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Abstract

Conducting toxicology on post-mortem specimens provides a number of very significant challenges to the scientist. The range

of additional specimens include tissues such as decomposing blood and other tissues, hair, muscle, fat, lung, and even larvae

feeding on the host require special techniques to isolate a foreign substance and allow detection without interference from the

matrix. A number of drugs of abuse are unstable in the post-mortem environment that requires careful consideration when trying

to interpret their significance. Heroin, morphine glucuronides, cocaine and the benzodiazepines are particularly prone to

degradation. Moreover, redistributive process can significantly alter the concentration of drugs, particularly those with a higher

tissue concentration than the surrounding blood. The designer amphetamines, methadone and other potent opioids will increase

their concentration in blood post-mortem. These processes together with the development of tolerance means that no

concentration of a drug of abuse can be interpreted in isolation without a thorough examination of the relevant circumstances

and after the conduct of a post-mortem to eliminate or corroborate relevant factors that could impact on the drug concentration

and the possible effect of a substance on the body. This article reviews particular toxicological issues associated with the more

common drugs of abuse such as the amphetamines, cannabinoids, cocaine, opioids and the benzodiazepines.
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1. Introduction

The detection of drugs of abuse in postmortem cases can

provide some special difficulty compared with clinically

derived specimens. When determining the concentration of

drug in biological matrices it is important to know the stability

of the substance in such tissues. This situation is relevant

no more so than in forensic toxicology where tissues are likely

to be exposed to the elements for prolonged periods. The

extent of chemical change in the postmortem interval, or even

metabolism postmortem, may affect the interpretation of

results. Some drugs are known for their unstable nature [1,2].

One advantage over clinical situations is that many more

alternative specimens can be collected in a postmortem

setting. These may include hair, muscle, fat, lung, brain,

bone, and even larvae of insects feeding on the host.

This work focuses on toxicological issues associated with

the analyses of postmortem specimens that are traditionally

used and those not so commonly used; details analytical

features and artifacts associated with the analysis of post-

mortem specimens and finally provides monographs on

the five main drug abuse classes. These monographs

provide more toxicological details relevant in a postmortem

setting.

2. Scope

This paper reviews the current knowledge of the post-

mortem toxicology of drugs of abuse and particularly

focuses on the relative advantages of specimens that can

be collected and the factors that affect drug concentration

including artifacts. The review focuses on the current state of

knowledge and includes published works referenced in

MedLine over the last 10 years.

The drugs of abuse covered in this paper include amphe-

tamines particularly amphetamine, methamphetamine (MA),

methylenedioxy-methamphetamine (MDMA, ecstasy), para-

methoxy amphetamine (PMA), cocaine, cannabinoids,
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opioids particularly morphine, methadone and heroin, ben-

zodiazepines and related drugs such as zolpidem.

3. Types of specimens

The choice of specimen is often dictated by the case being

investigated, however the most common specimens used

for the analysis of drugs of abuse in postmortem cases are

blood, liver and urine. However, specimens such as vitreous

humor and hair have important uses in routine cases, whilst

brain, muscle, fat, bone and pleural effusions and have more

specialist applications.

In cases of extreme putrefaction, muscular tissue, hair and

bone can be useful specimens, although the physical state of

the body will determine what specimens are available for

collection. Body fluids in putrefied bodies is rather liquefied

tissues and while useful to screen for the presence of drugs

quantitative results are of little use. In some cases analyses of

drugs in fly larvae in decomposing cases provides an insight

as to the presence of drugs in the corpse.

Liver has been a stock solid tissue for use in postmortem

toxicology and often the results in this tissue supplement any

blood toxicology data. Since some drug diffusion is possible

from the small bowel the use of tissue from deep within the

right lobe is preferred [3].

Essentially, all drugs of abuse are detectable in bile,

although buprenorphine, tramadol, other opioids, and ben-

zodiazepines and colchicine appear to be present in higher

concentrations than blood [4–13]. The relative concentration

to blood increases with rising molecular weight; however

liver perfusion and biliary secretion will play a major

determinant on the bile concentration. The interpretative

value is limited although bile results have been used to

differentiate from acute and chronic use of heroin [14].

However, high biliary concentrations of morphine are seen

in acute use when high doses are used, i.e. in hot shots.

