisons, 3rd edition, 2004, Vol. 1I
monographs).

The drug concentration in body fluids other
than plasma may be used, e.g. whole blood, but
different values for V, are obtained for each;
hence it is important to note which fluid is being
used.

The value of the volume of distribution is
determined mainly by the physiological
processes of perfusion and protein binding, but



it seldom has a true physiological meaning. For
example, the volume of distribution of highly
protein-bound furosemide (syn. frusemide), is
of the order of 151, and that of ethanol is
about 35L; however, the value for digoxin,
which is extensively distributed and bound in
extravascular tissues, is of the order of 450 L.

After distribution equilibrium has been estab-
lished, knowledge of the volume of distribu-
tion allows the amount of drug in the body
(D) to be estimated from a single measured
blood concentration (C):

D=V,xC (2.4)

If the time elapsed since drug administration (%)
is known, together with some pharmacokinetic
data for the drug, then it should be possible to
estimate the original dose (D,) of the drug. Thus,
for a drug given by intravenous injection:

D, = V,C e\ (2.5)

where k, is the elimination rate constant (see
later).

However, if the drug is given orally, a much
more complex relationship applies. It is neces-
sary to know the bioavailability (F), and the
absorption rate constant (k,). Then the dose is
given by the expression:

V,C(k, — k)

e &8

If a drug were distributed instantaneously
throughout the body, then the volume of distri-
bution would be constant at all times and the
decrease in plasma concentration could be
attributed solely to elimination of the drug.
However, in practice there are time-dependent
changes in tissue concentration, which include
absorption and distribution.

In a drug overdose, nonlinear pharmaco-
kinetics may occur, that is the plasma concen-
tration does not increase in proportion to the
dose since one or more of the pharmacokinetic
processes reaches saturation. Hence, calculation
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of dose from the volume of distribution can be
substantially wrong and misleading. The recom-
mendation is to use the volume of distribution
only when an overdose has not been taken and
there is a reasonable chance of equilibrium.

Elimination of drugs

Most drugs are eliminated from the body by
metabolism in the liver and/or by excretion of
the drug and its metabolites by the Kkidneys.
Other mechanisms for drug metabolism and
excretion also apply for some drugs and
poisons. For example, volatile substances are
partially removed by expiration, although other
mechanisms (e.g. via faeces and sweat) also
apply.

Two terms, clearance and half-life, are
frequently used to quantify the rate and extent
of drug removal from the body.

Clearance

Clearance is the sum of the elimination process
of metabolism, renal excretion and other minor
processes. Overall, the efficiency of elimination
by an organ can be expressed as the proportion
of drug entering the organ that is eliminated
from the plasma in a single passage; this is called
the extraction ratio.

The other major factor that controls the
overall ability of an organ to remove drug from
the body is the rate of delivery of the drug (i.e.
blood flow) to the organ. Drug elimination can
be represented as the product of this rate of
delivery and the extraction ratio. This product
gives the volume of plasma from which drug is
completely removed per unit time and is given
the name clearance (Cl). Clearances by different
organs are additive. Although the reference fluid
normally used is plasma, whole blood may also
be used.

The concept of clearance has found particular
application in clinical work as it offers a simple
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relationship between dose rate (dose divided by
the time interval between doses, D/t), and the
average plasma concentration (C, ) of the drug:

_ D/t
Yool

2.7)

Renal clearance is often measured with creatin-
ine. Creatinine is a metabolic by-product of
protein metabolism that is neither reabsorbed
nor secreted by the tubules. Its concentration
can therefore be used to measure the degree of
concentration of urine from the glomerular
filtrate.

The efficiency of an eliminating organ in
removing a drug from plasma depends on the
health of the organ. Thus, diseased kidneys
operate less efficiently, and the net change in
clearance is proportional to the extent of renal
impairment.

Despite its clinical utility, the concept of clear-
ance has certain limitations for the forensic toxi-
cologist because it does not give an immediate
indication of the persistence of a drug in the
body. For example, although gentamicin and
digoxin have similar clearances (about
100 mL/min), digoxin stays in the body much
longer than gentamicin. This is because the
volume of distribution of digoxin is several times
that of gentamicin, and there is therefore a
much greater volume of fluid from which the
drug must be cleared before it is all eliminated.
It is therefore of some advantage to the toxi-
cologist to be able to relate clearance to the
persistence of a drug in the body.

This can be done by expressing clearance as a
fractional clearance; that is clearance divided by
the volume of distribution. Fractional clearance
(Cl/V,) has the dimensions of reciprocal time
and represents the proportion of drug removed
from the body per unit time, so it is a first-order
rate constant for drug elimination (k). This rate
constant is given by the gradient of the terminal
part of the concentration-time curve shown in
Figure 2.2.

Half-life

The elimination half-life of a drug (t,,,) is the
time required for plasma concentrations to
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Figure 2.2 Plot of the natural logarithm of plasma drug
concentration (In C) versus time (t) after intravenous admin-
istration. The gradient of the linear part of the curve is
equal to the elimination rate constant (—k_).

decline by 50%, provided that elimination
occurs by a first-order process (Fig. 2.2). It is
related to the elimination rate constant (k,) by
the equation:

0.693

typ = . (2.8)
The half-life of a drug provides a measure of the
rate of drug loss from the blood. If the dose is
known, the half-life of a drug can be used
together with information on the volume of
distribution and bioavailability, where necessary,
to estimate the time elapsed since administra-
tion. Conversely, if the elapsed time is known,
the half-life can be used to estimate the drug
dose, subject to the limitations discussed earlier.
The half-life is a function of volume of distribu-
tion, clearance and the proportion of drug elim-
ination in unit time. This last term depends on
both the extent of its distribution and on the
efficiency of its elimination. Thus, the half-life of
a drug may differ between children and adults
because of size and weight, even though the
clearances are equivalent.

Zero-order processes are best described as a loss
of drug per unit time. For example, ethanol elim-
ination is often assumed to be zero order for
concentrations over 0.02 g/100 mL and the rate
of elimination is expressed as a loss of ethanol



per unit time, that is 0.10-0.25 g/L/h (mean
0.18 g/L/h).

Excretion

Drugs and metabolites are excreted mainly by
the kidneys into urine (Fig. 2.3). Renal clearance
can result either from glomerular filtration or
through tubular secretion. In some cases reab-
sorption occurs, which reverses the secretion
process.

The drug or metabolite is brought to the
kidneys with a total plasma flow for both

Arterial blood

Glomerulus

Filtration
=)

Active secretion
of weak acids

Diffusion [« and bases

Proximal tubule

o
Diffusion |-e- 2
5
a
Usi
e Collecting tubule

Figure 2.3 Drug elimination by the kidneys. Schematic
diagram of a nephron to illustrate the sites of filtration,
diffusion and active secretion of drugs.
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kidneys of approximately 1400 mL/min. Plasma
is filtered at the rate of 125 mL/min in the
glomeruli, which are the principal sites of excre-
tion. Filtration is passive and only the non-
protein-bound drug in the plasma is eliminated
by this pathway. A considerable amount of
filtered drug may be reabsorbed into the plasma
by diffusion back across the tubule wall (which is
permeable to non-ionised, lipid-soluble species).
The filtrate (125 mL/min) is gradually concen-
trated as it passes down the tubule to give a final
production of urine of about 1 mL/min. About
575 mL/min of plasma circulates in intimate
contact with the proximal and distal renal
tubules.

The renal tubule may contribute to elimina-
tion by active secretion (tubular secretion), and
in such cases protein-bound drug may also be
eliminated from the plasma.

The extent of elimination by the kidneys can
be extremely variable depending on which of the
three processes of filtration, secretion or reab-
sorption predominates for the drug in question.
Thus, procainamide is eliminated partly by
metabolism and partly as unchanged drug
through the kidney. Its renal clearance is of the
order of 450 mL/min, which indicates a major
involvement of tubular secretion. By contrast,
digoxin has a renal clearance of about
120 mL/min, which could be explained by
either filtration alone, or because secretion is
balanced by reabsorption. In practice, it is
known that filtration accounts for almost all of
the renal clearance of digoxin. A further example
is methaqualone, which has a renal clearance
of about 1mL/min, indicating extensive
reabsorption of filtered drug.

One of the major physiological factors that
determines the variability in the rate of drug
excretion into the urine is the pH of the urine.
Only non-ionised species are available for reab-
sorption by the tubules along the concentration
gradient. Thus, acidic drugs (e.g. barbiturates,
salicylates) are excreted more rapidly at high pH
than basic drugs (e.g. amfetamines). Conversely,
basic drugs are excreted more rapidly at low pH.
For example, about 85% of a dose of aspirin is
excreted as free salicylic acid in alkaline urine,
but only about 5% is excreted when the urine
is acidic. Conversely, about 75% of a dose of
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amfetamine is excreted unchanged in acidic
urine, but less than 5% if the urine is alkaline.

The effect of varying urinary pH has been used
in the treatment of drug overdose by applying
alkaline diuresis as an adjunct to the treatment
of salicylate or phenobarbital poisoning. The
success of the treatment is limited by the extent
to which these drugs are distributed, and by the
presence of alternative pathways of elimination.
Unfortunately, a drug with a high volume of
distribution has a relatively long half-life; hence,
any increase in clearance does not make much
difference to its pharmacological or toxicological
effect.

Persons who abuse amfetamines have used the
effect of urinary pH on excretion to advantage
by simultaneously ingesting bicarbonate. This
produces alkaline urine, which delays elimina-
tion of the amfetamine and therefore prolongs
its stimulant effect. Conversely, substances that
acidify urine have been taken to enhance the
elimination of amfetamine-like stimulants in the
hope of avoiding detection in routine dope-
screening procedures. Exercise in itself can also
decrease urinary pH and thus increase the renal
clearance of basic drugs.

While the quantity of drug in a urine sample
is the product of the renal clearance of the drug,
the average plasma concentration of the drug
during the interval that the urine was produced,
and the duration of that interval, the calcula-
tion of a likely plasma concentration or even
dose from urinary data is not advised, since
urinary flow rate and the degree of metabolism
must also be considered. Many drugs also show
nonlinear pharmacokinetics, that is their excre-
tion rate and degree of metabolism are dose
dependent.

Chronic dosing

Drugs accumulate in plasma or tissues if more
than one dose is administered and the interval
between the doses is less than the time taken to
eliminate the previous dose. Under these
circumstances, a change in the shapes of the
plasma concentration-time and the tissue
concentration-time curves also occurs. In all
cases, accumulation is controlled by the size of
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the dose, the dose interval and the terminal
elimination phase for loss of drug from the
body (k,). The problems of drug accumulation
are of particular interest to the toxicologist
because the resultant high drug concentrations
may lead to a progressive and insidious toxicity.

The extent to which a drug accumulates in
multiple dosing can be estimated. After each
successive dose, the maximum, minimum and
average plasma concentrations will be higher
than those for the previous dose. This is so in
the early stages, but since drug elimination is
often a first-order rate process, the total amount
of drug in the body increases until the amount
eliminated during a dose interval equals the
amount taken in (total injected dose or the net
absorbed dose after oral dosing). This is called
steady state. The clearance (Cl) can be related to
dose rate (D/t) divided by steady state plasma
concentration (C).

D
Cl=—

2.9
1C, @9)

A good example of the importance of this
concept is the use of methadone to treat opioid
dependency. Methadone has a long pharmaco-
kinetic half-life of about 24 h. At once-a-day
dosing, the plasma concentrations of methadone
accumulate for at least 5 days. Therefore, the
effects of methadone increase during the first
5 days of therapy. If the dose consumed is too
high, or dose increases are made during these
5 days, potentially life-threatening respiratory
depression can set in.

Repeated dosing leading to possible accumula-
tion should be taken into account when
interpreting the results of a toxicological
analysis.

Drug metabolism

Metabolism is an integral part of drug elimina-
tion. As well as facilitating excretion of a drug, it
may also affect the pharmacological response of
a drug by altering its potency and/or duration of
action. With few exceptions, the metabolites
of drugs are more polar (and water soluble) than



the parent drug and are therefore more likely to
be excreted from the body.

Metabolites may be pharmacologically inac-
tive (e.g. salbutamol sulfate) or they may be
active. This is the case with many drugs of toxi-
cological interest. For example, glucuronidation
of morphine on the 6-hydroxyl moiety yields an
opioid with more activity than morphine itself.
The hydroxylation of THC to the 11-hydroxy
form yields an active cannabinoid. Hydroxyla-
tion and demethylation of the benzodiazepine
diazepam gives the metabolites temazepam and
oxazepam, both of which are also available as
drugs. Similarly, amitriptyline, a tricyclic anti-
depressant, is demethylated to yield another
antidepressant, nortriptyline. Heroin is deacetyl-
ated to 6-acetylmorphine and morphine, both
potent opioids.

Active metabolites may also have different
modes of action and different potencies; thus
dealkylation of the antidepressant drug iproni-
azid gives the tuberculostatic drug isoniazid,
while the anticonvulsants primidone and
methylphenobarbital are both metabolised to
phenobarbital, another anticonvulsant with a
much longer duration of action. Clearly, the
formation of active metabolites changes the
profile of drug action.

Pathways of drug metabolism can be divided
into two types: Phase I and Phase II.

e Phase I reactions include oxidation, hydroxyl-
ation, N- and O-dealkylation and sulfoxide
formation as well as reduction and hydrolysis
reactions.

e Phase II processes involve conjugation reac-
tions, such as with glucuronic acid, as well as
acetylation, methylation and conjugation
with amino acids and sulfate. Phase II reac-
tions remove or mask functional groups (e.g.
amino, carboxyl, hydroxyl, sulthydryl, etc.)
on the drug or Phase I metabolite by the
addition of an endogenous substrate.

Examples of Phase 1 reactions such as oxidation,
hydroxylation and dealkylation can be seen in
Figures 2.4 to 2.6. An example of sulfoxidation is
shown in Fig. 2.8.

Examples of Phase II reactions such as
conjugation with glucuronic acid and sulfate are
indicated in Fig. 2.13 and 2.16.
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Many drugs undergo a combination of Phase I
and Phase II reactions. The major Phase II reac-
tion is conjugation of glucuronic acid with the
phenolic or alcoholic hydroxyl groups that are
common products of Phase I reactions. Thus,
chlorpromazine gives rise to at least 20 metabol-
ites by its three major routes of metabolism
(hydroxylation, N-demethylation and sulfoxida-
tion). Fortunately, such complicated patterns of
metabolism are not a major problem to the
analyst since at most only one or two key
metabolites are usually targeted during a toxico-
logical analysis, these typically being major
metabolites or those which are particularly
diagnostic.

As noted previously, the liver is a major site of
metabolism. Many of the critical pathways are
catalysed by microsomal membrane-bound
enzymes in the hepatocytes (parenchymal cells
of the liver). For example, the cytochrome P450
mixed-function oxidase system (which catalyses
oxidations) and glucuronyl transferase (the
enzyme responsible for conjugation with
glucuronic acid) are both located on microsomal
membranes.

Metabolism can occur in tissues other than the
liver. The major additional sites are the gastroin-
testinal tract, kidneys and lungs. Their contri-
bution clearly depends on the route of
administration. For example, many metabolic
reactions occur in the gastrointestinal tract
before an orally administered drug is absorbed,
carried out by enzymes in the mucosal lining or
by microflora. Most of these reactions involve
reduction and hydrolysis because of the anaer-
obic environment. Plasma esterases cause exten-
sive hydrolysis of drugs such as heroin, cocaine
and procaine.

In postmortem cases, anaerobic bioconversion
occurs by endogenous enzymes active in such
situations or by invading gastrointestinal
bacteria. The nitrobenzodiazepines nitrazepam,
clonazepam and flunitrazepam are subject to
reduction to their 7-amino metabolites.

Using drugs principally of forensic interest, a
number of examples are given below to illustrate
the variety of metabolic routes that can be
followed in humans and the effects that these
might have on disposition and pharmacological
activity. The examples given are not intended to
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be exhaustive with regard to either the pathways
or the drugs covered.

All the major oxidative mechanisms can be
illustrated by considering the metabolism of the
benzodiazepines, amfetamines, antidepressants
and opioids.

Benzodiazepines and other sedatives

The benzodiazepines are one of the most widely
prescribed groups of drugs and are frequently
found in toxicological cases. They undergo exten-
sive metabolism by N-dealkylation, hydroxy-
lation and conjugation pathways (Fig. 2.4).
Many of the metabolites of diazepam show
pharmacological activity, including desmethyl-
diazepam (nordiazepam), 3-hydroxydiazepam
(temazepam) and desmethyl-3-hydroxydiazepam
(oxazepam).

R'=NO,
Reduction

Acetylation
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Ring-substituted benzodiazepines based on the
triazolam structure show much higher potency
than the first-generation benzodiazepines based
on chlordiazepoxide and diazepam (Fig. 2.5).
These also include midazolam and alprazolam.
For example, triazolam is one of the most potent
members in active use, with daily doses starting
at 0.125 mg. By comparison, a typical dose for
diazepam is 5-10 mg, and for chlordiazepoxide
it is 100 mg. Administrative doses (including
overdose) need to be taken into account when
developing methods of analyses for drugs and
their metabolites. Methods with higher sensi-
tivity need to be used for these higher-potency
drugs because the metabolites are likely to be
present at much lower levels in blood and urine.

Benzodiazepines that do not belong to these
two classes are still likely to be metabolised by
the same routes. The atypical benzodiazepine
chlordiazepoxide is metabolised by demethyla-

Glucuronides

‘ Conjugation

R R? R? R# Drug

7-Chloro Methyl Hydrogen Hydrogen Diazepam
7-Chloro Hydrogen Hydrogen Hydrogen Nordiazepam
7-Chloro Hydrogen Hydrogen Hydroxy Oxazepam
7-Chloro Methyl Hydrogen Hydroxy Temazepam
7-Nitro Hydrogen 2-Chloro Hydrogen Clonazepam
7-Nitro Methyl 2-Fluoro Hydrogen Flunitrazepam
7-Nitro Hydrogen Hydrogen Hydrogen Nitrazepam
7-Chloro Hydrogen 2-Chloro Hydroxy Lorazepam
7-Chloro Diethylaminoethyl 2-Fluoro Hydrogen Flurazepam

Figure 2.4
reduction, R? = H.]

Metabolic scheme for 1,4-benzodiazepines. [Note: For flunitrazepam, where N-dealkylation is followed by
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4-hydroxylation
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R | R |
XN XN
R! R? R3 X Drug
8-Chloro Methyl Hydrogen Nitrogen Alprazolam
8-Chloro Methyl 2-Fluoro Hydrogen Midazolam
8-Chloro Methyl 2-Chloro Nitrogen Triazolam
8-Chloro Dimethylaminomethyl Hydrogen Nitrogen Adinazolam
8-Chloro Hydrogen Hydrogen Nitrogen Estazolam
Figure 2.5 Metabolic scheme for diazolo- and triazolobenzodiazepines.

tion and deamination to desmethylchlor-
diazepoxide and demoxepam. Demoxepam
is further metabolised to nordiazepam by
hydrolysis and cleavage of the lactam ring.

The pharmacokinetic half-lives of benzo-
diazepines are used largely to determine their
principal medical use. Benzodiazepines with a
relatively short half-life are used predominantly
as hypnotics and as supplements to preoperative
anaesthesia, whereas the longer acting benzodi-
azepines (such as diazepam) are used as minor
tranquillisers (anxiolytics).

The urine usually contains extensive metabol-
ites of benzodiazepines, often with little parent
drug present. It is essential to know the indi-
vidual metabolites of target benzodiazepines
when assessing the urine of persons exposed to
this class of drug.

The clearance of benzodiazepines is decreased
by liver disease, although the greatest effects
occur with those drugs metabolised by the P450
system. Lorazepam and oxazepam, and other
similar drugs metabolised by glucuronidation,

are least affected. Kidney disease particularly
affects benzodiazepines metabolised to active
drugs and those that show a high degree of
protein binding.

Advanced age has similar effects to liver and
kidney disease because of the reduction in
output of major organs and changes in the
volume of distribution. Doses of sedatives are
usually halved in the elderly (>65 years),
although oxazepam, lorazepam and temazepam
are least affected by age.

Amfetamines and other stimulants

The amfetamines are metabolised by a combin-
ation of hydroxylation of the ring and the side-
chain carbon atom adjacent to the ring,
and removal of the nitrogen (Fig. 2.6). Drugs
with alkyl groups on the nitrogen are dealkyl-
ated (methamfetamine and methylene-
dioxymethylamfetamine (MDMA)) to other
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Figure 2.6  Major routes of amfetamine metabolism.

active amfetamines (amfetamine and methyl-
enedioxyamfetamine = (MDA), respectively;
Fig. 2.6). Methylenedioxyethylamfetamine
(MDEA) and MDMA are both metabolised to
MDA as well as other metabolites. The methyl-
enedioxyamfetamines are also transformed into
dihydroxy compounds (catechols) following
opening of the ring. These hydroxy metabolites
can be either monomethylated or conjugated
with sulfate esters or with glucuronic acid. The
side chain of non-N-substituted amfetamines is
oxidised to form benzoic acid derivatives (e.g.
amfetamine), which are excreted as the glycine
conjugate, or the sulfate or glucuronide conju-
gate. Amfetamine and methylamfetamine are
also oxidised at the B-carbon to form the
pharmacologically active ephedrine analogues.

A number of legal stimulant drugs are
metabolised to methylamfetamine or amfeta-
mine. These include benzfetamine, clobenzorex,
fenethylline, fenproporex and mefenorex. The
antiparkinsonian drug selegiline is metabolised
to the weakly active l-isomer of methylamfet-
amine. Detection of the parent drug and possibly
the conduct of chiral analyses are essential to
determine the source of the amfetamine.

As expected from its different structure,
cocaine undergoes substantially different routes
of metabolism from the amfetamine class.
Cocaine is hydrolysed rapidly by ubiquitous

enzymes to the inactive benzoylecgonine. This is
the main metabolite in both blood and urine.
Other significant metabolites are ecgonine
methyl ester (EME) and ecgonine (Fig. 2.7).

Anhydroecgonine methyl ester (AEME, also
known as methylecgonidine) is a pyrolytic
substance formed by smoking cocaine. Coca-
ethylene is also found as a metabolite in
persons who co-consume alcohol. Metabolism of
cocaine to norcocaine allows the oxidation of
the nitrogen to N-hydroxynorcocaine. N-Nitroso-
norcocaine and the N-oxide are also produced
in small amounts.

3 3

i COOCH; i COOCH,

Cocaine

| \

N/
COOCH
o)

Benzoyl ecgonine (BZE)

Ecgonine methyl ester (EME)

Figure 2.7 Main cocaine metabolic pathways.



Antidepressants

Modern antidepressants can be divided into
several chemical classes. The traditional tri-
cyclic antidepressants include amitriptyline,
clomipramine, dosulepin (dothiepin), doxepin
and imipramine. The newer generation of anti-
depressants include the selective serotonin reup-
take inhibitors (SSRIs) citalopram, fluoxetine,
fluvoxamine, paroxetine and sertraline. Other
antidepressants include the monoamine oxidase
inhibitor moclobemide, and other mixed-uptake
inhibitors  (mirtazapine, nefazodone and
venlafaxine).

The tricyclic antidepressants are metabolised
by three major pathways: N-oxidation, hydroxyl-
ation of the alicyclic ring and of the aromatic
ring, and N-dealkylation of the dialkylamino
group. The last route gives rise to the most
important metabolites, since the N-demethyl-
ated metabolites are themselves pharmacologic-
ally active. Amitriptyline is metabolised to
nortriptyline, and imipramine to desipramine;
both metabolites are also available as therapeutic
agents (Fig. 2.8).

When monitoring concentrations of tricyclic
antidepressants for their therapeutic effect, it is
important to determine both the parent drug
and the desalkyl metabolites, as the latter may be
present in a significant quantity. These can be
summed to provide an estimate of therapeutic
activity. The hydroxy metabolites predominate

S
CH —CH,—CH,—N(CHs),
Dothiepin

N-demethylation sulfoxidation e}
v
S
:

O O CH —CH,—CH,—N(CHs),

Dothiepin sulfoxide
CH —CH,~CH,~NH(CH)
Monodesmethyldothiepin (northiaden)

Figure 2.8 Major pathways of dosulepin (dothiepin)
metabolism.
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in the urine, and usually occur as glucuronide
conjugates.

The other classes of antidepressants have
varied chemical structures, and hence their fate
is very much dependent on the drug concerned
(Fig. 2.9).

Antipsychotic drugs

The first antipsychotic drugs were largely of the
phenothiazine type represented by thioridazine
and chlorpromazine. They undergo sulfoxida-
tion to yield sulfoxides and sulfones. In addition,

FC OO—CH—(CHZ]QNHCHg

Fluoxetine FchO_CH_(CHZ)ZNHZ

Desmethylfluoxetine
(norfluoxetine)

CH,NHCH;
H;CO OH
CH,N(CHs3),
H;CO OH
N-desmethyl metabolite
Venlafaxine CH;N(CH),
HO OH
O-desmethyl metabolite
NHCH; NH,
—_—
I cl l Cl
cl cl

Sertraline N-desmethylsertraline

(norsertraline)

Figure 2.9  Key mefabolic pathways for selective serotonin
reuptake inhibitors.



28

oxidation at the nitrogen, hydroxylation of one
or both of the aromatic rings, N-dealkylation of
the side-chain and fission of the side-chain may
also occur. The phenolic metabolites are then
conjugated with glucuronic acid or sulfate and
excreted in both the urine and the bile.

The number of different metabolic routes that
are possible results in a complex mixture of
metabolites for many phenothiazines. For
example, many of the drugs that contain
an  N,N-dialkylaminoalkyl side-chain (e.g.
chlorpromazine) are metabolised extensively by
N-oxidation, together with hydroxylation,
sulfoxidation and N-dealkylation. Thioridazine
is oxidised predominantly on the side-chain
sulfur to active sulfoxide and sulfone metabolites
(Fig. 2.10).

Haloperidol is metabolised by side-chain
oxidation to a propionic acid derivative
(Fig. 2.11) which is then conjugated, or by reduc-
tion of the keto group. Clozapine is metabolised
to the active desmethyl form (norclozapine),
which is often measured with the parent drug in
therapeutic drug monitoring situations. Olanza-
pine is metabolised by N-demethylation and
oxidation to a 2-hydroxymethyl metabolite, and
N-glucuronidation. Risperidone is metabolised
to the pharmacologically active 9-hydroxy
metabolite. Inactive 7-hydroxy and N-dealkyl
metabolites are also produced.
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Figure 2.10  Thioridazine metabolic pathways.

Opiates and centrally active analgesics

The opiates include the analogues of morphine,
such as codeine, ethylmorphine and diamor-
phine, as well as the synthetic opiates
methadone, pethidine, dextropropoxyphene
and the highly potent fentanyl derivatives.
Depending on their structural features, the
metabolism of opiates can vary widely.

I OH
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Haloperidol

oxidation

Y
i

reduction

OH
[ OH

Glycine
F C— CH,-CH,—COOH ————— 4-Fluorophenylaceturic acid

Figure 2.11  Haloperidol metabolic pathways.



The morphine analogues are metabolised by
O-dealkylation or de-esterification and conjuga-
tion with glucuronic acid. Thus, diamorphine
(heroin) is hydrolysed rapidly in the body to
6-acetylmorphine, which is further and more
slowly hydrolysed to morphine. The morphine
so formed is excreted largely as the 3- and the
6-glucuronides together with some free
morphine. Codeine and ethylmorphine are
conjugated and metabolised by O-dealkylation
to morphine. Morphine is also metabolised to a
minor extent by N-demethylation to normor-
phine (Fig. 2.12).

Oxycodone is subject to demethylation and
conjugation (Fig. 2.13).

Methadone, dextropropoxyphene and pethi-
dine are largely dealkylated. In the case of
methadone a cyclisation product known as
2-ethylidene-1,5-dimethyl-3,3-diphenylpyrroli-
dine (EDDP) is formed (Fig. 12.14), as well as
2-ethyl-5-methyl-3,3-diphenyl-1-pyrrolidine
(EMDP).

The non-opioid centrally active analgesic
tramadol is metabolised to N- and O-demethyl-
ated products followed by sulfation and
glucuronidation  of the  phenol. The
N-desmethyl metabolite (known as M1) is active
pharmacologically (Fig. 2.15).

NCH;, NCH;
R'O O OH H,COCO O OCOCH;

R' = methyl = codeine
R' = ethyl = ethylmorphine

Heroin (diamorphine)

O-dealkylation NCH, hydrolysis- to
6-acetylmorphine and
morphine

glucuronidation O ‘
6

3
OH

HO O
wemethylct’on

Normorphine

3- and 6-Glucuronides

Figure 2.12  Metabolic pathways of morphine analogues.
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Figure 2.13  Oxycodone metabolism.

Adverse drug interactions and
pharmacogenetics

Drug interactions

In the majority of cases in clinical and forensic
toxicology, more than one drug is involved.
Multidrug therapy and abuse is prevalent and

this, together with the added problems of self-
medication with over-the-counter drugs and the
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Figure 2.14  Methadone metabolism.



Drugs with opposite pharmacological activ-
ities (e.g. barbiturates and amfetamines) may
have an antagonistic effect. Conversely, the
additive effects or side-effects of two drugs with
the same pharmacological action (e.g. central
nervous system depressants) may prove fatal
even though the individual drug concentrations
are not toxic themselves. Further, a drug with a
high affinity for tissue proteins might displace a
second drug from binding sites, while a drug that
changes urinary pH or that competes for the
same active transport system in the proximal
tubules of the kidney might inhibit renal excre-
tion. Other important mechanisms for drug
interactions include:
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widespread use of alcohol, makes interpretation
of data even more complicated. Pharmacokinetic
and other data available in the scientific litera-
ture often refer to drug concentrations and
responses observed after administration of
the drug alone. In practice, when these data are
compared with analytical results that involve
several drugs, it must be remembered that
the clinical response is often a consequence of
the combined actions of more than one drug.
If the significance of the analytical results is to be
assessed correctly, it is essential to consider
the quantitative effects of any interactions
that might occur between drugs taken in
combination.

Drug interactions can be divided into two

types:

e those that affect the drug concentration (i.e.
alter the processes of absorption, distribution
and elimination)

e those that affect the response (by changing its
duration and severity).

The consequences of most drug combinations
can be predicted with knowledge of the usual
effects of drugs.

e interference with absorption of other drugs

e modification of rates and routes of
metabolism

e changing the accessibility of receptors and
tissue sites.

Metabolic effects

There are many examples of drugs that affect
the metabolism or pharmacology of other drugs.
For example, cimetidine (an anti-ulcer drug)
and a number of the newer generation of anti-
depressants inhibit the metabolism of many
of the benzodiazepines by a subtype of the cyto-
chrome P450 enzymes, CYP3A. This occurs either
by competitive inhibition of the enzyme(s)
involved in their mutual metabolism or by inhib-
ition of the enzyme(s). Cimetidine also inhibits
the metabolism of opioids. Many of the newer
selective serotonin reuptake inhibitors (SSRIs)
(e.g. fluoxetine, paroxetine and sertraline), as
well as some of the antifungal drugs (e.g.
fluconazole) and antiviral drugs are relatively
potent inhibitors of this enzyme.

Cimetidine (used in the treatment of gastric
and duodenal ulcers) inhibits the metabolism of
opioids that require microsomal cytochrome
enzymes.

Monoamine oxidase inhibitors nialamide,
phenelzine and tranylcypromine also inhibit
P450 enzyme metabolism and have been shown
to increase the effects of alcohol, amfetamines,
barbiturates, pethidine and other opioids. The



analgesic dextropropoxyphene may have similar
activity.

A further variable is that drugs such as the
barbiturates and the anticonvulsants phenobar-
bital and phenytoin enhance the production of
the enzymes and therefore induce metabolism of
drugs metabolised through this and related
enzyme systems. In fact, barbiturates also induce
their own metabolism, which results in a time-
dependent increase in clearance as the liver
produces more enzyme. If the presence of more
than one drug is detected in a toxicological
analysis, the possibility of metabolic effects must
be considered.

Pharmacogenetics

From a toxicological perspective we are still at
the early stages of understanding the impact
of genetic polymorphisms in drug disposition.
Nevertheless, we can anticipate that the
impact of ‘toxicogenomics’ in toxicology will
increase sharply over the coming years. Some
of the known effects of pharmacogenetics on
the toxicology of drugs are given below.

Cytochrome P450

Cytochrome P450 is a family of mixed-function
oxidases that participate actively in the disposi-
tion of drugs from the body. The large number of
isoforms suggests that, in addition to partici-
pating in the metabolism of xenobiotics, physio-
logically they participate in the maintenance of
homeostasis in the body. There are 39 functional
human genes that encode isoforms of
cytochrome P450. Three subfamilies (1, 2 and 3)
include 19 of these isoforms, the most relevant
in xenobiotics metabolism. Polymorphisms have
been observed in several isoforms (CYP2D6,
CYP2C9, CYP2C19, CYP2E1 and CYP3A4).
Genetic polymorphisms, related in particular to
CYP2D6, are of relevance from a pharmaco-
logical and toxicological point of view. This is
because there are drugs for which disposition
from the body is regulated by this enzyme
(opiates, beta-blockers, anti-arrhythmics and
antidepressants), and because of other drugs that
act as inhibitors of this enzyme (i.e. methadone,
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dextropropoxyphene) and thus enhance the
toxicity of drugs that are substrates. Patients
with mutations in CYP2D6 have impaired
metabolism of drugs if the metabolism co-
segregates with this enzyme; hence such drugs
tend to accumulate in the body, with an
enhanced risk of toxicity if the dose is not
adjusted according to the genotype.

For example, the main metabolic pathway for
codeine, dextromethorphan and ethylmorphine
is the metabolism to morphine through
O-dealkylation. Some 7% of caucasians are
deficient in this enzyme and are unable to
produce significant amounts of morphine. In
these people, codeine and ethylmorphine
appear to be far weaker analgesics than in those
who are able to produce morphine. The same
enzyme is involved in the bioconversion and
activation of oxycodone to oxymorphone,
hydrocodone to hydromorphone, risperidone to
9-hydroxyrisperidone and in the metabolism of
olanzapine. The efficacy and toxicity of these
drugs are therefore affected by this genetic
difference.

P-Glycoprotein

P-Glycoprotein (P-gp) is an adenosine triphos-
phate (ATP)-dependent transporter that partici-
pates in the active transport of drugs and their
metabolites. P-gps are encoded by members of a
gene family referred as the multidrug resistance
(MDR) genes for their role in MDR in cancer
chemotherapy. Physiologically, P-gp seems to act
as a barrier to entry and as an efflux mechanism
for xenobiotics and cellular metabolites. It
is located in the liver, intestine, Kkidney,
blood-brain barrier and other barrier-epithelial
tissues. P-gp influences the oral bioavailability of
drugs, and an overlap of substrates with CYP3A
has been observed. This observation is of rele-
vance because as many as 50% of drugs are
metabolised through this enzyme. Hence, at the
intestinal level, the co-ordinated activity of P-gp
and CYP3A may condition the absorption and
pre-systemic disposition of many drugs. From a
toxicological point of view, drug-drug interac-
tions at the absorption level or at the biliary
excretion levels may lead to accumulation of
drugs and an enhanced toxicity.
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Glucuronidation

Glucuronidation is an important conjugation
reaction. It is considered as Phase II metabolism
where metabolites from Phase I metabolism are
conjugated. In the case of glucuronidation,
metabolites are conjugated to glucuronic acid,
making the resultant metabolite more water
soluble. Two gene families encode for uridine
diphosphate glucuronosyltransferase (UDPGT)
isoforms: UGT1 and UGT2. Several polymorphic
forms of isoforms encoded by UGT2 have been
identified; none of them results in significant
changes in the rate of glucuronidation of drugs
and other xenobiotics. In UGT1, mutation of the
isoform UGT1Al leads to a partial or total
impairment of bilirubin conjugation. This results
in hyperbilirubinaemias associated with Gilbert
syndrome.

There is currently considerable interest in the
direct detection of glucuronide metabolites
because they typically have a longer excretion
time than the Phase I metabolites and hence
may be detected a longer time after administra-
tion. This can be particularly useful in cases of
drug-facilitated sexual assault where victims
often present some time after the incident.
When GC-MS was the primary tool for drugs
analysis, glucuronide conjugates were hydro-
lysed back to the parent compound for analysis
because glucuronides do not chromatograph
well by GC. LC-MS enables direct analysis of
glucuronides.

Glutathione S-transferases

Glutathione S-transferases (GSTs) participate in
the activation and detoxification of many drugs
and xenobiotics. There is a high prevalence in
humans of genetic polymorphisms for several
GSTs. Several studies have tried to associate such
polymorphisms with an increased risk for the
development of cancer of environmental origin,
with conflicting results. Paracetamol toxicity is
associated at high doses with a depletion of
hepatic glutathione stores. Other drugs using
this metabolic pathway may result in an
enhanced hepatotoxicity at relatively normal
doses because of competition for the same
detoxification mechanism.
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N-Acetylation

N-Acetylation is the oldest and probably the
best-known polymorphism of drug-metabolising
enzymes. In addition to polymorphisms that
give rise to slow and rapid acetylator pheno-
types, there are high inter-ethnic variations in
the prevalence of such phenotypes in the popu-
lation. A cytosolic N-acetyltransferase (NAT-2) is
the polymorphic enzyme. Acetylation polymor-
phism regulates the metabolism of drugs with
arylamine (e.g. isoniazid) and hydrazine (e.g.
hydralazine) chemical structures as well as pro-
mutagenic/mutagenic heterocyclic arylamines
from dietary or environmental origin.

Sulfation and methylation

Sulfation and methylation are important path-
ways in the metabolism of many drugs and
xenobiotics. Sulfotransferases (SULT, SULT1 and
SULT2) and methyltransferases (methyltrans-
ferase (MT), catecholmethyltransferase (COMT),
thiopurine methyltransferase (TPMT) and thiol-
methyltransferase (TMT)) catalyse such reac-
tions. Several polymorphisms have been
identified for these enzymes but, to date, their
clinical significance is unclear.

The possible influence of genetic polymor-
phisms on drug metabolism should be taken
into account in clinical treatment and interpret-
ation of toxicological analyses, although
information on these polymorphisms may
well not be available for many toxicological
investigations.

Altered physiological state

The role of altered physiological status on drug
pharmacokinetics and drug actions is of particu-
lar importance in the area of adverse reactions to
drugs.

Neonates and elderly people generally have a
lower metabolic capacity compared to subjects
between these extremes of age. The enhanced
sensitivity of the very young to drugs occurs
because the microsomal enzymes responsible for
metabolism are not fully active until several
months after birth.



Furthermore, very young children do not have
the necessary plasma-binding proteins that help
to compartmentalise drugs. Infants (over 1 year
old) usually metabolise drugs at similar rates and
by similar routes as adults, but they require lower
doses to produce comparable effects because the
drugs are distributed into a smaller volume. It is
important that the known pharmacokinetics of a
drug in question be examined when neonates,
and even children generally, are a focus of an
investigation relating to drug effects, since some
drugs may behave differently than in adults.

In elderly subjects (over 65 years old) there
appears to be a decreasing capacity for drug
metabolism as a consequence of a gradual
decline in overall physiology. This includes
effects on volume of distribution, protein
binding and both hepatic and renal clearance.
The change in the pharmacokinetics is an explan-
ation of the increased sensitivity to drug effects
in the elderly. For example, doses of benzodi-
azepines are reduced in the elderly to avoid
excessive sedation and adverse effects on
cognition.

Diseases can affect all the processes by which a
drug is absorbed, distributed and eliminated
from the body. A drug may be absorbed poorly
during gastrointestinal disturbance. The rate of
uptake of drugs that rapidly cross tissue
membranes may be altered in cardiovascular
diseases that alter blood flow to critical organs
such as the liver, kidney, lungs and heart.
Diseases that fundamentally affect metabolic
and excretory pathways of drugs also alter their
pharmacokinetics.

Diseases that affect the liver or kidneys prob-
ably have the greatest effect on drug concentra-
tions because normal functioning of these
organs is essential for efficient metabolism and
excretion. The liver has a large metabolic
reserve. However, severe disease, such as
cirrhosis or drug-induced necrosis, causes the
pharmacokinetic terminal elimination half-life
to increase dramatically, leading to increased
concentrations of drugs in plasma or tissues.

Renal disease leads to a decreased ability to
excrete drugs and/or their metabolites. A drug
accumulates in the plasma or tissues if the
interval between doses is such that not all of the
previously administered drug is removed before
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the next dose. Even those drugs for which
excretion into the urine does not normally
appear to be an important route of elimination
can carry a risk of increased toxicity during
disease if significant drug accumulation takes
place. This is especially true when potentially
serious interactions may occur with the accumu-
lated drug or metabolite. For example, metabol-
ites can displace their parent drugs from binding
sites on plasma and tissue proteins if their
concentrations build up sufficiently.

Another example is the toxicity of benzodi-
azepines, which is increased in persons with
significant respiratory diseases and in the elderly
who have some form of age-related reduction in
organ function.

Physiological status should be considered in
the interpretation of toxicological findings (see
later in this chapter)

Reactive metabolites

Toxic metabolites can occur in the same way that
pharmacologically active and/or inactive
metabolites are produced. For example, deacetyl-
ation of phenacetin yields p-phenetidine, the
precursor of substances believed to be respon-
sible for methaemoglobinaemia. Similarly,
paraoxon, the oxygenated metabolite of
parathion, is responsible for the severe toxicity
observed after the ingestion of parathion.

Changes in the pathways of metabolism of a
drug can also result in toxicity. In paracetamol
intoxication (e.g. from drug overdose), the path-
ways responsible for sulfate and glucuronide
conjugation become saturated and the concen-
trations of cysteine and mercapturic acid
metabolites increase. When the production of
these two metabolites increases sufficiently to
deplete stores of glutathione, the active interme-
diate can no longer be conjugated and is thought
to bind irreversibly to cellular macromolecules
such as DNA, RNA and proteins, which results in
a dose-related hepatic necrosis. It is believed that
the toxic molecule arises from the oxidation of
paracetamol to N-acetyl-p-benzoquinoneimine
(Fig. 2.16).

Whatever the actual pathway, the admin-
istration of compounds that contain sulfhydryl
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Figure 2.16  Paracetamol metabolism.

groups has been shown to be effective in
treatment of paracetamol intoxication, presum-
ably because they are able to bind to the elec-
trophilic species in the same way as glutathione
does.

Another example of drug toxicity induced by
metabolism is that associated with acetylation.
The rate of acetylation is controlled by an
N-acetyltransferase that shows genetic polymor-
phism; about 60% of caucasians are classified as
‘slow’ acetylators. The extent of acetylation is
related to the toxic effects of certain drugs. For
example, the N-hydroxy metabolite of acetylated
isoniazid is thought to cause isoniazid-related
hepatotoxicity. This toxicity is more severe in
‘rapid’ acetylators than in ‘slow’ acetylators, but
(as with paracetamol) some protection can be
given by sulfhydryl compounds. There are
diagnostic tests for acetylator status.

In contrast, ‘slow’ acetylators appear to show a
greater incidence of systemic lupus erythe-
matosus after the administration of hydrazine
drugs than do ‘rapid’ acetylators, as this toxic
reaction is related to the parent drug.
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The possible role of reactive metabolites
should be taken into account in toxicological
investigations.

Drug concentration and pharmacological
response

The relationship between drug action and the
processes of absorption, distribution and elimin-
ation has been applied successfully in clinical
pharmacology to optimise and individualise the
therapy of many drugs. In clinical and forensic
toxicology, similar relationships can be applied
in the interpretation of analytical results.

For most drugs there is a correlation between
the dose given, the concentration of drug in the
blood and the duration and intensity of the
biological effect. In general, as blood concentra-
tions rise above those associated with a thera-
peutic effect, the frequency and severity of toxic
side-effects increase. It should be stressed that
this correlation is at best poor for most drugs,
and there is considerable individual variability.
Hence, any prediction of response from a drug
concentration is poor.

The significance of toxicological data is
assessed by attempting to explain the clinical or
toxicological effects in terms of the drug concen-
trations found. Before this can be done the toxi-
cologist must be satisfied that the clinical and
analytical data are valid.

Validity of toxicological data

A number of physical factors affect the validity
of toxicological findings. Paramount are the
accuracy of the analytical tests conducted and
the nature of the specimen used.

Blood and urine are the most commonly used
specimens for analysis, although blood drug
concentrations are generally considered to
provide the best possible estimate of the likely
pharmacological responses. Urine is an excretory
fluid, and while it is useful for detection of drugs
and metabolites, it does not necessarily provide



an indication of the likely effect of a drug on the
body.

In postmortem cases the origin of a blood
sample must be stated and the sample should
preferably be obtained from peripheral sites,
such as the leg (femoral vein) or arm (subclavian
vein), as blood from central parts of the body can
have very different drug concentrations (see
section on postmortem redistribution below).

When a toxic response to a drug (or drugs) is
suspected, it is advantageous to measure the
drug concentration in two or more independent
samples; the value of a result from a single
sample is limited unless the distribution of the
drug is known. This could be from two periph-
eral blood samples or from a peripheral blood
and a liver specimen.

Tissues that selectively take up a particular
drug may have a much higher concentration
than that found in blood. For example, 11-
carboxytetrahydrocannabinol has high concen-
trations in fat; digoxin and other cardiac
glycosides are taken up by cardiac muscle; biliary
concentrations of drugs excreted from the liver
as glucuronides (e.g. morphine) are usually
considerably higher than their concentrations
in blood.

In addition to being distributed unevenly
throughout the body, a drug may not be distrib-
uted evenly within the separate parts of a single
tissue (see section on blood and plasma concen-
trations above). In blood, drugs may tend to be
concentrated either in the plasma or in the
erythrocytes. Thus, it may prove to be of little
value to examine a plasma sample in a case
where the drug involved is known to be concen-
trated in the red blood cells (e.g. acetazolamide).

Pharmacological response

Even when it has been established that the
measured drug concentration in the blood accur-
ately represents the concentration of drug at the
receptor site, it must also be established that the
clinical response is a primary consequence of
the presence of the drug. For example, drugs
with an irreversible biochemical effect, such as
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reserpine and some monoamine oxidase
inhibitors, still have clinical effects long after
drug administration has stopped, and when
plasma concentrations of the drug are negligible.
Similarly, unless the time of ingestion is known
with reasonable accuracy, it is almost impossible
to relate drug concentrations with the secondary
and potentially fatal responses to substances
such as paracetamol (liver damage) and paraquat
(lung necrosis). Incorporation of drugs or chem-
icals into endogenous metabolic cycles may
result in a toxicity (lethal synthesis) that is not
related to blood concentrations of the drug.
Finally, interpretation is made difficult or impos-
sible when underlying disease alters the pharma-
cological action of the drug, or when a patient
has died from complications associated with
inhalation of vomit.

Active metabolites

A number of drugs have been modified such that
metabolism is required to produce an active
species. This is often done to facilitate oral
absorption or to reduce toxicity, although for
some drugs the active form was not established
until after clinical use. Examples include diamor-
phine, which is hydrolysed to morphine; the
esters of many angiotensin-converting enzyme
(ACE) inhibitors (e.g. enalapril, quinapril),
which are hydrolysed to potent di-acid forms;
azathioprine, which is metabolised to mercap-
topurine; and zidovudine which is metabolised
to zidovudine triphosphate.

When an active metabolite makes an import-
ant contribution to the overall pharmacological
response, the interpretation of toxicological data
is further complicated. Toxicological situations
that involve such metabolites (e.g. oxazepam,
nortriptyline, desipramine and phenobarbital,
derived from diazepam, amitriptyline,
imipramine and methylphenobarbital, respec-
tively) can be misinterpreted if only the
parent drugs are assayed. The concentrations of
active metabolites must be taken into account.
Although it is unclear what is the best way
to evaluate the contribution of metabolites, the
individual concentrations of drug and
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metabolites are often added together to provide
an estimate of the total amount of active drug
species present in the sample. This assumes that
their relative pharmacological activities are
equal, which is not generally true.

Postmortem redistribution

The unequal distribution of drugs in tissues leads
to changes in the blood concentration of drugs
after death. This is called postmortem redistribu-
tion and occurs primarily by diffusion of drug
from neighbouring tissue sites and from organs,
such as from stomach contents. This process is
particularly significant for drugs with high lipid
solubility, since these drugs tend to show
concentration differences in tissues and blood.
Such drugs, e.g. dextropropoxyphene, digoxin,
tricyclic antidepressants and phenothiazines,
can show increases in excess of 5-fold. Blood
collected from the heart and other thoracic or
abdominal sites may be similarly affected, and
should be avoided wherever possible. Examples
of drugs particularly subject to this process
include:

e amfetamines

e barbiturates

® cocaine

e chloroquine

e digoxin

e methadone

e phenothiazines

e dextropropoxyphene
e propranolol

e pethidine

e tricyclic antidepressants.

The collection of peripheral blood, e.g. femoral
or subclavian, reduces the extent of changes,
although some increase in blood concentration
can still occur.

Unequal drug distribution can also occur in
the liver due to diffusion from intestinal
contents or from incomplete circulation and
distribution within the liver.

How postmortem redistribution may affect
interpretation of results is discussed further in
Chapter 7.
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Interpretation

What are therapeutic, toxic and fatal
concentrations?

The term ‘therapeutic’ as used in this text refers
to concentrations of drugs normally expected
following recommended doses of the substance.
Clearly, the term ‘therapeutic’ has no application
for some substances, e.g. illicit drugs and poisons
such as organophosphates. A toxic concentra-
tion occurs when the dose of substance causes or
has the potential to cause serious adverse reac-
tions, while a fatal concentration relates to levels
that are associated with fatal poisonings.

Large collections of data are available in various
texts and in databases concerning the potentially
therapeutic, toxic and fatal concentrations of
drugs and poisons. These can be an aid to estab-
lishing a likely response to a drug when inter-
preting a toxicological result. Unfortunately, the
use of such data is subject to many restrictions
and limitations. These are detailed below.

Reliable assessments of the significance of any
analytical finding can be made only by
comparing the results with information on drug
concentrations and associated clinical responses
that have been reported in other related cases. In
particular, it is essential that a distinction is
made between acute and chronic use since
repeated use of a drug may give rise to much
higher blood concentrations than a single dose.
This causes pharmacokinetic accumulation. For
example, methadone has a half-life of about
24 h, resulting in significant accumulation of the
drug in the blood and tissues for at least 5 days
of dosing.

Persons often develop a tolerance to drugs
with repeated administration compared to their
first use; hence some background knowledge on
the use of drugs will assist in determining if this
is a likely event. This is relevant in under-
standing the effects of many opioids: a poten-
tially toxic concentration in a single dose may be
easily tolerated with repeated use.

Furthermore, it is essential that when toxicity
to a drug is suspected the possible involvement
of other drugs also is considered. Databases may
not indicate whether a poisoning was due to that



agent alone or in combination with other
substances. Common examples here include the
presence of ethanol in cases involving other
central nervous system (CNS) depressant drugs,
e.g. opioids, benzodiazepines. The use of cocaine
or amfetamine in combination with diamor-
phine (heroin) is more toxic than one drug
alone.

The route of drug administration, together
with the nature of the dosage form, determines
the rate and extent of absorption. Administra-
tion by inhalation, intravenous or intramuscular
injection leads to a high bioavailability and
quick and often intense response, while oral
administration produces lower concentrations of
longer duration. Thus, a fatal drug dose given
intravenously is often much smaller than a fatal
dose given by mouth because the injected drug is
able to reach the site of action very rapidly.

If proprietary preparations are given by the
recommended route, it may be possible to make
predictions of the dose from blood concentra-
tions because comparable data are usually avail-
able. When illicit drugs or preparations are
involved, prediction of blood concentration is
much more difficult. Particular examples of
variable and unpredicted doses include use of
volatile substances through inhalation (abuse),
and the smoking of cannabis, diamorphine or
cocaine. In all of these cases the degree of
inhalation together with the technique used
greatly affects the amount of drug actually
absorbed.

An important source of variable absorption is
through oral dosing, since this route is probably
the most common. Most of the variability in
absorption is related to any first-pass metabolism
that occurs for drugs with low oral bioavail-
ability. A number of factors can influence
bioavailability. These include the motility of the
stomach and bowel, pH and (for a small number
of drugs) activity of gut enzymes that metabolise
the drug before it is even absorbed. This issue
also applies in situations when coexisting
natural disease or injuries may affect the nature
of the response to the drug, or when the very
young or the elderly are being treated with drugs.

The combined effect of all of these factors is
to make the task of interpreting analytical
results even more difficult. Pharmacokinetic

37

Pharmacokinetics and metabolism

and toxicological data must be used circum-
spectly when a specific case is being examined
because there is always the possibility of misin-
terpretation if consideration is not given to the
special circumstances of the case.

Several drugs, including salicylate (in over-
dose), alcohol, and possibly some hydrazines
and other drugs which are metabolised by acetyl-
ation, have saturable elimination kinetics. With
these drugs, capacity-limited elimination is
complicated further by their low therapeutic
index. A good example is phenytoin. A 50%
increase in the dose of phenytoin can result in a
600% increase in the steady-state blood concen-
tration, and thus expose the patient to potential
toxicity.

When repeated doses of a drug are given, toler-
ance to the drug may arise if they affect its own
disposition or response. Enzyme activities can be
enhanced, which leads to an increased capacity
for metabolism (e.g. patients on chronic therapy
with barbiturates metabolise the drugs more
rapidly than patients who have not previously
taken the drugs). Alternatively, the receptor
sensitivity may be modified so that the effect of
a particular concentration of a drug is reduced
after chronic use (e.g. the sedative effects of
benzodiazepines).

Increasing tolerance results in a progressively
decreasing drug effect, and the need for an
increased dose; habituation and addiction may
be the final clinical outcome. Thus, addicts can
tolerate doses of morphine that might be consid-
ered toxic or even fatal in non-addicts. Similarly,
rapidly developing tolerance to the sedative
effects of phenobarbital is a common feature of
prolonged therapy with the drug. Epileptic
patients treated with phenobarbital are often
free from any adverse effects despite having
blood drug concentrations normally associated
with serious toxicity in patients not accustomed
to taking the drug.

Tolerance invariably extends the upper limit of
the therapeutic range of drugs, and there is a more
marked overlap between concentrations associ-
ated with different clinical responses. When
tolerance is suspected, some of the problems of
interpreting data can best be resolved by refer-
ence to previous results from the same patient
(e.g. results of a therapeutic drug monitoring
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programme). Unfortunately, in most forensic
cases such background information is not avail-
able, and in these instances blood concentrations
alone are of little value. A more reliable interpret-
ation of analytical data can only be made by
comparison of blood concentrations with those
measured in urine, bile or liver (where concentra-
tions can be much higher in addicts), and/or by
measuring the relative amounts of unchanged
drug and its metabolite(s).

Use of pharmacokinetics to predict time
and dose

Estimations of the time since last administration
and of the dose are frequently required, yet these
questions can be extremely difficult to answer
from pharmacokinetic data. The reasons derive
from factors discussed in previous sections: the
large individual variability, possible effects of
disease states and injuries, possible effects of other
drugs, single or multiple ingestions and assump-
tions made on the route of administration.

Estimating the time after administration

In any situation requiring the formation of an
opinion, it is important to establish the known
relevant facts. In this case, it will be essential to
determine the likely route of ingestion from the
circumstances and clinical or pathological data,
the physiological state of the person and their
relevant personal characteristics (weight, age and
sex), and the likely minimum and maximum
time boundaries.

One of the most useful tests to indicate time in
fatal poisonings is the measurement of gastric
contents and, if possible, bowel contents. This
test is easy to perform but must include the
whole contents to be useful and must show a
mass amount, i.e. milligrams of drug found in
the contents. The presence of substantial drug
relevant to the dosage form probably indicates
oral consumption and, if present in the gastric
contents, relatively recent ingestion, i.e. a few
hours before death.

Care is needed to avoid over-interpreting these
data, since coma and certain other physiological
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states can lead to reduced gut motility which
substantially delays gastric emptying time and
drug absorption from the bowel. Furthermore,
most drugs are excreted into bile and may be
present in measurable amounts in gastric and
bowel contents even following intravenous
injection. For example, morphine has biliary
concentrations some 20-100-fold over those in
blood. As a result, submilligram amounts of
morphine and morphine conjugates may be
excreted into the bowel.

Another measure to establish recency of drug
use is the absence of significant amounts of the
drug in urine. This is a useful test in cases of
diamorphine overdose when death has
occurred soon after injection (presence of
morphine in blood) and little or no morphine
is present in wurine (<1mg/L of total
morphine). This indicates that death occurred
within several minutes of injection. It is import-
ant to realise that the absence of the drug in
urine also indicates that there was no use of
this drug in the day or two prior to the most
recent dose. If a dose was administered in this
period, the drug will be present in urine even
in a rapid death. Despite these limitations, this
test can be useful in a significant number of
diamorphine deaths.

When a drug has a relatively rapid rate of
metabolism, the relationship between time and
drug or metabolite concentrations can help to
indicate whether the drug was taken recently or
in the more distant past. Diamorphine is rapidly
metabolised to morphine via 6-acetylmorphine.
Following intravenous injection, neither
diamorphine nor 6-acetylmorphine can be
detected in postmortem tissues if the survival
time is prolonged. Thus, even if only traces of
6-acetylmorphine are detected in a postmortem
sample of blood, this indicates intravenous use
of diamorphine in the very recent past, or the
use of massive doses. No matter how rapidly
death occurs, diamorphine itself is rarely
detected because of the hydrolytic action of the
plasma esterases.

Cannabis provides a similar example. The
detection of A’-tetrahydrocannabinol in blood
(>2ng/ml) indicates very recent use of the
drug (within 8 h). Further, the concentrations of
11-nor-A°-tetrahydrocannabinol-9-carboxylic



acid and its glucuronide increase with time, the
ratio of the acid to A°-tetrahydrocannabinol
increasing to over 50 after about 3 h. This
metabolite can be present in blood for several
days, whereas the pharmacological effects only
persist for some few hours. If acute use of
cannabis is known, then pharmacokinetic
modelling can be used to estimate time of
ingestion.

Concentration ratios of drug: metabolite or
metabolite : metabolite can provide an estimate
of the time since ingestion. Unless a drug is very
rapidly metabolised (as is the case with diamor-
phine, cocaine and cannabis), only very low
blood concentrations of metabolites are present
a short time after a single dose. Consequently, a
relatively high drug: metabolite ratio can be
expected in cases of very rapid death following
acute overdose. Conversely, the presence of
significant amounts of metabolite indicate
sufficient time has existed for metabolism to
occur.

As well as relating drug and metabolite
concentrations in the same biological sample,
the concentration of the drug in one tissue can
be related to a concentration in another. For
example, if a fatality occurs shortly after the oral
ingestion of a drug, then the liver: blood
concentration ratio is higher than if death had
occurred after a more prolonged period. In fact,
liver concentrations can be more reliable
measures of toxicity than blood for compounds
subject to significant postmortem redistribution
(see above and also Chapter 7), e.g. tricyclic
antidepressants,  dextropropoxyphene and
phenothiazines.

Frequently one may need to estimate a likely
dose taken some hours previously to a measured
drug concentration. This can be calculated if a
reasonable estimate of half-life is available from
the equation:

C, = Cteo.693AT/half-life (2.10)

where C, is the concentration required at AT
hours before the measured concentration C,.
This equation only works if the blood concen-
tration versus time curve is in the elimination
part of the pharmacokinetic curve relevant to
the half-life of first-order elimination, and if the
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half-life has not been affected by disease, injuries
or saturable metabolism. It is advised that a
range of likely half-life data be used to indicate a
likely range of blood concentrations. This will
give a much more realistic estimate than a point
calculation.

For alcohol, this equation does not apply since
ethanol elimination is for the most part zero-
order, or more accurately obeys Michaelis—
Menten Kkinetics. Michaelis-Menten Kkinetics is
defined by the term:

KR

Vinax = B

max

C =

t

(2.11)
where K is a constant equal to the plasma
concentration at which the rate is one-half of the
maximum, R is the rate of metabolism and V_,
is the maximum rate of metabolism. In practice,
the rate of elimination over most of the blood
ethanol concentration (BAC) range can be
regarded as 0.015g/100 mL per h, with a
common range of 0.010-0.020 g/100 mL per h.
Back calculation can be made based on a linear
model using the point estimate and the likely
extremes (see Chapter 11).

With very high-strength alcoholic beverages,
absorption of ethanol is retarded and may take
up to 2 hours. Some alcoholics will be able to
eliminate alcohol faster than 0.020 g/100 mL
per h, and in some individuals at very high
BAC microsomal metabolism of alcohol may
also occur; this is rarely beyond 0.025 g/100 mL
per h, however.

Estimating the dose

The estimation of dose is often helpful to
confirm other pieces of evidence or to indicate
the possibility of an accidental or suicidal death.
As indicated previously, many assumptions need
to be made if any realistic calculation is to be
performed. Of particular importance is the
knowledge whether a single dose has occurred or
multiple doses, the overall health of the person
and the time elapsed since the last dose.
Measurement of a blood concentration may
not always allow the differentiation of multiple
therapeutic doses from large accidental or
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suicidal doses. Thus, long-half-life drugs, such as
thioridazine, may show a marked overlap in
blood concentrations following multiple doses
with those seen in fatal poisonings.

In the same way that drug and metabolite
concentrations can be linked to time, they can
also be related to dose regimens. Thus, steady-
state drug : metabolite concentration ratios are
sometimes used to check drug compliance. Also,
since the extent of drug metabolism tends to
decrease with increasing dose, the ratio of
unchanged drug to metabolite will increase with
increasing dose. Examination of the relative
concentrations of parent drug and its major
metabolite(s) in blood, or in other tissues as
necessary, can provide useful information on the
likely size of the dose administered. Thus, an
amitriptyline : nortriptyline concentration ratio
of less than 2 is consistent with steady-state
drug concentrations following administration of
therapeutic doses, while a ratio greater than 2
is more consistent with the ingestion of larger,
potentially toxic doses.

When a drug is extensively metabolised, large
acute doses can result in metabolic profiles
significantly different from those seen after
therapeutic doses. Thus, following administra-
tion of normal single doses of phenylbutazone,
the ratio of the blood concentrations of its
major metabolites oxyphenbutazone and 3’'-
hydroxyphenylbutazone may be as high as
10: 1. In overdose, the pattern of metabolism
can be reversed, giving ratios as low as 1:5.

Similarly, the metabolic profile of diazepam in
urine changes dramatically with dose, and the
ratio of nordiazepam : oxazepam concentrations
may provide useful information regarding the
relative size of an ingested dose of the drug.
When doses are low, demethylation of diazepam
appears to be more important than hydroxyl-
ation, while hydroxylation becomes more
important at higher doses.

Once tissue drug concentrations or
drug : metabolite concentration ratios have
established whether an overdose was adminis-
tered, the actual amount of drug ingested may be
estimated. Ideally, the dose should be deter-
mined by measuring the total amount of drug
remaining in the body (including any unab-
sorbed drug in the gastrointestinal tract), adding
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to this the amount that has been metabolised
and/or excreted. For obvious reasons, this is
rarely possible. A compromise is usually made by
estimating the minimum amount of drug
ingested. This can be attempted in a number of
ways.

Analytical results may be compared with
previously recorded data in fatal cases for which
drug doses are known. The next best method is
the direct comparison of peripheral blood
concentrations with clinical data, i.e. blood
concentrations following the administration of
therapeutic doses. Finally, drug doses can be
estimated using pharmacokinetic data.

The half-life of the drug (¢,,) and a reasonable
estimate of the time elapsed between adminis-
tration and sampling (t), together with the blood
concentration at the time of sampling (C,), allow
the calculation of a theoretical drug concentra-
tion at time zero (C,), which for intravenous
administration is

In C, = In C, + 0.693t/t (2.12)

1/2

This concentration can be used to estimate the
dose if the volume of distribution of the drug
(V) is known (see section on volume of distribu-
tion), or it may be compared with clinical data as
described above.

This pharmacokinetic approach probably gives
a better estimate of the actual dose administered
since it takes some account of the amount of
drug eliminated. However, pharmacokinetic
equations should be interpreted with great
caution, especially if relatively accurate survival
times are not available and if the kinetic charac-
teristics of the drug following administration of
large acute doses are significantly different from
those observed following therapeutic doses. In
reality, elimination rates of drugs following over-
dose are invariably slower than with normal
doses due to saturation of normal metabolic and
excretory mechanisms, or even drug-induced
reduction in physiological state. If these
formulae are applied, the use of a range of likely
pharmacokinetic parameters to estimate a
possible range of doses is advised, rather than
relying on a point estimate.

Some of these problems can be overcome in
a clinical situation if sufficient samples are
available to characterise the terminal elimina-



tion kinetics of a drug taken in overdose. Such
an approach is not possible with postmortem
samples and considerably more care needs to
be taken when estimating the dose (see
Chapter 7).

Identifying the route of administration

The rate at which a drug reaches its site of action
is a critical factor governing the duration and the
severity of the pharmacological response. If
analytical findings are to be interpreted
correctly, the route by which a drug is given
should, therefore, always be considered. In a case
of criminal poisoning it may be essential to
establish the route of drug administration in
order to corroborate evidence.

In some cases, simple facts give a clear indica-
tion of the route. Thus, residual drug in the
stomach contents or gastrointestinal tract may
point to oral ingestion, a needle mark in the arm
suggests intravenous injection, and high concen-
trations in muscle tissue may point to intramus-
cular injection. However, in the majority of cases
it is not reasonably possible to determine with
any certainty the route of administration from
toxicological data.

When there is no direct evidence to indicate
how the drug entered the body, drug : metabol-
ite concentration ratios can be particularly
helpful because rates and pathways of metabol-
ism can vary markedly with the route of admin-
istration. Thus, drug : metabolite concentration
ratios in the blood are high if a drug is given
intravenously, because the drug is not subject to
first-pass metabolism. A common example is
diazepam. If this drug is given intravenously
during emergency procedures, little if any
nordiazepam is found in blood, whereas oral
dosing always produces significant amount of
metabolite.

Concentration ratios can be low where the
drug is given by mouth because of first-pass
metabolism by the liver. Thus, more than 90% of
orally administered fluphenazine is oxidised in
the liver before it even reaches the systemic
circulation.

The route-dependent variability of drug dispos-
ition into tissues may also provide useful infor-

Pharmacokinetics and metabolism 41

mation relating to the route of administration.
Because of the physiological processes involved,
substantially smaller amounts of an intra-
venously administered drug are partitioned into
the liver than when the same drug is given
orally. If death results rapidly following a large
overdose by intravenous injection, the liver-to-
blood drug concentration ratio would therefore
be lower than that observed had the drug been
given by mouth. Thus, liver : blood ratios of 2.5
and 5.0 have been observed in pentobarbital
fatalities involving intravenous and oral admin-
istration, respectively, and ratios of 1.3 and
4.2 have been found for intravenous and oral
fatalities involving morphine.
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One definition of the term ‘drug of abuse’ is
any substance that, because of some desirable
effect, is used for some purpose other than that
intended. The intended use of the substance
could be for a therapeutic effect, e.g. as with
opiates such as morphine and diamorphine
which are used clinically to alleviate severe
pain. Some persons find the effect opiates
produce pleasurable and hence take the drug
(abuse it) for non-therapeutic purposes. Another
example of substances being used for a purpose
other than that intended is the deliberate
inhalation of solvents used in various commer-
cial products. Toluene and xylene are used as
solvents in some types of adhesives. Inhalation
of the adhesive vapours produces a euphoric
effect and hence these types of adhesives are
abused, giving rise to the term ‘glue-sniffing’.
Another definition of the term ‘drug of abuse’
is ‘any substance the possession or supply of
which is restricted by law because of its potential
harmful effect on the user’. Such drugs are known
as controlled or scheduled substances. They com-
prise both licit materials (i.e. those manufactured
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under licence such as morphine, amfetamine,
benzodiazepines), the illicit products of clandes-
tine factories (e.g. methamfetamine, methylene-
dioxymethamfetamine (MDMA), lysergide (LSD),
heroin) and some natural products (e.g. cannabis,
‘magic mushrooms’). Although many plant-
based drugs have been self-administered for
thousands of years (e.g. coca leaf, cannabis
(marijuana and hashish), opium, peyote cactus),
the imposition of criminal sanctions is mostly a
product of the 20th century. Many of the drugs
currently abused were once not only on open
sale but often promoted as beneficial substances
by the food and pharmaceutical industries. A
pattern developed whereby initial ‘misuse’ of
pharmaceutical products, such as diamorphine,
cocaine and amfetamine, led to increasing legal
restrictions and the consequent rise of an illicit
industry. Nowadays, nearly all serious drug
abuse involves illicit products. Most abused
drugs fall into just a few pharmacological
groups, such as central nervous system (CNS)
stimulants, narcotic analgesics, hallucinogens
and hypnotics. The most prevalent drugs are still
the plant-derived or semisynthetic substances
(e.g. cannabis, cocaine and diamorphine), but
the view of the United Nations (UN) Office of
Drugs and Crime (UNODC) is that wholly
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synthetic drugs (e.g. amfetamine, methamfeta-
mine, MDMA and related designer drugs) are
likely to pose a more significant social problem
in the future.

This limited definition of drug abuse excludes
those pharmaceutical products that may be
misused in the sense that they could lead to acci-
dental or deliberate overdose (e.g. paracetamol
and aspirin) or that could contribute to vehicle
accidents (e.g. antihistamines) or are banned by
sporting organisations (e.g. diuretics). Also
excluded are drugs such as alcohol, tobacco and
caffeine, which either are foodstuffs, with or
without nutritional value, or the use of which is
considered socially acceptable in many coun-
tries. It also excludes the types of substances
involved in glue sniffing as they are typically not
controlled substances. According to the World
Health Organization (WHO), scheduled drugs
are ‘abused’ rather than ‘misused’. Drugs of
abuse may or may not lead to physical or
psychological ‘dependence’, a term used by the
WHO in preference to ‘addiction’.

Legislation

The international laws that cover drugs of abuse
are set out in three UN treaties. Substances are
listed in the various schedules to the UN Single
Convention on Narcotic Drugs (1961), referred
to as UN 1961, and the UN Convention on
Psychotropic Substances (1971), referred to as
UN 1971. Together with the provisions of the
UN Convention Against Illicit Traffic in Narcotic
Drugs and Psychotropic Substances (1988), these
treaties are implemented in domestic law by all
signatories, and have been extended consider-
ably in some countries. In the UK the primary
legislation is the Misuse of Drugs Act (MDA)
(1971) and the Misuse of Drugs Regulations
2001; in the USA it is the Controlled Substances
Act (CSA) (1970) and each country, in effect, has
its own set of regulations to govern the sale and
supply of controlled substances.

Table 3.1 shows the control status of the more
common drugs of abuse under international, US
and UK legislation. In international and US
law, the scheduling of a substance is based on a
pharmacological risk assessment. Pragmatic deci-
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sions by many countries, and now by the UN
itself, to include stereoisomers of ‘UN 1971’
substances, for example, mean that some sched-
uled drugs may have little or no abuse potential.
In the UK, the criteria for control have been
based on a looser concept of propensity to
constitute a social problem.

Commonly abused drugs

Amfetamine and methamfetamine

Amfetamine and methamfetamine are indirect
sympathomimetic agents giving rise to release
of norepinephrine (noradrenaline) and inhibi-
tion of monoamine oxidase. Effects via this
action result in hypertension, tachycardia, and
inhibition of gut motility. It was this last effect
that led to their medical use in treating obesity.
However, they are also CNS stimulants and their
effect on the CNS soon led to these drugs being
abused.

Amfetamine (c-methylphenethylamine) and
methamfetamine (N-methyl-o-methylphenethy-
lamine) (Fig. 3.1) in free-base form are both
liquids. Amfetamine is normally produced as
amfetamine sulfate, hyddrochloride or phosphate
and is more commonly abused in Europe than is
methamfetamine. Methamfetamine is normally
produced as methamfetamine hydrochloride and
is more popular in North America and Japan
than is amfetamine.

Street-level amfetamine and methamfetamine
are normally submitted to the laboratory as
white to off-white powders with relatively low
purity (e.g. <20%) but may sometimes occur in
tablet form (Fig. 3.1).

Synthesis of amfetamine and
methamfetamine

Many methods are available for the illicit
synthesis of amfetamine, but the Leuckart reac-
tion has been the most popular. This method is
simple, rapid, gives a good yield and does not
involve any particularly hazardous chemicals
or procedures. It may be considered as a three-
step reaction that involves the condensation of
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Table 3.1  The control status under international, US and UK legislation of the more common drugs of abuse®®
Drug UN 1961 UN 1971 USA UK
Amfetamine - (+)2 (+)2 (+)B2
Anabolic steroids - = (+)3 (+)C4
Barbiturates = (+)3 (+)3 (+)B3
Benzodiazepines® - (+)4 (+)4 (+)C4
Cannabinol and cannabinol derivativest - (+)1 (+)1 (+)C1
Cannabis (herbal, resin) (+)1 - (+)1 (+)C1
Cocaine (+)1 - (+)2 (+)A2
Diamorphine (heroin) (+)1 - (+)1 (+)A2
Gamma-hydroxybutyric acid - (+)4 (+)1% (+)C4
lysergide - (+)1 (+)1 (+)A1
MDMA = (1 (+)1 (+)AT
Methamfetamine - (+)2 (+)2 (+)A2
Phencyclidine - (+)2 (+)1 (+)A2
Psilocin/psilocybine - (+)1 (+)1 (+)A1

a Listed substances are shown as (+) with the appropriate UN Schedule number, or Class in the case of the UK Misuse of Drugs Act and Schedule in the

UK Misuse of Drugs Regulations, or the Schedule in the US CSA.

b Although legislations vary in detail, the salts, stereoisomers and preparations of most scheduled drugs are also controlled, as are the esters and ethers,

where appropriate, of those substances originally listed under UN 1961 Schedule 1.

< Flunitrazepam, one of the benzodiazepines, is listed in Schedule 3 of the UN 1971 Convention.

T In the UK Dronabinol is in Schedule 2.

+ When medically prescribed in the USA, where it is approved for the treatment of narcolepsy, GHB is classified under Schedule Ill.

A CH; B H
N\
NH, [ CHs
C

Figure 3.1  (A) Amfetamine and (B) methamfetamine and
(C) examples of forms in which these drugs occur.

phenyl-2-propanone (P-2-P) with formamide
followed by a hydrolysis of the N-formylam-
fetamine and finally purification by steam
distillation (Fig. 3.2).

Methamfetamine can be made by the Leuckart
reaction using either methylamine and formic
acid or N-methylformamide in the condensation
step (Fig. 3.2).

Common adulterants for amfetamine include
caffeine to increase the stimulant effect and/or
to mask low levels of the drug, and sugars (e.g.
lactose) used as a diluent.

Amfetamine and methamfetamine have
isomeric (enantiomeric) forms. Studies have
shown that the d-isomer has a more potent effect
on the CNS system than the l-isomer and that
the d-isomer is eliminated from the body slightly
faster than the /-isomer.

Cannabis, cannabis resin and
cannabinoids

Herbal cannabis (marijuana) means all parts of
the plant Cannabis sativa L., but excludes the
seeds and mature woody stalk material. Cannabis
sativa L., which can be grown in all parts of the
world, is an annual plant and attains a height of
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Phenyl-2-propanone Formamide N-Formylamfetamine
+ HCONHCH, — m O
m e Y
H
Phenyl-2-propanone N-Methylformamide N-Formylmetamfetamine
Figure 3.2  Leuckart reaction for the synthesis of amfetamine and methamfetamine.

1 to 5 m (Fig. 3.3). In tropical climates it grows
readily outside, but in temperate climates such as
the UK cultivation is typically carried out
indoors to provide year-round supplies and to
ensure good flowering. When it is planted for
the production of hemp fibre and hemp oil,
the stalks are crowded and without foliage
except near the top of the plant. The varieties
grown for commercial hemp production are
typically selected to be low in cannabinoids —
the active substances. The wild-growing plant,
in contrast, has numerous branches (Fig. 3.3).
The resin of the plant occurs mainly in the
flowering area, the leaves and the stem, partic-
ularly at the top of the plant. The greatest
amount of resin is found in the flowering part.
Up to the time of flowering, male and female
plants produce resin nearly equally, but after
shedding their pollen the male plants soon die.
Female plants are selected for illicit cannabis
production.

The leaves of Cannabis sativa L. are compound
and consist of 5 to 11 separate leaflets, each char-
acteristically hair covered, veined and with
serrated edges (Fig. 3.3). Under microscopic
examination, features characteristic for cannabis
may be seen for herbal cannabis and cannabis
resin:

e cystolithic hairs
e glandular hairs.

The cystolithic hairs contain a deposit of calcium
carbonate at their base (Fig. 3.4). These hairs are
mostly single cells. The glandular hairs

Figure 3.3 Cannabis plants in cultivation. Note the
characteristic leaves and the flowering tops which contain
the highest proportion of THC. (Photograph: US Drug
Enforcement Administration.)

(trichomes) are most important since they
contain and secrete the resin. They are short and
may be unicellular or multicellular. The larger
glandular hairs have a multicellular stalk with
heads that contain 8 to 16 cells (Fig. 3.4).
Cannabis herbal material (Fig. 3.5B) may be
encountered in blocks of dried flowering tops
and dried leaves. Cannabis resin (hashish) is a
compressed solid made from the resinous parts
of the plant (Fig. 3.5A). It is usually produced in
250 g blocks. Herbal cannabis imported into
Europe may originate from West Africa, the
Caribbean or South East Asia, but cannabis resin
derives largely from either North Africa or
Afghanistan. Cannabis has a characteristic odour
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(A) Photograph and (B) diagram of a glandular stalked trichome (left) and cystolithic non-glandular trichome

(right). (Photo from The Medicinal Uses of Cannabis and Cannabinoids p. 26; courtesy of David Potter.)

which can aid in identification of the material.
Cannabis and cannabis resin are normally mixed
with tobacco and smoked, but can be ingested.
The average ‘joint’ contains around 200 mg
of herbal cannabis or cannabis resin. Cannabis
oil (hash oil) is an extract of cannabis or
cannabis resin and can contain up to 60% of
cannabinoids.

The main psychoactive compound in cannabis
and cannabis resin is A%-tetrahydrocannabinol
(A°-THC) (Fig. 3.6A). Cannabinol (CBN)
(Fig. 3.6B) and cannabidiol (CBD) (Fig. 3.6C) are
among the other main components. Cannabinol
is the major breakdown product of A>THC and
cannabinol is a precursor to A°>-THC. The inter-
action with the active components in cannabis is
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Figure 3.5

(A) Cannabis resin (hashish); (B) herbal
cannabis - dried flowering tops. (Photograph: US Drug
Enforcement Administration.)

via specific cannabinoid receptors (CB1 receptors
in brain, lung, and kidney, and CB2 receptors in
the immune system and in haematopoietic
cells). These receptors are members of the G-
protein-coupled receptors. Binding of THC to
the receptor results in inhibition of adenylate
cyclase and in calcium channel inhibition and
potassium channel activation. Administration of
cannabis initially produces a feeling of euphoria
and heightened sensory awareness and distor-
tion of time, sound and colour which is followed
by a feeling of relaxation.

Cocaine

Cocaine is a naturally occurring alkaloid found
in certain varieties of plants of the genus
Erythroxylum. Coca cultivation is distributed
throughout the central and northern Andean
Ridge, with approximately 60% in Peru, 30% in
Bolivia and the remainder in Columbia, Ecuador,
Venezuela, Brazil, Argentina and Panama.
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Figure 3.6  (A) A%Tetrahydrocannabinol; (B) cannabinol;
(C) cannabidiol.

Cocaine production

Production of illicit natural cocaine involves
three steps:

1. Extraction of crude coca paste from the coca
leaf.

2. Purification of the coca paste to cocaine base.

3. Conversion of cocaine base to cocaine salt,
typically the hydrochloride salt.

Cocaine (Fig. 3.7) in its salt form is normally
encountered as a white or off-white powder (see
Figure 3.8a). At ‘street’ level it is normally
supplied in paper wrappers, plastic bags or heat-
sealed wraps. The base form of cocaine — ‘crack
cocaine’ — has become more prevalent in recent
years. It is readily prepared from cocaine
hydrochloride using baking soda and water. It
has a more granular texture than the salt form,
often occurring as ‘rocks’ (Fig. 3.8b) which have
a slightly waxy appearance.

Cocaine often occurs in high purity. In the UK,
examples with purities ranging from 40% to 80%
are not uncommon. It is also commonplace for
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Figure 3.7 Cocaine.



Figure 3.8

(A) Cocaine hydrochloride; (B) crack cocaine.
(Photograph: US Drug Enforcement Administration.)

cocaine to be ‘cut’ with other substances.
Cutting agents include sugars such as glucose,
mannitol and lactose, caffeine to increase the
stimulant properties and/or to mask a reduced
drug content, and analgesics such as lidocaine,
procaine or benzocaine to mimic the analgesic
properties of cocaine.

Cocaine is a local anaesthetic, a vasocon-
strictor and a powerful psychostimulant. It is
this last action that gives rise to abuse of the
drug. Cocaine binds to the dopamine reup-
take transporter in the central nervous system,
thereby increasing the concentration of
dopamine and norepinephrine in the synapses.
The result is a feeling of euphoria, garrulousness,
and a heightened sense of awareness and plea-
sure. This is followed by reduced euphoria and
anxiousness.
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Heroin

Street-level heroin (diamorphine, diacetylmor-
phine, Fig. 3.9A) is normally encountered in the
laboratory in paper or plastic packs that typically
contain 100 to 200 mg of brown (or sometimes
white) powder (Fig. 3.10A). The street-level
purity varies depending on availability and other
factors, but values of 40-60% are common in the
UK. Bulk shipments of heroin may be packaged
as rectangular blocks or in other configurations
(Fig. 3.10B)

Cutting agents for heroin include sugars,
paracetamol (acetaminophen) and caffeine.

Production of heroin

The raw material for the production of heroin is
opium, a naturally occurring product of the
plant Papaver somniferum L. (opium poppy). The
green seed heads are cut to release a milky latex
which contains morphine. This latex dries on
the seed head to form a gum, which is then
collected and bulked as raw opium. The raw
opium is treated to extract the morphine
(Fig. 3.9B) and the extract is then acetylated with
acetic anhydride to produce diamorphine.
Opium contains other alkaloids and natural
substances which can be carried through to the
final product.

Sometimes known as ‘Chinese heroin’, heroin
from South East Asia is a white powder that
consists of diamorphine hydrochloride and
minor amounts of other opium alkaloids, but

Figure 3.9  (A) Diacetylmorphine (heroin); (B) morphine.
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Figure 3.10  Heroin. (A) Examples of heroin powder showing the variety of colour of the material. (B) Compressed form
typically used for importation (the blocks shown are wrapped in plastic and overwrapped with tape). (Photograph: US

Drug Enforcement Administration.)

adulterants are unusual. This material is ideally
suited to injection. Heroin from South West Asia
is a much cruder product. Typically seen as a
brown powder that contains diamorphine
base, it has variable amounts of other opium-
derived alkaloids (e.g. monoacetylmorphine,
noscapine, papaverine and acetylcodeine) as well
as adulterants such as caffeine and paracetamol.
It is believed that these cutting agents are added
to heroin either at the time of manufacture or
during transit.

‘Profiling’ of heroin is carried out to provide
intelligence information. This typically involves
identifying and quantifying the various
alkaloids together with the active drug and the
adulterants.