Muscle [15–21] has been used by toxicologists in special

types of analyses. Muscle will often represent the greatest

single mass of drug in a body and will therefore represent a

greater body burden of drug than any other tissue mass. This

applies particularly to drugs of abuse with high volumes of

distribution (VD > 2 l/kg). However, muscle is a difficult

tissue to work with and care is required to ensure complete

drug extraction [16,19]. Variability in the concentration of

drugs has been found in muscle tissue [15,16]. Unequal

perfusion of tissue and other postmortem artifacts results in

20-fold variations in concentration, hence it is not recom-

mended to use this tissue alone for any quantitative purposes,

unless of course there is no alternative. Similar considera-

tions apply to fat [5,19].

Bone [19,22–24] has also been used by toxicologists in

special types of analyses. MA, morphine and benzodiazepines

have been detected in bone and bone marrow in human

remains [19,25–28] and MA in experimental rabbits [29].

This specimen may therefore be useful to determine past

exposure, although it is unlikely that bone or bone marrow will

be able to provide information on the extent of drug exposure.

Vitreous humor has had wide application in toxicology

for many years to determine alcohol (ethanol) particularly

when putrefactive formation is suspected. Drugs of abuse

have been detected in this fluid [13,30–32]. Vitreous is also

used to determine glucose, urea and creatinine and certain

other electrolytes [33–39].

Brain has been used for many years by toxicologists as a

means to determine the concentration in a tissue where many

toxic substances exert their effects. However, given the

uneven distribution of drugs in this tissue and importantly

the often highly localized sites of action of drugs of abuse in

this organ results have also been difficult to interpret with any

more certainty than peripheral tissues. Some recent papers

examining drugs of abuse in brain are listed [5,9,40–42].

In addition, pleural effusions can also provide evidence of

drug exposure when no blood specimen is available [43].

Hair analysis has been used extensively for the analysis of

drugs of abuse to provide evidence of longer term exposure

(or abstinence) of drugs and can provide important informa-

tion as to the time course of drug use. Selected articles are

only cited [44–50]. Recent studies have used segmental

analyses to determine degree of exposure to heroin and

assess the risk of heroin use [51]. Segmental analyses have

been used extensively to establish a history of drug exposure

[52–55]. Drug incorporation into hair is a complex phenom-

enon and a number of factors affect retention, hence care

should be exercised in the interpretation of hair results [56].

Finger and toe nails are another form of the keratin found

in hair. Drugs are deposited in nails, albeit at a much slower

rate proportional to the growth rate of the nail [57–60]. In

common with hair, care needs to be exercised to ensure

external contamination is avoided or at least considered in

any interpretation of results in these ‘‘external’’ specimens.

Larvae (maggots) found in putrefying bodies can be used

to obtain evidence of the presence of drug in the body

[30,31,61–70].

Gastric contents are useful to determine a possible time of

drug administration and to distinguish oral from other routes

of administration. However, the absence of drug does not

preclude earlier oral ingestion and small quantities of drug

can derive from bile, especially during agonal processes

when vomiting of bile can occur. For example, biliary

concentrations of morphine are very high leading to sub-

milligram amounts of morphine in gastric contents.

A summary of postmortem specimens used and their

relative merits for the analysis of drugs of abuse is shown

in Table 1.

4. Postmortem stability

Postmortem changes will occur for all of the drugs of

abuse. The extent of these changes varies significantly

between drugs. Heroin and cocaine are not only rapidly
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converted into their respective hydrolytic products during

life, they undergo rapid bioconversion in situ after death.

Moreover, unless special precautions are undertaken, hydro-

lysis may even occur in the collection vessel.

Specimens are rarely ideal in postmortem cases and

without specialist knowledge any results should be consid-

ered with caution when attempting to interpret their sig-

nificance. Key factors include the state and quality of the

specimen, stability of drug in the case generally and in the

specimen particularly, and the effects of any drug diffusion

away from or to other tissues.

Decomposition and eventual liquefaction of tissues

occurs during postmortem periods that is very much depen-

dent on the time to discovery of the body, the ambient

temperature and other environmental factors. One day in

a tropical or very hot environment can show significant

putrefaction while weeks at freezing temperatures often

show little observable changes.

The nitrobenzodiazepines (nitrazepam, nimetazepam, flu-

nitrazepam and clonazepam) are converted to their respec-

tive 7-amino-metabolites as a result of anaerobic bacterial

action [1,9]. Depending on the condition of the blood and the

benzodiazepine little if any parent drug is present after death,

even after overdoses. The actions of anaerobic bacteria on

other drugs have not been studied in depth, although other

drugs may be affected [71]. Data also suggests that many

other benzodiazepines such as diazepam and temazepam are

labile and are degraded under putrefying conditions [72,73].