The action of heroin is via interaction with G
protein-coupled opioid receptors in the brain,
the brainstem and the spinal chord. Heroin
is rapidly metabolised to morphine. Like
morphine, heroin is an agonist primarily for the
mu (u) opioid receptor but with some agonist
action against kappa (k) and delta (A) receptors.
Binding to the receptor closes Ca?* channels on
presynaptic nerve terminals, thereby reducing
neurotransmitter release. It also opens K* chan-
nels inhibiting postsynaptic neurons. Effects
include analgesia, euphoria, reduction in anxiety,
constipation, respiratory depression and pin-
point pupils. Heroin is a highly addictive drug.
Prolonged use also gives rise to drug tolerance,
resulting in higher levels of drug intake required
to gain the same pleasurable effects.

Lysergide

Lysergide (Fig. 3.11A), or LSD as it is more
commonly known, is one of the most potent
hallucinogenic substances known. Its properties
were first discovered in the 1930s and its popu-
larity as a drug of abuse was very high during the
1960s and 1970s, when it was associated with
the ‘hippy’ movement.

Synthesis of LSD

LSD can be produced by several different
methods, the majority of which use lysergic acid
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Figure 3.11  (A) LSD; (B) lysergic acid.



as the starting material. Lysergic acid (Fig. 3.11B)
itself is also produced in clandestine laboratories
using, most commonly, ergometrine or ergot-
amine tartrate as the starting material. Reflux of
ergotamine with potassium hydroxide solution
and hydrazine in an alcohol-water mixture
produces lysergic acid.

The methods used for the production of LSD
yield a crude product, which is cleaned up and
converted into a more stable form (e.g. tartrate
salt).

In the past, LSD was encountered in a variety of
substrates, including powder in gelatine capsules,
gelatine squares, sugar cubes and microdots.
Nowadays, LSD is encountered mostly in paper-
dose form. The paper dosages are produced by
soaking pre-printed paper in a solution of LSD.
These sheets are then perforated into squares
(typically 5 mm X 5 mm) with each square (‘tab’)
containing approximately 50 pug of LSD.

The designs on the paper can vary from one
design per square to one large design that covers
many squares (Fig. 3.12).

LSD is an exceedingly potent drug, with doses
of about 25-50pug producing psychological
effects such as alterations in perception such that
colours, sound, sense of time, etc. appear
distorted. LSD acts on various 5-hydroxytrypta-
mine (5-HT; serotonin) receptor subtypes and is
thought to act as a 5-HT agonist in the CNS.

Methylenedioxymethamfetamine

Methylenedioxymethamfetamine (MDMA)
(Fig. 3.13A) is the prototypical member of a large
series of phenethylamine designer drugs and has
become one of the main drugs of abuse in many

Figure 3.12  Examples of LSD paper squares.
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countries in Northern Europe. Clandestine
production is centred largely in Europe. A
number of homologous compounds with
broadly similar effects, such as methylene-
dioxyamfetamine (MDA) (Fig. 3.13B), MDEA
(Fig. 3.13C) and N-methyl-1-(1,3-benzodioxol-5-
yl)-2-butanamine (MBDB) have also appeared,
but have proved less popular. These substances
are collectively known as the ‘ecstasy’ drugs.

MDMA is the most common drug encountered
in ‘ecstasy’ tablets. The tablets are typically
10 mm in diameter, either flat or biconvex, and
weigh approximately 200-300 mg. The MDMA
content varies, but is generally in the range
30-100 mg per tablet. The tablets normally carry
a characteristic logo or imprint. These designs
are not restricted to MDMA tablets but may be
found on amfetamine and other illicit products.
In other words, the logo and other physical char-
acteristics provide no reliable information on the
drug content. Many hundreds of different
impressions have been found, several examples
of which are shown in Figure 3.14.

The main pharmacological effect of MDMA
is an increase in secretion and inhibition of re-
uptake of serotonin, dopamine and norepi-
nephrine in the brain. MDMA causes euphoria,
a feeling of empathy, increased energy and
tactile sensation. In some cases MDMA can
cause mild stimulation and severe stimulation
similar to that of cocaine. MDMA can impair
judgement, resulting in dangerous behaviour.
The short-term health risks associated with
taking MDMA include hypertension, hyper-
thermia and dehydration, while the main long-
term effect includes severe depression due to
permanent disruption of serotonin production
in the CNS.

Synthesis of MDMA

Several methods of synthesis can be employed,
including:

e an amine displacement method using safrole
as the starting material

e a pathway via the intermediate 1-
(3,4-methylenedioxyphenyl)-2-propanone
(MDP2P) with isosafrole or a nitrostyrene as
the starting material (Fig. 3.15).



trem and somatropin. Certain anabolic steroids
are scheduled in the US CSA, but these drugs are
not listed in the UN Conventions. A large
number of the anabolic steroids encountered in
seizures are found in counterfeited packaging
and the drug content may differ qualitatively or
quantitatively from information on the product
label. This mislabelling can be particularly frus-
trating to the forensic chemist trying to identify
the particular steroid in the product. Formula-
tions may be either as tablets (Fig. 3.17) or as
steroid esters dissolved in vegetable oil and suit-
able for injection. The oils may be extracted
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Figure  3.13 (A) Methylenedioxymethamfetamine

(MDMA); (B) methylenedioxyamfetamine (MDA); methyl-
enedioxyethylamfetamine (MDEA).

Figure 3.14 Examples of ecstasy tablets showing the
different impressions and shapes of illicitly produced
tablets. Tablets may be coloured.

Identifying reaction intermediates and by-
products can help identify the synthetic route.

Anabolic steroids

Anabolic steroids may be abused by ‘body
builders’ and athletes. In the UK, 48 steroids
are listed specifically and generic legislation
covers certain derivatives of 17-hydroxyan-
drostan-3-one  or  17-hydroxyestran-3-one.
Methanedienone, nandrolone, oxymetholone,
stanozolol, and testosterone and its esters
account for most cases of abuse (Fig. 3.16).
Further nonsteroidal anabolic compounds are
also controlled, such as human chorionic
gonadotropin (HCG), clenbuterol, nonhuman
chorionic gonadotropin, somatotropin, soma-

using hexane-methanol (Chiong et al. 1992)
with the methanol layer being used for analysis.
More recently, scientists involved in doping in
sports have noted the use of so-called ‘prohor-
mones’. An example is the use of androstene-
dione, which has been marketed to body
builders in dietary supplements and claimed to
have an anabolic effect. The majority of studies
have not demonstrated an anabolic effect in
men taking this substance. However, it has been
shown that androstenedione taken by women
caused a marked increase in blood testosterone
and well above the normal physiological levels
of testosterone in females (Kicman et al. 2003).
This has obvious health implications for women
if they take these supplements with potential
virilising and other effects. Serum concentra-
tions of oestrogen in men can increase with
androstenedione administration, giving rise to
an increased risk of gynaecomastia. Boldione is
another prohormone marketed in dietary
supplements. It is converted to boldenone in the
body, an anabolic steroid used in veterinary
medicine which is abused by body builders.
Androstenedione, boldione and boldenone are
included in the World Anti-Doping Agency
prohibited list (WADA 2008).

Steroid hormones act through the cytoplasmic
steroid hormone receptors which are a part of
the nuclear receptor family. Sex hormone recep-
tors include androgen, oestrogen and proges-
terone receptors. Together with glucocorticoid
and mineralocorticoid receptors, they constitute
so-called type I receptors. Anabolic steroids
produce the following physiological effects:
increase in protein synthesis, muscle mass,
strength, appetite and bone growth. Anabolic
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Figure 3.15 Schematic of the main reaction routes used for the synthesis of MDMA. Other routes and variations are

possible.

steroids may produce various side-effects such as
elevated cholesterol levels, acne, high blood
pressure, liver damage and damage to the left
ventricle of the heart.

Benzodiazepines

Thirty-four benzodiazepines are listed in
Schedule 4 of the UN 1971 Convention. Most
are now rarely prescribed and abuse is
restricted largely to pharmaceutical prepara-
tions that contain diazepam, flunitrazepam,
nitrazepam, flurazepam and temazepam
(Fig. 3.18). In the US, lorazepam and alprazolam
are the benzodiazepines which are typically
abused.

licit synthesis of benzodiazepines is rare.
Instead, the main source of supply is the phar-
maceutical product, with persons obtaining
prescriptions from several doctors or forging
prescriptions, or pharmaceutical supplies being
diverted into the illegal market.

Benzodiazepines may be abused in their own
right but are commonly abused in conjunction
with other drugs, particularly opiates (e.g.
diamorphine, methadone) or with alcohol. In
some countries, abuse of flunitrazepam has
become widespread. This drug has also gained
notoriety for its association with ‘date rape’ or
drug-facilitated sexual assault (see Chapter 10).
For these reasons, flunitrazepam was moved to
Schedule 3 of the UN 1971 Convention and is
therefore subject to more stringent controls.
Flunitrazepam is banned from use in the US.

Benzodiazepines express their pharmacologic-
al activity by binding to the so-called GABA,
receptor which mediates the effect of gamma-
aminobutyric acid (GABA), the inhibitory neuro-
transmitter in the brain. After binding to the
receptor, the benzodiazepine locks the GABA,
receptor into a conformation in which the
neurotransmitter GABA has higher affinity for
the receptor. This increases the frequency of
opening of the associated chloride ion channel
and causes hyperpolarization of the membrane.
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Figure 3.16  Some anabolic steroids which are abused: (A) testosterone, (B) stanozolol, (C) nandrolone, (D) clenbuteral,

(E) boldenone.

Figure 3.17 Examples of some of the various forms in
which anabolic steroids may be encountered. (Photograph
courtesy of the Drug Control Centre, King’s College
London.)

As a result, the inhibitory effect of the available
GABA is increased, leading to sedation and other
symptoms. In addition, benzodiazepines cause
hypnotic, anticonvulsant, muscle relaxant and
amnesic effects. All the above pharmacological
properties make benzodiazepines useful in
treating anxiety, insomnia, agitation, seizures
and muscle spasms.

Figure 3.18 (A) Diazepam; (B) flunitrazepam; (C)
nitrazepam; (D) flurazepam; (E) temazepam.
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Figure 3.19  Gamma-hydroxybutyric acid (GHB).

Gamma-hydroxybutyric acid and
analogues

Gamma-hydroxybutyric acid (GHB) (Fig. 3.19) is
a substance endogenously present in the brain. It
was originally developed as an anaesthetic drug
and is still used for that purpose in some coun-
tries. It acts as a CNS depressant and hypnotic
and is chemically related to the brain neuro-
transmitter GABA. It is believed that GHB
acts via a so-called ‘GHB-receptor’ as well as
the GABA, receptor. Synonyms for GHB include
sodium oxybate, gamma-OH, Somotomax,
‘GBH’ and ‘liquid ecstasy’.

The effects of GHB have been likened to those
produced by alcohol and there are claims that it
has anabolic properties. It has gained notoriety
for its use in drug-facilitated sexual assault (see
Chapter 10). GHB is manufactured easily by
adding aqueous sodium hydroxide to gamma-
butyrolactone (GBL) to leave a weakly alkaline
solution. Not only is the precursor GBL widely
used as an industrial solvent, but it can also be
ingested directly to produce the same effects as
GHB. Although it occurs as a white powder in
pure form, illicit GHB is normally sold in solu-
tion as a clear liquid in 30 mL opaque plastic
bottles. The typical dose is around 10 mL, equiv-
alent to about 1 g or more of GHB. The sodium
and potassium salts of GHB are hygroscopic, so
GHB is almost never found as a powder or in
tablets. GHB is readily soluble and the fact that it
is available in liquid form and is odourless and
more or less tasteless makes it relatively simple
for someone to spike into another person’s drink
without their notice.

Khat

Catha edulis is a flowering evergreen shrub culti-
vated in East Africa and the Arabian Peninsula.
The leaves and fresh shoots are commonly
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known as khat, gat or chat. Khat can be used by
chewing the leaves or by brewing them as a ‘tea’;
daily consumption can be up to several hundred
grams. It is typically imported into Europe and
the US with the stems tied into bundles
(Fig. 3.20). Khat has stimulant effects similar to
those of amfetamine. Alcoholic extracts (tinc-
tures) of khat have been noted, especially in
‘Herbal High’ sales outlets and at music festivals.

The active components of khat, cathinone
((S)-2-amino-1-phenyl-1-propanone) and cathine
((+)-norpseudoephedrine) (Fig. 3.21), are usually
present at around 0.3-2.0%. Both substances are
close chemical relatives of synthetic drugs such
as amfetamine and methcathinone. Khat must
be used fresh as the more active cathinone
begins to deteriorate rapidly after harvesting.

Since cathinone and cathine are closely related
to synthetic drugs such as amfetamine, their
mechanism of pharmacological activity is
similar (see Amfetamine and Methamfetamine
and MDMA above). Receptors for SHT were
shown to have an affinity to cathinone,
suggesting that the chemical is responsible for
feelings of euphoria associated with chewing
khat.

Both cathine and cathinone are scheduled
under the UN 1971 Convention, but Khat itself is
only specifically listed in a few jurisdictions. In
the US, khat is controlled, but in the UK it is
currently not because its use is relatively
restricted, being more or less confined to a
particular ethnic grouping for whom it has an

Figure 3.20

(A) Bundles of khat as typically fraded and
(B) showing leaves, which are chewed.
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important social function, rather in the way that
tea and coffee do in other populations. Use has
not graduated beyond that community to
become an abuse problem.

Psilocybe mushrooms

The hallucinogenic substances psilocin and its
phosphate ester psilocybin (Fig. 3.22) occur in a
number of fungi, particularly those of the genus
Psilocybe. These are small, brown/grey mush-
rooms that grow wild over large areas, although
they are commonly cultivated under controlled
conditions for abuse purposes.

After ingestion, psilocybin is rapidly converted
in the body to psilocin, which then acts as an
agonist at the 5-HT,, serotonin receptor in the
brain where its effect is similar to that of 5-HT.
Psilocin is also a 5-HT,, and 5-HT,, ,. agonist.

The control for psilocybin varies between
jurisdictions. Until recently in the UK, cultiva-
tion and possession of Psilocybe was not consid-
ered an offence, only the deliberate drying or
processing of the mushroom constituted the
preparation of a controlled drug. This situation
has now changed, with cultivation and posses-
sion of Psilocybe considered an offence. In the US
cultivation and possession of non-dried material
are offences.
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Figure 3.21 (A) Cathinone; (B) cathine.
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Figure 3.22  (A) Psilocin and (B) psilocybin.
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‘Designer drugs’

Although a few ring-substituted phenethyl-
amines, such as 4-bromo-2,5-dimethoxyamfeta-
mine (DOB), have been subject to limited abuse
since at least the 1960s, it was not until the
1980s that the phenomenon of so-called
designer drugs was fully recognised.

Starting in the late 1980s, a large series of
designer drugs began to appear, all of which were
based on the phenethylamine nucleus. Just as
with the production of the major illicit
phenethylamines (e.g. MDMA), much of this
synthetic activity takes place in Europe.

Table 3.2 lists a number of designer drugs that
have appeared in Europe and the US since the
mid-1990s. This list, which may not necessarily
be complete, shows that the phenethylamines
comprise the largest group. Ring-substituted
compounds were more common than N-substi-
tuted homologues without ring-substitution.
The substances shown in Table 3.2 have
appeared both as powders and as tablets, often
manufactured, packaged or marked in such a
way that they may appear to the user to be amfet-
amine or MDMA. Considerable scope exists to
develop further series of phenethylamine-
related ‘designer drugs’. Thus, ring-substituted
analogues of cathinone and methcathinone
might have MDMA-like activity, while
1-phenylethylamine could also be the parent of
novel psychoactive derivatives. Misuse of aryl-
substituted piperazines, such as 1-benzylpiper-
azine (BZP) and m-chlorophenylpiperazine
(mCPP), has recently increased. mCPP is
typically found in combination with MDMA.

Phencyclidine

Phencyclidine (PCP) (street names: Angel Dust,
Crystal, Keeler Weed) was synthesised in the
early 1900s and tested during World War I as a
surgical anaesthetic (Fig. 3.23). It was then
patented by Parke-Davis in 1957 under the name
Sernyl but was quickly discontinued for human
use owing to the side-effects such as delirium,
paranoia, hallucinations and euphoria subse-
quently leading to addiction, and its very
long half-life (in plasma 7-46 hours). It was
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Table 3.2  Designer drugs reported in Europe and the USA since the mid-1990s¢

Drug/compound Acronym UN/UK
Ring-substituted phenethylamines

3,4-Methylenedioxyamfetamine MDA +/+
3,4-Methylenedioxymethamfetamine MDMA +/+
3,4-Methylenedioxyethamfetamine MDEA +/+
4-Bromo-2,5-dimethoxyamfetamine DOB (Bromo-STP) +/+
4-Methoxyamfetamine PMA +/+
NeHydroxy-MDA N-OH MDA /4t
3,4-Methylenedioxypropylamfetamine MDPA —/+
N-Methyl-1-(1,3-benzodioxol-5-yl)-2-butanamine MBDB —/+
1-(1,3-Benzodioxol-5-yl)-2-butanamine BDB —/+
4-Bromo-2,5-dimethoxyphenethylamine 2CB +/+
3,4-Methylenedioxydimethamfetamine MDDM —/+
2,5-Dimethoxy-4-(n)-propylthiophenethylamine 2CT7 -/+
4-Allyloxy-3,5-dimethoxyphenethylamine Al —/+
3,5-Dimethoxy-4-methylallyloxyphenethylamine MAL -/+
N-Hydroxy-MDMA FLEA —/+
2,5-Dimethoxy-4-chloroamfetamine DOC —/+
4-Methylthioamfetamine 4-MTA +/+
2,5-Dimethoxy-4-ethylthiophenethylamine 2CT2 -/+
4-Methoxy-N-methylamfetamine Me-MA —/+
6-ChlorooMDMA = —/+
N-(4-Ethylthio-2, 5-dimethoxyphenethyl}hydroxylamine HOT-2 —/+
2,5-Dimethoxy-4-iodophenethylamine 2CH —/+
4-Methoxy-N-ethylamfetamine - —/+
N-Substituted amfetamines without ring substitution Control status depends on exact structure
N-Hydroxyamfetamine N-OHA —/+
N,N-Dimethylamfetamine - =)=
N-Acetylamfetamine = -/=
Di-(1-phenylisopropyl)amine DIPA =)=
Tryptamines

N, N-Dimethyl-5-methoxytryptamine 5-MeO-DMT -/+
N,N-Di-(n)-propyltryptamine DPT —/+
4-Acetoxy-N,N-di-isopropyltryptamine = ==
o-Methyltryptamine o-MT =/=
Other phenylalkylamines and miscellaneous Control status depends on exact structure
1-Phenylethylamine 1-PEA =)=
N-Methyl-1-phenylethylamine N-Me-PEA =)=
4-Methyl-1-phenylethylamine 4-Me-PEA =)=
1-Phenyl-3-butanamine - =)=
N-Benzylpiperazine BZP =)=
1-(3-Chlorophenyl) piperazine mCPP =)=
Methcathinone = +/+

9 Those substances listed in UN 1971 or that are controlled in the UK by the Misuse of Drugs Act (1971) are shown by (+). In the USA, unscheduled

substances may still be deemed to be controlled by virtue of the Controlled Substances Analogue Enforcement Act (1986). The above list is far from

exhaustive — many other ‘new psychoactive substances’ have been reported in Europe in recent years. Further information on some of these can be found

in L. A. King and R. Sedefov, Early-warning system on new psychoactive substances, Lisbon, EMCDDA, 2007; ISBN 978-92-9168-281-2.
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subsequently manufactured as a veterinary
anaesthetic but was discontinued again. In the
early 1960s PCP was replaced by ketamine,
which is still in use. PCP is an antagonist of
the N-methyl-p-aspartate (NMDA) ionotropic
receptor in the CNS causing an inhibition of
de-polarization of neurons and subsequent inter-
ferences with cognitive and other functions of
the brain. The natural agonist for this receptor is
glutamate, which is believed to be a major exci-
tatory neurotransmitter in the brain. In its pure
form PCP is a white crystalline powder that
readily dissolves in water. Owing to the presence
of impurities, the colour of PCP can range from
white to dark brown. It is smoked (cigarettes
dipped in PCP solution), or taken orally. In the
US PCP is currently in Schedule II and is covered
as a mandatory drug by the workplace drug
testing programmes.

Mescaline

Mescaline (Fig. 3.24) occurs naturally in three
major species of cacti: peyote (Lophophora
williamsii), Peruvian torch cactus (Echinopsis
peruviana), and San Pedro cactus (Echinopsis
pachanoi). The drug was first isolated and identi-
fied in 1897 by German scientist Arthur Heffter
who performed for the first time a controlled
mescaline self-administration. The drug was
subsequently synthesised in the early 1900s.
Similarly to LSD, psilocin or tryptamine, mesca-
line acts through a G protein-coupled type
5-HT receptor, specifically the 5-HT,, receptor.
The drug causes hallucinations, euphoria and
many other symptoms. The pharmacologically
active dose of pure mescaline in humans is
300-500 mg. In the US mescaline is listed in
Schedule I.

O

Figure 3.23  Phencyclidine (PCP).
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Figure 3.24 Mescaline.

Analysis of seized drugs

Items suspected of containing drugs occur in
four principal forms: powders; tablets and
capsules; living plants or dried vegetable matter;
and liquids. Examples of each have been shown
above. Apart from situations in which the
analyst has made extracts from clothing or other
matrices, drugs encountered in liquid form could
include solvents, aqueous solutions (e.g. GHB),
injection solutions, alcoholic solutions (e.g.
cocaine in liquor) and hash oil, many of which
have a characteristic appearance or packaging.
Powders are unlikely to show any clear visual
clues to their identity and are often presented in
paper or plastic wrapping, although when they
are imported in bulk the type of packaging and
appearance may be characteristic, particularly to
the experienced analyst.

Although the analytical approach to each may
differ, there are six basic components, not all of
which will be needed in every case:

e physical examination

e sampling

® screening

e qualitative analysis

e quantitative analysis

e profiling and/or comparison.

The particular techniques used depend on the
available equipment, staff skills and objectives of
the analysis, but there are certain minimum
criteria that need to be satisfied, particularly
when the results are presented as evidence in
court. Figure 3.25 outlines the major steps for
the analysis of an unknown substance.

Physical examination

A natural starting point in any analytical proce-
dure is the physical examination of the item in



‘ Physical examination |

‘ Subsample taken |

‘ Sample homogenised |

‘ Aliquot removed for analysis |

‘ Screen or specific test |

‘ Identification |

‘ Quantification |

‘ Profiling/comparison |

Figure 3.25 Flowchart for the examination of an
unknown substance.

question. This may involve making a sketch or
taking a photograph of the item. It invariably
involves either taking some physical measure-
ments, such as length or diameter, and/or a
record of the number of items (e.g. number of
tablets or the mass of the item in question). It
may involve taking detailed notes on the type of
wrapping material present. On many occasions,
details such as these can become significant.
Wrapping materials themselves can provide
important evidence. For example, it may be
possible to link seizures using physical fits,
chemical composition of the packaging material,
specific characteristics of a plastic polymer and
marks produced during manufacture.

While the physical appearance of a suspect
material can sometimes give an early indication
of the possible drug(s) present, it is only after
chemical analysis that the full picture can
emerge.
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Sampling

Drugs submitted to forensic science laboratories
can vary enormously in the manner of presenta-
tion. One exhibit might be a quantity of ecstasy
tablets that are well made and essentially clean
to handle, and the next might be packs of
diamorphine or cocaine that had been concealed
internally by a drug user. The initial approach to
each scenario depends on such matters as:

e health and safety

e linking of packaging material
e fingerprint analysis

e other evidence (e.g. DNA).

It is also true that, because of time constraints
and costs, not all of the items submitted will be
analysed and therefore a sampling policy must
be established. The number of items tested is
determined by a number of factors, such as
the number of items seized, their physical
appearance and the need to satisfy a court of law.

Exhibits of controlled substances may be
received by forensic laboratories in large numbers,
particularly where trafficking shipments have
been intercepted (Fig. 3.26), and a representative
sampling plan must be established. The benefits of
a sampling plan are to:

e reduce the
determinations

¢ reduce the overall workload

e decrease exposure to controlled substances

e reduce handling of biologically contaminated
evidence.

number of  analytical

With any sampling plan, an initial visual examin-
ation of all the units in the population is
conducted. If all the units are the same in
appearance, the population can be considered
homogeneous and a sampling plan can be
implemented (Clarke and Clark 1990; Frank et al.
1991; Tzidony and Ravreby 1992; Colon et al.
1993; Aitken 1999). The most frequently used
sampling procedures are as follows:

1. Take a sample (1) equal to the square root of
the population size (N), that is n = |N (e.g.
from a population of 400 take a sample of 20).

2. Take a sample equal to 10% of the population
size, that is n = 0.1N (e.g. from a population
of 400 take a sample of 40).
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Figure 3.26 Example of a large-scale drug seizure illus-
trating the potential workload that can arise for a drug
laboratory and why a sampling plan may be necessary.
(Photograph: US Drug Enforcement Administration.)

Although experience has shown that the square-
root method produces reliable results, it does not
provide a statistical foundation to the sampling
problem.

Another popular method of sampling is to use
a hypergeometric distribution. This procedure
involves statistical tables that can be used to
determine how many samples should be taken
for analysis. Table 3.3 is an example of such a
table. If after testing these samples are positive,
an inference can be made for the whole popula-
tion. For example, if 1000 suspect tablets are
seized and sent to the laboratory, if 28 tablets are
tested and if the tests are positive for MDMA,
there is a 95% probability that 90% of the tablets
contain MDMA.

In relation to sampling from single items, it is
important that a correct sampling procedure be
put in place. The principal reason for a
sampling procedure is to produce a correct and
meaningful chemical analysis. Most methods -
qualitative and quantitative — used in forensic
science laboratories for the examination of
drugs require very small aliquots of the mater-
ial, so it is vital that these small aliquots be
entirely representative of the bulk from which
they are drawn.

Because of various legal requirements it may
not always be possible to render a sample into a
homogeneous state before sampling. This could
be the case if the sample has to be tested separ-
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Table 3.3 Hypergeometric sampling table® (UN 1998)

Number of items
to be tested

Total number of
items in exhibit

10-12 9
13 10
14 11
15-16 12
17 13
18 14
19-24 15
25-26 16
27 17
28-35 18
36-37 19
38-46 20
47-48 21
49-58 22
59-77 23
78-88 24
89-118 25
119-178 26
179-298 27
299-1600 28
>1600 29

9 This table was constructed based on a 95% probability that 90% of the

exhibit contains the identified compound.

ately by another laboratory or if the sample in its
original ‘heterogeneous’ state is an important
piece of physical evidence.

As a rule, however, items should be in a homo-
geneous state prior to sampling, which is espe-
cially important in quantitative analysis. This
may involve a simple grinding of a small amount
of powder (or tablet) in a mortar and pestle, or
may involve taking numerous samples from a
larger quantity of powder and grinding them
together.

Screening tests

Colour and/or spot tests give a valuable indica-
tion of the content of any particular item tested,
but it is stressed that positive results to colour
tests are only presumptive indications of the
possible presence of the drug. They must be
followed up by other tests which offer confirma-



tion of the presence of a drug. Colour tests have
the advantage that they are rapid and inexpen-
sive and unskilled operators can use them as
field tests, with the obvious need for follow-up
analyses in the laboratory. For example, they
could be used at customs to give an indication as
to whether a suspicious substance is likely to be
a controlled drug or not. One of the most import-
ant and widely used colour tests is the Marquis
reagent test. Opiates, including heroin, give a
purple colour in response to the test. Amfet-
amine and methamfetamine give an orange-red
colour. Other useful tests are the Van Urk test for
LSD and the cobalt thiocyanate test for cocaine.
Details of these and other useful colour tests are
given in Chapter 13.

Another important screen is thin-layer chro-
matography (TLC; see Chapter 13). It has many
advantages as an analytical and/or screening
tool. It is quick, easy to use, has a low cost, is
relatively sensitive and can give a good degree of
discrimination. A wide variety of solvent systems
are available (Moffat et al. 2004, and Table 3.4
below) but the following solvent systems are
suitable for many drugs:

e methanol-strong ammonia solution (100:1.5
v/v)

e cyclohexane-toluene-diethylamine (75:15:10
v/v).

Visualisation of many of the drugs may be
achieved by a variety of methods (see
Chapter 13); however, spraying with acidified
potassium iodoplatinate reagent is suitable for
many drugs.

A variety of immunoassay-based test kits are
available for screening for drugs. These have the
advantage of avoiding the use of hazardous
chemicals, are simple to use and offer a quick
test result with good drug specificity, but can be
expensive on a per test basis compared with
some of the simpler colour tests.

Qualitative analysis

Gas chromatography and mass spectrometry

Using capillary gas chromatography (GC) (oper-
ated under a suitable temperature programme),
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coupled to a mass spectrometer (GC-MS) (see
Chapter 21) the drug components of most
samples can be separated and identified. The
reduced capital outlay now required for such
instruments means that it is not uncommon for
laboratories to have several instruments working
with automatic samplers enabling GC-MS
analysis on a 24-hour basis. The use of GC-MS
has become the routine method of identification
of most drugs. A general GC-MS screen method
can be used to separate and/or identify most of
the drugs encountered in exhibits. Figure 3.27
shows the separation achieved of a mixture of
the main drugs described here using a general
screen method. There are literally dozens of GC
methods available for the analysis of drugs of
abuse and interested readers should consult
Moffat et. al. (2004) for further details.
Identification of the various components of a
suspect mixture can be made with a search of
commercial libraries, but it is important to run a
standard of the specific drug being tested (e.g.
standard diamorphine). This obviously needs to
give a retention time and mass-spectral match.

High-performance liquid chromatography

High-performance  liquid  chromatography
(HPLC; see Chapter 19) is a simple and reliable
method of analysis for most drugs. Operated
correctly, it is both accurate and precise and thus
lends itself to quantitative analysis. It is especially
useful for compounds that are thermally labile.
HPLC has some advantages over GC because of
the variety and combinations of mobile phases
that can be chosen. There is also a choice of detect-
ors available for specific applications. HPLC can,
however, involve significantly more method
development than GC, which is capable of
resolving a greater number of substances.

No single system is suitable for the optimum
separation of all the different drug types, so
different systems are used to give optimum separ-
ations for specific analysis. The system that is
best for the separation of heroin-acetyl-
codeine-noscapine—papaverine (Huizer 1983) is
not the same as the one that separates cocaine
from its impurities and processing by-products
(Moore and Casale 1994).
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Figure 3.27 Gas chromatographic separation on an HP Ultra-1 (cross-linked methylsiloxane) capillary column (12.5 m x
0.2 mm x 0.33 um phase thickness). He carrier gas at 1 mL/min; 50:1 split ratio; temperature programme 60°C for 2
min, then 15°C/min to 180°C, then 25°C/min to 290°C and hold 3 min. Mass spectrometer operated in electron-impact
mode, scanning from 40 to 550 amu (S. D. McDermott, unpublished information.)

A general screen method can be used for the
separation of heroin, cocaine, amfetamine and
methamfetamine (Fig. 3.28). The reader is
referred to Moffat et al. (2004) for further details
of HPLC systems that can be used for the
analysis of drugs of abuse.

Using the chromatographic conditions shown
in Figure 3.28, methamfetamine and MDMA
co-elute. However, by changing the relative pro-
portions of the acetonitrile-triethylammonium
phosphate buffer mobile phase and reducing
the flow rate, amfetamine, methamfetamine,
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Figure 3.28 HPLC analysis of amfetamine, methamfet-
amine, diamorphine and cocaine on Spherisorb ODS-1
(150 mm X 4.6 mm) at 30°C. Mobile phase: acetoni-
trile-triethylammonium phosphate buffer (pH 2.5) (50:50
v/v) at 1.5 mlL/min. Note that methamfetamine and
MDMA co-elute on this system.

MDMA and MDEA can be separated (Fig. 3.29).
This illustrates the versatility of HPLC - separa-
tions can be made between compounds that co-
elute by altering the elution system.

A system such as the above could be used for
screening purposes, but identification of
substances necessitates a spectroscopic method,
such as MS or infrared (IR) spectroscopy.

Fourier transform infrared spectroscopy

Most modern laboratories are now equipped
with Fourier transform IR (FTIR) spectropho-
tometers (see Chapter 16), which have many
advantages over traditional IR instruments. They
are faster and can work with smaller samples
(when coupled with a microscope, tiny samples
can be analysed). The difficulty with IR analysis
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Figure 3.29 HPLC analysis of amfetamine, methamfet-
amine, MDMA and MDEA on Spherisorb ODS-1 (150 mm
X 4.6 mm) at 30°C. Mobile phase: acetonitrile-triethyl-
ammonium phosphate buffer (pH 2.5) (20:80 v/v) at 1.0
mL/min. Note that methamfetamine and MDMA are
resolved on this system.

of drug samples is the presence of other material
that interferes with the spectrum. These inter-
fering compounds could be other drugs that
occur naturally in the samples (or from the
synthetic process) or adulterants, such as
caffeine and paracetamol (acetaminophen). IR
analysis can, however, give valuable information
on chemicals that are not suitable for GC-MS
analysis.

Another popular technique is GC-FTIR,
because the speed of scanning of the FTIR instru-
ment means it can be used to obtain a spectrum
of compounds that have been separated by GC.
Like GC-MS, this can provide confirmation of
drug identity.

In practice, neither spectra nor pure reference
samples may be available for comparison for the
more unusual substances which can occur in
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drug samples. In such situations, nuclear
magnetic resonance (NMR) spectroscopy may be
the method of choice.

Quantitative analysis

For most controlled drugs there are no minimum
quantities below which an offence does not
occur. The quantitative analysis of drugs is there-
fore not carried out routinely on all exhibits. The
main reason for determining the purity and/or
drug content of powders and tablets is to enable
a court to establish a monetary value of the
seizure, or when sentencing structures are based
on equivalent pure-drug content. In some coun-
tries, the death sentence can result if a person is
convicted of possession and/or supply of more
than a specified quantity of a substance. Hence
an accurate identification and quantification of
the controlled substance is crucial because it
literally can mean life or death. In some situa-
tions, information on drug purity is used for
intelligence purposes, such as to assess trends in
the illicit drug market or for use in drug compar-
ison and profiling, and so quantification of active
drug is required.

The powder having already been identified as,
for example, diamorphine, quantitative analysis
may be carried out on a GC or HPLC instru-
ment. In performing quantitative analysis, it is
always desirable to include an internal standard
in the analysis (see Chapter 19). This has the
advantages of being easy to wuse, giving
increased accuracy and no need for measuring
the injection volume, enabling the easier deter-
mination of reproducibility and of serving as a
possible monitor for the GC or HPLC system’s
performance.

Important factors to consider when selecting
an internal standard are that the substance
chosen must be absent from the sample, must be
readily available (and not too costly), must be
pure, should not react with the analyte or
sample matrix, should show good chromato-
graphic behaviour and should be soluble in the
solvent used. Internal standards chemically
related to the compound being analysed are
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preferable as they behave similarly. Straight-
chain hydrocarbons are often used for GC as in-
ternal standards because they elute as a homolo-
gous series and hence can provide accurate
relative retention time data, although it should
be recognised that they are typically rather
dissimilar chemically to the compound being
analysed.

In a general approach to quantification by GC,
the conditions given for qualitative analysis can
be used. A standard calibration line is established
by preparing up to five standard solutions of the
drug to be quantified. A range from 1 mg/mL to
5 mg/mL is typically prepared using a solvent
that contains the internal standard. A concentra-
tion of internal standard of 0.5 mg/mL or
1 mg/mL is normally adequate. A test sample is
prepared so that it has a concentration between
1 mg/mL and 5 mg/mL (i.e. within the range of
the calibration set). If, after analysis, the test
sample is found to be outside the range of the
calibration standards, a second sample is
prepared based on the information from the first
sample, for example taking a smaller or larger
sample mass, adding more or less solvent for
extraction, and so on. Extrapolation of the cali-
bration line beyond the actual concentration
range analysed to determine the concentration
of drug in the sample is poor scientific practice
and is not acceptable for legal purposes.

In general, it is suggested that at least two
samples of the powder to be tested are taken for
quantitative analysis and an average of these
used as the true result. The amount of the drug
in the test sample can then usually be calcu-
lated using the data-analysis function of the
instrument.

Both GC and HPLC are used extensively for
quantitative analysis and it is useful, for a given
drug, to compare the results obtained by one
method with those from the other. Use of both
techniques is particularly useful when estab-
lishing and validating a new method because
samples can be analysed by the established
method and the new method to check that they
give the same results. Ideally, a certified reference
material (CRM) with a known and agreed result
can be used for quality control (QC) purposes.



This can be analysed alongside seized samples. If
the CRM material gives the expected result, this
gives a greater degree of confidence in the results
for the seized samples. CRMs can be expensive
and are not available for many drugs or adul-
terants. Laboratories can set up their own
‘in-house’ reference materials for QC purposes.

Profiling and comparison

A more detailed analysis of drug samples can be
used to provide ‘collective’ information. This is
generally called profiling when it involves the
chemical analysis of powders, but is known as
characterisation when the physical properties of
tablets and other dosage forms are measured (see
also Chapter 12). Chemical profiling has been
the technique used most widely and is often
based on the chromatographic separation of
impurities and precursors (as in the case of amfet-
amine and methamfetamine) or other naturally
occurring components and adulterants (e.g.
diamorphine, cocaine, cannabis resin). Detec-
tion may range from GC with flame-ionisation
(see Chapter 18) to isotope-ratio MS. Non-
separation methods, for example using IR,
Raman, X-ray fluorescence (XRF) spectroscopy
or X-ray diffraction (XRD) spectroscopy, have
only limited scope for identifying individual
components in a drug sample because other
substances present will also be detected by these
techniques, giving rise to spectra which are
difficult to interpret.

Drug profiling may be used for two quite separ-
ate purposes. In the first case, it can establish
connections between a number of exhibits
suspected to be linked as part of a local distribu-
tion chain. This is known as comparison or
tactical profiling, and may be carried out as a
routine requirement in forensic casework. There
is a second stage (intelligence or strategic
profiling) in which answers to wider questions
may be sought. These depend on the drug
concerned, but include:

e estimating the number of different profile-
types in circulation and relating them to the
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number of active laboratories and the period
for which they have been in operation

e determining the extent of importation by
comparing the profiles of police and customs
seizures

e identifying the route of synthesis and types of
precursors used

e creating large-scale maps of drug distribution
and identifying the country or region of
origin.

Figure 3.30 illustrates how analysis can be used
to identify region of origin. Ehleringer et al.
(2000) used isotope ratio mass spectrometry
(IRMS) (Fig. 3.31) to determine the carbon (53C)
and nitrogen (3'°N) isotope-ratio signatures of
200 samples of coca leaves from the five primary
coca growing regions of Bolivia, Columbia and
Peru. They then combined these data with infor-
mation on the trace alkaloids truxilline and
trimethoxycocaine and §'°C and 8N ratios in
cocaine samples extracted from the coca leaves.
This enabled them to predict correctly the
country of origin of 96% of the coca samples
(Fig. 3.30).

Tablet comparisons using general physical
features, gross drug content and microscopic
examination of defects and punch marks (so-
called ballistic analysis) can be of some value, but
they suffer because at any one time a large frac-
tion of illicit tablets in circulation may be almost
identical. Such small differences as may exist
could simply reflect inherent differences in the
punches and dies of a multiple-stage tableting
machine. This is illustrated by the Mitsubishi
logo (Fig. 3.14), which was found on over half of
all tablets seized in Europe in the late 1990s. A
similar pattern was also found in the UK for
amfetamine in the early 1990s, when nearly half
of all samples belonged to one profile type. In
these circumstances, any connection between
two separate seizures of otherwise identical
tablets or powders may be purely fortuitous.

This, in turn, raises other problems with
profiling. It is necessary to maintain a database
of profiles such that the significance of any
‘match’ or ‘non-match’ can be assessed critically.
However, for a situation in which profiles may
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Figure 3.30 Isotope ratio mass spectrometry has been used to identify the geographic origin of illicit cocaine. (A)
Regions producing illicit cocaine. (B) Identification of cocaine-growing regions based on a combined model derived from
carbon- and nitrogen-isotope ratios as well as abundance of minor alkaloid components: squares, Bolivia; triangles,
Colombia; circles, Peru. Regions within a country are distinguished by solid and open symbols. Trux, truxilline; TMC,
trimethoxycocaine. Isotope ratios are expressed as (R, /R qngeq —1) X 1000 ppt, where R is the molar ratio of heavy-
to-light stable isotope; standards for carbon and nitrogen are PDB and air, respectively. (Reprinted by permission from
Macmillan Publishers Ltd (Nature Publishing Group) from Ehleringer J, Casale J, Lott M and Ford V, Tracing the geograph-
ical origin of cocaine. Nature 408 311-312; copyright (16 Nov. 2000).
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change with time, what constitutes a ‘current’
database is not always clear. In the case of deter-
mination of country of origin, authentic samples
are required to provide a statistical ‘training set’,
yet such samples may be difficult to obtain and
their true provenance uncertain.

A general approach to the analysis of
unknown substances

A general approach to the analysis of unknown
substances is outlined in Fig. 3.25. A different
approach is required depending on whether the
exhibit is a powder, vegetable matter, tablet/
capsule or liquid.

Powders

When a powder is submitted for analysis, the
most likely drugs to be present include diamor-
phine, cocaine, amfetamine, methamfetamine
and ‘ecstacy’. For crack cocaine, the sample may
appear as ‘rocks’ rather than powder (Fig. 3.8).
The initial examination involves describing
and/or detailing the packaging material. If there
are multiple packs present, a subsample of the
drug sample may be removed for analysis. The
powder must be weighed before analysis.

The powder is then homogenised and an
aliquot is taken for analysis. A screen (colour
test, immunoassay test kit, TLC, HPLC, GC) will
indicate the drug(s) present. Identification of the
drug can be achieved using GC-MS or FTIR. GC-
MS has an advantage over FTIR because of reten-
tion time and a mass-spectral comparison with a
known standard. Identification of the other
components in the powder can be achieved using
a range of analytical techniques, including FTIR,
XRE, XRD and NMR spectroscopies and others.

The drug content can be quantified by GC or
HPLC through the preparation of a calibration
line using a range of concentrations of the drug
in question (see section on quantitative analysis
above). In some circumstances, comparison may
be required between powders to establish links
in a specific case or for intelligence purposes (see
section on profiling and comparison above), and
GC and HPLC can be employed to examine
some of the minor ingredients of the powder.
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Vegetable material

Vegetable material includes cannabis plants,
herbal cannabis, cannabis resin, khat, psilocybe
mushrooms and, occasionally, coca leaves. A
physical examination includes a description of
the material followed by a measurement of the
mass of material or the height of the plant. A
subsample of the sample population may be
chosen and an aliquot taken for analysis.
Homogenisation may be necessary, depending
on the material. The physical appearance gener-
ally gives a very good idea of the drug present
(e.g. cannabis plant or psilocybe mushrooms). It
is therefore possible to go directly to a specific
test rather than use a screening technique. Iden-
tification can be carried out by a combination of
microscopic and chemical techniques.

The drug content can be quantified by GC or
HPLC and comparison and/or profiling carried
out by chemical and physical means.

Tablets and capsules

Tablet and/or capsules submitted to the labora-
tory include ecstasy (MDMA, MDEA, etc.), keta-
mine, benzodiazepines, steroids, LSD squares
and others. An initial examination includes a
description of any markings or logos, counting
of the items, colour, shape and physical dimen-
sions of the tablet or capsule, and a measure-
ment of mass. Measurement of mass may
include the total mass of sample submitted and
for individual tablets. In the case of large-scale
seizures, the individual mass of a portion of
the tablets may be determined. An examina-
tion of a tablet or capsule identification data-
base, such as TICTAC (see Chapter 12), may
give an indication of the drug present. Subsam-
pling followed by homogenisation gives essen-
tially a powder sample, so the procedure for
analysis of powder samples may then be
followed.

For comparison and/or profiling a physical
comparison of the logo or mark may be the most
informative piece of information available,
although, as noted above, it is not uncommon
for the different drug samples carrying the same
logo to be in circulation at the same time.
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Liquids and others

Liquids and other samples include GHB, steroid
oils, cocaine liquor, amyl nitrite and others. A
physical examination may give an indication of
the drug likely to be present. The physical
measurements to be noted include the volume,
colour, odour and general appearance of the
liquid. A subsample may be taken and an aliquot
removed for analysis. It may be necessary to
extract the drug from the liquid into an organic
solvent prior to analysis. The physical examina-
tion may allow the analyst to proceed to the
identification stage; otherwise a screen may be
used to indicate the presence of a certain drug.
Identification, quantification and comparison
and/or profiling can be carried out along the
lines described for powders.

Clandestine laboratories

As a result of the increase in abuse of synthetic
drugs, clandestine laboratories have become an
increased part of forensic investigation. The
investigation of such sites is very interesting as
they reveal (in situ) the synthetic processes, inter-
mediates and often notes and chemical equa-
tions that describe the various reactions. These
laboratories, however, are also very hazardous
sites to investigate. The use of the word ‘labora-
tory’ disguises the more usual scenario of a
garage, shed or kitchen.

Forensic scientists frequently become involved
in the initial stages of a clandestine laboratory
investigation in an advisory capacity. Informa-
tion may come to light about certain chemicals
being used at the premises, and the scientist has
the responsibility of formulating an opinion as
to whether a controlled substance is being
produced. The police can then act on the basis of
this opinion.

Many countries have specially trained police
and scientists to deal with the specific problems
that clandestine laboratories pose. These prob-
lems could be in the form of hazardous chemi-
cals (acids, bases, solvents and reagents); the
drug itself, possibly in large quantity; fire and
explosion potentials; and the possibility of
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booby traps. Presence of the final product in the
laboratory can be particularly hazardous for
drugs such as amphetamine and methamfeta-
mine which are relatively volatile and which are
absorbed via inhalation. For drugs in powder
form (e.g. amfetamines and cocaine), investiga-
tion of the scene may cause finely powdered
material to be dispersed into the atmosphere
where it could be inhaled, and so precautions
must be taken to minimise this risk.

Ultimately, if the seizure results in a court case,
the testimony in these cases can be technically
demanding for the scientist. In many situations,
only a small amount (or none) of the final
product (i.e. the controlled substance) may be
found. In such instances, detailed explanations of
the synthetic routes may be required. An explan-
ation of the role of each of the chemicals found at
the scene could be required. The scientist must
also be aware of alternative explanations for the
presence of the chemicals, as this is the likely
defence in such cases. In many instances, the
precursor chemicals themselves are controlled.

Analysis of the main drugs of abuse

It is not the intention of this section to give
extensive details for the analysis of drugs of
abuse. There are a plethora of methods available,
with each laboratory adopting its own proce-
dures depending on the aim of the analysis, the
apparatus and/or equipment available, legal
aspects, the number of analyses to be performed
and possibly other details associated with the
specific drugs’ seizure. Rather, an indication will
be given of spot tests which can be used to indi-
cate the presence or absence of a particular drug
class, conditions which can be used if TLC
analysis is required, an indication whether GC or
HPLC is more appropriate and other factors that
may need to be taken into consideration. Further
details of analytical methods can be found in
Moffat et al. (2004).

Where GC analysis is applicable, separations
for most drugs can be carried out on a capillary
column with a dimethylpolysiloxane stationary
phase (e.g. HP-1) (Moffat et al. 2004). The main
variations between GC methods lie in the



dimensions of the columns used and the temper-
ature programme applied. For some drugs,

derivatization is recommended.

For HPLC, a wide variety of stationary mobile
phase combinations are applied (Moffat et al.

Drugs of abuse

69

2004), with both normal and reversed-phase
systems in use (see Chapter 19).

Information on TLC analysis for the various

drugs is summarised in Table 3.4. Further details
can be found in Moffat et al. (2004).

Table 3.4  Conditions for TLC analysis of the major classes of abused drugs®

Drug class

TLC

system?

Stationary phase®

Mobile phase®

Visualisation

R; values®

Amfetamines

Cannabis

Cocaine
Heroin

LSD

MDMA

Anabolic steroids

Benzodiazepines

Khat

Psilocybin

TA Silica gel G,
250 pumm

B thick impregnated
with 0.1 M KOH in
MeOH and dried

TAH Silica gel G,
250 um thick

TA

B

TA

B

TAl Silica gel G,
250 pm thick

TA

B

TP Silica gel G,
250 pm thick

TQ

TA

B

TE Silica gel G,

250 um thick
TA
TAN Silica gel G,
250 pm thick

MeOH-25% ammonia
(100:1.5 v/v)
Cyclohexane-toluene-

diethylamine
(75:15:10 v/v)

Hexane-diethyl ether
(80:20 v/v)

Acetone

Methylene chloride—
diethyl ether-methanol-
water (77:15:8:1.2 v/v)

Dichloromethane—
methanol-water
(95:5:0.2 v/v)

Ethyl acetate-methanol-
strong ammonia solution
(85:10:5 v/v)

Butanol-acetic acid-
water (2:1:1 v/v)

Acidified

iodoplatinate

Fast Blue B

Acidified
iodoplatinate
Acidified
iodoplatinate

Van Urk’s and

heat 5 min/100°C.
UV 254 and 365 nm
Acidified
iodoplatinate
Sulfuric acid-ethanol

reagent and heat
10 min/105°C

Or heat 15 min/120°C,
spray poluenesulfonic
acid solution and heat
10 min/120°C

Acidified iodoplatinate

UV 254 nm and 0.5%
ninhydrin

Van Urk’s reagent

Van Urk’s reagent

Amfetamine: 0.43
Methamfetamine: 0.31
Amfetamine: 0.15
Methamfetamine: 0.28

THC: 0.50 (red colour)
CBD: 0.60 (orange colour)
CBN: 0.45 (purple colour)

Cocaine: 0.65
Cocaine: 0.47

Diacetylmorphine: 0.47
Diacetylmorphine: 0.15

LSD: 0.58
(blue fluorescence)
LAMPA: 0.49

MDMA: 0.31
MDMA: 0.23

Fluoxymesterone: 0.51
Nandrolone: 0.87
Testosterone: 0.60
Methyltestosterone: 0.70
Fluoxymesterone: 0.09
Nandrolone: 0.48
Testosterone: 0.07
Methyltestosterone: 0.16

Diazepam: 0.75
Flunitrazepam: 0.63
Nitrazepam: 0.68
Flurazepam: 0.62
Diazepam: 0.23
Flunitrazepam: 0.10
Nitrazepam: 0.00
Flurazepam: 0.30

Cathinone: 0.46 (orange
colour)

Cathine: 0.25 (purple
colour)

Psilocybin: 0.05 (blue
colour)

Psilocin: 0.39 (blue colour)
Psilocybin: 0.34 (blue
colour)

Psilocin: 0.59 (blue colour)

@ See Clarke’s Analysis of Drugs and Poisons, Vol. 1 (Moffat et al. 2004) for further details of TLC conditions and visualisation reagents.
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Analysis of amfetamine and
methamfetamine

As many of the street-level samples submitted to
the laboratory are relatively low in purity (5%),
pre-concentration of samples may be required
for the analysis to be successful. Typically,
100 mg of sample is added to 1 mL of sodium
hydroxide solution (0.5 M) and extracted with
1 mL diethyl ether, which is decanted and evap-
orated to dryness in an airflow without heat. A
few drops of methanol can then be added to
solubilise the drug.

Colour test

The Marquis test gives an orange colour for both
amfetamine and methamfetamine.

Separation and/or identification

It is common practice with primary amines to
prepare derivatives such as N-methylbis(tri-
fluoroacetamide) (MBTFA) or trifluoroacetic an-
hydride (TFAA) derivatives for GC analysis. It is
good practice to analyse both derivatised and
underivatised samples, since N-hydroxyamines
may give the same product as the parent amines.

A 100 44

50

18 28 42 5156 65 77 91 105 117 130136

B 100
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Using a concentrated and/or base-extracted
sample, the m/z 134 and m/z 148 molecular ion
peaks for amfetamine and methamfetamine,
respectively, can be achieved readily in an unde-
rivatised sample. As can be seen from the mass
spectra (Fig. 3.32), the molecular ions for both
drugs are of very low abundance and there are
few other characteristic high-mass ions in the
spectra. The only abundant ions are m/z 44 and
58 for amfetamine and methamfetamine, respec-
tively, which are of low mass. This can cause
problems for confirmation of the presence of the
drug in a sample and hence it is more common
to derivatise these substances to produce a
mass spectrum which has more ions for
matching against the standard substance simi-
larly derivatised (Fig. 3.32).

Both amfetamine and methamfetamine have
one asymmetric carbon atom that results in a
pair of enantiomers in each case (Fig. 3.33).
Depending on the synthetic route, I-, d- and
dl-amfetamine or methamfetamine could be
encountered in samples submitted to the labora-
tory for analysis. These optical isomers differ in
their pharmacological activity and are subject to
different regulatory measures in certain coun-
tries. In those countries in which the specific
optical isomer needs to be identified, chiral
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Figure 3.32  Mass spectra of (A) amfetamine and (B) methamfetamine (upper panels) and their trimethylsilyl (TMS) deriv-
atives (lower panels). The spectra for the nonderivatised drugs show low-mass ions only, in contrast to the TMS deriva-
tives which produce higher mass ions and more characteristic mass spectra. (Courtesy of NIST/EPA/NIH Mass Spectral
Library.)
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analysis can be undertaken by derivatisation/
GC, by the use of chiral columns (GC and HPLC)
and, more recently, by the use of capillary elec-
trophoresis (LeBelle et al. 1995; Sellers et al. 1996;
Fanali et al. 1998; see Chapter 20).

Quantitative analysis and profiling of
amfetamine and methamfetamine

Amfetamine and methamfetamine can be quan-
tified by HPLC or GC. Normally, if GC is used,
the samples are base-extracted into an organic
solvent and either run directly or derivatised and
then run. Using HPLC there is no need to
extract; the sample can be dissolved in a suitable
solvent, filtered if necessary and injected. In
many cases HPLC is the preferred method for
quantitative analysis of amfetamine and
methamfetamine.

Amfetamine produced illicitly often contains
impurities that result from the manufacturing
process. The presence of these impurities can be
used to compare and distinguish samples of
amfetamine, since material used in the same
manufacturing batch would almost certainly
have the same number and relative amount of
identical impurities. Samples from the same
illicit laboratory produced at different times may
show strong similarities, whereas samples from
unrelated laboratories are expected to show
major qualitative and quantitative differences.

Basic extracts into organic solvents are
subjected to GC or GC-MS analysis. Samples are
compared by visual inspection of the GC trace
and by quantitative comparisons.

Methamfetamine impurity profiling is also
carried out by GC analysis with the impurities
also giving information on the synthetic route
(Seta et al. 1994).
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The purpose of comparison and/or profiling is
to identify dealer—user links, establish possible
sources (i.e. the clandestine laboratory) and
build up databases to allow interpretation in
comparison casework.

Analysis of cannabis, cannabis resin and
cannabis oil

Colour test

The presence of cannabinoids in suspect material
can be indicated by the Duquenois-Levine test.
A sample of cannabis, cannabis resin or cannabis
oil (3-5mg) is first extracted with petroleum
ether (0.5 mL). The solvent is removed and the
extract is evaporated to dryness. The addition of
Duquenois reagent (five drops) followed by
concentrated hydrochloric acid (five drops)
yields a purple colour after a few minutes. The
addition of chloroform (0.5 mL) should result in
the purple colour moving into the chloroform
layer, which can be taken as good evidence for
the presence of cannabinoids. Extracts can also
be analysed by TLC (see Table 3.4).

Microscopic examination of cannabis and
cannabis resin

As discussed earlier, the cannabis plant is charac-
terised by cystolithic and glandular hairs, with
the cystolithic hairs containing a deposit of
calcium carbonate.

To carry out the microscopic test, place a small
portion of the dry material (cannabis herbal
material or cannabis resin) on a microscope
slide. Identify the cystolithic and glandular hairs
(Fig. 3.4). Add a few drops of Duquenois reagent
(Moffat et al. 2004) followed by a few drops of
concentrated hydrochloric acid. The cystolithic
hairs contain a deposit of calcium carbonate at
their base, from which a characteristic efferves-
cence is observed. The heads at the end of the
glandular hairs show as a red-purple colour.

An alternative method is to add a few drops of
chloral hydrate solution to the dry material,
which is particularly useful if more detailed
information on the structure of the plant tissue
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is needed, since it removes coloured materials
such as chlorophyll.

Quantitative analysis and comparison of
cannabis, cannabis resin and cannabis oil

As already stated, cannabis resin is normally
produced in 250 g blocks. Frequently, these
blocks carry an impression, such as a number, a
letter or a symbol. Comparison can be made
between different blocks on the basis of similar
impressions, but unrelated blocks frequently
have the same impression so caution must be
exercised not to assume automatically that
similar impressions equals the same source. The
street-level deal of cannabis resin is about 3 g
(normally in the range 1-10 g), possibly wrapped
in tinfoil or plastic. It may be possible to link a
smaller piece of cannabis resin to its original
block through a physical fit between the smaller
and bigger piece.

GC or HPLC may be used to obtain a chemical
profile of the cannabis, cannabis resin or
cannabis oil. The THC content can be calculated
and comparison made on that basis. Note that
variations can occur in the THC content of a
single block of cannabis resin, as the THC
content decreases with age and storage condi-
tions. The outside material in a block of cannabis
resin can differ from that in the centre, with a
lower THC content on the outside. This high-
lights the need for a careful sampling plan with
consideration as to how subsamples should be
taken from a larger sample.

Analysis of cocaine

Colour test

Cobalt thiocyanate test or modified cobalt thio-
cyanate test (Scott test) that gives a blue colour
indicates the presence of cocaine.

Odour test

A 5% methanolic solution of sodium hydroxide
added to the test sample and warmed gives a
characteristic odour for the presence of cocaine
(although other compounds may give a similar
odour).

Clarke’s Analytical Forensic Toxicology

In addition to GC and HPLC, IR spectroscopy
is routinely used in cocaine cases if a distinction
is to be made between cocaine as a salt (e.g.
cocaine hydrochloride) and cocaine in base
form. The cocaine base is known as crack and,
unlike cocaine hydrochloride, can be consumed
by smoking.

The differences in the IR spectra are shown
in Fig. 3.34. Differences at 1736 cm™ and
1709 cm™ for the base and 1729 cm™ and
1711 cm™ for the hydrochloride are explained
by the effect of the hydrochloride ion on the
C==0 stretching bands (Elsherbini 1998).

A simple laboratory test also exists for the
determination of the chemical form of cocaine
(Logan et al. 1989). This utilises a series of
liquid/liquid extractions with testing of the
organic or aqueous phases using the cobalt thio-
cyanate test. The base form of the drug partitions
into the hexane used in the test but not into the
aqueous phase, while the reverse is true for the
salt form of cocaine.

Quantitative analysis and profiling of cocaine
samples

Quantitative analysis of cocaine samples may be
carried out by GC or HPLC. The unsophisticated
nature of the cocaine manufacturing process
means that a multitude of trace-level alkaloid
impurities are present in illicit cocaine. Many of
these impurities are naturally-occurring alkaloids
that originate from the coca leaf and are carried
through the manufacturing process; they
include cis- and trans-cinnamoylcocaine, tropa-
cocaine, truxillines and hydroxycocaines. In
addition, cocaine is also contaminated with a
variety of manufacturing by-products, which
include hydrolysis products, such as benzoyl-
ecgonine, ecgonine methyl ester, ecgonine and
benzoic acids. The relative amount of these
compounds can be used to compare cocaine
samples (Moore and Casale 1998). Oxidation by-
products also arise and include N-norcocaine
and N-norecgonine methyl ester.

In addition to the above, solvent residues may
be detected by NMR spectroscopy or headspace
GC. The solvents detected include acetone,
methyl ethyl Kketone, benzene, toluene and
diethyl ether (Cole 1998).
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A comparison of cocaine samples can be
achieved by a combination of qualitative
analysis for the presence or absence of certain
trace impurities and by quantitative analysis of
the cocaine and other ingredients.

Analysis of heroin

Colour test

Marquis reagent gives a purple-violet colour.
Other opiate alkaloids (morphine, codeine,
monoacetylmorphine and acetylcodeine) give
the same positive reaction to the Marquis test
and the same colour.

Quantification and profiling of heroin

Heroin may be quantified by either GC or HPLC.
One problem associated with GC analysis is that
diamorphine may hydrolyse to 6-O-monoacetyl-
morphine, and another is the transacetylation of
the common cutting agent paracetamol (acet-
aminophen) by diamorphine in the injection
port of the GC column. The use of fresh samples
and of chloroform as the solvent can avoid these
problems.

By examining the amount of diamorphine,
papaverine, noscapine and acetylcodeine in the
samples it is possible to discriminate between
samples and also to show a link between samples
(Seta et al. 1994; Besacier and Chaudron-Thozet
1999; Stromberg et al. 2000). It may further be
possible to examine heroin samples and show
potential links between samples by the presence
(and amount) of adulterants, such as caffeine, or
by the presence of less common adulterants,
such as diazepam or phenobarbital. In large
seizures, differences may be found between
various samples from the seizure, which indi-
cates that the seizure comprises more than one
batch of heroin.

In addition to examining the relative ratios of
the main components, it is possible to analyse
for solvent residues by headspace GC (Cole 1998;
Dams et al. 2001).
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Analysis of LSD

The only analogue of LSD to receive widespread
interest is lysergic acid N-(methylpropyl)amide
(LAMPA), and any analytical technique should
be capable of separating LAMPA from LSD.

The presence of LSD may be signalled early by
placing the suspect paper under long-wave-
length ultraviolet (UV) light. The presence of
LSD is indicated by a blue fluorescence.

Colour test

Van Urk’s reagent gives a purple colour.

Some difficulty may be encountered in
obtaining an unequivocal identification of LSD
because of its low dosage (50pug or less).
However, if the sample is concentrated, a
satisfactory analysis can be achieved.

Place a suspect LSD square in a glass vial and
cover with methanol. After soaking (or sonic-
ating) for 10-20 min, the methanol can be trans-
ferred to a vial for analysis. Another method is to
add concentrated ammonia (about two drops) to
the methanol.

Quantitative analysis and comparison of LSD

HPLC is the method of choice for quantitative
analysis of LSD using a solvent mixture of
methanol and water (1:1) (McDonald et al.
1984).

In some instances, a comparison is requested
between one square of LSD and a large sheet of
perforated squares. This can be an easy matter if
the design on the large sheet spreads over the
whole sheet and the ‘missing’ square fits neatly
into the pattern (Fig. 3.12). In other instances
the design may be on every individual square (or
there may be no design). In such cases, it is
necessary to examine the colour, design and/or
dimensions of the squares and the perforation
pattern.

Chemical comparisons can also be under-
taken, but squares from the same large sheet can
vary in the amount of LSD on each.



In addition to chromatographic separation,
LSD can be discriminated from other ergot alkal-
oids by the MS fragmentation pattern. For
example, the presence in the LSD spectrum of a
m/z 100 fragment nearly as intense as the m/z
111 fragment serves to differentiate LSD from
other disubstituted amides (Clarke 1989).

Analysis of MDMA

Colour test

The Marquis test gives a blue-black colour with
MDMA.

Qualitative analysis.

Base extraction into an organic solvent and/or
derivatisation prior to GC-MS analysis is
common in the separation and identification of
MDMA, although GC analysis can also be carried
out without derivatisation.

Quantitative analysis, profiling and/or
comparison of MDMA

To perform a quantitative analysis on ‘ecstasy’
tablets, these must first be ground to produce a
homogeneous powder and the MDMA content
determined by either GC (either directly or base
extracted) or HPLC.

Chemical profiling of tablets that contain
MDMA involves the examination and/or quan-
tification of the drug and the main adulterants
present, such as caffeine, sugars and binding
agents. In addition to the main ingredients,
many trace-level impurities from the synthetic
process may be present and can be used for
comparison (Bohn et al. 1993; Renton et al.
1993).

As already mentioned in this chapter, tablet
comparisons can also be made using (so-called)
ballistic analysis. This uses general physical
features and microscopic examination of
defects and punch marks for comparison. The
difficulty is that a large fraction of illicit tablets
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in circulation may be almost identical at any
one time.

Anabolic steroids

Colour test

Steroids can be visualised with sulfuric acid-
ethanol reagent; p-toluenesulfonic acid—ethanol
reagent or naphthol-sulfuric acid. Sulfuric acid
in ethanol reacts with steroids to give fluorescent
derivatives. p-Toluenesulfonic acid gives a variety
of colours depending on the particular steroid,
including yellow-orange and pink-violet. Naph-
thol-sulfuric acid gives a wide variety of colours
ranging from red through to violet (Moffat et al.
2004).

Separation and/or identification of anabolic
steroids

Both GC-MS and LC-MS methods are available
for analysis. Steroids do not chromatograph well
by GC unless derivatised and hence it is
common practice to form, for example, silyl
derivatives.

Andlysis of benzodiazepines

Colour test

In the Zimmerman test, reddish purple or pink
colour indicates the possible presence of some of
the benzodiazepines.

Analysis of gamma-hydroxybutyrate

The legal distinction between GHB (gamma-
hydroxybutyrate) and gamma-butyrolactone
(GBL), coupled with the potential for GBL to
undergo interconversion with GHB, raises
important issues in the analytical approach
to GHB analysis. The potential exists for
aqueous-based GBL products to undergo
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conversion to GHB in the time between manu-
facture and consumption. Some of the factors
that affect this interconversion have been
explored by Ciolino et al. (2001).

Colour test

Cobalt nitrate 1% that gives a pink-to-violet
colour is indicative of GHB. Other tests for
GHB and GBL can be found in Moffat et al.
(2004).

Separation and/or identification of GHB and
analogues

GC analysis of GHB samples result in conversion
of GHB to GBL, which necessitates the need
for derivatisation prior to analysis. Test samples
are taken to dryness under a stream of dry
air. Samples are then derivatised with
bis(trimethylsilyl)trifluoroacetamide-trimethyl
chlorosilane (BSTFA : TMCS) (99 : 1) in the
presence of pyridine and incubated at 70°C for
30 min. GHB is detected as the di-trimethylsilyl
(TMS) derivative, whereas GBL does not form a
silyl derivative.
HPLC can be used without derivatisation.

Analysis of khat

Approximately 5-6 g of plant material is cut into
small pieces. Methanol (15-20 mL) is added and
the mixture sonicated for 15 min. The green
methanolic solution is filtered or decanted and
condensed to near dryness. Approximately
20 mL of 0.2 M sulfuric acid is added and the
solution acquires a reddish hue. A chloroform
extract removes the neutral organic compounds.
The aqueous layer (red layer) is basified with
saturated sodium bicarbonate solution. Meth-
ylene chloride (20 mL) is added to extract the
cathinone and cathine. A stream of air is used to
reduce the volume to approximately 1 mL.

Clarke’s Analytical Forensic Toxicology

Colour test

Cathinone gives no reaction with Marquis
reagent, but does produce a slow-forming
yellow—orange colour with Chen's reagent.

Separation and/or identification

Both GC and HPLC methods are available for
analysis.

Psilocybe mushrooms

A small quantity (approximately 1 g) of the dried
mushrooms is sonicated with methanol (approx-
imately 5 mL) for 10 min. The liquid is removed
and reduced in volume at room temperature in
an airflow. Psilocybin can be converted into
psilocin by heating. This conversion can also
occur if the mushrooms are not dried prior to or
when they arrive in the laboratory.

Colour test

With Ehrlich reagent, a violet colour is indicative
of psilocybin and psilocin.

Separation and/or identification

Direct injection of a solvent extract of psilocybe
mushroom onto a GC column converts psilo-
cybin into psilocin by thermal dephosphoryla-
tion, and only psilocin is detected. Thus, prior
derivatisation is necessary if psilocybin is to be
detected.

To eliminate sugars that may interfere with
derivatisation, 1 ml of acetone is added to the
methanolic solution and the mixture allowed to
stand for 30 min and then filtered. The filtered
solution is then taken to dryness in a stream of
air. Pyridine (15pL), TMS (15 pL) and BSTFA
(100 pL) are added and the solution heated at
100°C for 30 min.

Psilocin is converted to psilocin di-TMS and
psilocybin to psilocybin tri-TMS.



‘Designer drugs’

The approach to the analysis of these
compounds, especially the phenethylamine-
related ‘designer drugs’, could be in line with
the general procedure outlined for powders and
with specific reference to the analytical
procedures employed to analyse MDMA or
amfetamine.

Conclusion

Many other compounds not discussed in detail
above are encountered in the laboratory as ‘drugs
of abuse’, such as opium, phencyclidine and its
analogues, tryptamines, barbiturates, methadone,
morphine, dihydrocodeine, ephedrine, ketamine
and alkyl nitrites. Many of these are encountered
rarely. However, the general approach to the
analysis of an unknown substance outlined above
should pose no difficulty to the identification of
any of these drugs. Analytical information and
background information on many of the drugs
can be found in Moffat et al. (2004) and in some of
the general texts in the area (Klein et al. 1989;
Redda et al. 1989; Gough 1991; Shulgin and
Shulgin 1992; CND Analytical 1994; United
Nations 1994; Cole and Caddy 1995; Weaver and
Yeung 1995; Karch 1996, Karch 1998; Ciolino et al.
2001).
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General introduction

Although pharmaceuticals, drugs of abuse and
ethanol (alcohol) are the most common poisons
encountered in clinical and forensic toxicology,
the possibility of poisoning with a wide range of
other compounds has to be taken into account.
These include pesticides, volatile substances,
metals and anions, and natural toxins.

In some cases there may be useful history
regarding ingestion or exposure to particular
substances present in the home, workplace or
local environment which can help. The clinical
toxicologist needs to be familiar with the signs
and symptoms of poisoning arising from acute
or chronic poisoning with the above substances
in order that the appropriate diagnostic tests are
carried out so that effective clinical treatment
can be applied. Similarly, the pathologist also
needs to be aware of the recent history of the
deceased, including recent admission to hospital
or symptoms suggestive of poisoning. The
general practitioner also needs to be familiar
with signs of poisoning because patients may
present with symptoms, not realising that they
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have been exposed to poisons whether it be
accidentally or maliciously.

Thus, in most instances, the toxicologist will
be provided with some recent history of a case
giving them an indication that a substance may
be present which is not likely to be picked up in
the usual ‘routine’ tests most applied to samples.
This then enables the toxicologist to apply addi-
tional analyses to the sample which are targeted
to the types of substances suspected to be
present. Applying these additional tests may
confirm or rule out recent ingestion or exposure.

The ‘routine’ screens for alcohol and other
drugs, particularly drugs of abuse, should still be
applied because the finding of alcohol and/or
other drugs may be pertinent to the case. For
instance, if a worker in a factory suffers sus-
pected exposure to solvents, the findings of high
levels of alcohol in the bloodstream or urine may
put a different complexion on an investigation
of the incident.

In many instances, paraphernalia found
alongside a victim of poisoning or the location
and circumstances may give guidance about
possible substances present. For example, in
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cases of accidental or deliberate poisonings with
pesticide, containers may be close by. If the
containers are labelled then this information
should be recorded and passed to all those
dealing with the incident who need this infor-
mation, e.g. the clinical toxicologist where clin-
ical treatment is still possible, the pathologist
in the case of postmortem examination and
the forensic toxicologist where poisoning has
resulted in death. It is not uncommon for pesti-
cides to be stored in unmarked soft drink
containers. Any containers near the victim indi-
cating possible traces of substances which might
be implicated should be retained for analysis. In
cases of volatile substance abuse, paraphernalia
may include containers of adhesives, cigarette
lighter refills, gas canisters, and aerosols. In
workplace incidents, nearby containers, vats, gas
lines, spilled liquids, etc. should be assessed for
their possible contribution to poisoning.

Vomit or gastric contents can sometimes
provide useful clues and should be considered by
the clinical toxicologist to guide diagnosis and,
when available, may also be analysed by the
forensic toxicologist in the case of unexpected
death.

The circumstances of poisoning should also be
considered. If the victim is recovered from the sea
in an area known to be inhabited by jellyfish and
shows signs of rashes and wheals on the skin,
clinical treatment should focus on jellyfish
poisoning. If someone comes to an Accident and
Emergency department complaining of vomiting
and severe gastric upset who has recently eaten a
meal of fungi collected from the wild, poisoning
from fungi should be considered.

If information of the kind outlined above is
not available and the more ‘routine’ investiga-
tions fail to identify substances that may indi-
cate the cause of death, the toxicologist should
then consider applying analyses for these less
commonly encountered substances. This is the
most difficult situation because the amount of
sample may be limited, particularly in the case of
children; methods of analysis may not be avail-
able in a local laboratory where particular
poisons are not commonly encountered, plus
there is the aspect of time and cost, although
this latter aspect is generally not an issue in cases
of a suspicious death.

Clarke’s Analytical Forensic Toxicology

The above discussion emphasises the
fundamental principle that in all toxicological
investigations it is important to obtain as much
information as possible about a case. This
includes:

e the recent history of the patient or deceased

e signs and symptoms on admission/death that
might suggest poisoning

e laboratory investigations (including biomed-
ical tests and toxicological investigations)

e postmortem examinations (in cases of death).

The sections that follow give an overview of
some of the various classes of substances that
may be encountered. It is not possible to discuss
every substance in detail. Hence discussion is
focused on those substances that are the most
commonly encountered in their class. The
reader is directed to Clarke’s Analysis of Drugs
and Poisons (Moffat et al. 2004) for further
details, including details of analysis and body
fluids, and concentrations of various substances
encountered in clinical and forensic toxicology.

Volatile substances

If anaesthesia is excluded, acute poisoning with
volatile substances usually follows the deliberate
inhalation of a gas or solvent vapour by a
person who wishes to become intoxicated (‘glue
sniffing’, solvent abuse, inhalant abuse, volatile
substance abuse (VSA)). VSA has been defined as
‘The deliberate inhalation of a volatile substance
(gas, aerosol propellants, solvents in glue and
other solvents) to achieve a change in mental
state’ (Field-Smith et al. 2007). Solvents from
adhesives (notably toluene), certain print-
correcting fluids and thinners, hydrocarbons
such as those found in cigarette lighter refills,
halocarbon aerosol propellants and fire extin-
guishers, and anaesthetic gases are among the
products and/or compounds that may be abused
in this way (Table 4.1).

Those who ingest, or even more rarely inject,
solvents or solvent-containing products, and
the victims of clinical, domestic and industrial
accidents, may also be poisoned by volatile
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Table 4.1  Some products and/or compounds that may be abused by inhalatione®

Type Product Maijor volatile components
Adhesives Balsa wood cement Ethyl acetate
Contact adhesives Butanone, hexanes, toluene and esters
Cycle tyre repair cement Toluene and xylenes?
PVC cement Acetone, butanone, cyclohexanone,
trichloroethylene
Woodworking adhesives Xylenesd
Aerosols Air freshener Purified LPGe, DME and/or fluorocarbonsf

Anaesthetics and/or analgesics

Cigarette lighter refills
Commercial dry cleaning and
degreasing agents

Domestic spot removers and
dry cleaners; surgical plaster/
chewing gum remover

Dust removers (‘air brushes’)
Fire extinguishers

Hydrocarbon fuels and/or solvents

Industrial and/or laboratory solvents
Injected oxidant (drag racing,

blow torches)

Paint and/or paint thinners

Paint stripper

Typewriter correction fluids and/or
thinners (some)

Vasodilators

Whipped cream dispenser bulbs
and/or cylinders

Deodorants, antiperspirants
Fly spray

Hair lacquer

Paint

Inhalational

Topical

Purified LPGe, DME and/or fluorocarbonsf
Purified LPGe, DME and/or fluorocarbonsf
Purified LPGe, DME and/or fluorocarbonsf
Purified LPGe, DME and/or fluorocarbonsf
and esters

Nitrous oxide, cyclopropaned, diethyl
ethers, halothane, enflurane, desflurane,
isoflurane, methoxyflurane?, sevoflurane,
xenon

Ethyl chloride, fluorocarbons'

Purified LPGe

Carbon tetrachlorided, dichloromethane,
1,1,2-richlorotrifluoroethane (FC-113),
1,1-dichloro-1-fluoroethane (FC-141b),
methanol, propylene dichlorides,

1,1, 1richloroethanes,
tetrachloroethylene, toluene,
trichloroethylene

Carbon tetrachlorided, dichloromethane,
1,1, 1richloroethanes,
tetrachloroethylene, trichloroethylene
DME, fluorocarbons'
Bromochlorodifluoromethane (FC-12B1,
BCF)s, trichlorofluoromethane (FC-11)s,
dichlorodifluoromethane (FC-12)9
Acetylene, ‘butane’s, petrol (gasoline)",
petroleum ethers, ‘propane’i

Chloroforms, methyl acetate, MIBK, MTBE
Nitrous oxide

Acetone, butanone, esters, hexanes, toluene,
trichloroethylene, xylenes?
Dichloromethane, methanol, toluene
1,1,1-Trichloroethanes

Butyl nitrite, isobutyl nitrite (‘butyl nitrite’),
isopentyl nitrite (isoamyl nitrite, ‘amyl
nitrite’)*

Nitrous oxide

Continued
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Table 4.1  (Continued)

@ The composition of some products varies with time and country of origin.

> DME, dimethyl ether; LPG, liquefied petroleum gas; MIBK, methyl isobutyl ketone; MTBE, methyl fertbutyl ether; PVC, poly{vinylchloride).

¢ Commercial ‘'hexane’ mixture of hexane and heptane with small amounts of higher aliphatic hydrocarbons.

9 Mainly meta-xylene (1,3-dimethylbenzene).

¢ LPG (butane, isobutane, propane; if unpurified also butenes, propenes, sulfur compounds, efc.).
f Nowadays often 1,1,1,2etrafluoroethane (FC-134a), but chlorodifluoromethane (FC-22), 1,1-difluoroethane (FC-152a), diflioromethane (FC-32),
pentafluoroethane (FC-125), perfluoropropane (FC-218) and 1,1, 1+rifluoroethane (FC-143a) might also be encountered.

9 Rarely used for this purpose nowadays.

" Mixture of aliphatic and aromatic hydrocarbons with boiling range 40-200°C.

i Mixtures of pentanes, hexanes, etc., with specified boiling ranges (e.g. 40-60°C).

I Propane, butanes, etc.

k Commercial ‘amyl nitrite’ is mainly isopentyl nitrite but other nitrites are also present.

substances. In addition, chloroform, diethyl
ether and other volatiles are still used occasion-
ally in the course of crimes such as rape and
murder. Another volatile compound, chlorobu-
tanol (chlorbutol), sometimes employed as a
sedative, a plasticiser and a preservative, has
been used in doping greyhounds. Isobutyl and
isopentyl (‘amyl’) nitrites may also be inhaled
to experience their vasodilator properties,
sometimes by male homosexuals.

Solvents and other abusable volatiles can
produce dose-related central nervous system
(CNS) effects similar to those of other sedative
and hypnotic agents. Small doses can rapidly
lead to euphoria and other behavioural distur-
bances that are similar to those caused by
ethanol, and may also induce more profound
effects such as delusions and hallucinations.
Heightened sexual (self-) gratification may also
be a feature, sometimes in association with
partial asphyxia. Once exposure ceases, rapid
recovery normally ensues — this process may take
only a few minutes if a relatively volatile
substance has been inhaled. Rapid recovery after
exposure may be a factor in the continuing
popularity of VSA among secondary school chil-
dren (13-18 years of age, or thereabouts) in some
countries. On the other hand, psychological
dependence is common in chronic users,
although withdrawal symptoms are rarely
severe. VSA has now been reported from most
parts of the world, mainly among adolescents,
individuals who live in remote communities and
those with occupational access to abusable
volatiles (Flanagan and Ives 1994; Kozel et al.

1995). The prevalence of inhalant abuse has
been increasing in the USA in recent years
(Brouette and Anton 2001). In the UK, deaths
due to VSA fell to their lowest annual total
recorded in 2005 (Field-Smith et al. 2007); of the
45 deaths recorded, butane from all sources
accounted for 80% of VSA deaths.

The major risk associated with VSA is that of
sudden death. In a long-term monitoring study
carried out in the UK, with findings reported
annually (Field-Smith et al., 2007), most sudden
VSA-related deaths were attributed to ‘direct
toxicity’, but deaths also occurred from ‘indi-
rect’ causes such as inhalation of vomit,
asphyxia associated with use of a plastic bag,
and trauma. These ‘indirect’” deaths were
frequently associated with abuse of products
that contain toluene, usually adhesives (glue).
The deaths that were attributed to ‘direct
toxicity’ were predominantly associated with
abuse of liquefied petroleum gas (LPG) cigarette
lighter refills. In a US study utilising data from
the Toxic Exposure Surveillance System of the
American Association of Poison Control
Systems (1996-2001), petrol (gasoline) was iden-
tified as the most commonly abused substance
and was responsible for the highest proportion
of deaths (45%) associated with VSA (Spiller
2004). Chronic toxicity from exposure to
volatile substances has also been described both
in abusers and after occupational use of certain
compounds. Chronic toxicity, such as lead
poisoning from abuse of leaded petrol, may be
especially prevalent in developing countries or
societies (ethnic populations).
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Role of the analytical toxicology laboratory

The analytical toxicology laboratory may be
asked to perform analyses for solvents and other
volatile compounds in biological samples and
related specimens to:

e assist in the diagnosis of acute poisoning,
including the investigation of deaths in
which poisoning by volatile compounds
(including anaesthetic agents) is a possibility

e confirm a suspicion of chronic VSA in the face
of denial from the patient and/or a person
responsible for the care of the patient, such as
a parent or guardian

e aid investigation of rape or other assault, or
other offence such as driving a motor vehicle
or operating machinery, that may have been
committed under the influence of volatile
substances or in which volatile substances
may have been administered to a victim

e help investigate fire or explosion for which
VSA might have been a contributory factor

e assess occupational or environmental expo-
sure to anaesthetic or solvent vapour. However,
other techniques, such as ambient or expired
air monitoring or, in some instances, the
measurement of urinary metabolite excretion,
may be more appropriate in this context.

The analysis of volatile substances presents
particular problems. Firstly, collection, storage
and transport of biological samples must be
controlled as far as practicable to minimise loss
of analyte — quantitative work is futile if very
volatile compounds, such as propane, are
encountered unless precautions are taken to
prevent loss of analyte from the sample prior to
the analysis. Secondly, many of the compounds
of interest occur commonly in laboratories
carrying out the analysis and so precautions
must be implemented against contamination
and interference. Thirdly, many volatile
compounds are excreted unchanged via the
lungs, so that blood (and/or other tissues in
fatalities), and not urine, is usually the sample of
choice. Finally, the interpretation of results can
be difficult, especially if legitimate exposure to
solvent vapour is a possibility.

A diagnosis of VSA should be based on a
combination of circumstantial, clinical and
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analytical evidence, rather than on any one
factor alone. It is especially important to
consider all circumstantial evidence in cases of
possible VSA-related sudden death, since suicide
or even homicide cannot be excluded simply on
the basis of the toxicological examination. There
have been a number of reports of the use of
inhalational anaesthetics for suicidal purposes,
for example, and in one example in the UK a
serial homosexual rapist murdered his victims
and disposed of the bodies by setting fire to
them in garden sheds in circumstances that
suggested that the victim had caused the fire
accidentally while indulging in VSA (Scott 1996).
The possibility of VSA should also be considered
in individuals who give very high readings on
evidential breath-alcohol instruments. A result
of 333 pg alcohol in 100 mL breath was recorded
in one instance after alcohol ingestion and
butane inhalation; a contemporary specimen for
blood ethanol measurement was not available
for analysis (Brooke 1999).