This means that these drugs may not be detected at all in

decomposed cases. When extensive putrefaction has occurred

and exposure to benzodiazepines may have occurred it is

recommended to use other tissues where retention is more

likely, such as hair.

Other benzodiazepines are also subject to postmortem

change however these changes can be minimized if speci-

mens are stored at �20 8C or lower and specimens analyzed

promptly [74]. Curiously, the 7-amino-benzodiazepines are

less table than the parent drugs at �20 8C and require

�60 8C for reasonable stability [75].

The stability of other drugs of abuse have been investi-

gated [42,76–83]. Blood specimens containing cocaine and

benzoylecgonine (BE) degrade over time when stored at

ambient temperature and even when stored in fluoride/

oxalate tubes [81]. Cocaine in urine stored at �20 8C can

change by as much as �37% over a 12-month time period,

although other drugs of abuse are reasonably stable [84].

Moderate losses for BE and 11-nor-9-carboxy D9-tetrahy-

drocannabinol (THC) have also been reported in urine stored

frozen [79]. While some loss of cocaine occurs in frozen

specimens this is not associated with formation of ecgonine

methyl ester (EME) [77].

The acid metabolite of THC, 11-nor-9-carboxy D9-tetra-

hydrocannabinol (cTHC) shows significant losses in con-

centration not only when urine is stored at room temperature

for several days but also after long-term frozen storage

[82,83]. THC concentrations in blood has also been shown

to decrease with time, particularly when stored at �20 8C
[85].

6-Acetyl morphine (6-AM) undergoes deacetylation to

morphine at room temperature and according to the pH of

the specimen [86]. However, 6-AM is stable in frozen urine

(�20 8C) for at least 12 months [87].

Of particular interest is the instability of morphine glu-

curonide conjugates. De-conjugation of morphine metabo-

lites to morphine has been observed in liver [88]. Morphine

is relatively stable in specimens when stored frozen, but

shows significant losses when stored at 4 8C or higher for

more than a few days, or in postmortem specimens [89,90].

This issue has been more recently discussed in the Shipman

murders [18]. Of further interest is the variability in mor-

phine and morphine glucuronide ratios from different blood

collection sites [91]. These data suggests that morphine and

glucuronide concentrations from cases in the early stages of

putrefaction or when prolonged storage has occurred may

have substantially changed from the time of death.

5. Postmortem redistribution

Redistributive processes potentially affect the concentra-

tion of all drugs of abuse in postmortem cases as a result of

diffusion of drug from higher concentration to a lower

Table 1

Relative merits of postmortem specimens for drugs of abuse

Specimen Particular advantages

Blood/plasma/serum Preferred specimen for most substances

Bile Morphine, buprenorphine, tramadol, benzodiazepines, MDMA

Bone Qualitative analysis of morphine, benzodiazepines, amphetamines

Brain Centrally acting drugs, e.g. morphine, cocaine, limited literature data

Fat THC, and other drugs, but little literature to interpret results

Gastric contents Orally administered drugs/poisons

Hair All substances, particularly basic substances, and most metals

Muscle Most drugs, however literature contains little data to interpret concentrations

Pleural effusion Most drugs, but drugs subject to concentration changes, hence difficult to interpret

Vitreous humour Ethanol, some biochemistries, e.g. glucose, urea, creatinine
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concentration following disruption of cellular membranes.

This process is particularly significant for drugs with high

lipid solubility or high tissue concentrations relative to blood

taken from the heart. Table 2 provides a summary of the

volume of distribution and extent of redistribution for

selected drugs of abuse.

The drug with the highest lipid solubility and volume of

distribution of the substances shown in Table 2, tetrahydro-

cannabinol (THC) has surprisingly not showed consistent

increases in blood concentration after death [92,93]. This has

been more recently confirmed [85], despite data that shows

reversible uptake into muscle and fat in humans [94]. If this

is confirmed with further studies it is likely that redistribu-

tion is not simply due to drug gradients between tissues.

The drug with the next highest volume of distribution,

methadone, does exhibit moderate increases in blood con-

centration after death ranging up to four-fold, although there

is significant site to site variability [95,96]. Regression

analysis on 31 subjects show a two-fold increase for males

and a three-fold increase for females [97].

The more water-soluble morphine shows little change in

blood concentration after death in humans [98,99], although

increases have been demonstrated in rats [100]. Production

of morphine from hydrolysis of glucuronides is likely to be a

more significant factor potentially elevating morphine con-

centrations postmortem (see earlier).