Sample collection, transport and storage

If the analyte is very volatile (e.g. propane,
butane) and a quantitative analysis is required, a
blood sample should be collected directly into
the vial in which the analysis will be carried out.
Many other volatile compounds are relatively
stable in blood and other tissues if simple
precautions are taken. In the case of blood, the
container used for the sample should be glass,
preferably with a cap lined with metal foil.
Plastic containers should be avoided because
some plastics such as poly(ethylene) and
poly(propylene) are permeable to volatile
organic compounds. Attention should be given
to the types of tubes used for sample collection.
Gross contamination with volatile aromatic
compounds (ethylbenzene, toluene, xylene) and
butanol was found in blood collected into
certain types of blood-collection tubes (Dyne
et al. 1996). Contamination with butan-1-ol or
2-methylpropan-2-ol occurs commonly in blood
collected into tubes coated with EDTA. Carbon
disulfide has been detected in blood collected in
tubes sealed with soft-rubber stoppers (Weller
and Wolf 1989). Volatile substances by their very
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nature volatilise readily from samples. Volatilisa-
tion is a concentration- and temperature-driven
process and hence the greater the air space above
a sample and the higher the temperature, the
more readily will the substance volatilise. Thus
sample tubes should be as full as possible and
should only be opened when required for
analysis and then only when cold (4°C). An anti-
coagulant (sodium ethylenediaminetetraacetic
acid (EDTA) or lithium heparin) should be used.
Specimen storage between 2°C and 8°C (i.e.
normal refrigerator temperature) is recommended
and 1% (w/v) sodium fluoride should be added
to minimise enzymic activity.

If a necropsy is to be performed, tissues (brain,
lung, liver, kidney and subcutaneous fat) should
be obtained in addition to standard toxicological
specimens (femoral blood, wurine, stomach
contents and vitreous humour). Tissues should be
stored before analysis in the same way as for
blood but no preservative should be added. To
avoid cross-contamination, products implicated
in the incident (and stomach contents if inges-
tion is suspected) should be packed, transported
and stored entirely separately from (other)
biological specimens even when stored in refrig-
erators or freezers. Investigation of deaths that
occurred during or shortly after anaesthesia
should include the analysis of the inhalation
anaesthetic(s), in order to exclude an error in
administration. Clinical therapies and poor
procedures during sample collection can also
give rise to volatile compounds. For example,
halothane or chlorobutanol may be used in
therapy or inadvertently added to the sample as a
preservative. Use of aerosol disinfectant prepara-

A Schematic
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tions when collecting specimens may contamin-
ate the sample if an aerosol propellant is used.
Contamination of blood samples with ethanol or
propan-2-ol may occur if an alcohol-soaked swab
is used to cleanse skin prior to venepuncture.

Analytical methods

Static headspace gas chromatography (GC)
often provides a convenient and easily auto-
mated mode of analysis for blood and other
biological specimens that may be obtained
without using special apparatus to collect the
sample. Many analyses can be accomplished
using flame ionisation detection (FID) and/or
electron capture detection (ECD). Nitrous oxide
and most halogenated compounds respond on
the ECD, although the thermal conductivity
detector (TCD) may be used as an alternative if
nitrous oxide poisoning is suspected. Use of
expired air collected into either a Tedlar bag or
via a special device (Dyne et al. 1997; Fig. 4.1)
with subsequent GC or GC-mass spectrometry
(MS) analysis can facilitate the analysis of a
number of compounds. Direct MS of expired air
can also detect many compounds several days
post exposure. However, the use of these tech-
niques is limited by the need to take breath
directly from the patient and the specialist
equipment required (Ramsey 1984). Vapour-
phase infrared (IR) spectrophotometry may be
useful in the analysis of abused products or
ambient atmospheres. High-performance liquid
chromatography (HPLC) is useful in the analysis
of polar metabolites of certain solvents.

B Components

Device for capturing breath samples for solvent analysis. (Reprinted from D. Dyne et al., A novel device

for capturing breath samples for solvent analysis, Sci. Total Environ., 1997, 199, 83-89 with permission from Elsevier;
illustrations courtesy of Dr J. Crocker, Health & Safety Laboratory, Broad Lane, Sheffield.)
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Packed GC columns have been used exten-
sively in conjunction with headspace sample
preparation. Disadvantages include the poor
resolution of some very volatile substances, a
long total analysis time and variation in the peak
shape given by alcohols between different
batches of column packing.

GC separation using capillary columns offers
superior resolution to the wuse of packed
columns. However, the most commonly used
columns such as a 30 m X 0.2 mm i.d. column
with a chemically bonded stationary phase of
dimethylpolysiloxane (DMS) 0.1 pm film thick-
ness are unsuitable because volatile substances
elute rapidly and resolution is poor. This diffi-
culty can be overcome by the use of wide-bore
capillary columns e.g. 60 m X 0.53 mm i.d. 5 pm
film thickness DMS combined with large-volume
injection. An alternative for the analysis of
volatile substances is a porous layer open tubular
(PLOT) column. These phases give good reten-
tion and thus resolution of compounds of
similar relative formula mass, but peak shapes of
polar compounds are poor and it is difficult to
screen for compounds of widely different
volatility in one analysis.

The use of a capillary column together with
two different detectors (FID and ECD) confers a
high degree of selectivity, particularly for low
formula-mass compounds for which there are
relatively few alternative structures. If more
rigorous identification is required, GC combined
with MS or Fourier transform IR spectrometry
(FTIR) may be used. However, GC-MS can be
difficult at high sensitivity when the fragments
produced are less than m/z 40, particularly if the
instrument is used for purposes other than
solvent analyses. In particular, the available
sensitivity and spectra of the low-molecular-
weight alkanes renders them very difficult to
confirm by GC-MS. Inertial spray MS allows the
introduction of biological fluids directly into
the mass spectrometer without prior chromato-
graphic analysis and has been used in the
analysis of halothane in blood during anaes-
thesia. A derivatisation method for toluene and
ethylbenzene involving the use of chlorine gas
prior to GC-MS has been described (El-Haj et al.
2000).
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GC-FTIR may be more appropriate than GC-
MS in the analysis of volatiles, but sensitivity is
poor, particularly compared with ECD. More-
over, the apparatus is expensive and not widely
available. In addition, interference, particularly
from water and carbon dioxide in the case of
biological specimens, can be troublesome. ‘Purge
and trap’ and multiple headspace extraction
offer ways to increase sensitivity and, although
not needed for most clinical and forensic appli-
cations, ‘purge and trap’ has been used in
conjunction with GC-FTIR and FID in forensic
casework. Pulse heating has also been employed
in the analysis of volatiles in biological speci-
mens. This method involves the use of a Curie
point pyrolyser employing a ferromagnetic alloy
that can accurately attain temperatures in the
range 150 to 1040°C very rapidly (4s or so).
Advantages of this technique include the use of
a small sample volume (0.5-5 pL), short extrac-
tion time and lack of matrix effects. Headspace
solid-phase microextraction (HS-SPME) has also
been used in the analysis of volatile compounds
in biological samples.

Chiral GC methods are available and have been
applied to the enantiomer separation of anaes-
thetics such as enflurane and isoflurane because
they have different anaesthetic potencies and
side-effects.

Analysis of Products

Aerosols and fuel gases can be analysed after
releasing a portion of the product into a head-
space vial, and then transferring a few
microlitres of the vapour to another vial for
analysis. Liquids can be analysed in the same
way, except that it is often possible to withdraw
a portion (5-50 uL) of the headspace directly
from the container. In this latter case, however,
the result may not be representative of the
composition of the liquid as a whole. Adhesives
and other liquid or semi-liquid products can be
analysed by headspace GC.

Quantitative analysis

Quantitative assays should involve analysis
of standard solutions with addition of an
appropriate internal standard.



86

For liquid and solid analytes, calibration solu-
tions are prepared by adding a known volume of
the liquid analyte to a volumetric flask that
contains ‘volatile-free’ blood and ascertaining
the exact amount added by weighing. Solid
analytes are weighed in directly. After allowing
time for equilibration, appropriate dilutions are
performed, taking care to minimise loss of
analyte by handling reagents and glassware at
4°C and storing samples and standards at 4°C
with minimal headspace. Portions of the stand-
ards are transferred to headspace vials for
analysis, as described above,

Calibration mixtures for gaseous analytes are
prepared directly into headspace vials. Details of
sample preparation can be found in Moffat et al.
(2004).

Calibration graphs of peak height or area ratio
to the internal standard are usually used to
measure analyte concentrations in a sample,
although absolute calibration in terms of
amount of analyte injected should be possible,
especially if an automated headspace analyser is
employed. Such apparatus not only permits
unattended operation, but also gives much
better reproducibility in quantitative work.

Pharmacokinetics and the interpretation of
results

In the UK, Maximum Exposure Limit (MEL) or
Occupational Exposure Standard (OES) provide
information on the relative toxicities of different
compounds after chronic exposure to relatively
low concentrations of vapour (some examples of
MEL/OES limits are shown in Table 4.2). Inhaled
compounds may rapidly attain high concentra-
tions in well-perfused organs (brain, heart),
while concentrations in muscle and adipose
tissue may be very low. Should death occur, this
situation is ‘frozen’ to an extent, but if exposure
continues the compound accumulates in less
accessible (poorly perfused) tissues, only to be
slowly released once exposure ceases. Thus, the
plasma concentrations of some compounds may
fall mono-exponentially, while others may
exhibit two (or more) separate rates of decline
(half-lives).

Clarke’s Analytical Forensic Toxicology

The solubility of a volatile compound in blood
is an important influence on the rate of absorp-
tion, tissue distribution and elimination of the
compound. The partition coefficients of a
number of compounds between air, blood and
various tissues have been measured in vitro using
animal tissues, and some in vivo distribution data
have been obtained from postmortem tissue
measurements in humans (Table 4.2). However,
these data must be used with caution since there
are many difficulties inherent in such measure-
ments (sampling variations, analyte stability,
external calibration, etc.). Published data on the
plasma half-lives of volatile substances (such as
that in Table 4.2) are not easily comparable,
either because too few samples were taken or
the analytical methods used did not have suffi-
cient sensitivity to measure the final half-life
accurately.

Many volatile substances, including butane,
dimethyl ether, most fluorocarbon refrigerants
and/or aerosol propellants, isobutane, nitrous
oxide, propane, tetrachloroethylene and
1,1,1-trichloroethane, are eliminated largely
unchanged in exhaled air. Others are partly elim-
inated in exhaled air and also metabolised in the
liver and elsewhere, the metabolites being elim-
inated in exhaled air or in urine, or incorporated
into intermediary metabolism. After ingestion,
extensive hepatic metabolism can reduce
systemic availability (‘first-pass’ metabolism) of
certain compounds. Table 4.3 gives some exam-
ples in which blood or urinary metabolite
measurements have been used to assess exposure
to solvents and other volatile compounds.

Interpretation of qualitative results

As can be seen from Table 4.3 some volatile
substances give rise to volatile metabolites which
may themselves be substances associated with
volatile substance abuse or accidental exposure,
and this possibility must be considered when a
volatile substance is detected. For example,
acetone is a metabolite of propan-2-ol and
ethanol is a metabolite of ethyl acetate. Detection
of a volatile compound in blood does not always
indicate VSA or occupational/environmental
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Table 4.3 Metabolites of some solvents and other volatile substances that may be measured to assess exposure

Compound Formula Parent Body  ‘Normal® ‘High' Comment
weight  compound fluide
Acetaldehyde 44.1 Ethanol Blood 0.2 mg/L [Not known]
Acetone 58.1 Propan-2-ol Blood 10 mg/L Blood/urine acetone
Urine 10 mg/L 80 mg/L concentrations can rise
Urine - 10 mg/L to 2 g/L in ketosis.
Propan-2-ol is also an
acetone metabolite
Carbon monoxide ~ 28.0 Dichloromethane ~ Blood ~ <5% HbCO >20% HbCO CO blood halfife
13 h breathing air,
atmospheric pressure
(CO halflife 5 h after
inhalation of CO).
Blood HbCO is a
useful indicator of
chronic exposure
Cyanide ion 26.0 Acetonitrile, Blood 0.2 mg/L 2 mg/L Cyanide metabolised
acrylonitrile, other (non-smokers) to thiocyanate; both
organonitriles compounds may
accumulate during
chronic exposure
Ethanol 46.1 Ethyl acetate Blood 0.1 g/L 0.8 g/L 0.8 g/L legal UK
driving limit
Hippurate 179.2  Toluene Urine 0.2 g/L 2g/L Not ideal indicator of
toluene exposure as
there are other
(dietary,
pharmaceutical)
sources of benzyl
alcohol/benzoate and
hence hippurate
Methanol 32.0 Methyl acetate, Urine - 30 mg/L
methyl formate
2-Methylphenol 108.1  Toluene Urine - 3 mg/L Hippurate and other
(ortho-cresol) methylphenols are
additional toluene
metabolites
frans,frans-Muconate 142.1  Benzene Urine - 2 mg/L Phenol and
S-phenylmercapturic
are acid additional
benzene metabolites
Nitrite ion 46.0 Butyl nitrite, Plasma 2.5 mg/L [Not known]
isopentyl nitrite, Urine - 1.0 mg/L
other organonitrites
Oxalate 90.0 Ethylene glycol Urine 2.5 mg/L 4 mg/L Glycolate and
glyoxylate are also
plasma and urinary
ethylene glycol
metabolites
Tolurates 193.2  Xylenes Urine  0.01 mg/L  1.5g/L

(methylhippurates)
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Table 4.3  (Continued)
Compound Formula Parent Body  ‘Normal® ‘High' Comment
weight  compound fluide

Trifluoroacetate 114.0 Halothane and Urine - 2.5 mg/L

some other

fluorinated

anaesthetics
Trichloroacetate 163.4  Trichloroethylene ~ Urine - 100 mg/L Metabolite of

2,2,2-trichloroethanol

2,2,2-Trichloroethanol 149.4  Trichloroethylene  Plasma 10 mg/L 50 mg/L Also a metabolite of

chloral hydrate,
dichloralphenazone,
and ftriclofos

o Urinary excretion often expressed as a ratio to creatinine.
b Upper limit of normally expected or ‘nontoxic’ concentration.

< Lower limit of concentration associated with toxicity/occupational exposure action limit.

exposure to solvent vapour. Some medical
conditions can give rise to volatile substances in
blood. Acetone and some of its homologues may
occur in high concentrations in ketotic patients.
Large amounts of acetone and butanone may
also occur in blood and urine of children with
acetoacetylcoenzyme A thiolase deficiency for
example, and may indicate the diagnosis.

Possible contamination via sampling proce-
dures or clinical treatments (as discussed under
sample collection, transport and storage) should
be considered when evaluating data, although it
should be recognised that such problems are best
avoided by the use of sampling procedures and
equipment designed to eliminate the possibility
of contamination.

It is well known that ethanol may be both
produced and metabolised by microbial action
in biological specimens as may other low-
molecular-weight alcohols such as propanols
and butanols, so this possibility must be evalu-
ated if these substances are detected. ‘Congener
alcohols’, such as methanol, propan-1-o],
butan-1-ol, butan-2-ol, 2-methylpropan-1-ol, 2-
methylbutan-1-ol, and 3-methylbutan-1-o0l (and
ketone metabolites of secondary alcohols) may
arise from the ingestion of alcoholic drinks
(Bonte 2000). Butyraldehyde, dimethyl disulfide,
isovaleraldehyde and valeraldehyde may arise
from putrefaction. Small amounts of hexanal
may arise from degradation of fatty acids in
blood on long-term storage, even at —5 to —20°C.

This compound may co-elute with toluene on
some GC systems and hence give rise to a false
positive for toluene, particularly if GC-FID is use
for analysis rather than GC-MS.

The likelihood of detecting exposure to
volatile substances by headspace GC of blood is
influenced by the dose and duration of expo-
sure, the time of sampling in relation to the
time elapsed since exposure, and the precautions
taken in the collection and storage of the spec-
imen. In a suspected VSA- or anaesthetic-related
fatality, analysis of tissues (especially fatty
tissues such as brain) may prove useful since
high concentrations of volatile compounds may
be present even if very little is detectable in
blood.

Analysis of metabolites in urine may extend
the time after which exposure may be detected
but, of the compounds commonly abused, only
toluene, the xylenes and some chlorinated
solvents, notably trichloroethylene, have suit-
able metabolites (Table 4.3). The alkyl nitrites
that can be abused by inhalation (isobutyl
nitrite, isopentyl nitrite) are extremely unstable
and break down rapidly in vivo to the corres-
ponding alcohols and wusually also contain
other isomers (butyl nitrite, pentyl nitrite). Any
products submitted for analysis usually also
contain the corresponding alcohols as well as the
nitrites. The profound methaemoglobinaemia
that often arises after ingestion of these
compounds can be detected easily.
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Interpretation of quantitative results

In very general terms, soon after acute exposure,
blood concentrations of volatile substances
of 5-10 mg/L and above may be associated
with clinical features of toxicity. In other words,
pharmacologically effective concentrations of
volatile substances are similar to those of in-
halational anaesthetics and are thus an order
of magnitude lower than those observed
in poisoning with relatively water-soluble
compounds, such as ethanol.

There may be a large overlap in the blood
concentrations of volatile compounds attained
after workplace exposure and as a result of delib-
erate inhalation of vapour. This has been
demonstrated for toluene (Meredith et al. 1989;
Miyazaki et al. 1990). Aside from individual
differences in tolerance and possible loss of
toluene from the sample prior to analysis,
sample contamination, etc., the lack of a strong
correlation between blood concentrations and
clinical features of poisoning is probably due to
rapid initial tissue distribution. Urinary excre-
tion of 2-methylphenol provides a selective
measure of toluene exposure for use in occu-
pational and/or environmental monitoring
(Table 4.3).

Pesticides

The term ‘pesticide’ encompasses a wide variety
of substances used to destroy unwanted life
forms. More than a thousand pesticides are avail-
able and widely used in the world today. In addi-
tion, several hundred compounds that are no
longer manufactured or marketed for crop
protection use still remain in people’s houses.
Both sources play an important role in clinical
and forensic toxicology as causes of suicidal,
homicidal and accidental poisonings.

Pesticides are applied in agriculture for crop
protection and pest control, and in human and
animal hygiene. The Compendium of Pesticide
Common Names, a website (http://www.alan
wood.net/pesticides/) listing information on
pesticides, lists twenty-three classes based on
their field of use. Examples include insecticides,

Clarke’s Analytical Forensic Toxicology

herbicides, rodenticides, fungicides, nemato-
cides, molluscicides and acaricides. Most pesti-
cides have common names agreed by the
International Organization for Standardization
(ISO). These common names are used
throughout this chapter for convenience and
brevity, but their equivalent systematic chemical
names can be ascertained easily according to the
rules of the International Union of Pure and
Applied Chemistry (IUPAC) and the Chemical
Abstracts Service Registry Number (CAS RN;
O’Neil et al. 2006; Tomlin 2006). Pesticides are
also referred to in terms of chemical class. For
example, substances used as insecticides include
organophosphorus (OP) compounds, carbamates,
chlorinated hydrocarbons, pyrethroids, organo-
tin compounds and heterocyclic compounds.
Some chemical classes have several uses. For
example, OP compounds can be used as acari-
cides, insecticides, nematocides, fungicides,
herbicides and rodenticides. Often the type of
chemical is also indicated by a stem in the
common name (e.g. ‘uron’ for ureas, and ‘carb’
for carbamates). Commercial formulations can
be mixtures of pesticides from different classes,
thus complicating the issue even further.

The major classes of pesticides are shown in
Table 4.4 together with the major chemical
groups associated with these classes and exam-
ples of substances. It should be recognised that
the information contained in this table is a very
simplistic overview of all the classes, associated
chemical groups and substances that fall within
the category of pesticides, and that a far wider
variety of chemicals could be encountered in
clinical and forensic toxicology. Structures of
various pesticides are given in Figure 4.2.
Table 4.5 shows data on pesticide poisonings in
various countries. While the data in Table 4.5
should not be taken as applicable to all coun-
tries, it does illustrate the fact that the majority
of pesticide poisonings arise from a few
chemical groups including OP compounds,
carbamates and herbicides such as paraquat and
2,4-D. It also shows that a wide variety of pesti-
cides from other chemical groups also feature in
poisonings. Hence the clinician must be ready to
spot symptoms of poisoning by a wide variety of
pesticides and the toxicologist should have
analytical methodologies in place to identify
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these poisons. The data also show that certain
pesticides are more commonly encountered in
some locations than others, presumably
reflecting the agricultural crops grown in an
area, the infestations which affect those crops,

91

in clinical and forensic foxicology

Pesticide toxicity

The large variety of chemical compounds
that show pesticide properties means that there
is a very wide range of toxicity in humans.

the preference for certain pesticides together
with other factors such as pesticide availability,

It is believed that an oral dose of only several
drops (100 mg) of terbufos, an OP compound,

cost, legal restrictions, etc. is fatal to most adults, whereas another
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Figure 4.2  Structures of pesticides: 1, general structure for organophosphates (see Table 4.4) where R' = alkyl, O-alkyl
or Salkyl, R? = Oalkyl, R® = alkyl, aryl, Oalkyl, O-aryl, Salkyl, Saryl, amine, X = O or S; 2, general structure for
carbamates where R = methyl, R? = H or methyl, and R® = aryl, heterocyclic or oxime groups; 3, aldicarb (an oxime
carbamate insecticide, acaricide and nematocide); 4, endosulfan (a chlorinated cyclodiene insecticide and an
organochlorine acaricide); 5, pyrethrin Il (a natural pyrethroid insecticide); 6, deltamethrin (a synthetic pyrethroid insect-
icide); 7, diflubenzuron (a substituted urea insecticide); 8, cyhexatin (an organotin acaricide); 9, dazomet (a cyclic
dithiocarbamate herbicide and fungicide); 10, 2,4-D (a chlorinated phenoxyacetic acid herbicide); 11, metobromuron
(a substituted urea herbicide); 12, atrazine (a triazine herbicide); 13, lenacil (a uracil herbicide); 14, paraquat
(a quaternary ammonium herbicide); 15, tri-allate (a thiocarbamate herbicide); 16, thiram (o dithiocarbamate
fungicide).
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Table 4.4 Major classes of pesticides; associated chemical groups and examples of substances in use

Classification

Chemical groups

Examples

Insecticides

Herbicides

Fungicides

Rodenticides

Acaricides
Molluscicides

Nematocides

Organophosphorus compounds

Carbamates
Chlorinated hydrocarbons

Pyrethroids (natural and synthetic)

Substituted ureas
Organotin compounds
Heterocyclic compounds
Chlorinated phenoxy acids

Substituted ureas

Triazines

Uracils

Quaternary ammonium compounds
Carbamates and thiocarbamates
and carbanilates

Carboxylic acids and esters
Amides

Anilide and choroacetanilide
compounds

Organophosphorus compounds
Organoarsenic compounds
Benzimidazoles

Dithiocarbamates

Acylalanines

Organophosphorus compounds
Dithiocarbamate complexes with
manganese, nickel and zinc
Organic and inorganic compounds
of tin, copper and mercury
Phosphines

Inorganic rodenticides
Coumarin anticoagulants
Organotin compounds
Organophosphate compounds

Carbamates
Organophosphorus compounds

Diazinon, dichlorvos (structurel in Fig. 4.2 shows the
general structure of organophosphorus compounds)
Aldicarb (structure 3 in Fig. 4.2), pirimicarb
Dichlorodiphenylirichlorethane (DDT), lindane,
endosulfan (structure 4 in Fig. 4.2)

Pyrethrin Il (structure 5 in Fig. 4.2), deltamethrin
(structure 6 in Fig. 4.2), cypermethrin

Diflubenzuron (structure 7 in Fig. 4.2)

Dazomet (structure 9 in Fig. 4.2), dieldrin
2,4-Dichlorophenoxyacetic acid (2,4-D) (structure 10 in
Fig. 4.2), (2,4,5-richlorophenoxy)acetic acid (2,4,5-T)
Metobromuron (structure 11 in Fig. 4.2),
methabenzthiazuron

Atrazine (structure 12 in Fig. 4.2), simazine

Lenacil (structure 13 in Fig. 4.2), bromacil

Paraquat (structure 14 in Fig. 4.2), diquat
Carboxazole (a carbamate), tri-allate (a thiocarbamate,
structure 15 in Fig. 4.2), propham (a carbanilate)
Dicamba

Cyprazole

Alachlor

Glyphosate

Sodium arsenate

Carbendazim, thiabendazole

Thiram (structure 16 in Fig. 4.2), disulfiram
Metalaxyl

Pyrazophos

Tributyltin oxide, mercury salts, phenylmercury
salts, Bordeaux mixture

(derived by the reaction of moisture with e.g. zinc
phosphide)

Thallium sulphate, sodium arsenite

Warfarin, brodifacoum, difenacoum

Cyhexatin (structure 8 in Fig. 4.2)

Dichlorvos

Niclosamide, tributyltin oxide, calcium arsenate,
metaldehyde, thidicarb

Benomyl

Phorate, chlorpyrifos
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pesticide (amitrole) is nontoxic in humans
even when several hundred grams are ingested.
Even within a particular class of pesticide the
lethal dose may vary considerably. Moreover, the
metabolites of many pesticides (e.g. oxygen
analogues of phosphorothionates) are much
more toxic than the parent compounds.

Commercially available preparations usually
contain an active substance mixed with filler
(solids) or dissolved in an organic solvent
(liquids). Although certain pesticides are
unlikely to cause acute toxicity, the vehicle in
which they are formulated (toluene, xylenes,
butan-1-ol, cyclohexanone, farbasol and solvent
naphtha) may itself be toxic and, in some cases,
can be the main causative agent for the symp-
toms observed. This needs to be taken into
consideration in clinical treatment and in
forensic toxicology both in terms of the
analytical methods applied to samples and the
interpretation of results.

The World Health Organization (WHO) has
classified pesticides into five groups based on
their hazard. In the WHO classification, hazard
is considered as ‘the acute risk to health (that is,
the risk of single or multiple exposures over
a relatively short period of time) that might be
encountered accidentally by any person
handling the product in accordance with the
directions for handling by the manufacturer or
in accordance with the rules laid down for
storage and transportation by competent
international bodies’ (the WHO Recommended
Classification of Pesticides by Hazard and Guide-
lines to Classification 2006). Classification is
based on acute oral and dermal toxicity to the
rat (LD,,) and the estimated lethal doses related
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to a 70 kg person (see Table 4.6). It must be
borne in mind that extrapolation of toxicity
values from a test animal such as a rat to humans
is a best estimate and may carry a high error
factor for some substances. Realistic human
lethal doses of pesticides can be estimated only
on the basis of well-documented cases of
poisoning.

The immense variety of chemical compounds
with pesticidal properties means that the identi-
fication of an unknown substance is complex,
particularly where no information is available
about the likely identity of the pesticide. In clin-
ical and forensic toxicology, unless specific infor-
mation is available indicating that a particular
pesticide should be targeted in analysis (e.g. a
body found with a labelled pesticide product
alongside), a broader screening procedure should
be employed to identify active pesticide compo-
nents. Some colour tests can be very useful
preliminary indicators of the class of compound
and can confirm the constituents of a propri-
etary formulation. The ammonium molybdate
test is used for phosphorus and phosphides in
stomach contents and nonbiological materials
(Flanagan et al. 1995). The furfuraldehyde test is
used for carbamates in the same matrices
(Flanagan et al. 1995). The phosphorus test can
be used to detect OP compounds; although the
limited sensitivity of the test means that it is not
able to detect OP compounds in blood and the
sodium dithionite test is used for diquat and
paraquat (Tompsett 1970).

While colour tests are useful to indicate
preliminary classes, they are generally restricted
to stomach contents and nonbiological materials
and will only detect a rather restricted range of

Table 4.6 'WHO hazard classification (WHO 2006)

Class Description Oral LD, for the rat (mg/kg body mass)
Solids Liquids

la Extremely hazardous <5 <20

Ib Highly hazardous 5-50 20-200

I Moderately hazardous 50-500 200-2000

1l Slightly hazardous >501 >2001

T.5 Product unlikely to present acute hazard in normal use
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pesticides. Thin layer chromatography (TLC),
GC and liquid chromatography (LC) can be used
to screen for a far wider range of substances. TLC
is a very useful screening and identification tech-
nique for pesticides in commercial preparations
added to beverages or foodstuffs and in body
fluids (stomach contents, urine) and tissues.
Visualisation reagents are available which
produce a variety of colours to facilitate differen-
tiation. A large number of pesticides react with
more than one reagent. For example, silver
nitrate in solution or rhodamine in ethanol
followed by an overspray of sodium hydroxide
in ethanol can be used to visualise carbamates,
chlorinated hydrocarbons, chlorinated phenoxy
acids, OP compounds, pyrethroids, substituted
ureas and triazines. Some reagents are consider-
ably more specific and can be used to confirm a
particular pesticide class. OP compounds can be
visualised using 4-(4-nitrobenzyl) pyridine and
tetraethylenepentamine.

TLC has limitations in terms of sensitivity and
restrictions in terms of the matrices to which it
can be applied. The method of choice, regarded
as the reference method for identification and
confirmation of the presence of pesticide(s) in
different materials, is GC-MS. Comprehensive
libraries that contain reference spectra for many
pesticides, their metabolites and decomposition
products are available for use with GC-MS. The
most important libraries are the Pfleger, Maurer
& Weber Library and the National Institute of
Standards and Technology (NIST) Library. GC
and GC-MS methods need special sample
preparation procedures for biological materials.

A broad spectrum of pesticides in heteroge-
neous matrices (nonbiological and biological
samples) may be submitted for toxicological
analysis. Biological sample preparation may
involve cleavage of conjugates, isolation from
the matrix, clean-up steps and/or derivatisation
of the pesticides and/or their metabolites.
Pesticides can be isolated either by liquid-liquid
extraction (LLE) or solid-phase extraction (SPE).
LLE is still regarded as the more universal
method for screening, whereas SPE is preferred
for quantification of certain pesticides in
blood samples or for extraction of a particular
chemical class of pesticides, such as coumarin
anticoagulants.

Clarke’s Analytical Forensic Toxicology

Each step in GC-MS analysis for pesticides can
be a source of artefacts or decomposition prod-
ucts as a result of light sensitivity, atmospheric
oxidation, hydrolysis and heat. The major
metabolites of many pesticides (e.g. carbamates
and organophosphates) are sulfate and
glucuronide conjugates. Cleavage of conjugates
by enzymatic or acid hydrolysis is necessary
before extraction. However, deconjugation of
pesticides by acid hydrolysis drastically increases
the formation of artefacts and can destroy
analytes completely. Therefore, the gentle enzy-
matic method is recommended. The extraction
of body fluids is further complicated because
certain pesticides are decomposed readily by
acids or alkalis. Moreover, the decomposition
products of some subclasses of pesticides (e.g.
substituted ureas) can react with the extraction
solvent (e.g. ethanol or acetone) used for recon-
stitution of the dried residue after extraction.
Many pesticides can undergo degradation during
the chromatographic process. Therefore, the
possibility of formation of artefacts during all
these processes must always be taken into
account and minimised wherever possible.
Derivatisation of pesticides can often improve
chromatographic separation. Moreover, in some
cases, chromatography of the extract before and
after derivatisation increases the identifying
power of GC, and for GC-MS methods changes
in the fragmentation pattern can yield addi-
tional information for characterisation. It is very
important to use good-quality reference mater-
ials, although in some situations, such as when
using TLC screening methods, commercial
preparations can be an adequate substitute. As in
virtually all analyses, to reduce false positives
from artefactual sources, a blank solution should
be subjected to the same procedure as the
sample. It is also essential to check the viability
of the reagents by analysing a reference
compound. Pesticide standards are typically
available prepared in sealed ampoules. Dilute
solutions of many pesticides will not remain
stable for more than a few months after opening
the ampoules.

The quantity of the sample taken for extrac-
tion depends on its type and is restricted by its
availability. Samples may be proprietary formu-
lations (solid or liquid in an amount of several
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drops to several millilitres or grams), beverages
or foodstuffs, soil samples (20 g), river or lake
water (up to 500 mL) and body fluids — stomach
contents, urine (5 mL), blood (1-2 mL) or tissues
S 9.

High-performance liquid chromatography
(HPLC) and combined liquid chromatography-
mass spectrometry (LC-MS) are also used as
confirmation methods. A review by Alder et al.
(2006) compared the residue analysis of 500
priority pesticides by GC-MS and LC-MS/MS.
They concluded that LC-MS/MS using electro-
spray ionisation (ESI) offers better sensitivity
than GC-MS for all pesticide classes considered
with the exception of the organochlorine
pesticides, and that LC-MS can overcome
problems associated with thermal instability
seen for many pesticides in heated GC injec-
tors. It should be borne in mind that the
study was based on comparison of literature
data and that these data were taken from the
environmental and food arenas, not neces-
sarily toxicology. Nonetheless, it does indicate
the potential for LC-MS/MS in pesticide
analysis.

Although not available for as wide a variety of
pesticides in human biological matrices as GC-
MS, LC-MS and LC-MS/MS methods are being
developed. There are certainly numerous LC-MS
methods available for analysis of most pesticide
classes in foodstuffs and it should be possible to
adapt these methods for toxicological purposes
with suitable sample clean-up.

As noted in Chapter 8, in clinical treatment,
if pesticide poisoning is suspected a test
for cholinesterase inhibitors should be carried
out as this may help to identify the presence
of OP and/or carbamate compounds.

Initial screening procedures help identify indi-
vidual pesticides but are not geared to quanti-
fying the levels that are present. Measurements
of pesticide concentration in biological samples
from acutely poisoned patients can have an
immediate bearing on treatment, particularly
when active elimination procedures, such as
diuresis or haemodialysis, are contemplated. In
fatal cases of suicidal or homicidal poisoning, it
is easier to detect and identify pesticides by
examining suspect materials, such as liquids,
food, clothing and soil, in which the concentra-
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tions are likely to be quite high. Thereafter, if
there is strong evidence that the substance
detected may have been responsible for the
death, quantitative examination of postmortem
tissues may provide conclusive proof of
poisoning.

Quantitative analyses also have an important
role in monitoring pesticide concentrations in
soil, water supplies, rivers, lakes and foodstuffs;
in some countries, legislative control of permis-
sible levels has been introduced. Their applica-
tion is likely to increase with the growing public
concern about the release of pesticides into the
environment. Many guidelines for quality assur-
ance and method validation have been devel-
oped by scientific organisations, and several
national and international proficiency-testing
schemes are now in operation. Numerous analyt-
ical procedures for the quantitative analysis of
pesticides in various media are described in the
National Institute for Occupational Safety and
Health (NIOSH) Pocket Guide to Chemical
Hazards (available on-line at http://www.cdc.
gov/niosh/npg; NIOSH 2005). Another recent
publication contains original and sensitive GC-
MS and LC-MS methods using standardised
sample-preparation procedures for the detection
and quantification in human biological matrices
of 61 pesticides of toxicological significance
(Lacassie et al. 2001). As noted above, Alder et al.
(2006) in their review of GC-MS versus LC-MS
methods for pesticides conclude that LC-ESI-
MS/MS has considerable advantages over GC-MS
for analysis of pesticides except for chlorinated
hydrocarbons.

Organophosphorus compounds

OP compounds are by far the most important
class of pesticides, both in terms of worldwide
usage and their toxicity to humans. They act by
the irreversible inhibition of cholinesterases,
which are responsible for hydrolysing, and
thereby deactivating, the neurotransmitter
acetylcholine (AcCh). Build-up of AcCh at the
neural junction leaves the muscles, glands and
nerves in a constant state of stimulation, which
produces a wide range of acute symptoms. These
include dizziness, confusion and blurred vision,
excessive salivation and sweating, nausea and
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vomiting, and muscular weakness. Severe
poisoning leads to coma, flaccid paralysis,
breathing difficulties, cyanosis and cardiac
arrhythmias. Atropine and pralidoxime are
effective antidotes in severe cases. In acute
clinical poisoning, diagnostic tests for depressed
cholinesterase activity are most crucial.
Detecting, identifying and quantifying the
particular agent responsible has less bearing on
immediate treatment, although some of the
lipophilic diethyl phosphothiolates can be
sequestered in the tissues for several days and
patients who appear to have recovered may
suffer a recurrence of toxic effects. Identification
of the agent involved can alert clinicians to this
possibility.

Two types of cholinesterases exist in the body.
Acetylcholinesterase (AChE), which is also
known as true cholinesterase, is found in red
cells, nerve endings, lungs and brain tissues. Its
main function is to hydrolyse AcCh at cholin-
ergic nerve endings. The second type is usually
known as pseudocholinesterase (ChE) and
occurs in the plasma in addition to other body
tissues. The exact physiological function of ChE
is unknown, but it has the ability to hydrolyse a
variety of esters in addition to cholinesterase.
Depression of ChE can also be caused by non-
pesticide chemicals, liver diseases and other
factors (physiological, pharmacological or
genetic). Measurement of red-cell AChE is there-
fore a more specific indicator of cholinesterase
inhibition caused by OP or carbamate pesticides.
Moreover, the repression of red-cell AChE
activity can be demonstrated for up to 2-6 weeks
after exposure, whereas that of plasma ChE
returns to normal much more quickly. Neverthe-
less, in practice, plasma ChE activity is a useful
indicator of exposure, since if normal values are
found this effectively excludes acute poisoning
by these substances.

Some carbamate herbicides and fungicides,
such as the dithiocarbamates, do not inhibit
cholinesterases to any significant degree and are
relatively nontoxic in humans. Postmortem
specimens for AChE assay must be kept in cold
storage and analysed as soon as possible to
minimise the effects of spontaneous reactivation
of the enzyme.
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Carbamates

In terms of toxicity, carbamate pesticides have
a similar action to that of the OP compounds
in causing a decrease in cholinesterase activity,
but the binding to the active site of the
cholinesterase enzyme is reversible. Conse-
quently, although the symptoms are practically
identical to those of OP poisoning, they have a
shorter duration.

Carbamates can be divided into various
subclasses, characterised by their different
thermal stabilities. N-Methylcarbamates give
thermal decomposition products, mainly substi-
tuted phenols. When analysed by GC-MS, these
products give rise to mass spectra with abundant
molecular ions. The compounds from other
subclasses of carbamates are more thermally
stable. GC-MS analysis of these more stable
compounds results in mass spectra where the
molecular ions are of low intensity but, together
with diagnostic fragments, enable identification
to be made. In LC-MS methods, the carbamates
do not present a serious problem in terms of
analysis. Positive-ion detection with a soft-
ionisation technique is the method of choice
(Niessen 1999). Lacassie et al. (2001) have
reviewed methods of analysis of various classes
of pesticides for use in clinical and forensic
toxicology, including LC-MS methods for
carbamates.

Chlorinated hydrocarbons

Chlorinated hydrocarbons are neurotoxins
that also damage the liver and kidneys. Major
clinical features of poisoning are headache,
disorientation, paraesthesia and convulsions.
Chlorinated hydrocarbons may be analysed
intact using chromatography with a dual FID-
NPD (nitrogen-phosphorus detection) system,
but greater sensitivity can be achieved using
electron capture detection (ECD). The methods
applied in clinical and forensic cases do not need
to be highly sensitive, because most compounds
that belong to this class are only slightly toxic
and severe symptoms of poisoning are observed
only after ingestion of large quantities (several
grams). Moreover, the symptoms often result
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from the solvents in which the chlorinated
hydrocarbons are formulated. A useful reference
for the determination of chlorinated hydrocar-
bons in human serum using GC after SPE is
Brock et al. (1996).

Pyrethrins and pyrethroids

The term ‘pyrethrins’ is used collectively for the
six insecticidal constituents present in extracts of
the flowers of Pyrethrum cinerariaefolium and
other species. Pyrethrins comprise esters of the
natural stereoisomers of chrysanthemic acid
(pyrethrin I, cinerin I and jasmolin I) and the
corresponding esters of pyrethric acid (pyrethrin
II, cinerin II and jasmolin II). Their low photo-
chemical stability has led to the manufacture of
synthetic analogues (pyrethroids), which are
highly toxic to insects. In recent vyears
pyrethroids have been manufactured and used in
large quantities.

Pyrethrins and pyrethroids have relatively low
toxicity to humans, but exposure to these
compounds by inhalation can cause localised
reactions to the upper and lower respiratory
tract, which leads to oral and laryngeal oedema,
coughing, shortness of breath and chest pain. In
acutely exposed sensitised patients a serious
asthmatic-type reaction can be triggered that can
prove fatal within a few minutes.

GC-FID and GC-MS are appropriate detection
systems for pyrethrins and they can be analysed
either without derivatisation or after methyla-
tion (Bissacot and Vassilieff 1997; Fernandez-
Gutierrez et al. 1998). Some pyrethroids such as
cyfluthrine, cypermethrin and permethrin are
halogen-containing and therefore GC-ECD
provides a sensitive and selective method of
detection for these substances.

Nitrophenols and nitrocreosols

Dinitrophenol, dinitrocreosol and dinoseb stim-
ulate oxidative metabolism in the mitochondria
and cause profuse sweating, headache, tachy-
cardia and fever.

Dinitrocreosol can be measured in blood
specimens by colorimetry (Smith et al. 1978).
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Chlorinated phenoxy acids

Chlorinated phenoxy acids are corrosive chemi-
cals that damage the skin, eyes and respiratory
and gastrointestinal tract. Ingestion of large
doses causes vomiting, abdominal pain, diar-
rhoea, metabolic acidosis, pulmonary oedema
and coma. Alkalinisation of the urine to increase
the excretion of 2,4-dichlorophenoxyacetic acid
(2,4-D) and other chlorophenoxy compounds
has proved an effective therapy.

Substituted phenoxy acids occur in commer-
cial products as salts or esters. Conversion of
salts by extraction and derivatisation to the
corresponding methyl esters improves their
chromatographic properties. The presence of
isooctyl (2,2,4-trimethylpentyl) esters of chlorin-
ated phenoxy acid herbicides can be indicated
by using mass spectrometry.