Two-fold increases have been demonstrated for MA

when femoral and heart blood specimens were compared

[101–104]. This appears to be due to diffusion of drug from

the pulmonary circulation into the left cardiac chambers

[105]. MDMA and PMA have also been shown to undergo

increases in blood concentration after death [5,106].

Benzodiazepines show variable changes in the immediate

postmortem period, although the reported magnitude of any

changes are generally low due to their relatively low

volumes of distribution [9,13].

Table 2

Pharmacokinetic properties and likely extent of postmortem redistribution for selected drugs of abuse

Drug/drug class Common

dose (mg)

Usual

blood levels

(mg/l)a

Main active

metabolite or

bio-markerb

VD (l/kg) T1/2 (h) Extent of

redistributionc

Selected

references

Amphetamine 10–100 0.2 None 3–5 4–30 Low [107]

Methamphetamine 50–2000 0.2 Amphetamine (�10%) 3–4 10–30 Low [168,169]

MDMA 50–250 0.3 MDA Moderate �8 Moderate [170,171]

MDA 50–250 0.4 None Unknown – Moderate [170]

MDEA 50–200 0.5 Unknown – Moderate [110,114]

MBDB 50–200 0.5 Unknown – Moderate [118,170]

PMA 50–100 0.2 None Unknown Moderate [119–121]

Heroin 10–100 – Morphine, 6-AM See morphine <0.1 Low to moderate [161,172,173]

Morphine 10–100 0.5 None, but

bio-conversion

from glucuronides

2–4 2–4 Low to moderate [18,51,99,174]

Methadone 10–120 1.0 EDDP is often

measured in urine

3–5 15–72 Moderate [97,164,175,176]

Codeine 8–60 0.2 Morphine (10%) 4 2–4 Low to moderate [177]

Buprenorphine <1–24 0.05 Norbuprenorphine 3–7 2–9 Low to moderate [178,179]

Meperidine 50–200 1.0 [180]

Oxycodone 5–30 0.2 [181,182]

Tramadol 50–400 1.0 Hydroxy-

metabolite (M1)

2–3 5–7 Low to moderate [183–185]

Alprazolam 0.5–4 0.5 a-Hydroxy-alprazolam 1 6–22 Low [186]

Diazepam 5–40 1.0 Nordazepam 0.5–2.6 20–50 Low [187]

Flunitrazepam 1–2 0.05 7-Amino-flunitrazepam 3–6 11–25 Low [188–190]

Oxazepam 15–60 1.0 0.5–2 4–15 Low [191,192]

Temazepam 10–20 1.0 Oxazepam 1 5–15 Low [193]

Zolpidem 10–20 0.5 0.6 2–4 Low [4,194]

Cocaine 10–100 0.5 Benzoylecgonine, EME* 1–3 0.6 Low [127,195,196]

THC 5–25 50 11-Carboxy-THC* 9–11 19–96 Low to moderate [160,197,198]

a Maximum postmortem blood concentrations following usual doses, although higher concentrations can be achieved in particular

situations.
b Bio-marker of parent drug.
c Refers to best estimate of author. 6-AM: 6-acetyl morphine, EDDP: 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine, EME: ecgonine

methyl ester, MDMA: methylenedioxy-methamphetamine, MDA: methylenedioxy-amphetamine, PMA: para-methoxy amphetamine, THC:

D9-tetrahydrocannabinol.
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It is worth noting that while femoral blood and perhaps

other peripheral bloods show fewer changes than blood taken

from the thoracic and abdominal areas, it too will show higher

concentrations of drugs following a postmortem period.

These processes are not limited to blood. Liver and lung

tissue show differences in the concentration of drugs depend-

ing on the nature of the drug and whether diffusion of drug

has occurred from neighboring tissues or the blood supply.

For example, the left lobe of the liver is more likely to exhibit

elevated drug concentrations than the right lobe [3].

As with all drugs substantial site to site variability can

occur. This is due to not only redistributive processes, but

also due to differences in hematocrit, influences of other

fluids and other factors affecting the quality of blood even in

situations where significant putrefaction has not seemingly

occurred [3,9,85,94].

6. Drug monographs

6.1. Amphetamines

This group of strong stimulants are based on the dex-

amphetamine nucleus, and include MA, MDMA (ecstasy),

methylenedioxy-amphetamine (MDA), methylenedioxy-

ethylamphetamine (MDEA), and other designer forms such

as PMA, and N-methyl-benzodioxazoylbutanamine (MBDB)

[107]. Their pharmacokinetics and metabolism are diverse as

suggested from their chemical names. Their common doses,

any active metabolite, half-lives and usual blood concentra-

tions are shown in Table 2.

Oral use of MA typically produces postmortem blood

concentrations of up to about 0.2 mg/l. Corresponding blood

concentrations of amphetamine is similar or slightly higher

than MA.

Neither MA or AM seem to be associated with many

deaths. When this does occur it is more likely that the heart

has been weakened in some way, e.g. hypertrophy, contrac-

tion bands, or a predisposition to arrhythmias with prolonged

QT-syndrome [108–110].

MDMA produces peak levels of 0.4 mg/l at 2 h following

an approx. 100 mg dose. Under conditions of a single oral

dose of MDMA little MDA is detectable in blood [111].

Disproportionate rises in blood concentrations occur with

increasing doses of Ecstasy. This may be a cause of toxicity

in susceptible persons [112].

Single doses of 75 or 125 mg MDMA significantly

increase blood pressure (up to 40 mmHg systolic blood

pressure), heart rate (�30 beats/min), and pupillary diameter

(mydriasis), but not body temperature. Maximum plasma

concentrations of 75 and 125 mg MDMA doses were about

0.13 and 0.24 mg/l at 2.4 and 1.8 h, respectively. The

terminal elimination half-lives were about 8 h for both high

and low MDMA doses [113].

MDMA and indeed other amphetamines cause significant

rises in systolic blood pressure (�40 mmHg) and heart rate

(�30 beats/min). This may be dangerous in persons with

compromised cardiovascular function or impaired cerebral

blood flows. Significantly, under heat stress MDMA may

cause precipitous rises in core body temperature leading to

rhabdomyolysis, coagulopathies and kidney failure. Liver

damage has also been seen with MDMA [114].

Deaths have been reported with other designer ampheta-

mines including MDEA [110,114–117], MBDB [118].

Deaths reported from PMA seem to outweigh this designer

amphetamine’s street availability suggesting PMA may be

more toxic again on the brain [106,119–126].

6.2. Cocaine

Cocaine shares many of the toxicological features of the

amphetamines in that it is a potent stimulant of nerve

function. It is an inhibitor of reuptake in dopamine and

norepinephrine nerve terminals in the CNS as well as

serotonin. Cocaine also acts as a local anesthetic and is still

used medically in otolaryngological procedures.

Cocaine as the free base is insufflated (‘‘snorted’’) or

inhaled as a vapor (smoked), or injected intravenously

(usually as the hydrochloride salt). In the USA and Europe,

cocaine is one of more prevalent illicit drugs.

The pharmacokinetics of this drug has been studied in

humans in controlled settings. The terminal elimination half

life of cocaine ranges from about 40 min to 4 h, depending

on dose [127]. Cocaine is rapidly metabolized to a range of

hydrolytic substances of which BE and EME are most

significant. The biologically active ethyl trans-esterification

analog cocaethylene (CE) is found in significant amounts in

tissues of persons co-consuming ethanol. The formation of

cocaethylene is route dependent but does not occur post-

mortem suggesting the active involvement of enzymes to

facilitate bio-transformation [128,129]. Anhydroecgonine

methyl ester (methylecgonidine) is only formed during

smoking of cocaine as a result of pyrolysis [127,130]. It

has a different profile of activity to cocaine acting as a

muscarinic agonist to lower blood pressure [131].

BE and EME are commonly used to identify past use of

cocaine when the parent drug is no longer present in blood.

The predominate species in urine is BE and EME, although

about 1–9% is cocaine [132]. Detection times using a

300 ng/ml cut-off is about 1–4 days [133], although this

can be about a week in long term users [134]. Oral use leads

to greater amounts of EME and CE due to first-pass meta-

bolism. In contrast to urine the predominant species in hair,

sweat and oral fluid is the parent drug itself [47,54,135].

Depots of cocaine in tissue can result in detectability in oral

fluid well beyond that expected based on its blood pharma-

cokinetic profile [133]. The pharmacokinetics of cocaine in

these alternative specimens requires more evaluation before

their use can be optimized.

Cocaine is a potent stimulant with commonly used doses

ranging from about 10 to 100 mg. Tolerance can set in

quickly leading to a rapid escalation of doses up to over
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1 g daily. As with other illicit drugs covered here there is no

defined ‘‘safe’’ or ‘‘therapeutic’’ blood concentration. Since

postmortem hydrolysis continues to occur after death, mea-

surement of cocaine concentrations is unlikely to yield

useful interpretive information [136]. It appears the brain

cocaine is more stable to hydrolysis than other tissues [2].