Triazines

Ingestion of about 100 g of atrazine can lead to
coma, circulatory collapse, metabolic acidosis
and gastric bleeding. This may be followed by
renal failure, hepatic necrosis and a disseminated
intravascular coagulopathy which may prove
fatal. Haemodialysis is recommended for severe
cases.

Triazines contain several nitrogen atoms (e.g.
atrazine, structure 12, Fig. 4.2), making GC-NPD
a good choice for analysis. Most triazines,
which are readily amenable to GC-MS, exhibit
highly characteristic mass spectra of the parent
compounds and yield the important degrada-
tion products, hydroxy- and des-alkyl triazines.
By using LC-MS with atmospheric pressure
chemical ionisation (APCI) and electrospray,
and optimising the in-source parameters, the
protonated triazine molecule can be seen
without fragmentation (Niessen 1999).

Quaternary ammonium compounds

Ingestion of concentrated paraquat formulations
causes burning of the mouth, oesophagus and
stomach, and after massive absorption patients
die of multiple organ failure. Absorption of
smaller amounts can lead to renal damage
followed by a progressive pulmonary fibrosis
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that causes death from respiratory failure, in
some cases after 2 to 3 weeks of ingestion. Treat-
ments to reduce absorption or increase elimina-
tion have not been effective. A strongly positive
urine test with the dithionite test (see below) in
a sample collected more than 4 hours after inges-
tion indicates a poor prognosis. Measurement of
the plasma paraquat concentration is a more
accurate prognostic guide. Diquat is also an irri-
tant poison that causes vomiting, diarrthoea and
epigastric pain. In severe cases, liver and renal
failure, convulsions and coma may ensue, but
diquat ingestion does not lead to progressive
pulmonary fibrosis.

Paraquat and diquat are not extractable by
conventional LLE. The diene or monoene prod-
ucts of reduction of paraquat and diquat by
sodium borohydride can be extracted by diethyl
ether from alkaline solution for chromatography.
Very limited data are available for the mass spec-
tral characterisation of these compounds using
electron impact ionisation. Colorimetric deter-
mination of paraquat and diquat after reduction
with sodium dithionite under alkaline conditions
is probably the most widely used technique. Both
of the bipyridylium reduction products have
absorbance maxima at 396 and 379 nm. Using an
ion-pairing extraction technique, a lower limit of
measurement of 50 ug/L can be achieved (Jarvie
and Stewart 1979). Radioimmunoassay and fluor-
escence polarisation immunoassay methods for
the determination of paraquat in serum are very
sensitive and require only small sample volumes,
but they are not widely available. Paraquat can
also be determined in serum by HPLC-UV. Diquat
may be analysed in biological specimens by most
of the procedures described for paraquat. Specific
HPLC procedures for paraquat and/or diquat
have also been described (Ameno et al. 1995;
Arys et al. 2000; Ito et al. 2005) and a capillary
electrophoresis-MS method has recently been
developed for the analysis of paraquat and diquat
in serum (Vinner et al. 2001). An LC-MS/MS
method is available for the analysis of paraquat
and diquat in whole blood and urine following
SPE clean-up (Lee et al. 2004).
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Phosphides

Hydrogen phosphide (IUPAC name phosphane;
commonly known as phosphine) is widely
used as an insecticide and rodenticide (agricul-
tural fumigant) and is usually generated by
the action of water on metallic phosphides
(aluminium, magnesium or zinc). Inhaled
phosphine is readily absorbed by the lungs.
Following the ingestion of metallic phos-
phides, phosphine is generated in the stomach
and the gas acts on the gastrointestinal system
and CNS. In severe cases abdominal pain,
vomiting, convulsions and coma develop
rapidly and death usually ensues within 2
hours.

The ammonium molybdate test and commer-
cially available detector tubes (Guale et al. 1994)
may be used as qualitative and quantitative
procedures for stomach contents and nonbiolog-
ical materials. Phosphine can also be determined
in biological samples by using GC and NPD
detection (Chan et al. 1983).

Coumarin anticoagulants

Accidental and intentional ingestion of 4-
hydroxycoumarin rodenticides (Fig. 4.3) can
lead to serious poisoning manifested by
bleeding in multiple organ sites. Treatment
consists of supplements of vitamin K (mild
cases) and, for serious cases, infusions of fresh
frozen plasma or purified clotting factors until
the prothrombin time returns to the normal

range.
Warfarin and the superwarfarin anticoagulant
rodenticides (brodifacoum, bromadiolone,

coumatetralyl and difenacoum; Fig. 4.3) can be
analysed either intact or after derivatisation, by
either GC or GC-MS methods, these being the
most sensitive and selective. Five of the 4-
hydroxycoumarin anticoagulants (brodifacoum,
bromadiolone, coumatetralyl, difenacoum and
warfarin) can also be resolved and determined in
serum by HPLC with fluorimetric detection
(Felice et al. 1991).
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Figure 4.3  Chemical structures of the 4-hydroxycoumarin
anticoagulant rodenticides.

Organic and inorganic metallic compounds

A wide range of organic and inorganic metallic
compounds are found in agricultural use.
Inorganic and organometallic compounds are
used as acaricides (organotin), herbicides
(organoarsenic), fungicides (dithiocarbamate
compounds of nickel and dithiocarbamate
complexes with manganese and zinc, organic
and inorganic compounds of copper and
mercury) and rodenticides  (magnesium,
aluminium and zinc phosphides, and thallium
sulfate). For some compounds, exposure to the
organic form results in more serious toxicity and
the features of poisoning may be quite different
from those of the inorganic compound. Metallic
compounds and their associated clinical symp-
toms are discussed below under metals and
anions together with the methods used for their
analysis.
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Metals and anions

Metals and anions form an important, but
disparate, group of poisons that present many
difficulties in their systematic chemical analysis
(Yeoman 1985; Baldwin and Marshall 1999).
Acute poisoning with these agents is rare in
developed countries, but remains common in
many underdeveloped parts of the world.
Chronic poisoning, as a result of industrial or
environmental exposure, occurs in many
countries.

The toxicity of metallic poisons may be influ-
enced by the chemical nature of the compound
ingested (valence state, solubility, inorganic or
organic compound) and the route of admin-
istration. Inhalation of vapours (e.g. arsine,
hydrogen cyanide and mercury phosphine) can
cause acute toxicity, including rapid death. The
signs and symptoms of acute poisoning may
differ from those associated with chronic tox-
icity. Some metallic (e.g. arsenic) and anionic
(e.g. cyanide) substances undergo extensive
metabolism after ingestion. These factors have a
significant bearing on analytical investigations
applied to biological materials and their inter-
pretation. It is important in individual cases,
therefore, to know whether poisoning resulted
from acute, chronic or acute-on-chronic expo-
sure. Of equal importance is the time of speci-
men collection in relation to the alleged time of
ingestion or exposure.

The wide range of metallic or anionic
poisons that might be involved in any case of
suspected poisoning means that great care is
required in the collection of appropriate speci-
mens and the selection of toxicological and
other tests. There is no simple systematic way
to investigate cases for which the history is
uncertain and the identity of the poison
unknown. The investigation is often led by a
process of elimination of the more likely causes
of poisoning (e.g. pharmaceuticals and illicit
drugs), and then a careful examination of the
detailed history of the patient or deceased, in
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particular any access to compounds associated
with industrial and agricultural use.

Considerable advances in analytical tech-
niques for measuring metals in biological fluids
have been made since the early 1980s, partic-
ularly in electrothermal atomic absorption
spectrometry (ETAAS), inductively coupled
plasma-mass spectrometry (ICP-MS) and ICP
coupled with atomic emission spectrometry
(ICP-AES). Table 4.7 summarises methods for
analysis of metallic elements.

Metals

Aluminium

Aluminium is the most abundant metal in the
earth’s crust, but its role in biology and medicine
became understood only relatively recently
(Martin 1986). The normal intake of aluminium
from food and beverages is up to 100 mg per day,
but its absorption from the gut is relatively poor
and depends on the speciation of the element
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and the presence of other substances (e.g. phos-
phate) in the diet. A number of over-the-counter
antacid preparations that contain aluminium
hydroxide are used widely which can increase
the daily intake by several grams. Incidences of
acute aluminium poisoning are relatively
uncommon in the normal population. However,
those exposed to aluminium through occupa-
tion and patients undergoing certain types of
clinical treatment may be at risk. It has been
established that excessive exposure in patients
undergoing  dialysis can cause ‘dialysis
dementia’, a type of encephalopathy that can
be rapidly progressive and lead to death within
a few months (Alfrey et al. 1976). Use of
aluminium sulfate as a flocculating agent in
domestic water supplies is the major source of
the metal in these patients, particularly if the
water used for dialysis is not purified. The large
quantities of oral aluminium salts that may be
given to some renal patients to reduce the
intestinal absorption of phosphate may also
cause toxicity. Plasma aluminium concentra-

Table 4.7 Commonly employed methods of analysis for metallic elements

Element Commonly used methods of analysis

Aluminium ETAAS, ICP-AES, ICP-MS

Antimony ETAAS, ICP-MS

Arsenic ETAAS (after acid digestion and hydride generation), ICP-MS, Reinsch test (stomach contents or
‘scene residues’). Gutzeit test (stomach contents, water, food and other materials),
spectrophotometric methods

Barium ETAAS, ICP-MS

Beryllium ETAAS, ICP-MS

Bismuth ETAAS (direct or after hydride generation), ICP-MS

Cadmium ETAAS (with Zeeman background correction), ICP-MS, AAS (with specialised sample
infroduction fo maximise sensitivity)

Copper Colorimetric analysis or by flame AAS
ETAAS, ICP-AES or ICP-MS for urine (generally only of value in the investigation of chronic
copper-related liver disease)

Iron Colorimetric assay, ETAAS, ICP-MS

Lead AAS (with specialised sample introduction to maximise sensitivity), ETAAS, ICP-MS

Lithium Flame photometry, colorimetric assays, ion-selective electrodes, flame AAS and ETAAS, ICP-MS

Mercury ‘Cold vapour’ AAS

Selenium Most earlier methods for measuring selenium in blood were based on fluorimetry. Techniques
recently described include liquid chromatography (LC) and GC, ETAAS by direct analysis or
after hydride generation and ICP-MS, which can also measure selenium in tissues®

Thallium Spectrophotometry at 550 nm using rhodamine ‘B’ dye, AAS, ETAAS, ICP-MS

9T. M. T. Sheehan and D. J. Halls, Measurement of selenium in clinical speciments, Ann. Clin Biochem., 1999, 36, 301-305.
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tions should be monitored routinely in all
patients in end-stage renal failure who receive
dialysis therapy to ensure that absorption of
aluminium is kept to an absolute minimum. In
addition, regular testing is needed of water
supplied to patients who have home dialysis. De
Wolff et al. (2002) reported blood and tissue
aluminium concentrations in four patients who
had died as a result of the use of dialysate con-
taminated with aluminium, which indicates
that this is an ongoing problem despite controls
being in place and good general awareness of
the requirements. Concern has developed as to
the harmful effects of occupational exposure to
aluminium. Where occupational exposure
involves inhalation of fine particles or dusts,
aluminium may be stored in the lung tissue
and leach out very slowly over many months.
As a result, plasma and urine aluminium
concentrations can remain elevated for several
weeks or months. There is also evidence of a
dose-dependent association between increased
aluminium body-burden and CNS effects in
these workers (Akila et al. 1999), and thresholds
for these effects in aluminium welders have
been proposed (108-160 pug/L in wurine and
7-10 ug/L in plasma) (Rithimiki et al. 2000).
In situations of acute or chronic occupational
or environmental exposure to aluminium,
measurement of blood (plasma) and/or urine
aluminium is an effective way to assess the
degree of exposure.

Where renal function is normal, aluminium is
excreted rapidly from the body and there is little
possibility of accumulation. The reference value
for urine aluminium in non-exposed healthy
adults is <15 pg/L.

Antimony

Various salts of antimony (e.g. tartar emetic,
antimony potassium tartrate) have a long
history of use as medicines (McCallum 1999)
and continue to be used to treat tropical parasitic
diseases such as schistosomiasis (bilharziasis)
and leishmaniasis. Antimony compounds are
also used industrially in the manufacture of lead
batteries, semiconductors, paints, ceramics and
pewterware. Other modern industrial compounds
include antimony oxychloride (Sb,O.Cl,),
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widely used as a fire retardant on fabrics and
mattresses. The fatal dose of antimony in the
form of tartar emetic is about 1 g in an adult,
but there is much interindividual variability.
The signs and symptoms of acute antimony
poisoning include metallic taste, dysphagia,
epigastric pain, violent vomiting, diarrhoea,
abdominal pain and circulatory collapse. These
symptoms are almost indistinguishable from
those of acute arsenic poisoning, but larger doses
are required. Similarly, the effects of exposure to
stibine (SbH,) are similar to those of arsine (AsH,).
Chronic effects of occupational antimony expo-
sure include ‘antimony spots’ on the skin and
pneumoconiosis. Reference values for antimony
in body fluids and tissues are <1 ug/L.
However, there is limited information on the
concentrations of antimony in blood, urine and
tissues in cases of antimony poisoning or in
body fluids of patients who receive antimony-
containing drugs. Values of up to 150 pg/L have
been reported in wurine of occupationally
exposed workers (Smith et al. 1995).

Arsenic

Arsenic is widely distributed in the environment,
particularly in rocks, sediments and some water
supplies. Organic forms of arsenic (e.g. arsenobe-
taine, arsenocholine) occur naturally in seaweed,
fish and shellfish, but are mostly nontoxic (Le
et al. 1994; Francesconi et al. 2002). Arsenic is
metabolised in the liver to mono- and dimethy-
lated species as a means of detoxification.
Different forms of arsenic have widely differing
human toxicity. These forms are also handled by
the body in different ways, which causes prob-
lems in their determination and in the interpret-
ation of laboratory findings, particularly when
the source of arsenic is unknown. Arsenic has
three common valence or oxidation states:
0 (metalloid), 3* (arsenite) and 5* (arsenate). The
trivalent inorganic salts of arsenic (e.g. sodium
arsenite, NaAsO,) are the most toxic and may
cause serious toxicity or death after acute
ingestion of relatively small doses (<200 mg).
Inhalation of arsine gas (AsH;) may cause
massive haemolysis, renal failure and rapid
death, as in industrial accidents. The signs and
symptoms of chronic arsenic poisoning (arsenic
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oxide) are quite complex and include weight
loss, malaise, hyperpigmentation of the skin,
transverse white lines on the nails, liver damage,
changes in the blood, peripheral neuropathy and
increased risk of skin and liver cancer. Acute
poisoning is characterised by bloody diarrhoea,
vomiting, excruciating abdominal pain, circula-
tory collapse and coma. Skin and respiratory
cancer is another major feature of chronic
arsenic exposure; huge populations are
affected in parts of India, Bangladesh and
Vietnam because of the consumption of conta-
minated well-water supplies (Piamphongsant
1999; Ahsan et al. 2000; Chowdhury et al. 2000;
Smith et al. 2000; Berg et al. 2001). The main
sources of the problem are wells sunk into land
that contains rocks with a high content of
arsenic salts, with subsequent contamination of
the underground aquifers. Ingestion of seafood
can give rise to elevated levels of arsenic and
consideration should be given to this possibility
when interpreting analytical results. Measure-
ment of urine arsenic helps in the assessment of
acute or chronic exposure (Apostoli et al. 1999).
Hair analysis has also been used in the diagnosis
and evaluation of chronic arsenic poisoning,
particularly suspected homicides. However, there
can be problems distinguishing external contam-
ination from ingested arsenic (Hindmarsh
2002).

Normal values for arsenic are <10 ug/L in
blood and urine but elevated values can be seen
after ingestion of seafood and where there is
occupational exposure, and elevated levels of
arsenic potentially arising from these sources
should be taken into account when assessing
measured arsenic concentrations. In cases of
acute inorganic arsenic poisoning, concentra-
tions above 500 pg/L may be seen in blood and
urine.

Barium

The inorganic compounds of barium are widely
used as pigments and glazes in industry and in
the manufacture of paint, glass and ceramics.
The insoluble sulfate salt is widely used as radio-
graphic contrast medium. Most (insoluble)
barium salts are relatively nontoxic. However,
pneumoconiosis related to the inhalation of
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barium dusts (baritosis) has been recognised in
the mining industry. By contrast, the soluble
salts of barium, particularly the carbonate and
chloride, are extremely toxic if ingested orally or
given intravenously. The oral fatal dose of
soluble barium salts may be as little as 0.8 g.
Signs and symptoms of barium poisoning may
show within 1 to 2 hours of ingestion and
include abdominal pain, diarrhoea, vomiting
and a tingling around the mouth. Severe
hypokalaemia may also develop from a shift of
extracellular potassium into muscle. This may
cause cardiac rhythm disturbances, which
require close monitoring, and the administra-
tion of potassium chloride intravenously to
correct the hypokalaemia. Other useful investi-
gations in cases of acute barium poisoning
include radiography of the abdomen for the
presence of radio-opaque material in the gut.
Careful monitoring of serum potassium concen-
trations in any case of suspected barium
poisoning is of vital importance.

Reference concentrations of barium in plasma
are <1 pg/L. Urine excretion is <20 pg/24 h. In
nonfatal cases of barium poisoning, plasma
barium concentrations of up to 8 mg/L have
been reported (Boehnert et al. 1985).

Beryllium

Beryllium is used in the manufacture of
corrosion-resistant and high-strength alloys.
Such products are commonly used in the
nuclear, aerospace and weapons industries.
Beryllium-copper alloys are also used in diverse
products such as springs, gears, electrical contacts
and other engine components. Beryllium itself is
a highly toxic element and is associated with a
characteristic occupational disease (Kolanz 2001).
The major target organ is the lung, where it
causes granulomatous disease (berylliosis) and an
increased risk of lung cancer. Other organ systems
may also be affected, including the lymphatics,
liver, heart, kidney, skin and bone (Stiefel et al.
1980). Most of an absorbed dose of beryllium is
excreted in urine over a period of several days,
but lung deposits may leach beryllium so slowly
that urine excretion continues for several years.

Normal values for beryllium in urine are
generally accepted as <1 pg/L.
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Bismuth

Bismuth, a heavy metal, produces toxicity that
can sometimes mimic that associated with lead
and mercury. For this reason, it can be useful to
include bismuth in any heavy-metal screening
procedure undertaken in patients with unex-
plained neurological symptoms. Bismuth salts
have been used in medicine for more than a
century, such as in the treatment of gastroin-
testinal disorders, and are available in over-the-
counter preparations. Some inorganic salts
of bismuth are relatively insoluble in water
and cause minimal toxicity, whereas other
compounds, particularly lipid-soluble organic
compounds, are known to accumulate in the
body after excessive dosing and can cause severe
neurotoxicity. Water-soluble compounds of
bismuth are more likely to cause renal damage,
including acute renal failure. A number of
deaths have been reported after acute and
chronic overdose with various bismuth medi-
cinal products. Measurement of urinary bismuth
concentrations may be useful diagnostically or
after treatment of poisoning using oral
chelating agents, which can greatly increase
urinary clearance of bismuth.

Reference values for bismuth in blood and
urine are low (<1 pg/L). Acceptable ‘therapeutic
concentrations’ in blood are generally up to
50 ug/L. Concentrations >100 pg/L are generally
associated with toxicity and concentrations
>1000 pg/L may be found in patients with
severe neurological symptoms such as
encephalopathy.

Cadmium

Cadmium and its salts and alloys are used in the
manufacture of nickel-cadmium Dbatteries,
pigments and special alloys. Many of the risks
associated with occupational and environmental
exposure to cadmium have been known for
many years. These include emphysema from the
acute inhalation of cadmium fumes and, more
long term, renal impairment (Jarup et al. 1988).
Water supplies contaminated with industrial
cadmium in Japan led to accumulation of the
metal in rice and other dietary sources with
subsequent human poisoning on a vast scale.
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Those affected developed renal damage, skeletal
deformities caused by disturbances of calcium
and phosphate metabolism, and severe back and
leg pain (Friberg et al. 1971). This painful condi-
tion became known as itai-itai (ouch-ouch)
disease. For those not occupationally exposed,
the major source of cadmium remains the diet,
although it is absorbed poorly from the gut.
Inhalation of tobacco smoke is another source of
cadmium exposure, as the bioavailability of
cadmium via the lung is very high and heavy
smokers may have blood cadmium concentra-
tions at the limit of current occupational guid-
ance values. Following absorption, cadmium is
stored mainly in the liver and kidney, where it is
bound to metallothionein and stays in the body
for decades. The most important toxic effect is
on the kidney, with proximal renal tubular
necrosis; this can be detected by a characteristic
increase in the excretion of low-molecular-
weight proteins. Individuals who have a long
history of excessive occupational cadmium
exposure can have a high body burden, which
persists into old age (Mason et al. 1999). Elevated
blood and urine cadmium concentrations may
be observed many years after the cessation of
exposure in such individuals. Blood cadmium
concentrations in non-smokers are <2 pg/L and
in smokers <6 pg/L. Urine concentrations are
generally below 1 pg/L in both smokers and non-
smokers. Cadmium-induced renal tubule impair-
ment is generally related to urine cadmium
concentrations >15 pug/L.

Copper

Copper is an essential trace element with a
recommended intake of 2.5-3.0 mg per day in
adults (Piscator 1979; Aggett 1999). Wilson’s
disease (hepatolenticular degeneration) is a
genetically inherited disorder of copper metabol-
ism in which there is an inability to transport
and excrete copper from the liver into bile
(Aggett 1999). This leads to ‘copper overload’
and associated liver and neurological damage
that can cause death unless treated early. There is
some evidence that excess environmental expo-
sure to copper in drinking water or diet (from
copper cooking pots) may lead to copper-related
liver disease in babies and young children (e.g.
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Indian childhood cirrhosis; Sethi et al. 1993; Von
Miihlendahl and Lange 1994; Miiller et al. 1996).
Copper toxicity has also been found in patients
who undergo dialysis with defective copper-
containing dialysis membranes (O’Donohue
et al. 1993). Occupational exposure to copper
compounds is relatively rare. The main risk is
associated with copper fumes in smelting
furnaces, which lead to respiratory illness and
metal-fume fever. Copper-related liver and respir-
atory disease has also been reported in vineyard
workers who spray copper-containing fungicides
(Bordeaux mixture). Acute copper poisoning
may sometimes be seen in cases of accidental
and suicidal ingestion of copper salts and solu-
tions, particularly water-soluble salts, such as the
sulfate, chloride or acetate. The signs and symp-
toms of acute (oral) copper poisoning are
metallic taste, abdominal pain, vomiting, diar-
rhoea and gastrointestinal bleeding. In severe
cases this can lead to hypotension, shock,
cardiac failure and death (Walsh et al. 1977;
Gulliver 1991).

The reference range for plasma copper is wide
and depends on age, pregnancy and any under-
lying disease state. In healthy adults the refer-
ence range is 0.7-1.6 mg/L. The urinary
excretion of in healthy adults is <50 pg/day.
Significantly raised values are associated with
patients with hepatobiliary disease (50-100
ng/day) or Wilson’s disease (>100 pg/day).

Iron

Iron is widespread in nature and is found in
rocks and minerals and in a wide variety of food-
stuffs. It is essential to the functioning of the
body. Accidental or suicidal ingestion of iron
preparations in adults is rare, but poisoning is
commonly seen in young children after the
accidental ingestion of iron tablets. Over-the-
counter products contain various iron salts
(sulfate, fumarate, gluconate) and many are
slow-release preparations The amount of
elemental iron in a particular brand of tablet can
range from 35 to 105 mg, which makes assess-
ment of the actual dose of iron ingested very
difficult. Serious toxicity after acute ingestion is
generally seen at doses of more than 60 mg
elemental iron/kg body mass. Fatalities are
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common when the ingested dose of iron is above
200 mg/kg body mass. The clinical presentation
of iron poisoning and its time course can be
quite complex, particularly when dealing with
young children or babies. Reference ranges for
serum iron are dependent on age and sex, with
typical values in the range of 0.6-2.2 mg/L for
men and 0.3-1.9 mg/L for women. A serum iron
concentration above 5 mg/L on initial presen-
tation is an indication of potentially serious
toxicity and the need to consider active
intervention, e.g. chelation therapy. Serum ion
concentrations of 2.8-25.5 mg/L have been
reported in children who survived the ingestion
of up to 10 g of ferrous sulfate (Baselt 2002).

Lead

The toxic effects of (inorganic) lead have been
known since ancient times, but this metal still
presents significant health problems (Tong et al.
2000). Lead compounds have been used as
cosmetics and components of medicines (Bayly
et al. 1995; Hardy et al. 1998; Fisher and Le
Couteur 2000; Moor and Adler 2000). Acute lead
poisoning is relatively uncommon, however, and
most symptomatic cases result from chronic
ingestion, or inhalation of lead fumes or dusts
during occupational exposure, or use of lead-
containing ‘traditional’ medicines and ingestion
of paint (pica) in children (Carton et al. 1987;
Braithwaite and Brown 1988). Recognition of
exposure to lead from leaded fuels has led to the
withdrawal of these products in most developed
countries. In adults, barely 10% of ingested lead
is absorbed from the gastrointestinal tract but in
children this proportion may be much higher.
However, the bioavailability of ingested lead
may be influenced substantially by the indi-
vidual’s diet and nutritional status (e.g. iron and
calcium deficiency). Lead absorbed by inhalation
has a much greater bioavailability, but this may
depend on factors such as respiratory rate,
particle size, the atmospheric concentration of
lead and the duration of exposure. The clinical
diagnosis of lead poisoning can be difficult when
there is no clear history of exposure, since many
of the signs and symptoms of lead poisoning are
relatively nonspecific, e.g. tiredness, abdominal
pain, anorexia. Laboratory investigations, there-
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fore, play an essential part in the diagnosis and
management of lead poisoning and also in the
assessment of occupational and environmental
lead exposure. By measuring lead isotope ratios
in biological specimens it is possible to correlate
these with the likely sources of exposure that
might be found in a chemical incident or
poisoning from an unusual source of lead
(Delves and Campbell 1988, 1993).

The best-understood toxic effect of lead is
its influence on haemoglobin synthesis leading
to anaemia. Lead inhibits the enzyme ferro-
chelatase, which is involved in iron transport in
the bone marrow and catalyses the introduction
of ferrous iron (Fe?") into the porphyrin ring to
form haem (Sakai 2000). (This is the last stage of
haemoglobin synthesis.) Chronic lead exposure
leads to the incorporation of zinc (rather than
iron) into the porphyrin ring to produce erythro-
cyte zinc protoporphyrin (ZPP). The assay of ZPP
is relatively simple and is used as an inexpensive
screening test for chronic lead exposure (Solé
et al. 2000). Monitoring the reduction in blood
haemoglobin and the elevation in erythrocyte
ZPP helps to assess chronic lead poisoning
(Braithwaite and Brown 1988).

About 95% of the lead in blood is associated
with the erythrocytes and has a half-life of a few
months. Constant exposure results in the accu-
mulation of lead in blood and tissues until a
‘steady-state’ is reached. Provided the degree and
type of exposure are relatively constant, blood
lead concentrations in environmentally, as well
as in some occupationally, exposed individuals
may be stable over long periods of time. Although
lead can be found in most tissues of the body, over
90% of the body burden is deposited in the
skeleton as insoluble lead phosphate. Following
chronic exposure over many years, as occurs in
some industrial workers, tissue stores such as
bone become saturated. This effectively causes a
much slower apparent elimination of lead from
the circulation, so that, on cessation of exposure,
the blood lead concentration may decline rela-
tively slowly, with an elimination half-life of
up to 1 year. Lead is poorly excreted from the
body, the most important route being via the
kidney. Normal urinary output of lead is less than
10 pg/day (50 nmol/day), but this can be
increased greatly by chelation therapy.
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Extensive studies have demonstrated the
harmful effect of lead exposure on child devel-
opment, behaviour and intelligence (Needle-
mann and Gatsonis 1990) and many countries
have adopted occupational restrictions for blood
lead concentrations to protect workers including
young children and the developing fetus in
pregnant women.

Normal urinary output of lead is <10 pg/day.
A maximum blood lead concentration of 100
ug/L has been recommended in adults and chil-
dren (Bellinger et al. 1992) but recent evidence
suggests that there may be intellectual impair-
ment in children with blood lead concentrations
below this value (Canfield et al. 2003). Some-
what higher levels may be acceptable in adults
who are occupationally exposed to lead, but
careful monitoring of exposure is essential.

Lithium

Lithium salts are used in the prophylaxis of
manic-depressive (bipolar) psychiatric disorders.
These are wusually prepared from lithium
carbonate or citrate, and most are in the form of
sustained-release preparations. The drug is well
absorbed from the gut, with peak plasma lithium
concentrations observed within 2 h for instant-
release preparations and 2.5-5 h for sustained-
release formulations. Lithium is not bound to
plasma proteins and is eliminated only via the
kidney. Plasma concentrations can accumulate
to toxic levels if renal impairment develops. It
is recommended that patients who receive
therapy with lithium have regular monitoring
to maintain plasma lithium concentrations in
the therapeutic range. Nevertheless, overdosage
with lithium, either acute, acute on chronic,
or chronic is relatively common (Bailey and
McGuigan 2000). Signs and symptoms of tox-
icity include ataxia, tremor, dysarthria, slurred
speech, drowsiness and coma. The toxicity of
lithium is exacerbated in cases in which there
has been sodium depletion, through vomiting,
and may sometimes be associated with the
concurrent use of diuretic drugs. The therapeutic
and toxic range in terms of plasma and serum
values are rather close. Recommended thera-
peutic concentrations of lithium in plasma or
serum are 0.6-1.2 mmol/L and may be associated
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with side-effects such as gastrointestinal upset,
polyuria, thirst and fatigue. Signs and symptoms
of toxicity are generally associated with values
>1.5 mmol/L, and values >2 mmol/L require
urgent medical attention.

Mercury

Mercury has been used in the manufacture of
thermometers and a range of other scientific
instruments for hundreds of years, but this use
has now declined. Mercury and its compounds
have also been used widely in the chemical
industry and in the manufacture of drugs and
pesticides. Mercury-containing dental amalgam
fillings are still used in many countries.

The toxicity of mercury and its compounds is
influenced greatly by the chemical form and
valence state. The most toxic form of inorganic
mercury is its divalent (Hg?*) salt, particularly
mercuric chloride, which was used as a disinfect-
ant in earlier times. The fatal (oral) dose of
mercuric chloride is less than 1 g, which led to
its popularity as a homicidal and suicidal poison.
There is significant toxicity associated with
inhalation of (elemental) mercury vapour, which
has a very high vapour pressure at normal room
temperature. Broken mercury thermometers can
constitute a serious risk in children through
inhalation of vapour, particularly in a home
environment such as a bedroom (Velzeboer et al.
1997). Organic forms of mercury, such as methyl
mercury, are strongly neurotoxic and, being rela-
tively lipid-soluble, can accumulate in fatty
tissues of the body such as the brain. Large-scale
environmental disasters have occurred, such as
that involving the Minimata Bay area in Japan
where hundreds of people died or became in-
capacitated. This was caused by the factory
discharge of industrial waste that contained
mercury, which settled into the sediments of the
bay and river and was methylated by micro-
organisms. The methyl mercury became incor-
porated into the fish diet on which the residents
of Minimata largely existed, and this resulted in
so-called Minimata disease. Mercury poisoning
may also be seen after the use of traditional
medicines and cosmetics (Weldon et al. 2000).

The signs and symptoms of acute and chronic
mercury poisoning mainly involve the CNS,
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kidney or skin. Characteristic symptoms in chil-
dren include acrodynia (‘pink disease’), which
include signs such as pink hands and feet
(Velzeboer et al. 1997). Mercury species may be
retained in the body for a long time after the
cessation of exposure, and blood elimination
and urine excretion rates show long half-lives.
Mercury may be excreted in the urine for 6-12
months after cessation of exposure, which makes
urine measurements an attractive way to assess
historical exposure, and analysis of hair can be
useful in environmental studies or unusual
clinical cases. Mercury from the diet (particularly
fish) contributes to the concentration of mercury
found in blood, but is usually well within
normal limits. However, populations who
consume unusually large quantities of certain
fish (e.g. swordfish) or of whale meat may accu-
mulate high concentrations of (methyl) mercury
(Kales and Goldman 2002). There is some
evidence that such exposure presents a serious
risk in pregnancy and early child development.
Reference values for mercury in non-exposed
populations in blood and urine are <4 pg/L and
<5 pg/L, respectively.

Selenium

Selenium is now firmly established as an
essential trace element, although historically it
was associated only with toxicity as a result of
occupational or environmental exposure (Glover
1970; Yang et al. 1983). Selenium is present in
the earth’s crust in relatively small quantities,
but some rocks may contain levels of up to
1.5 ppm. Selenium is also found in coal, and the
combustion of fossil fuels is an important source
of its occurrence as pollution in the environ-
ment. Most of the earliest reports of selenium
toxicity are associated with poisoning in grazing
livestock and the cause of ‘alkali disease’ and
‘blind staggers’. The sources of selenium in
such cases are particular plants that concentrate
selenium when growing in selenium-rich soils.
There are many industrial uses of selenium, such
as the manufacture of semiconductors, glass
and ceramics. Selenium compounds are also
used as anti-dandruff agents in shampoos and
as gun-blueing compounds, which contain sele-
nous acid. Many nutritional supplements now



Other substances encountered in clinical and forensic foxicology

contain selenium compounds, sometimes in
relatively high concentrations, which may cause
toxicity if ingested in excess (Clark et al. 1996).
Selenium is a metalloid and is in group 6 of the
periodic table. Common oxidation states of sele-
nium are 2* (selenide), 4" (selenite) and 67 (selen-
ate). There are also a number of important
organoselenium compounds in which selenium
is able to substitute for sulfur (e.g. selenocysteine
and selenomethionine).

Recent years have seen a large increase in our
understanding of the essential biological role of
selenium, and important selenoproteins and
glutathione peroxidases (GSHPx) are found in
most tissues of the body (Thompson 1998). Selen-
ium has been shown to have an important role
in thyroid function, fertility (particularly sperm
motility), mood regulation, immunity to infec-
tious disease and as a cellular ‘antioxidant’,
acting in association with vitamins E and C
(Reilly 1993; Rayman 2000). Deficiency of selen-
ium is associated with a number of disorders,
such as Keshan disease (China), and, more
recently with an increased risk of cancer. Selen-
ium can also have a protective role in ameli-
orating human exposure to mercury (Hansen
1988). In cases of occupational exposure, selen-
ium is associated with signs and symptoms such
as skin irritation, garlic breath, metallic taste,
painful nail beds and pulmonary oedema.

Acute poisoning has occurred after ingestion or
inhalation of selenium compounds. A number of
fatalities that involved selenium are well
described (Koppel et al. 1986; Matoba et al. 1986;
Schellmann et al. 1986; Quadrani et al. 2000).
Reference ranges for selenium in whole blood and
plasma vary from country to country because of
differences in dietary sources of selenium. In the
UK, adult plasma reference ranges are generally
between 70 and 130 ug/L. In cases of acute
poisoning, very high concentrations of selenium
may be detected in whole blood, plasma and
urine. Blood selenium values <1000 pg/L indi-
cate minimal toxicity, whereas values >2000 ug/L
predict serious complications (Gasmi et al. 1997).

Thallium

Most thallium compounds are colourless, taste-
less and odourless. The water-soluble salts of
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thallium include the sulfate, acetate and
carbonate, all of which are highly toxic.
Modern industrial uses of thallium salts include
the manufacture of imitation jewellery and
optical lenses, and in producing special alloys
for seawater batteries. Thallium salts were also
introduced as rodenticides and insecticides in
the 1920s. Their use has been discontinued in
many countries owing to their high toxicity,
but they continue to be applied in some coun-
tries. The fatal oral dose of thallium in adults is
less than 2 g.

The clinical picture of thallium poisoning is
highly complex, and poisoning may be difficult
to diagnose in its early stages. Initial signs and
symptoms of acute thallium poisoning include
fever, gastrointestinal upset and convulsions.
Neurological symptoms may develop later and
include both peripheral and central neurological
changes. Cardiovascular changes, such as an
increase in blood pressure and tachycardia, may
develop after 1 to 2 weeks. The most character-
istic signs associated with thallium toxicity are
dermatological changes, which may take up to 3
weeks to develop, and include an initial black
pigmentation of the hair (visible under a micro-
scope) followed by loss of body hair, which can
result in total alopecia. Nail growth may also be
impaired with the development of white
transverse lines, similar to those seen with
arsenic poisoning. In particularly severe cases of
thallium poisoning, extremely high levels of
thallium in blood, plasma and urine may be
recorded within the first few days after ingestion.
Measurement of thallium excretion in urine is
useful in cases for which oral antidotal therapy
with Berlin (Prussian) blue (potassium ferric
hexacyanoferrate) is instituted. This dye forms
an insoluble complex with thallium in the gut,
which leads to enhanced faecal excretion. Refer-
ence values for thallium in blood and urine are
<1 pg/L. Concentrations in excess of 100 pg/L in
blood and 200 ug/L in urine are associated with
toxicity.

Analysis for metals

A wide variety of methods are available for the
analysis of metallic elements at trace levels in
biological matrices, including colorimetric and
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fluorimetric assays, electrochemical detection
(anodic stripping voltammetry), flame atomic
absorption spectrophotometry (AAS), elec-
trothermal AAS (ETAAS) (also referred to as
graphite furnace AAS (GFAAS)), inductively
coupled plasma emission spectrometry (ICP-AES)
(also referred to as ICP-optical emission spec-
trometry (ICP-OES)), and ICP-mass spectrometry
(ICP-MS). AAS and ETAAS offer good sensitivity
but the nature of the instrumentation means
that only one element can be analysed at a time.
This presents difficulties when specimen
volumes are limited and the measurement of
several elements is required because a certain
volume of sample is required for the analysis of
each element. If a large number of elements have
to be analysed for, there may be insufficient
sample available. Alternative technologies have
been developed, such as anodic stripping
voltammetry (ASV), but this needs careful speci-
men preparation (digestion) before specimens
can be run. ICP-AES and ICP-MS offer the signif-
icant advantage of multi-element analysis with
some instruments capable of analysing up to 75
elements simultaneously. This advantage comes
at a significant cost in terms of instrument
purchase and running costs relative to AAS and
ETAAS but the multi-element capability makes
screening for metals much quicker. ICP-MS is
now the ‘gold standard’ for high sensitivity
multi-element analysis (see Chapter 21). It is
possible to analyse a small volume of sample for
many elements simultaneously. In addition, it is
possible to derive information on the relative
isotopic abundance of some elements (e.g. lead),
which can be used to link a biological sample to
a suspect source material or scene residue.
Heavier elements that are difficult to determine
using ETAAS (e.g. platinum, uranium) are deter-
mined easily using ICP-MS. AAS, ICP-AES and
ICP-MS can be linked to hydride-generation
systems to analyse elements that form gaseous
hydrides (such as arsenic and antimony); ICP-MS
and -AES can also be connected to liquid chro-
matographic systems to study metal speciation
in biological fluids and tissues. Interferences,
including isobaric and polyatomic interferences,
occur with ICP-MS which can give rise to prob-
lems in analysis for some elements, but newer
instrument design and software capabilities have
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significantly reduced this problem. Nevertheless,
the instrument operator must be aware of
possible interferences.

The high sensitivity of methods such as AAS,
ETAAS, ICP-AES and ICP-MS means that strict
precautions must be observed in sample collec-
tion and preparation and in the choice of
sample containers. Aluminium is a particular
case in point because it is ubiquitous in the
environment and can readily contaminate
samples.

Colorimetric assays are also commercially
available for the analysis of serum zinc, magne-
sium and copper, and are suitable for use on
modern clinical laboratory equipment.

Some screening tests that are simple to apply
and that can be used to identify some metallic
elements in stomach contents and scene residues
are available. One such test is the Reinsch test,
which can detect arsenic, antimony, bismuth
and mercury. The test involves the use of copper
foil, with inspection of the foil to determine its
appearance after the test is applied. Interpreta-
tion can be difficult and is not entirely specific.
However, the test may at least indicate that one
or more of the above metals is present or other-
wise and direct further, more specific, analyses.

The Gutzeit test is a colorimetric test for the
qualitative and semi-quantitative analysis of
arsenic in urine, stomach contents, tissues, scene
residues and contaminated water. It involves the
reduction of inorganic arsenic to arsine gas,
which then reacts with a solution of silver
diethyldithiocarbamate to give a red complex. A
specially designed Gutzeit apparatus can be
purchased from commercial sources, and a
detailed description of the test can be found in
Flanagan et al. (1995). The sensitivity for arsenic
is approximately 0.5 mg/L. A later modification
of the basic technique has been applied to
arsenic and other hydride-forming elements,
such as antimony and selenium, with measure-
ment by AAS giving better sensitivity (Crawford
and Tavares 1974; Kneip et al. 1977). Several
convenient colorimetric methods can be applied
to determine thallium in urine, stomach contents
and suspect preparations. One of these methods
(Flanagan et al. 1995) is based on measuring the
absorbance of a chloroform-extractable pink-red
thallium-dithizone complex from an alkaline
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solution that contains potassium, sodium and
cyanide ions to mask interference from other
metal ions. It indicates the presence of thallium
in urine at concentrations of 1 g/L or more.
However, the method is not specific and AAS,
ETAAS, ICP-MS or ICP-AES are more reliable
techniques.

Anions

Borates

Boric acid has for many years been used as a
common household antiseptic for external use.
Sodium borate (borax) is used in cleaning agents,
wood preservatives and fungicides. Compounds
of boron have relatively low toxicity. However, a
number of cases of acute and chronic boron
poisoning have been reported in children and
adults. Signs and symptoms have generally
included diarrhoea and vomiting, and seizures in
more severe cases.