Excessive use of cocaine can lead to a number of life

threatening conditions. Ischemic heart disease is typified by

contraction bands and sudden arrhythmic death. Pathologi-

cal core temperatures leading to rhabdomyolysis, intravas-

cular coagulation, renal failure and convulsions can also

occur [137–140]. Its use with alcohol and with heroin and

other narcotics increases its toxicity significantly.

6.3. Benzodiazepines

The benzodiazepines are a large group of substances

typified by diazepam and alprazolam, but with a significant

difference in potency and physiochemical properties. Non-

benzodiazepines acting on a similar receptor system include

zolpidem, zopiclone and zalpelon. These latter drugs are

becoming increasingly used due to their lower profile of

side-effects. Benzodiazepines and their close relatives bind

to the gamma-aminobutyric acid (GABA) receptor affecting

chloride movement through ion channels. This results in a

reduction in activity in a number of key areas in the CNS

involved in arousal and emotions.

While these drugs have a large medical use, their ability to

relax, induce sleep and to assist in coping with mood swings

between use of harder drugs such as heroin, cocaine and

amphetamines means they are widely used (and abused) in

the drug seeking community. Their use in drug facilitated

assault and their ability to increase crash risk on the road is

also noteworthy. Consequently, toxicologists need to be able

to detect these drugs in biological specimens and to under-

stand their toxicology.

The pharmacokinetics varies substantially between mem-

bers from short acting hypnotics oxazepam, zolpidem and

midazolam to long acting anti-anxiety agents diazepam,

alprazolam and flurazepam. Profiles of selected members

are found in Table 2. Some members are metabolized to

active substances, e.g. diazepam to nordiazepam, flurazepam

to desalkyl-flurazepam, while most are metabolized by

hydroxylation and/or glucuronidation.

From a toxicological perspective given their diversity in

potency and structure very few laboratories would be able to

measure all drugs in this class in one analytical method.

Immunoassay screens will often have difficulty with the

morphine potent members, e.g. lorazepam and triazolam,

and will not detect the non-benzodiazepines such as zopi-

clone or zolpidem [141]. For this reason, a chromatographic

screen is recommended to at least supplement the traditional

immunoassay screen. Recently, the development of LC–MS

as a routine toxicological tool a number of assays have been

developed for the wider group of benzodiazepines [142–145].

This technique has the advantage of also allowing the

simultaneous confirmation and quantification of the drugs

in the specimen.

Blood concentrations of benzodiazepines provide some

indication of the usage of the drugs in the recent past,

providing the stability of the drug is taken into account (see

earlier), particularly in decomposed tissue for all benzo-

diazepines and the nitrobenzodiazepines in all cases. With

some exceptions, parent benzodiazepines are the usual

target in blood, hair and solid tissues, although metabolites

are targeted in urine. The 7-amino-metabolites of the

nitrobenzodiazepines are formed postmortem and need

to be targeted with the parent in all postmortem cases.

Urinary concentrations do require prior hydrolysis to lib-

erate the glucuronide metabolites of the diazepam family

(temazepam, oxazepam) [141].

Poisonings associated with this class of drug are among

the most common [107]. Numerous fatalities have been

reported with benzodiazepines, particularly in persons with

compromised cardio-respiratory function (i.e. elderly per-

sons). They are also very often associated with opioid cases,

such as heroin and methadone deaths, where they may play a

significant role [146].

6.4. Cannabis

This perennial plant includes various sub-species of

Cannabis sativa and is the most used illicit drug in many

jurisdictions. The main active cannabinoid is D9-tetrahydro-

cannabinol. Modern cultivars and strains including ‘‘skunk

weed’’ have a THC dried weight content of over 20%,

although, most forms of cannabis have THC yields of 2–

8%. Sinsemilla cannabis with the flowering heads has a

typical THC content of 7–14 %. The only other cannabinoids

that show significant activity are D8-tetrahydrocannabinol,

D9-tetrahydrocannabivarol and cannabinol.

Peak THC plasma concentrations in blood rapidly exceed

50 ng/ml within 15 min of smoking and can reach 200 ng/ml

with higher THC-content cigarettes [147,148]. THC is rapidly

distributed to fat and muscle due its low water solubility

resulting in a rapid decline in blood plasma THC concentra-

tions. The half-life of this distribution phase is less than 1 h

and plasma THC concentrations greater than 10 ng/ml are

uncommon after 1 h even after moderate to high doses of

cannabis [149]. Since the blood to plasma distribution is about

0.5, this represents about 5 ng/ml in blood. However, data

obtained postmortem suggests that the distribution of canna-

binoids between whole blood and serum is variable [150].

While the terminal elimination half-life of THC is 3–13

days blood concentrations are usually below 2 ng/ml after a

few hours of last use and only highly sensitive analytical

methods are able to detected the terminal stages of drug

elimination [151].

In traffic cases blood THC provides a better measure of

recent cannabis use, than the urinary metabolite. Recent

data suggest that drivers with a measurable THC concentra-

tions (>1 ng/ml) have an elevated crash risk [152–154].
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Concentrations at about 5 ng/ml or higher have crash risks

comparable to alcohol at 0.15% [152].

In situations where past cannabis exposure can lead to

sanctions (workplace, pre-employment testing and prisons),

the major urinary metabolite 11-nor-D9-tetrahydrocannabinol

(cTHC) is measured following hydrolysis of the glucuronide.

In most cases a cut-off of 15 ng/ml is applied, although cut-

offs of 50 or even 100 ng/ml are occasionally employed.

The mean urinary excretion half-life of cTHC was about

1.4 days in both infrequent and frequent users [155]. How-

ever, frequent users have apparent terminal urinary excretion

half-lives of up to 10 days. The last positive specimens were

found after 4 and 17 days for cTHC with a cutoff 15 ng/ml in

infrequent and frequent users, respectively [155]. Slightly

longer detection times of up to 12 and 25 days have been

observed in low and regular use, respectively [156–159].

Concerns have been raised over the possible contribution

to death from use of cannabis in persons with compromised

cardiac function (e.g. coronary artery disease). Sharp rises in

blood pressures and heart rate could give rise to myocardial

infarctions in susceptible persons [160]. An increased inci-

dence of stroke should also be considered.

6.5. Heroin and other opioids

Heroin is converted within minutes to morphine through

the intermediate 6-AM. All species are active pharmacolo-

gically, although both heroin and 6-AM are only present in

blood and tissues for a relatively short period. Morphine is

often the dominant active species in cases and is removed

from the body by metabolism to 3- and 6-glucuronides and

excretion in urine and bile. Morphine is rapidly excreted in

urine as glucuronides, with up to 85% of the dose recovered

in urine within 24 h. Only small amounts of morphine are

excreted unchanged (2–10%). The presence of 6-AM in

urine distinguishes heroin use from morphine. Small

amounts of codeine are also present in the urine of heroin

users because of the presence of acetylcodeine in the heroin.

Morphine (free) concentrations in blood in deaths attrib-

uted to heroin can typically vary from less than 0.1 to over

1 mg/l, although the median concentration in Victorian deaths

is about 0.2–0.3 mg/l [161]. Total morphine concentrations

range to over 2 mg/l, although the median is about 0.3–

0.6 mg/l. When morphine is absent in urine or has concen-

trations less than 1 mg/l this suggests a death shortly after

injection and importantly suggests the deceased may not have

been a regular user and hence had little tolerance to the drug.

The ability of laboratories to measure the two glucuronide

conjugates of morphine independently rather than collec-

tively as total morphine using LC–MS techniques may lead

to an improvement in the interpretation of heroin/morphine

toxicity [162,163]. However, given the variability in

response to morphine and the possibility of substantial

tolerance developing it is unlikely that any morphine or

metabolite concentration will ever be predictive of toxicity

without a complete understanding of the pathology and the

circumstances of the case. This is exacerbated by polydrug

use typically seen in heroin users which will increase the

inherent toxicity of the drugs used [161].

Morphine and its analogs such as diacetylmorphine (her-

oin), codeine, oxycodone, hydromorphone, etc. are some of

the many dozen opioids that form an important class of

analgesics. While there are many important and legitimate

medical uses, their abuse is widespread and leads to great

harm in the community.

Synthetic derivatives such as methadone, buprenorphine,

meperidine (pethidine), propoxyphene and fentanyl show

many significantly different physiochemical and pharmaco-

kinetics features to the morphine analogs, although they

act in a very similar way to morphine. A summary of these

features are shown in Table 2 for selected opioids.

In postmortem context, the morphine analogs are water

soluble and show relatively low volumes of distribution.

Hence, there ability to become re-distributed after death is

relatively small. There is no evidence in humans that mor-

phine concentrations in blood change much after death in the

immediate postmortem period. Hydrolysis of morphine

glucuronides back to morphine in decomposing specimens

or bodies is a particularly important process event and can

easily lead to erroneous conclusions (see earlier).