ICP-MS has been used to measure the concen-
tration of boron in blood and tissues in patients
who receive treatment with boron-containing
drugs such as boronphenylalanine (BPA) as part
of boron neutron capture therapy of certain
cancers (Morten and Delves 1999). Plasma boron
concentrations ranging from 200 to 1600 mg/L
have been reported in children in fatal cases of
acute poisoning with borates. Survival has also
been reported in cases of adult poisoning despite
admission boron concentrations in excess of
1000 mg/L.

Bromide

Bromide salts (e.g. of ammonium, potassium and
sodium) were first introduced into medicine in
the 19th century and were used extensively as
anticonvulsants and sedatives. However, with the
exception of organic bromides such as carbromal
(a sedative), their use is now limited. Methyl
bromide (a fumigant) releases bromide ion as a
metabolite. Absorption of bromide ion takes
place rapidly from the stomach and proximal
small intestines by passive diffusion. Bromide
ions behave like chloride ions and are distributed
mainly in extracellular fluid. The most important
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route of elimination is via the kidney. Their elim-
ination half-life is relatively long, being of the
order of 10 days after acute dosing, or several
weeks following the cessation of chronic intake,
particularly in cases of bromide intoxication.
Bromide poisoning may cause neurological
symptoms (e.g. tremor, ataxia, autonomic disturb-
ance, cognitive impairment) and clinical diag-
nosis can be difficult if the use of bromide salts is
not suspected. ‘Normal’ reference values for
bromide are <5 mg/L in plasma. Concentrations
in cases of bromide intoxication show markedly
elevated levels in excess of 1000 mg/L. ‘Thera-
peutic’ concentrations in adult epileptics are of
the order of 750-1000 mg/L.

Chlorate

Sodium chlorate (NaClO,) is an effective, inex-
pensive, nonselective herbicide. Potassium chlor-
ate is used in the manufacture of matches and
some explosives. Both compounds are powerful
oxidising agents. Serious and sometimes fatal
poisoning can occur after the ingestion of 15 g
or more of sodium or potassium chlorate. Early
signs and symptoms of chlorate poisoning
include nausea, vomiting and abdominal pain.
Systemic absorption leads to substantial oxida-
tion of haemoglobin to form methaemoglobin,
which may cause cyanosis, dyspnoea and coma;
intravascular haemolysis and severe metabolic
acidosis may also occur (Ellenhorn 1997).

Cyanide

Severe or fatal cyanide poisoning is relatively
rare and mostly involves suicidal ingestion.
Hydrogen cyanide (HCN; prussic acid) is a highly
toxic volatile liquid. Fumes of hydrogen cyanide
are given off when cyanide salts are mixed with
acids or produced in the stomach following oral
ingestion. Although HCN has a characteristic
almond-like odour, about 50% of the population
are unable to smell it. Soluble salts of cyanide
include potassium and sodium cyanide, which
are used industrially in electroplating and metal
processing and as laboratory reagents. Less
soluble salts of cyanide include silver and gold
cyanide, and mercuric cyanide, which also
release HCN on contact with strong acids. HCN
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may also be formed as a combustion product in
fires from nitrogen-containing materials such as
wool and silk or synthetic polymers such as
polyurethanes, polyamides and polyamides
(Baud et al. 1991; Barillo et al. 1994, Chaturvedi
et al. 2001). Less common sources of cyanide
include the accidental or intentional ingestion
of cyanogenic plants or their seeds.

The signs and symptoms of cyanide toxicity
appear rapidly after inhalation of HCN or inges-
tion of cyanide salts; the estimated fatal doses
are approximately 100 mg HCN or 300 mg
potassium cyanide (Ellenhorn et al. 1997). Early
neurological signs include headache, dizziness,
anxiety and confusion. In severe cases there may
be a rapid loss of consciousness, respiratory
failure and convulsions that lead to cardiorespir-
atory arrest and death. Cyanide is metabolised
rapidly in the liver by an enzyme (rthodanase) to
thiocyanate (SCN), which is largely nontoxic. As
a consequence, blood cyanide concentrations
decline rapidly after exposure or ingestion, with
an estimated elimination half-life of 1-2h. A
number of antidotes are useful in the treatment
of cyanide poisoning (e.g. cobalt EDTA and
hydroxocobalamin). In postmortem cases after
suicidal ingestion of cyanide salts, elevated levels
of cyanide may occur in blood samples taken
from the heart or other central sites owing to
postmortem diffusion of unadsorbed cyanide
from the stomach. Hence blood samples should
be taken from peripheral sites such as the
femoral vein. It should also be noted that
bacteria and fungi can break down or generate
cyanide in the body or in specimens. Precautions
should, therefore, be taken to collect blood into
anticoagulated tubes that contain sodium fluor-
ide to prevent/minimise microbial growth in the
sample. Where there is evidence of putrefaction
in the body before sampling, this should be
taken into account when interpreting data on
cyanide levels. Quantitative analysis of cyanide
in stomach contents can be helpful when the
route of ingestion is uncertain. In cases of fire,
inhalation of smoke and fumes can result in
concentrations of cyanide of up to 1 mg/L in
blood, both in antemortem and in postmortem
specimens. Reference values for cyanide in blood
are <0.05 mg/L. Minor signs and symptoms of
toxicity are associated with blood concentrations
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up to 1 mg/L, and severe symptoms with higher
concentrations, up to 20 mg/L, on admission to
hospital after suicidal ingestion or industrial
exposure (Singh et al. 1989).

Fluoride

Fluoride is present in variable amounts in the
soil and natural water supplies. It is also found in
almost all plant and animal food products, and
is regarded as an essential trace element. Fluoride
salts may also be added to domestic water
supplies as a prophylaxis against dental caries,
generally at a concentration of 1 mg/L where
the ‘natural’ water content is low. Fluoride
compounds are available in tablet form to
prevent dental decay in infants and children.
They are also prescribed in the treatment of
osteoporosis and other bone disorders. Inorganic
salts of fluoride have widespread use in industry,
for example in smelting aluminium, and are also
applied as insecticides and rodenticides. Fluoride
is an effective enzyme inhibitor that has found
extensive use in the preservation of biological
specimens. The highly corrosive hydrofluoric
acid is also used industrially.

Both acute and chronic poisoning caused by
the ingestion of fluoride compounds have been
well documented. Signs and symptoms of acute
fluoride poisoning include nausea, vomiting,
diarrhoea, abdominal pain and paraesthesia.
Reference ranges for serum, blood and urine vary
widely, depending on dietary intake, access to
fluoridated water and the use of fluoridated
dental products. Reference ranges of 6-42 ug/L
in serum, 20-60 pg/L in blood and 0.2-3.2 mg/L
in urine have been reported. In fatalities, fluor-
ide concentrations of 2.6-56 mg/L in blood and
17-320 mg/L in urine have been measured.

Hypochlorites

Hypochlorites, such as sodium and calcium
hypochlorite, are used as disinfectants. Domestic
products contain relatively low concentrations,
whereas industrial products are much more
concentrated and produce greater toxicity if
ingested. Hypochlorite poisoning produces char-
acteristic symptoms and qualitative tests are
generally not used for diagnosis, although they
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may be used to confirm diagnosis or in the
investigation of fatalities.

Nitrites and nitrates

Sodium nitrate finds uses in artificial fertilisers,
food preservatives, explosives (as do the potas-
sium salts). Sodium nitrite is also used as a food
preservative and in the manufacture of explo-
sives and as a cleaner in dentistry. Nitrite has the
additional property of causing vasodilation,
which has led to its application in treating
angina pectoris. This vasodilatory effect of alkyl
nitrites (e.g. amyl, butyl and isobutyl nitrites)
has led to abuse of these drugs for the ‘rush’ they
provide and, reportedly, heightened sexual
arousal, disinhibition and muscle relaxation.
Ingestion of these substances, which are
supplied to be inhaled, can be fatal. Organic
nitrates (e.g. glyceryl trinitrate, isosorbide
mononitrate and dinitrate) release nitrite ion
when ingested and are also used as vasodilators.

Symptoms of nitrate and/or nitrite poisoning
include nausea, vomiting, diarrhoea, abdominal
pain, confusion and coma. Nitrite in the body
combines with haemoglobin to produce
methaemoglobin which reduces the capacity of
the blood to carry oxygen (methaemoglobin-
aemia). Unborn babies and those up to 3-4
months old are particularly susceptible to
methaemoglobinaemia because they are defi-
cient in methaemoglobin reductase, the enzyme
that converts methaemoglobin to haemoglobin,
and because their stomachs are less acidic than
those of adults and hence are more likely to
permit growth of nitrate-reducing bacteria. Thus,
if nitrates are ingested by babies they are more
likely to be converted to nitrites with resultant
methaemoglobinaemia, which gives rise to the
so-called ‘blue-baby’ syndrome because the skin
appears blue. To minimise problems arising from
high nitrate levels, levels in water in most devel-
oped countries are closely controlled, with
maximum levels imposed. Public water supplies
are treated to reduce nitrate levels but this may
not be the case for water drawn from wells or
other untreated sources. Methaemoglobin
measurement is the most useful test in the diag-
nosis and clinical management of poisoning
cases. Methaemoglobin causes blood to turn
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brown. This can be exploited in colour tests
where the addition of two drops of potassium
cyanide solution to 1mL of blood gives an
immediate colour change from brown to red in
the presence of methaemoglobin.

Several other medical conditions can give rise
to contraindications for nitrate and nitrite
intake. These include persons with congenital
NADPH-methaemoglobin reductase deficiency
and those with glucose-6-phosphate dehydrogen-
ase deficiency. Plasma nitrite and nitrate concen-
trations in unexposed subjects are about 0.2
mg/L and 1.2 mg/L, respectively. In a fatal
suicide, nitrite concentrations were 0.5 mg/L in
blood. Survival has been reported in two men
who accidentally ingested about 1 g of sodium
nitrite.

Oxalate

Oxalic acid and a number of its salts may be used
as cleaning or bleaching agents and in the manu-
facture of explosives. Oxalic acid is also present
in certain plants (e.g. thubarb leaves), which can
cause toxicity if ingested in error. Oxalate is also
an important active metabolite in ethylene
glycol poisoning and may appear in urine as
calcium oxalate crystals. Signs and symptoms of
oxalate ingestion include local tissue damage,
shock, convulsions and renal damage. There
may also be a marked fall in plasma calcium
concentration that requires active treatment.
Hyperoxaluria is caused by a genetically-induced
enzyme deficiency and can lead to renal failure
followed by oxalosis if not treated. Patients are
advised to minimise intake of oxalates. Patients
with hyperoxaluria may excrete much higher
oxalate concentrations in urine. Reference values
for plasma oxalate of up to 2.4 mg/L have been
reported in healthy subjects. A plasma oxalate
value of 3.7 mg/L has been seen in an individual
who survived oxalate poisoning, but concentra-
tions of between 18 and 100 mg/L were seen in
three fatalities.

Phosphine and phosphides

Phosphine (hydrogen phosphide; PH,) is a
highly toxic colourless gas with a strong garlic or
fishy smell, and is used in a number of industrial
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processes (e.g. the production of acetylene gas
and manufacture of semiconductors). It is also
generated by the action of moisture on phos-
phides. Aluminium phosphide is used exten-
sively as a cheap and effective grain fumigant
and rodenticide in developing countries.
Aluminium phosphide poisoning has a high
mortality and the 1990s saw a dramatic increase
in the number of poisoning cases and deaths
caused by suicidal ingestion, particularly in India
(Christophers et al. 2002). Poisoning cases have
also occurred in France (Anger et al. 2000),
Turkey (Bayazit et al. 2000) and Germany (Popp
et al. 2002). Signs and symptoms of poisoning
include headache, nausea, vomiting and
hypotension, which may progress to hepatic and
renal failure (Guale et al. 1994; Sing et al. 1996;
Lakshmi 2002; Popp et al. 2002). Methaemo-
globin formation has also been reported
(Lakshmi 2002).

Sulfide

Many organic and inorganic sulfide compounds
are used in industry, but the most common
cause of sulfide poisoning is by inhalation of
hydrogen sulfide gas, particularly in industrial or
waste disposal sites, including sewers. The gas
has a characteristic foul odour of rotten-eggs and
has a very low odour threshold (0.03 ppm).
However, very high sulfide concentrations may
cause paralysis of the olfactory nerves (Guidotti
1994). Hydrogen sulfide occurs naturally in
volcanic gases and hot springs. Hydrogen sulfide
is unstable and is metabolised rapidly in the
body so that it may be difficult to detect in
biological samples from cases of suspected
poisoning. In cases of suspected acute or chronic
exposure to hydrogen sulfide, blood specimens
must be collected as soon as possible because of
its rapid metabolism. It is metabolised into thio-
sulfate and so measurement of blood or urine
thiosulfate concentration may be the most
viable approach to the investigation of acute or
chronic sulfide poisoning. Reference values for
sulfide concentrations in biological fluids are
<10 pg/L but have been reported to be consider-
ably higher in poisoning incidents. Sulfide
concentrations ranged from 30 to 130 pg/L in
blood taken from workers 0.5-2 h after acci-
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dental exposure to hydrogen sulfide from a
sulfate pulp mill. Postmortem results after
industrial accidents have shown blood sulfide
concentrations of 0.9-3.8 mg/L.

Analytical methods for anions

The systematic analysis of anions in body fluids
presents a major analytical challenge. Historic-
ally, the main approach was the analysis of
stomach contents and scene residues using
classic colorimetric methods of analysis
(Yeoman 1985). Many anions are unstable and
undergo rapid breakdown in the stomach and
gut after absorption. The analysis of metabolites
and various hydrolysis products in blood or
urine using modern methods is not well
described. In some cases, the investigation of
poisoning caused by anions that are oxidising
agents (e.g. chlorates) is best carried out by
measurement of changes in blood chemistry,
such as the formation of oxidised haemoglobin
(methaemoglobin).

The development of analytical techniques
such as ion chromatography to separate and
measure anions in biological fluids is in its
infancy. A number of methods have been devel-
oped for use by the water industry. Classic
analytical chemical methods (colour tests) may
still be applicable for cases in which stomach
contents or scene residues are available. ETAAS
and ICP-MS have been used for the quantitative
determination of boron, and ICP-MS has also
been used for the quantitative determination of
bromide ions and phosphorus (from aluminium
phosphide). Ion-selective electrodes are also
available for various anions. The reader is
referred to Moffat (2004) for details of the
various analytical methods available for anions.

Specimen collection and analysis

In cases of suspected poisoning admitted to
hospital, specimens of blood and, where
possible, urine should be taken. When blood
specimens are received in the laboratory and
analyses are not required immediately, it is
useful to separate off plasma or serum from red
cells, prior to deep freezing. However, for toxins
that have a significant distribution into the red
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cells (e.g. lead, cadmium, mercury and cyanide),
it is essential to conserve samples of anticoagu-
lated whole blood. In postmortem examinations
it is important to undertake a more systematic
specimen collection and great care is required in
the selection of sampling sites, method of collec-
tion and use of appropriate specimen containers.
Where an industrial accident has occurred there
may be access to ‘scene residues’ or materials
used in a chemical process. Analysis of these
materials can yield valuable clues when the
precise nature of the chemical agent is
unknown. However, prior to transportation to
the laboratory, separate packaging from any
biological specimens is advisable to avoid the
risk of contamination.

Vomit, stomach aspirate and washout fluid are
now rarely available from cases of acute
poisoning admitted to hospital. Stomach
washout procedures (except in rare cases) have
been replaced by the administration of oral activ-
ated charcoal in most developed countries. In
fatal cases, the whole stomach and its contents
can be removed at postmortem examination.
When dealing with the initial examination of
stomach contents, or vomitus, it is helpful to
note any unusual smell, colour or other appear-
ance, such as the presence of fresh or altered
blood (e.g. vomit with the appearance of ground
coffee indicates bleeding in the upper gastroin-
testinal tract). Great care should be taken when
dealing with cases that involve the oral ingestion
of cyanide salts, as the contents of the stomach
may represent a serious hazard and risk of
secondary poisoning (a fume cupboard, or safety
cabinet, must be used in these circumstances).
Earlier techniques used to examine stomach
contents, such as isolation of poisons by dialysis
or steam distillation, are now obsolete, particu-
larly since the development of more sensitive
and specific analytical techniques.

Venous blood should be collected in all cases
of suspected poisoning; for metallic poisons and
anions, such as cyanide, a potassium ethylenedi-
aminetetraacetic acid (K-EDTA) container is the
most appropriate. A wide range of blood-
collection tubes are available commercially; to
avoid the possibility of contamination, the use
of products certified as suitable for trace-element
analyses is strongly recommended, particularly
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when dealing with environmental or subclinical
exposure to agents such as lead, cadmium and
aluminium. Blood-collection tubes that contain
gel separation barriers should not be used. When
blood specimens are received in the laboratory
in an unusual container, it may be useful to
request a ‘blank’ container that can be analysed
for the presence of any contaminating
substance. It is equally important to ensure that
reliable blood-specimen containers are used for
postmortem examinations. These can be
supplied to the pathologist ahead of any
postmortem examination as part of standard
specimen-collection Kits.

An early specimen of urine with no preserva-
tives added should be collected, with care taken
to ensure that the sample is not contaminated
during the collection process. If patients are
undergoing chelation therapy it can be useful to
collect sequential 24-hour urine specimens into
acid-washed plastic urine containers.

Hair analysis for trace elements has often been
used for diagnostic purposes in cases where an
individual complains of symptoms for which no
cause can be found by routine medical or patho-
logical investigations. However, experience and
published studies show that the results can be
misleading (Taylor 1986; Seidel et al. 2001). Hair
analysis has more application in surveys of
population exposure and in investigations of
suspicious deaths, such as those that involve
arsenic or mercury. The long persistence of
metals in hair samples compared to their rela-
tively short duration in blood or urine specimens
is a major advantage in this context. Analysis of
hair sections can also yield a chronological
record of when doses were administered.

Specimens such as tissues, skin and bone may
sometimes be collected at postmortem examina-
tion as part of the investigation of complex
medicolegal cases.

Lung tissue should be collected from post-
mortem examination in cases of beryllium-
related deaths as this is a target organ for this
element.

All those involved in selecting and submit-
ting samples for analysis should consider the
possibility of metals and anions being present
so that suitable samples, packaging and storage
are employed at the start. This is particularly
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important for volatile substances, where atten-
tion should be paid to ensuring that loss due to
volatilisation from the sample or sorption into
sample containers is minimised. Similarly, for
metals and anions, precautions must be taken to
prevent contamination with these substances.
Some types of sample containers can leach
metallic elements (e.g. some gel-containing blood
tubes may be contaminated with barium) and
solutions added to prevent microbial growth
may contain metals and/or anions if they are not
prepared from standards and solvents (including
water) of suitable purity. Glass containers should
never be wused to collect specimens for
aluminium analysis.

Natural toxins

The term ‘natural toxins’ usually refers to poten-
tially toxic organic compounds of natural origin,
in contrast to mineral poisons and synthetic
drugs. Sources of these toxins range from simple
microorganisms to highly developed vertebrates,
and their chemical structures are correspond-
ingly diverse. Exposure to natural toxins may
lead to acute as well as long-term symptoms that
affect almost any organ system. The highly
varied chemical, biological and clinical nature of
this class of poisons means that the contribution
of the analytical toxicologist to the diagnosis,
therapy and follow-up of ‘naturally-poisoned’
patients is limited.

An extensive number of substances that
comply with the definition of natural toxins
have been wused for therapeutic purposes.
Classic examples are ergotamine, salicylic acid
and the cardiac glycosides such as digoxin,
and penicillin. More recent examples are
ciclosporin and botulinum toxin (which is
being used in the treatment of blepharospasms).
Most of these substances are not discussed in
this chapter. Similarly, commonly abused
substances of natural origin, such as cannabis,
cocaine and morphine, are covered elsewhere
in this book.

The diversity in chemical composition of
natural toxins prevents an arrangement
according to chemical structures. Accordingly, a
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biological classification has been chosen.
Substances are discussed that originate from:

e bacteria

e fungi

e higher plants
e invertebrates
e vertebrates.

Bacteria

The impact of pathogenic bacteria on human
health mostly, if not always, results from their
ability to produce microbial toxins. For this
chapter, a selection has been made of three
common potent bacterial toxins: tetanus toxin,
botulinum toxin and verotoxin. The former two
are related neurotoxic proteins produced by
several Clostridia strains; verotoxin is produced
by certain Escherichia coli strains. Bacteria may
also be the source of toxins previously attributed
to other organisms, such as tetrodotoxin (TTX),
which is found in puffer fish, but most probably
produced by commensal microorganisms. For
reasons of convention, TTX is discussed in the
section on fish poisoning. The same holds for
those freshwater cyanobacteria that produce
saxitoxins, which are described in the section on
mollusc poisoning.

Clostridium spp.
Botulinum and tetanus neurotoxins are
produced by strictly anaerobic bacteria

belonging to the genus Clostridium and cause
the neuroparalytic syndromes of botulism and
tetanus. The botulinum toxins consist of at least
four peptides with molecular sizes that range
from 150 to 900 kDa. The tetanus toxin has two
disulfide-linked peptide chains of molecular size
50 kDa and 100 kDa. The clostridial neurotoxins
are the most potent toxins known, with a
mouse-lethal dose of 0.3 ng/kg and a reported
LD,, in unvaccinated humans of <2.5 ng/kg for
tetanus toxin. Botulinum toxins are food
poisons, whereas the tetanus toxin is not.
Tetanus follows the contamination of necrotic
wounds with spores of C. tetani. Tetanus is rare in
countries with immunisation programmes, but it
has a high case fatality rate of 24%. An estimated
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800 000 newborns die from neonatal tetanus
worldwide each year. Treatment with antitoxin
and intravenous administration of penicillin
soon after infection may reduce mortality.
Classic food-borne botulism occurs after inges-
tion of food contaminated by preformed toxin of
C. botulinum. The clinical presentations are
stereotypical. Within 12-36 h of ingestion, the
patient develops diplopia and ptosis, followed by
a descending pattern of weakness that affects the
upper and then the lower limbs, and respiratory
paralysis in severe cases. There is no specific
treatment for botulism; recovery is not
uncommon but it requires the regeneration of
new motor endplates, which takes weeks.
Laboratory proof of botulism requires the detec-
tion of the toxin in the patient’s blood or
stools. If still available, the suspected food
should also be tested for the toxin. A number of
immunoassay methods have been reported for
the detection of botulinum toxins including
radioimmunoassay (RIA) and enzyme-linked
immunosorbent assay (ELISA). A promising new
method for the detection of bacterial spores and
toxins uses a biosensor based on electrochemi-
luminescence (Gatto-Menking et al. 1995). A
mouse bioassay is also available for detection of
botulism toxins and, more recently, matrix-
assisted laser desorption ionisation-time of
flight mass spectrometry (MALDI-TOF-MS) and
LC-ESI-MS/MS have been used for detection and
quantification of the botulinum toxins (Barr et
al. 2005). Generally applicable analytical methods
for the identification and quantification of
tetanus toxin have not been reported (Cher-
ington et al. 1995) but an ESI-MS/MS method has
recently been reported for detecting tetanus
toxin in bacterial cultures (vanBaar et al. 2002).

Escherichia coli

Several strains of the common intestinal
bacterium E. coli may cause diarrhoeal disease in
man. One such strain, which occurs naturally in
the gut of cattle and other animals, produces
verotoxin (or verocytotoxin), a potent cytotoxin.
This E. coli strain, usually referred to as verotoxin-
producing E. coli (VTEC), is geographically wide-
spread and is associated with life-threatening
human diseases that range from bloody diarrhoea
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to the haemolytic-uraemic syndrome and
thrombocytopenic purpura. Young children,
especially those from urban areas, are a particu-
larly vulnerable group because of their age and
immunological naivety to farmhouse infections.
The chemical nature of verotoxin has not yet
been elucidated. VTEC strains are characterised
through polymerase chain reaction (PCR) and
deoxyribonucleic acid (DNA) hybridisation, and
by a Vero-cell cytotoxicity assay (Leung et al.
2001). ELISA methods have also been developed
for the detection of verotoxin.

Other E. coli strains (O157:H7) and other
bacterial species produce Shiga toxins, which
may produce disease in humans after consump-
tion of undercooked contaminated beef. In
humans these toxins may cause haemorrhagic
colitis and haemolytic uraemic syndrome.
Enzyme immunoassays are available that detect
Shiga toxins in diarrhoeal stool samples from
humans, and in contaminated beef (Atalla et al.
2000; Hyatt et al. 2001).

Fungi

Given the large number of fungal species,
remarkably, only a very few species are deadly
poisonous after ingestion. A more insidious risk
for humans comes from various fungi that

produce toxins in foods. Of particular
importance are the fungal species that produce
mycotoxins.

Mycotoxins is the name given to a group of
potentially toxic substances produced by certain
fungal species that grow on food crops pre- or
post-harvest. Mycotoxins which have given rise
to most concerns in terms of risk to health
include aflatoxins, ochratoxins, deoxynivalenol,
fumonosins, tricothecenes and ergot alkaloids.
The fungal species associated with the produc-
tion of these toxins include Aspergillus spp.,
Fusarium (Gibberella zeae) spp., Penicillium verru-
culosum and Claviceps purpurea. Mycotoxins are
often present in foods at low levels. Consump-
tion of these foods generally does not give rise to
acute, and hence readily detectable, symptoms of
poisoning, although some cases of acute exposure
have been reported. Instead, chronic exposure
to mycotoxins is more likely. Mycotoxins are
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linked with producing neurotoxic, carcinogenic
or teratogenic effects together with suppression
of the immune system.

Aflatoxins are produced by Aspergillus spp.,
mainly A. flavus, A. parasiticus and A. nomius that
are found as contaminants in both human food-
stuffs and animal feed, particularly in maize,
groundnuts and other nuts such as pistachios.
Exposure to the toxins occurs through consump-
tion of contaminated food and also during
the handling and processing of aflatoxin-
contaminated crops. Aflatoxins have been
detected in human milk, urine and blood
samples. It has also been shown that ingestion of
contaminated feed by cattle can produce milk
contaminated with aflatoxin metabolites and
that these substances pass to cheese and other
dairy products during manufacture. Aflatoxin-B,
is a very potent human carcinogen that reacts
with DNA once it has been bioactivated to the
epoxide and is thought to cause hepatocellular
carcinoma.

Ochratoxin-A (Fig. 4.4) is a widespread myco-
toxin produced mainly by the fungi A. ochraceus
and Penicillium verruculosum during the storage
of cereals, cereal products, herbs, spices and
other plant-derived products like coffee. It has
been found primarily in northern temperate
barley- and wheat-growing areas. Consumption
of mouldy pig feed may result in detectable
levels of ochratoxin-A in pork-derived products.
Since ochratoxin-A is hydrolysed rapidly by
ruminal flora, it is unlikely to be found in milk
or meat from cattle. When ingested by humans,
ochratoxin-A is very persistent, with an elimina-
tion half-life of about 35 days attributed to very
strong binding to plasma proteins.

Deoxynivalenol (DON) 1is a mycotoxin
belonging to the trichothecene type of toxins
produced by Fusarium graminearum (Gibberella
zeae) and F. culmorum. These fungi grow on
cereal crops, mainly wheat and maize. As wheat
and maize products form a considerable part of
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Figure 4.4  Ochratoxin-A.
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the diet in many regions, the toxicity and the
content of DON is an important issue in food
safety control. DON can affect the immune
system, and both suppression and activation
have been reported, but the toxin is not consid-
ered to be mutagenic or carcinogenic. Outbreaks
of human disease related to trichothecenes have
been reported. Consumption of mouldy wheat
or maize results within 5-30 minutes in nausea,
vomiting, abdominal pain, diarrhoea, dizziness
and headache.

Zearalenone is a benzoxacyclotetradecin deriv-
ative produced in F. graminearum (Gibberella zeae)
and related species, and is primarily associated
with maize (Zea mais). It is among the most
widely distributed mycotoxins. Toxic effects in
humans are extremely difficult to assess as, in
cases of contaminated cereals, several myco-
toxins are present simultaneously. Endocrine-
disrupting effects occur in animals, but these
were not reported in two outbreaks in which
both DON and zearalenone were involved (IARC
1993).

A number of analytical methods have been
described for the analysis of aflatoxins in food-
stuffs. HPLC with fluorescence detection is
considered to be the method of choice, with pre-
or post-column detection with bromine or
iodine for the B and G aflatoxins, or trifluo-
roacetic anhydride for the M aflatoxins to
improve sensitivity. More recently, LC-MS/MS
methods have been developed. Immunoassay
methods are available and TLC can also be used
and is particularly useful as a screening proce-
dure. Several analytical procedures have been
proposed for the identification and measure-
ment of ochratoxin-A in food products, as
reviewed by Van Egmond (1991), Valenta (1998)
and Gilbert and Vargas (2003).

Poisoning by ergot alkaloids produced by the
mould Claviceps purpurea is usually referred to as
ergotism, and is probably the oldest recorded
food-borne disease of fungal origin. Cl. purpurea
grows on food grain, particularly rye, during wet
seasons. Symptoms of ergotism include
erythema, diarrhoea, vomiting, a burning sensa-
tion of the limbs and, eventually, gangrene. CNS
effects are convulsions, catalepsy, dullness or
maniacal excitement. These symptoms can be
explained by the pharmacological properties of
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the ergot alkaloids, which may cause an alpha-
adrenergic blockade, as well as serotonin (5-
hydroxytryptamine; 5-HT) antagonism. The
ergot alkaloids ergotamine (the best known,
Fig. 4.5) and ergometrine, or ergonovine, have
been used for centuries as therapeutic agents to
stimulate uterine contractions and in the treat-
ment of migraine attacks. Overdose with these
agents, and intoxication with ergot alkaloids
from other sources, can be treated symptomat-
ically with potent vasodilator drugs, such as
sodium nitroprusside, and by maintaining
adequate circulation.

The method of choice for analysis of ergot
alkaloids in serum is HPLC with fluorescence
detection after liquid-solid extraction. More
recently a number of LC-ESI-MS/MS methods
have been developed. The structural chemistry
and a comparison of the available analytical
techniques for ergot alkaloids have been
reviewed extensively by Flieger et al. (1997).

Hallucinogenic mushrooms

A number of basidiomycetes contain hallucino-
genic principles, the most well-known examples
being the Amanita muscaria and the Psilocybe
types. The fly agaric Am. muscaria is the Euro-
pean archetypical ‘mother of all mushrooms’ in
legends and fairy tales, with a red hood and
white spots. It is indigenous to the northern
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hemisphere, but is also found in some parts of
South Africa, South America, Australia and New
Zealand. The most important toxin in Am.
muscaria is not muscarine (which does occur in
trace amounts), but ibotenic acid and its
decarboxylation product muscimol (Fig. 4.6).
Poisoning with Am. muscaria usually results from
deliberate ingestion to obtain a psychoactive
response and symptoms occur within 20-180
minutes. Muscimol is a gamma-aminobutyric
acid (GABA)-receptor agonist. It causes CNS
depression that results in drowsiness and dizzi-
ness, followed by elation, increased motor
activity, tremor, agitation and hallucinations.
There are no specific antidotes and recovery is
complete upon awakening.

A modification of the ion-interaction HPLC
method of Gennaro et al. (1997) for ibotenic acid
and muscimol was applied to urine and serum
from two dogs who were found to have ingested
Am. muscaria (Rossmeisl et al. 2005). Tsujikawa
and colleagues determined ibotenic acid and
muscimol in Amanita mushrooms by GC-MS
(Tsujikawa et al. 2006) and by LC-MS/MS
(Tsujikawa et al. 2007).

Toxins from Am. phalloides and related Agari-
cales are among the most lethal natural
substances. In countries where the consumption
of wild mushrooms is popular, as in Middle and
Eastern Europe and some Mediterranean coun-
tries, hundreds of fatalities are reported every
summer and autumn. The toxic principles are
cyclic polypeptides: the phallotoxins are bicyclic
heptapeptides, the virotoxins are mono-
cyclic heptapeptides and the amatoxins are
bicyclic octapeptides (Fig. 4.7). The most import-
ant biochemical effect of the amatoxins is an
irreversible inhibition of ribonucleic acid (RNA)
polymerase-II; the phallotoxins stimulate the
polymerisation of G-actin and stabilise the
F-actin filaments (De Wolff and Pennings 1995;
Vetter 1998).

Symptoms of Am. phalloides poisoning can
roughly be divided in three phases, the first
appearing over 6 h after mushroom consump-
tion and characterised by violent emesis and
cholera-like diarrhoea. This phase is ascribed to
the action of the phalloidins, and can usually be
treated successfully with fluid and electrolyte
replacement. The second phase occurs after
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2 to 3 days as a transient remission, which is,
however, fallacious, since the most dangerous
third phase may then begin to take place. This is
characterised by hepatorenal symptoms from the
effect of amatoxins on RNA polymerase. Liver
injury is evident by immensely elevated serum
aminotransferase activities. Numerous antidotes
against amatoxins have been proposed, but none
has been proved to be successful, as hepatorenal
symptoms appear only after irreversible binding
of the toxins to their target enzyme. Liver trans-
plantation seems to be an option for effective
symptomatic treatment (De Wolff and Pennings
1995).

Identification and measurement of the toxins
in blood for diagnostic purposes have proved a
considerable challenge because of their compli-
cated chemical structures and the low plasma
concentrations. Immunoassay procedures are
available (Abuknesha and Maragkou, 2004;
Butera et al. 2004). A number of HPLC methods
have been described. Electrochemical detection
can achieve a sensitivity of 2 pg/L. An ESI-LC-MS
procedure for o- and B-amanitin described by
Maurer (1998) has a detection limit of 10 pg/L.
o-Amanitin in serum has been analysed by
LC-MS/MS/MS (Filigenzi et al. 2007).

Consumption of one of the many species of
the cosmopolitan genera Psilocybe, Panacolus,
Copelandia, Gymnophilus or Stropharia gives rise
to the so-called ‘psilocybe syndrome’. These
mushrooms contain the indole-alkylamine
hallucinogen psilocybin (Fig. 4.8) and its
dephosphorylated congener psilocin, which is
about 1.5 times as potent as psilocybin. These
hallucinogens are about 100 times less potent
than lysergide (LSD). Intoxication with
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Figure 4.8  Psilocybin.

psilocybin-containing mushrooms is almost
always intentional. Some of the somatic reac-
tions to psilocybin resemble anticholinergic
effects, for example mydriasis and urinary reten-
tion, which may be reversed successfully with
physostigmine.

Measurement of psilocybin and related indole
alkaloids in mushroom samples or patient
material may assist the diagnosis and treatment
of patients with suspected poisoning. A TLC
method has been described (Stienstra et al.
1981). Quantitative procedures have been
described using HPLC or ion-mobility spectrom-
etry and GC-MS. In clinical and forensic prac-
tice, the HPLC method with electrochemical
detection, as described by Hasler et al. (1997),
seems to be most useful. An LC-MS method has
also been developed for analysis of psilocin and
psilocybin in mushroom samples (Kamata et al.
2005). Saito et al. (2004) quantified psilocybin in
mushroom samples by HPLC with fluorescence
detection after derivatization and in mushrooms
and rat serum by LC-ESI/MS.

Higher plants

The use of plants to treat ailments and diseases is
a long established practice worldwide and
continues in many parts of the world. For
example, muti, the practice of traditional healing
in various parts of southern Africa, makes exten-
sive use of various plants. Many pharmaceutical
medicines originate from plants, the most
obvious examples being salicylic acid from Salix
alba and other Salix spp., atropine from the
Jimson weed Datura stramonium, digoxin from
the foxglove Digitalis purpurea and morphine
from the opium poppy Papaver somniferum; this
last species also gives rise to heroin, which has
become an abused drug in many countries.
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Routes of exposure to plant toxins can be varied.
Ingestion is the most obvious route but this can
be accidental, for example through inadequate
preparation of plant foodstuffs (e.g. cassava
Manihot esculenta and the fruit of the ackee tree
Blighia sapida), through deliberate malicious
administration or though poorly administered
medical treatment. Contact with plants such as
hogweed Heracleum sphondylium can give rise to
serious skin inflammations. Because of the wide
variety of plants that are toxic, their geograph-
ical variability and their widespread and various
uses, a few examples only are discussed here. For
an overview of the analysis of plant toxins, see
Gaillard and Pepin (1999).

Ricinus communis

The beans of Ricinus communis are the source of
castor oil, and consist mainly of the triglyceride
of ricinoleic (12-hydroxyoleic) acid. Castor oil is
well known for its purgative action, which is so
strong that it may lead to colic and dehydration.
R. communis also contains the extremely toxic
peptide ricin, which is present in the seed husks.
Ricin is a lectin that consists of two polypeptide
chains of 34 kDa each, connected through a
disulfide bond. One of the chains (the A-chain)
is toxic because it inhibits protein synthesis. The
B-chain is a galactose- or N-acetylgalactosamine-
binding lectin and is responsible for the binding
of ricin to cell-surface receptors. Ricin is insol-
uble in lipids; therefore, it does not occur in
medicinal castor oil. Animal experiments indi-
cate that the liver is the primary target organ in
ricin poisoning. Oral ingestion of ricin is very
dangerous and may cause erythrocyte agglutina-
tion, haemorrhagic gastrointestinal irritation,
vomiting, profuse watery or bloody purging,
fever, convulsions and death. Death after the
consumption of a single castor bean has been
reported (Knight 1979), although others have
survived ingestion of as many as 10 to 15 beans
(Aplin and Eliseo 1997). Acute adrenocortical
and renal insufficiency have also been demon-
strated (Balint 1978). There is currently concern
that ricin could be used in terrorist attacks.

The extreme toxicity of ricin first came to
public attention after the Markov case in 1978 in
the UK. Georgi Markov, a Bulgarian journalist in
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exile, was stabbed in the thigh with an umbrella
and within a few hours developed high fever and
a high leukocyte count. This was followed by a
fall in blood pressure and body temperature, and
he died on the third day. At autopsy, a small
platinum-iridium sphere with tiny holes was
found in the subcutaneous tissue. Although the
presence of ricin in the bullet was not confirmed
analytically, the symptomatology led to the
conclusion that ricin was the poison responsible.
Immunoassay methods are available for the
analysis of ricin. Godal et al. (1981) devised a
radioimmunoassay for ricin that was applied
subsequently in a patient who ingested 30 castor
beans in a suicide attempt. The threat of a
terrorist attack using ricin has led to the develop-
ment of many new methods to detect ricin
including lab-on-a-chip and real-time PCR assays.

The Umbelliferae

The Umbelliferae or Apiaceae family (named after
their umbrella-shaped inflorescence) includes a
large number of extremely toxic species,
together with many species that are consumed
by humans, such as carrot, parsley and parsnip.
The best-known toxic species are the water
hemlock Cicuta virosa and the poison hemlock
Conium maculatum. The former contains the
polyin cicutoxin as the active principle, whereas
the latter contains the piperidine alkaloid
coniine (Fig. 4.9). C. maculatum was the source of
the poison used for the execution of Socrates in
399 BC. Cicutoxin affects primarily the CNS
causing seizures, whereas coniine affects the
neuromuscular junction and may lead to respir-
atory failure. Both plants have a very high
mortality rate after ingestion. In both cases,
treatment is symptomatic and does not depend
on the result of toxicological analysis.

Another class of toxins produced by umbel-
lifers are the furocoumarins or psoralens, the active
principles of the giant hogweed Heracleum
mantegazzianum which may cause serious dermal
phototoxicity after contact of the skin with
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Figure 4.9  Coniine.
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the juice of this plant and exposure to sunlight.
The best-known psoralen from hogweed is 8-
methoxypsoralen (8-MOP), which is also used in
the therapy of psoriasis in combination with
UV-A irradiation (De Wolff and Thomas 1986)
(Fig. 4.10). Psoralens can be measured in
biological matrices with HPLC.

Lathyrus sativus

Lathyrus sativus contains the excitatory amino
acid B-N-oxalylamino-L-alanine (BOAA), which
is the cause of a neurodegenerative disorder,
lathyrism, that occurs in many parts of the world.
Lathyrism is characterised by spastic paresis of
the lower limbs and, in a more advanced stage,
by loss of control of the bladder and rectum, and
by impotence. Human consumption of 400 g of
L. sativus daily for a prolonged period leads to
symptoms. Young males form the most sensitive
part of the population. Treatment is limited to
reduction of muscular spasm, with some success.
For a review on lathyrism, see Spencer (1995).

Blighia sapida

Jamaican vomiting sickness affects mainly
young children and is a form of toxic hepatitis
associated with ingestion of the arilli of the
unripe fruit of the ackee tree, Blighia sapida. The
ackee tree was imported into the West Indies but
is native to West Africa, and deaths among chil-
dren have been reported there. The disease
presents with severe vomiting and hypogly-
caemia followed by neurological symptoms,
which include convulsions, coma and death.
The toxinresponsibleis hypoglycin, L(S)-2-amino-
3-(2-methylidenecyclopropyl)propionic acid.
Seeds of the common sycamore (Acer pseudo-
platanus) and of the lychee fruit (Litchi sinensis)
also contain hypoglycin. Most of the metabolic
effects of hypoglycin are caused by its metabo-
lite, methylenecyclopropylacetyl-coenzyme-A
(MCPA-CoA). Sherratt (1995) has reviewed the
biochemical mechanism of hypoglycin in detail.
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Figure 4.10  8-Methoxypsoralen.
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No methods are available that detect hypo-
glycin in body fluids to confirm a suspected
intoxication. However, hypoglycin exposure
may be confirmed indirectly by measuring dicarb-
oxylic acids in wurine (ethylmalonic, glutaric
and adipic acids) by GC with flame-ionisation
detection after derivatisation with bis(tri-
methylsilyl)trifluoroacetamide (Meda et al. 1999).

Invertebrates

Many species of animals without backbones
produce venoms or contain toxins that may be
harmful to humans, either externally by stinging
or after ingestion. As with plants, the number of
invertebrates that can cause poisoning is vast
and hence only a few examples will be given.
Emphasis is on mollusc species that usually
cause human food poisoning by transmitting
accumulated toxins produced by protozoal
organisms. Analytical toxicology may be instru-
mental in the prevention and management of
these food-borne diseases. Animals often
reported to cause envenomation (representatives
of the Cnidaria and Arthropoda) are also
mentioned briefly.

Molluscs

Mollusc poisoning or ‘shellfish poisoning’ is
caused by the consumption of bivalve molluscs
that accumulate toxins of protozoal or algal
origin. Toxins from algal sources are also referred
to as phycotoxins, analogous to the mycotoxins
from fungal sources (see above). Mollusc
poisoning caused by algal toxins is usually clas-
sified according to the symptoms they cause in
humans:

e paralytic shellfish poisoning (saxitoxins)

e diarrhoetic shellfish poisoning (okadaic acid)

e neurotoxic shellfish poisoning (brevetoxin)

e amnestic shellfish poisoning (domoic acid)

e intoxication with venoms (the conotoxins)
from snails belonging to the genus Conus is
another form of mollusc poisoning.

Paralytic shellfish poisoning (PSP) is caused by
saxitoxins (STX; Fig. 4.11) produced by marine
‘red tide’ dinoflagellates and freshwater
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blue-green algae such as Alexandrium spp.,
Gymnodinium catenatu and  Pyrodinium
bahamense. STX are potent agents that can block
sodium channels in nerves and muscles at the
extracellular side of the channel, which leads to
conductivity disturbances and paralysis. About
1600 cases of poisoning are estimated to occur
every year. In severe cases, the neurological
symptoms spread to the extremities and respira-
tory muscles and, without ventilatory support,
patients die between 2 and 12 hours after inges-
tion. Lawrence et al. (1996) described a fast and
reliable analytical method to detect STX in
molluscs, based on HPLC with fluorescence
detection after pre-chromatographic oxidation.
LC-MS methods are now available.

The major causative agent of diarrhoetic shell-
fish poisoning (DSP) is okadaic acid (Fig. 4.12),
which is produced primarily by ‘red tide’ dinofla-
gellates belonging to the genera Dinophysis and
Prorocentrum. DSP toxins are lipophilic and accu-
mulate in the digestive gland of mussels.
Okadaic acid is a potent inhibitor of protein
phosphatases 1 and 2A. In humans, consump-
tion of contaminated molluscs leads almost
exclusively to gastrointestinal symptoms: diar-
rhoea, nausea, vomiting and abdominal pain,
which appear between 30 minutes and a few
hours after the meal and can be caused by as
little as 40 pg of toxin. Treatment is supportive
and recovery is complete after a few days. An LC-
MS/MS method has been developed for the
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detection and quantification of okadaic acid in
mussels (McNabb et al. 2005). The method is
applicable for the detection of other algal toxins
including domoic acid.

Neurotoxic shellfish poisoning (NSP) is caused by
a toxin produced by another ‘red tide’ dinofla-
gellate, Gymnodinium breve, which has been
observed on the west coast of Florida, in the Gulf
of Mexico, Japan and New Zealand. The active
principle is the lipid-soluble polyether breve-
toxin (Fig. 4.13), which has a molecular weight
of around 900 and is one of the most potent
neurotoxins known. In humans, ingestion of
brevetoxin-contaminated shellfish can result in
gastroenteritis with neurological symptoms.
Within 3 hours, nausea and vomiting, paraes-
thesias, reversal of hot/cold sensation, throat
tightness and ataxia may occur. There is no
paralysis. There is complete recovery from these
symptoms within 2 days without specific treat-
ment. No human deaths have been reported
with brevetoxin poisoning. ELISA methods have
been developed to detect brevetoxins in shellfish
(Quilliam 1999, Naar et al. 2002) and the toxins
may also be detected with the HPLC-MS/MS
method for ciguatoxin (CTX) described by Lewis
et al. (1999) and the LC-MS method of Nozawa
et al. (2003).

Amnesic shellfish poisoning (ASP) was identified
as a marine toxin disease in 1987 in Canada,
when more than 150 people were affected by the
consumption of cultured blue mussels, which
resulted in the deaths of three patients. The
toxin responsible is the tricarboxylic acid,
domoic acid, which is formed by certain species
of the diatom genus Pseudonitzschia. Domoic
acid (Fig. 4.14) is a neurotoxic agent. Acute
symptoms include vomiting and diarrhoea and,
in some cases, are followed by confusion,
memory loss, disorientation, coma or death. A
large number of different analytical methods
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Figure 4.14  Domoic acid.

have been described for domoic acid, probably
because of its relatively straightforward chemical
structure. Methods for analysis in shellfish
include TLC and HPLC, including a fluorimetric
HPLC method for the determination of domoic
acid in seafood and marine phytoplankton
with derivatisation using 4-fluoro-7-nitro-2,1,3-
benzoxadiazole (NBD-F). Immunoassay methods
are also available as are capillary electrophoresis
methods with UV detection. An LC-ESI-MS
method has been developed for the determina-
tion of domoic acid in serum and urine, and
applied to the investigation of poisoning in
animals (Tor et al. 2003). LC-MS methods are also
available for the determination of domoic acid
in shellfish (see method of McNabb et al. (2005)
for okadaic acid above).

Cnidaria

Cnidaria (formerly Coelenterata) may be
stationary creatures (e.g. ‘fire coral’, Millepora
alcicornis, which is associated with reefs in, for
example, the Caribbean and Australia) or free-
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swimming (e.g. jellyfish, such as the Portuguese
Man-of-War or Physalia physalis). They have
stinging cells or nematocysts (40 pm spheres
that contain a viscous fluid composed of
multiple toxins), and a long thread-like coiled
tube (nema). When physical, osmotic or chem-
ical stimuli trigger the nematocyst, its internal
pressure produces an explosive inversion of the
nema and the contents of the capsule are
injected into the victim.

The Portuguese Man-of-War jellyfish is partic-
ularly dangerous and can cause death. Its nemo-
cysts contain a wide range of biologically active
substances, including histamine, haemolytic
toxins, phospholipases, proteases and a powerful
neuromuscular toxin — hypnotoxin. Acute reac-
tions involve stinging and burning, followed by
the development of painful and pruritic linear
papules and wheals. Acute systemic reactions to
Physalia envenomation may include hypoten-
sion, shock, seizures, ataxia, haemolysis and
acute renal failure. Other possibly lethal jellyfish
include Stomolphus nomurai, which occurs in the
waters around China. The box jellyfish Chironex
fleckeri, found in the Indo-Pacific region, is
reputed to be the world’s most venomous
marine animal and has been responsible for at
least 80 recorded deaths in Australia. The venom
has a range of autonomic effects, such as
vasospasms, cardiac irregularities, peripheral
neuropathy, aphonia, ophthalmic abnormalities
and parasympathetic dysautonomia. For purifi-
cation of coelenterate venoms, capillary elec-
trophoresis, followed by binding to high-titre
commercial ovoid hyperimmune serum, is the
technique of choice (Burnett et al. 1996).



Other substances encountered in clinical and forensic foxicology

Arthropods

Ticks, spiders and scorpions (Arachnids) and
bees, wasps and ants (Hymenoptera) are part of
this group; they usually transmit their toxins by
stinging. Their venoms form a diverse group of
chemicals with a wide range of toxicological
mechanisms. The role of the analytical toxicolo-
gist in the management of stinging incidents
is limited, clinical treatment being largely
dependent on diagnosis of symptoms.

Isolated stings from bees, wasps and ants are
usually not life threatening, although death
may occur through anaphylactic shock. Mass
stinging events do take place and are life
threatening via the toxic action of the venom
injected in large amounts. The spread of the
very aggressive Africanised subspecies of the
honey bee Apis mellifera is held responsible for
hundreds of human deaths. Systemic clinical
signs caused by multiple Hymenoptera stings
include acute renal failure, rhabdomyolysis,
optic neuritis, atrial flutter, hepatic dysfunction,
diffuse intravasal coagulation and respiratory
distress. Wasp and ant stings may cause neuro-
logical symptoms as well. About 150-1000 bee
stings and 20-200 wasp stings are thought to
induce a critical situation. In all cases of
allergic and mass stinging events, the victim
should be transported to the emergency ward
of the nearest hospital.

Arachnids

Although tick bites are nowadays most notorious
as transmitters of bacterial infections (Borrelia
causes Lyme disease), several tick species, such as
Ixodus holocyclus (Australia) and Dermacentor
andersoni (North America) produce holocyclo-
toxins, which can result in a lethal paralysis
through acetylcholinesterase inhibition at the
neuromuscular junction.

A serious bite from the black widow spider
Latrodectus mactans produces a-latrotoxins.
These are proteins of about 1000 amino acid
residues that bind irreversibly with presynaptic
cell membranes, to produce cation-sensitive
channels and interfere with the endocytosis of
vesicle membranes. Local clinical signs are
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negligible; systemic clinical signs range from
pain and muscle cramps to hypertension,
pulmonary oedema and CNS involvement.
Specific antivenom and muscle relaxants are
administered in treatment (Piek and Leeuwin
1995; M.E. Peterson, personal communication,
2002). The Australian funnel web spider Atrax
robustus, found around Sydney, is far more
dangerous, with a bite capable of causing death
within 15 minutes. The toxin, robustotoxin, acts
by opening sodium channels in axons of the
victim. Administration of an antivenom has
been shown to be life saving and, since its intro-
duction, no further fatalities have been reported.
The related species Hadronynche versutus, which
is found in the southern regions of Queensland,
Australia, produces versutoxin, the effects of
which can also be treated with At. robustus
antivenom (Hawdon and Winkel 1997). A
different symptomatology is caused by the
brown recluse spiders of the genus Loxosceles,
of which five species are known in the
southern US. Their venom contains a range
of enzymes which are responsible for necrotic
arachnidism at the biting site and a wide range
of systemic symptoms, from fever and arthralgia
to diffuse intravasal coagulation and renal
failure (M.E. Peterson, personal communication,
2002).

Scorpions constitute a serious public health
concern in warm climates. Worldwide, 30
species produce potentially fatal toxins; it is
estimated that yearly 5000 human fatalities
result from scorpion stings. Examples of scor-
pion species are Centruroides infamatus, which is
responsible for the highest envenomation rate
in Mexico; Tityus serrulatus, which causes thou-
sands of envenomations each year in Brazil; and
Buthus occitanus, the most venomous scorpion,
which is common in North Africa. Scorpion
venom contains at least 85 different peptide
neurotoxins. The sting site is wusually very
painful; pain may migrate proximally and
hyperaesthesia may occur. Antivenom adminis-
tration and treatment of hypertension is the
recommended treatment.
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Vertebrates

Fish

Poisoning by the consumption of fish flesh
(ichthyosarcotoxism) usually occurs in warm
climates, but is also observed in moderate
climate zones when hygiene measures are
ignored. Tetrodotoxic and ciguatoxic fish
poisoning are caused by ingestion of fish that
accumulate toxin-producing organisms, such as
bacteria or protozoa, without being affected
themselves. Scombroid poisoning is an example
of a toxin produced by improper storage after
death, and other fish produce poisonous stings.
For a review, see Mebs (2002).

Ciguatera fish poisoning

Ciguatera fish poisoning (CFP) is caused by two
groups of toxins, of which the principal one
includes the lipid-soluble ciguatoxins (CTXs)
(Fig. 4.15) and gambierol, produced by the
epiphytic dinoflagellate Gambierdiscus toxicus.
The other group comprises the water-soluble
maitotoxin. CTXs are a group of heat-stable,
lipid-soluble, highly oxygenated cyclic polyether
molecules, which appear in the food chain
through coral reef-fishes that have become toxic
through their diet. CTX-containing dinoflagel-
lates live on solid surfaces of macroalgae and are
consumed during fish grazing. The mechanism
of CTX toxicity is through its direct effects on
excitable membranes. Consumption of contam-
inated fish leads to gastrointestinal disturbances
(nausea, vomiting and diarrhoea) within a few
hours, followed by neurological symptoms. The

Clarke'’s Analytical Forensic Toxicology

latter include paraesthesias, tooth pain and
reversal of hot/cold temperature sensation. The
third symptom is pathognomonic for CFP.
Paraesthesia and weakness may persist for
months after the acute illness.

CFP is the most common cause of poisoning
with marine toxins. Of those who live in or visit
subtropical and tropical areas, an estimated
10000 to 50 000 people per year suffer from
ciguatera. The fatality rate, however, is probably
less than 1%.

There is no specific therapy for CFP. Preven-
tion of consumption of contaminated fish is
essential. Analysis is difficult because of the low
toxin level in fish and the complex structure of
the CTX group of toxins. A method based on
HPLC and tandem electrospray MS offers the
required sensitivity (less than parts per billion;
Lewis et al. 1999) and other LC-MS methods are
available (Hamilton et al. 2002). A membrane
immuno-bead assay appears to be a simple,
rapid, sensitive and specific detection method
for CTX and its related polyethers, but further
validation of this test is required; for a review, see
Quilliam (1999). A commercially available
immunoassay-based test kit based is available
but is not yet validated.

Puffer fish poisoning

Puffer fish poisoning (PFP), or tetrodotoxin
(TTX) (Fig 4.16) intoxication, causes gastroen-
teritis with severe neurological manifestations
similar to those of PSP or saxitoxin intoxication.
TTX intoxication constitutes a public health
problem in subtropical and tropical regions. It is
not limited to Japan, where consumption of

Figure 4.15

Ciguatoxin.
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Figure 4.16  Tetrodotoxin.

Fugu - a local puffer fish — is popular. Fugu is
harmless if prepared by a qualified chef who
discards the organs in which TTX accumulates —
the ovaries, roe, liver, intestines and skin. TTX
can also be found in Tetraodontiformes, but
these can usually be distinguished by their pecu-
liar morphology and their ability to inflate
themselves when in danger. TTX is produced by
bacteria which colonise the gut and skin
mucosal layers of the fish. The toxin is
sequestered in the gonads and the liver of fish
and, in some species, in muscle. Other marine
organisms, like the Japanese ivory shell, the
trumpet shell and the blue-ringed octopus, may
also contain TTX. The toxin is also found in the
skin of certain frogs.

TTX is one of the most potent of the natural
toxins; the lethal ingested dose for humans is
5-30 mg/kg wet tissue. The symptoms of TTX
poisoning are comparable to those of PSP (see
above), except for marked hypotension, and are
apparent within 5-30 minutes after consump-
tion. They include gastroenteric effects, paraes-
thesias, motor paralysis, hypotension and
respiratory paralysis. In Japan the mortality rate
is reported to be about 60%. Therapy consists of
supportive measures, such as artificial ventila-
tion and management of hypotension. Bioassays
for PSP and PFP have been reported. In addition,
an HPLC method with fluorimetric detection has
been described (Yotsu et al. 1989) for measure-
ment of TTX and its analogues in puffer fish
liver. A test kit for TTX has been developed and
is currently undergoing testing in the US by the
Center for Food Safety and Applied Nutrition in
association with the Food and Drug Administra-
tion to evaluate its applicability for testing for
the rapid detection of adulteration of food.
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Scombroid fish

Scombrotoxin poisoning is the most commonly
reported fish poisoning and occurs in many
parts of the world. Scombrotoxin is formed in
improperly stored fish, and its name derives
from the type of fish in which it was described
originally. Scombroid fish (Scombridae) are dark-
fleshed migratory species, such as mackerel
and tuna. Cases of poisoning have also been
described after ingestion of non-scombroid
species, such as herring, sardines and salmon.
Scombrotoxin is generally thought to be iden-
tical to histamine. The flesh of scombroid fish
has a high histidine content, which is readily
decarboxylated to histamine by enteric bacteria
(Proteus morgani, P. vulgaris, Clostridium spp.,
Escherichia coli, Salmonella spp. and Shigella spp.)
when stored for as little as 2-3 hours at temper-
atures above 20°C. However, other amines such
as saurine may also be involved. Prolonged
cooking does not effectively destroy scombro-
toxin and therefore it may also be present in
canned products.

Clinical manifestations of the disease occur
rapidly (10-30 min) after ingestion, and include
acute gastrointestinal symptoms (vomiting,
cramps, diarrhoea) associated with erythema,
urticarial patches and oedema. The disease is
distressing, but seldom, if ever, fatal and
recovery is spontaneous within 24 hours. Treat-
ment with intravenous cimetidine resolves most
symptoms very quickly. In suspect fish samples,
histamine concentrations can be measured with
standard methods for the analysis of histamine
in food (Grant 1997; Trevino 1998; Clark et al.
1999). The Association of Official Analytical
Chemists (AOAC) official method for histidine
utilisesion exchange clean-up, derivatisation with
o-phthaldialdehyde and fluorimetric measure-
ment. Several immunoassay test Kits are available
for determining histamine in fish and have been
compared by Rogers and Staruszkiewicz (2000).

Stonefish and weeverfish

Several species of fish with venom-containing
spines have been reported to cause fatalities. The
stonefishes Synanceja horrida, S. trachynis and S.
verrucosa, belonging to the family Scorpaenidae,
are located in temperate and tropical seas that
extend across South Africa, Japan, the Pacific and
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Indian Oceans, Australia and New Zealand. Their
venoms contain cholinesterase, alkaline phos-
phatase and phosphodiesterase. Stonefish stings
are severely painful and patients may suffer
collapse, cyanosis or pulmonary oedema.

Weevetfishes (Trachinus draco, T. vipera, T.
radiatus and T. araneus) occur in European
coastal waters. Their venom contains 5-HT, a
kinin-like substance, epinephrine (adrenaline)
and histamine, as well as several enzymes.
Weeverfish sting causes an intense burning pain
and death can occur rapidly through severe
pulmonary oedema.

Amphibians

Of the amphibians, the toads are of major
interest to the toxicologist because a number of
species produce noxious substances in their
dermal glands. These compounds include
amines, peptides, proteins, steroids and both
water-soluble and lipid-soluble alkaloids. With
the exception of the last, these substances are
produced by the toad itself rather than bio-
accumulated. The genus Bufo exudes the alkaloid
bufotenine (N,N-dimethyl-5-hydroxytrypta-
mine; Fig. 4.17), and there have been reports of
attempts to gain psychedelic effects by licking
the toad or smoking its venom, although Lyttle
et al. (1996) point out that the psychedelic
effects of bufotenine cannot be confirmed by
objective studies. Bufotenine is also a product of
the 5-HT degradation pathway, and its presence
in urine has been suggested as a diagnostic indi-
cator of psychiatric disorders (Takeda et al. 1995):
these workers devised a three-dimensional HPLC
method with electrochemical detection to
measure bufotenine in urine. An ESI-LC-MS
method for the determination of bufotenine and
other potentially hallucinogenic N-dimethylated
indoleamines in human urine has also been
described by Forsstrom et al. (2001).
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Figure 4.17  Bufotenine.
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Reptiles

Gila monsters

These venomous lizards belong to the genus
Helodermatidae (Heloderma suspectum, the Gila
monster, and H. horridum, the Mexican bearded
lizard and their subspecies) and are indigenous
to the south-western US and Mexico. They
have venom glands on the mandible and
deliver the venom along grooved teeth into a
bite. The venom contains hyaluronidase and
proteases, in addition to gilatoxin, a 35 kDa
glycoprotein with serine protease and kallikrein-
like activity. The bite can lead to anaphylactoid
syndrome.

Snakes

Three main families of poisonous snakes exist —
the Elapidae (cobras), the Viperidae (vipers) and
the Crotalidae (pit vipers). The elapids comprise
about half the world’s species of venomous
snakes and include the cobras and the mambas.
Genera of the elapid family are found in Asia,
the Pacific, the Americas and Africa. The true
vipers, Viperidae, of which the common viper is
the best known, inhabit Europe, Asia and Africa.
The pit vipers, Crotalidae, are mainly found in
North, Central and South America and include
the rattlesnake genera Crotalus and Sistrurus. An
estimated 30 000 lethal cases of snakebite occur
annually in Asia and 1000 in Africa and South
America (WHO 1995).

The symptoms of snakebites in humans vary
greatly depending on the species, but in general
consist of local pain, oedema, blistering and
necrosis. Systemic effects of neurotoxic species
include blurred vision, ptosis and respiratory
paralysis. Haemostatic toxins, such as the haem-
orrhagins, cause spontaneous bleeding in the
gingival sulci, nose, skin and gastrointestinal
tract. Fatalities result from cerebral haemorrhage
or massive retroperitoneal bleeding. Renal
lesions include glomerulopathy, vasculopathy,
tubular necrosis and interstitial nephritis, and
often accompany snakebites with haematotoxic
and neurotoxic venoms.

The only specific and effective treatment for
systemic and severe local envenomation is the
administration of antivenom, a hyperimmune
immunoglobulin (Warrell and Fenner 1993;
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Moroz 1998). For administration of the proper
antivenom, the species that has bitten the
patient must be known, and panacea antivenom
is not and will not be available. Purification and
characterisation of snake venoms is important
not only for the elucidation of their mechanism
of action but also for the preparation of these
antivenoms. A future development in reducing
snakebite fatalities may be active immunisation
of populations at risk (Chippaux and Goyffon
1998).

Summary

As can be seen from the above, the number of
poisonous substances that could be encountered
by the clinician dealing with emergency medi-
cine and by the forensic toxicologist is vast. It is
not possible to screen for all these substances
and so the toxicologist must rely on clinical
records where available or other information
which may provide clues as to the type of
substances to be analysed for. The clinician and
pathologist must be familiar with the symptoms
that are characteristic for the various substances
so that they can guide the toxicologist in their
analyses.
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Introduction

Workplace drug testing began in the USA during
the 1980s as a result of accidents in the railroad
industry, and the political environment of the
‘war on drugs’ and the ‘crack’ epidemic. It is now
an accepted practice, with between 30 and 40
million such tests being carried out in the USA
annually. In Europe, Australia and other indus-
trialised countries, workplace drug testing has
gained increasing acceptance over the past
decade. For example, in the UK, workplace
testing was established about 15 years ago and
now has an estimated annual turnover of £12
million. European laboratories have followed the
American lead in setting up careful protocols for
sample collection, analysis and medical review
of results. There are potentially serious financial
repercussions, not to mention damage to a labor-
atory’s reputation, if an individual is refused a
job or made redundant because of a positive test
result but they subsequently prove that the test
was faulty. There are differences between the
USA and other countries both in criteria for the
minimum concentration of a drug or metabolite
in a urine specimen that constitutes a positive
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result, and in the selection of target drugs. More-
over, in the UK in particular, the ethos is that
testing should be part of a package of measures
that includes formulation of company policy,
education of the workforce as regards the
dangers of drug misuse, and treatment and/or
rehabilitation programmes. Another major
difference is that very little legislation has yet
been enacted in Europe to govern the principles
and practices of workplace testing. Instead, the
European Guidelines drawn up by representa-
tives of the leading European laboratories are
designed to establish good laboratory practice
and at the same time take account of the indi-
vidual requirements of national custom and
legislation. The European Guidelines relate to
collection of samples, laboratory analyses and
interpretation of the results.

The discussion which follows is based largely
on the workplace testing system in operation in
the USA because this is the most highly devel-
oped system. While threshold values applied for
various drugs and test specimens may differ from
country to country, as may the exact nature of
workplace test schemes, the principles of the US
system are applicable for all test schemes.
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Evolution of workplace testing in the
USA

The major milestones were:

e a major railroad accident in which there were
several fatalities. The National Transportation
Safety Board determined that cannabis (mari-
juana) use by one of the engineers was a
causal factor in the accident

e the introduction of ‘crack’ cocaine and
the deaths of high-profile sports and
entertainment figures from cocaine use

e the declaration of a ‘war on drugs’ and a
change of the US Government’s policy to
focus on reducing the supply of drugs

e in 1986 President Reagan issued an Executive
Order (Federal Register 1986) that required
those federal employees in safety- and
security-sensitive positions to be drug tested.
This Order also led to the publication by the
Department of Health and Human Services
(HHS) of the Mandatory Guidelines for Drug
Testing of Federal Employees (Federal Register
1988a), which became known as the National
Institute on Drug Abuse (NIDA) Guidelines (or
today as the Substance Abuse and Mental Health
Services Administration (SAMHSA) Guidelines).
These were modified in 1994 (Federal Register
1994) to change the cut-offs for cannabis
detection, and in 1998 (Federal Register 1998)
to change the cut-offs for opiate detection.
SAMHSA currently has responsibility for the
Guidelines.

This confluence of events set the stage for
the introduction of drug-testing programmes to
the non-federal workplace. Their introduction
focused on the expected improvement in safety
and public health, and on the economic savings
to be expected from decreased absenteeism, staff
turnover rate and reduced health care costs. A
limited number of major corporations were
already performing pre-employment testing and
claimed improvements in the factors listed,
although they generally had not published their
data. As the decade progressed, a number of
studies (see Peat (1995) for earlier references and
American Management Association (2001) for a
more recent study) were published, the majority
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of which showed that some benefits were to be
expected.

In the USA, the HHS Guidelines and the
Department of Transport (DOT) Code of Federal
Regulations CFR Part 40 are the two major sets of
rules that govern the practice of drug testing in
the federal workplace and in that regulated by
the DOT. Similar rules for testing are performed
under the auspices of the Nuclear Regulatory
Commission (NRC) and the Department of
Defense (DOD). In April of 2004 a revised HHS
document was released expanding the kinds of
specimens that may be tested under federal
agency workplace drug testing programmes,
including hair, oral fluid and sweat (Federal
Register 2004/Notices).

As stated previously, although there is far less
regulation of workplace drug testing in other
countries, the standards for acceptable practice
are similar to those of the USA and cover speci-
men collection, laboratory analysis and medical
review of results.

The question that underlies these drug-testing
programmes is ‘Have they been effective in
reducing drug use in the workplace and/or in the
general population?’ For the USA, there are data
(Quest Diagnostics 2005) that suggest a reduc-
tion in the number of positives throughout the
1990s, and that this reduction correlates with a
reduction in the admitted use of illicit drugs
(SAMHSA 2000). In all probability, numerous
factors are responsible for the reduction in drug
use, including targeted education programmes
and supply reduction programmes, in addition
to workplace drug testing.

Regulatory process in the USA

The HSS Guidelines consist of a number of parts.
These cover issues such as:

e drugs to be tested

e specimen collection procedures

e laboratory personnel

e testing procedures

e quality assurance and quality control
e reporting and review of results.



As for all laboratories carrying out workplace drug
testing, it is important that they can demonstrate
their competence so that if they find a positive
result, it truly is positive, and that if quantitative
results are reported, they are accurate both in
terms of the identity of the substance reported
and the concentration. The HSS Guidelines also
cover aspects such as laboratory performance
testing, the certification process and inspections,
and procedures that a laboratory should
implement to demonstrate competency.

These sections of the HHS Guidelines have
become models for other accreditation
programmes, particularly those of the College of
American Pathologists (CAP) and the American
Board of Forensic Toxicology (ABFT; American
Academy of Forensic Sciences and the Society of
Forensic Toxicologists 2006). Each of the import-
ant sections is discussed in more detail below
and, where applicable, discussed in the light of
today’s practices in the USA and Europe.

The HHS Guidelines (Federal Register 1988a)
consist of a number of sub-parts, two of which
relate directly to laboratory testing; these are
sub-part B (Scientific and Technical Require-
ments) and sub-part C (Certification of Labora-
tories Engaged in Urine Drug Testing for Federal
Agencies). Within sub-part B are included
sections on drugs to be tested, specimen collection
procedures, laboratory personnel, testing proce-
dures, quality assurance and quality control, and
reporting and review of results. Sub-part C
includes sections on performance testing, the
certification process and inspections.

Drugs to be tested

The HHS Guidelines clearly define the drugs that
can be tested for under the regulatory
programmes and the cut-offs (or thresholds) to
be wused for both the initial testing by
immunoassay and confirmation testing by
GC-MS. These two procedures are the only ones
allowed for under the HHS Guidelines.

Table 5.1 includes details of the drugs tested
and the cut-offs used in the USA, and those
proposed for testing in the European Union (EU;
European Workplace Drug Testing Society 2002)

Workplace drug testing 137

Table 5.1 Initial testing cutoffs (ug/L) for those drugs
and/or drug classes included in regulatory
programmes in urine

Drug or USA HHS  Proposed Proposed

drug class EU UK

Amfetamines 1000 300 300

Cannabis 50 50 50

Cocaine 300 300 300

Opiates 2000 300 300

Phencyclidine 25 Not tested 25

and the UK (London Toxicology Group 2001).
There are two points to be made regarding
Table 5.1.

e When the HHS and European programmes
are compared, significant differences are
found between the cut-offs used for the
opiates and amfetamines. Initially, the HHS
included a cut-off of 300 ng/mL for opiates,
but this was raised to 2000 ng/mL in 1998 to
resolve some of the issues associated with the
medical review of opiate positives following
poppy seed ingestion and prescription
codeine use. On the other hand, the cut-off
for amfetamines has remained at 1000 ng/mL
since 1989. That proposed by the European
programmes is more realistic, considering the
increasing use of the so-called ‘designer amfet-
amines’ throughout the 1990s. The 2004
proposed HHS document lowers amfetamine
screening concentration to 500 ng/mL, with
methamfetamine being the target analyte.
Methylenedioxymethylamfetamine (MDMA)
was also added to the initial testing
at the concentration of 500 ng/mL. The
proposed confirmation includes MDMA,
methylenedioxyamfetamine (MDA) and
methylenedioxyethylamfetamine = (MDEA),
with the threshold value for all three at
250 ng/mL. Cocaine metabolite concentration
in initial screening was also lowered to
150 ng/mL.

e Phencyclidine (PCP) has always been included
in the HHS Guidelines, even though it is not
widely used in the USA. It is even less widely
used in Europe and therefore its omission
from the EU proposal is not surprising.
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The majority of testing in the USA is
performed in the nonregulated workplace, and
although a large number of these programmes
follow the federal guidelines, a number include
drugs or drug classes other than the five listed in
Table 5.1 or test these five drugs or drug classes
at different cut-offs. Table 5.2 lists the other
drugs or drug classes that are tested and the
differing cut-offs used.

It can be seen that laboratories that perform
workplace drug testing in the USA need to be
prepared to offer a variety of tests and cut-offs if

Table 5.2 Initial testing cutoffs (ug/L) for those drugs
and/or drug classes included in non-

regulatory programmes in urine

Drug or drug class USA
Amfetamines 300 or 500
Barbiturates 100 or 200
Benzodiazepines 100, 200 or 300
Cannabis 20, 25 or 100
Cocaine 150

Methadone 100 or 300
Methaqualone 100 or 300
Opiates 300
Propoxyphene 100 or 300
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they are to satisfy fully the demands of the
marketplace.

The current HHS Guidelines require that all
confirmations be performed by GC-MS using the
cut-offs listed in Table 5.3. There are a number of
points to be made regarding Table 5.3.

e Previous HHS Guidelines did not require certi-
fied laboratories to confirm the presence
of MDMA, MDA and MDEA, whereas both
European proposals do. In addition, the
UK proposal suggests cut-offs for the
confirmation of ephedrine and pseudo-
ephedrine. The proposal of the HHS Guide-
lines (2004) require the inclusion of MDMA,
MDA and MDEA.

e The proposed HHS Guidelines from 2004
require that a laboratory report methamfeta-
mine as positive only if its concentration is
250 ng/mL or greater, and if that of amfeta-
mine is =100 ng/mL. The necessity to report
amfetamine together with methamfetamine
was introduced in the early 1990s after
discovering a so called ‘methamfetamine arte-
fact’. In 1990 several specimens were reported
as positive for methamfetamine when the
specimen contained large amounts of pseu-
doephedrine or ephedrine. It was discovered
subsequently (Hornbeck et al. 1993) that

Table 5.3  Confirmation cut-offs (ug/L) for those drugs and/or drug classes included in regulatory programmes in

urine

Drug or drug class Drugs tested US HHS Proposed EU Proposed UK

Amfetamines Amfetamine 500 (250)° 200 200
Methamfetamine 5000 (250)° 200 200
MDMA®, MDA?, MDEA® 200 200
Pseudoephedrine 200
Ephedrine 200

Cocaine Benzoylecgonine 150 150 150

Cannabis THCA 15 15 15

Opiates Morphine 2000 200 300
Codeine 2000 200 300
MAM 10 10 10
Dihydrocodeine 300

Phencyclidine PCP 25 Not tested 25

9 HHS 2004 (proposed).

b To be reported positive for methamfetamine, urine also has to contain at least 200 ng/mL of amfetamine.




these hydroxylated sympathomimetics could
convert to methamfetamine in either the
extraction or chromatographic stages of the
analysis. None of these specimens contained
amfetamine when tested, and therefore the
introduction of the reporting rule prevented
the reporting of ‘false-positive’ methamfeta-
mine results. Today, the vast majority of
laboratories use a pre-oxidation step with
periodate (Paul et al. 1994; Klette et al. 2000)
to prevent the possibility of this happening.

e As with the initial testing cut-offs, there is a
difference in the thresholds used for opiate
confirmations. The HHS cut-off is 2000
ng/mL for morphine and codeine, whereas
the European values are 200 ng/mL (EU) and
300 ng/mL (UK). There is also a difference
across the three regions in the opiates to be
tested. All require morphine and monoacetyl-
morphine (MAM) under certain -circum-
stances; the HHS and proposed UK guidelines
also require codeine, and the UK 1-dihy-
drocodeine. The HHS Guidelines require that
certified laboratories analyse the specimen for
MAM (with a cut-off of 10 ng/mL) if the
morphine concentration equals or exceeds
2000 ng/mL.

e Cannabis (marijuana) use is confirmed by
quantifying the major urinary metabolite of
A°-tetrahydrocannabinol (THC), 11-carboxy-
A°-tetrahydrocannabinol (THCA). The cut-off
value for this confirmation is 15 ng/mL
which has also been adopted by the European
programmes.

Table 5.4 details the other drugs that may have
to be confirmed in nonregulated programmes
and the different cut-offs that may be used for
the five drug classes tested for in the regulated
programme.

Although several compounds are listed under
some of the drug classes, this does not imply that
all these tests are performed on every nonregu-
lated specimen with a positive initial testing
result.

Lysergide testing

Over the years there has been discussion
regarding the wusefulness of incorporating
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Table 5.4 Confirmation cutoffs (ug/L) for those
drugs and/or drug classes included in
non-regulatory programmes in urine

Drug or Drugs USA
drug class tested
Amfetamines Amfetamine 300 or 500
Methamfetamine 300 or 500
MDMA, MDA 300 or 500
Barbiturates Amobarbital 100 or 200
Butalbital 100 or 200
Pentobarbital 100 or 200
Phenobarbital 100 or 200
(or higher)
Secobarbital 100 or 200
Benzodiazepines a-Hydroxyalprazolam 100
(or lower)
Nordiazepam 100
Oxazepam 100, 200
or 300
Temazepam 100, 200
or 300
Cocaine Benzoylecgonine 100 or 150
Cannabis THCA 10 or 15
Methadone Methadone 100 or 300
Methaqualone  Methaqualone 100 or 300
Opiates Morphine 300
Codeine 300
Hydrocodone 300
Hydromorphone 300
MAM 10
Propoxyphene  Propoxyphene 100 or 300

lysergide (LSD) into workplace drug testing
programmes. There are many reasons for its
exclusion, one of the major ones being that,
demographically, those included in workplace
drug-testing programmes are not in the age
group expected to be users. Nevertheless, certain
populations, such as inductees into the US mili-
tary, are being tested using cut-offs for screening
and confirmation of less than 1 ng/mL for LSD.
A second major reason is the analytical challenge
presented. Today, both enzyme and micropar-
ticle immunoassays are available for screening
urine specimens, and LSD can be confirmed
using tandem mass spectrometry. However, there
has been concern regarding testing for
unchanged LSD, and work published by Klette



140

et al. (2000) and Poch et al. (2000) shows clearly
that the 2-oxo0-3-hydroxy LSD metabolite is the
preferred target analyte.

Testing procedures

As already indicated, the HHS Guidelines
mandate the use of immunoassay as the initial
test and GC-MS as the confirmatory procedure.
These are also the testing procedures generally
used for nonregulated testing, although some
laboratories may be using GC-MS/MS tech-
nology or liquid chromatography-mass spec-
trometry (LC-MS, or LC-MS/MS) for the
confirmation of the nonregulated analytes.

The immunoassay methods have to have been
approved by the Food and Drug Administration
(FDA), which in the USA has regulatory
authority for approval of diagnostic reagents.
Although workplace drug testing is not being
performed for diagnostic purposes, it was
believed that requiring FDA approval would
bring at least some standardisation to the
reagents used. However, no regulations were
introduced that required the immunoassay kits
to use antibodies directed towards certain
members of a drug class, and if the kits used for
regulated and nonregulated testing are
compared there is some variation in the target
antigen (Liu 1995).

Nearly all drug testing laboratories use either
reagents based on enzymes (e.g. enzyme multi-
plied immunoassay technique (EMIT) or cloned
enzyme donor immunoassay (CEDIA)), micro-
particles (kinetic interaction of microparticles in
solution; KIMS) or fluorescence polarisation
(TDx). Given the difference in target antigens
and calibrators, different detection rates on spec-
imens that contain the same drug(s) and/or
metabolites might be expected. For example, the
CEDIA and EMIT assays for amfetamine have
been shown to have almost 100% cross-
reactivity for d-amfetamine, whereas the KIMS
assay has little cross-reactivity to d-methamfet-
amine. In fact, the latter was designed to comply
with the Reporting Rule issued by HHS for
methamfetamine positives, and therefore is
effective in detecting ‘real-life’ specimens that
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contain methamfetamine and its metabolite,
amfetamine. Conversely, if a proficiency-testing
specimen contained only methamfetamine it
would give a negative result. Similar dichotomies
exist in examining the benzodiazepines, for
which the detection of the more traditional
members of the group is not a problem, but the
assays vary widely in their ability to detect some
of the later members, such as lorazepam and
flunitrazepam metabolites (Drummer 1998).
Even when the procedures are targeted towards
the same antigen and use the same calibrators,
there can be variation in their ability to detect
positive specimens. For example, immunoassays
that have greater specificity towards the target
urinary metabolite of THC, THCA, may not be
as efficient as those that are more widely
cross-reacting to the THC metabolites in
detecting urine specimens from cannabis users,
particularly when cut-offs are used.

One of the major concerns in the past few
years has been the ability of the amfetamine
assays to detect MDMA, MDA and MDEA. Some
of the manufacturers have introduced special
kits, whereas others have relied on the inherent
cross-reactivity of their existing amfetamine
assay. From existing data (Zhao et al. 2001), it
appears that either approach is satisfactory, with
the most variation being seen in specimens with
concentrations close to the cut-off. In an attempt
to resolve this problem, the draft proposals
(SAMHSA 2002) from HHS on the new guidelines
require that ‘d-methamfetamine be the target
analyte and the test kit must cross-react with
MDMA, MDA and MDEA (approximately 50 to
150% cross-reactivity)’. Whether this require-
ment can be satisfied, given the vagaries of
immunoassays, remains to be seen.

Some of the issues that surround initial testing
by immunoassay have been discussed already.
Far fewer issues relate to confirmation testing by
GC-MS. Numerous GC-MS procedures have been
published for the identification and quantifica-
tion of the drugs and their metabolites in urine
specimens. Over the past decade numerous
procedures based on mass spectrometry, particu-
larly ones involving tandem mass spectrometry
(MS-MS), have also been published for their
detection and quantification in hair, oral fluid



and other specimens. The use of these technolo-
gies is likely to raise issues similar to those that
were debated two decades or so ago, when
GC-MS was mandated for confirmation of drugs
and metabolites in urine. Some of these issues
are set out and discussed below:

e How reliable is the use of ion ratios and how
many ions should be monitored? Experience
has certainly shown that the monitoring of
three ions for the analyte and two for the
deuterated internal standard, and the use of a
20% range for ion ratios, result in satisfactory
positive identification of the analyte.

e How diagnostic are the ions? Most toxicolo-
gists believe that using ions of higher mass is
more appropriate than using ones of lower
mass. For example, using m/z 91 for amfet-
amine is not recommended. On the other
hand, there are a number of assays in use
today that routinely use isotopes for identifi-
cation and ratio purposes. Perhaps the best
example is the confirmation of PCP, for which
large numbers of laboratories use m/z 242 and
its carbon isotope, m/z 243. This has become
an accepted practice for this drug because,
apart from my/z 205, there are no other diag-
nostic ions. Another example of a drug class
for which isotopes may be used, with less
justification, is the benzodiazepines (halogen
isotope ratios are used).

e What is an acceptable chromatographic peak
shape? Two integral parts of the HHS Guidelines
are the need for proficiency testing (the Guide-
lines use the term performance testing) and
regular inspections of the certified laborato-
ries. In all proficiency testing programmes the
participating laboratories are periodically
provided with samples containing specified
drugs and/or their metabolites, but the actual
quantity of the substance is known only to the
agency. The laboratory analyses the samples as
part of its normal routine, and reports the
results out to the agency. The laboratory is
then provided with a report specifying how
closely its results correspond to the accepted
value, and if necessary, can then take
appropriate action to improve performance.
By participating in proficiency testing
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programmes the laboratory can prove to the
accreditation body and to its customers that all
analytical procedures are appropriately vali-
dated. In the USA the performance testing
and inspection programmes are the major
components of the National Laboratory Certi-
fication Program (NLCP). The inspection
requirement is that each accredited laboratory
be inspected at 6-monthly intervals. There are
allowances within the HHS Guidelines for
other inspections, specifically special inspec-
tions that can be performed at the direction of
HHS and outside of the normal cycle. A
number of accepted practices have evolved as
a result of the inspections. Two examples are
the detailed quality-control requirements and
the definition of acceptable peak shape. The
acceptance criteria for these practices, and
others, are not included in the HHS Guidelines
themselves, but are included in the Resource
Manual for the NLCP (SAMHSA 2002). Within
this manual, an acceptable chromatographic
peak shape has been defined as having greater
than 90% resolution (separation from other
peaks) and symmetry.

e What are the limits of detection and quantifi-
cation and how are they determined? The
de