The more lipid soluble synthetic opioids such as metha-

done, fentanyl and meperidine will show increases in con-

centration after death (see Section 6). Furthermore, with long

half-life drugs such as methadone significant risks are asso-

ciated with drug accumulation from one dose to the next. This

has led to a substantial increase in mortality both on the street

and in methadone maintenance programs [164–167].

The development of tolerance to opioids is particularly

important in that it seriously limits the ability to interpret the

significance of blood concentrations. For example, morphine

concentrations in deaths attributed to the use of heroin or

morphine can vary from trivially low concentrations to many

milligrams per liter. For this reason alone, without a thor-

ough assessment of the circumstances toxicology results

provide little guidance. The ratio of morphine and morphine

glucuronides can sometimes assist. Acute use can be reason-

ably assumed when urinary concentrations of morphine are

low or even absent and morphine is present in blood.

7. Concluding comments

The analysis of postmortem specimens can provide spe-

cial challenges for forensic toxicologists. The selection of

specimens is large, although not all specimens are suited to

the analysis of all drugs. Hence, it is necessary to identify the

types of substances expected and tailor the collection of

specimens accordingly. The collection of several specimens

to guard against the possibility of poor specimen collection

is warranted. Invariably, the use of peripheral blood, parti-

cularly femoral, is warranted to reduce the number of

artifacts.
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Many drugs show instability and many drugs show con-

centration changes even when the postmortem interval is

relatively short. Cocaine and heroin are rapidly hydrolyzed

to their respective metabolites. Morphine glucuronide con-

jugates show instability in postmortem specimens producing

morphine and substantially affecting the proportion of mor-

phine to total morphine.

Postmortem forensic toxicology provides a challenge to

the scientist not only in terms of analysis but also in terms of

the proper interpretation of the drug detections. Artifacts

caused by poor sampling, poor condition of the body

and redistribution severely limit the interpretation of

any analytical results. Given the variable responses seen

with the drugs of abuse and the often rapid development

tolerance, toxicological results must not be interpreted

without a full picture of the circumstances of the case and

elimination of relevant considerations from a postmortem

examination.

References

[1] M.D. Robertson, O.H. Drummer, Postmortem drug meta-

bolism by bacteria, J. Forensic Sci. 40 (1995) 382–386.

[2] F. Moriya, Y. Hashimoto, Postmortem stability of cocaine

and cocaethylene in blood and tissues of humans and

rabbits, J. Forensic Sci. 41 (1996) 612–616.

[3] D.J. Pounder, E. Adams, C. Fuke, A.M. Langford, Site to

site variability of postmortem drug concentrations in liver

and lung, J. Forensic Sci. 41 (1996) 927–932.

[4] S.B. Gock, S.H. Wong, N. Nuwayhid, S.E. Venuti,

P.D. Kelley, J.R. Teggatz, J.M. Jentzen, Acute zolpidem

overdose—report of two cases, J. Anal. Toxicol. 23 (1999)

559–562.

[5] E.A. De Letter, K.M. Clauwaert, W.E. Lambert, J.F. Van

Bocxlaer, A.P. De Leenheer, M.H. Piette, Distribution study

of 3,4-methylenedioxymethamphetamine and 3,4-methyle-

nedioxyamphetamine in a fatal overdose, J. Anal. Toxicol.

26 (2002) 113–118.

[6] R.C. Baselt, Disposition of Toxic Drugs and Chemicals in

Man, Year Book Medical Publishers, 2000.

[7] F. Musshoff, B. Madea, Fatality due to ingestion of tramadol

alone, Forensic Sci. Int. 116 (2001) 197–199.

[8] R. Vanbinst, J. Koenig, V. Di Fazio, A. Hassoun, Bile

analysis of drugs in postmortem cases, Forensic Sci. Int. 128

(2002) 35–40.

[9] F. Moriya, Y. Hashimoto, Tissue distribution of nitrazepam

and 7-aminonitrazepam in a case of nitrazepam intoxication,

Forensic Sci. Int. 131 (2003) 108–112.

[10] M.D. Robertson, O.H. Drummer, Postmortem distribution

and redistribution of nitrobenzodiazepines in man, J.

Forensic Sci. 43 (1998) 9–13.

[11] S.B. Gock, S.H. Wong, N. Nuwayhid, S.E. Venuti,

P.D. Kelley, J.R. Teggatz, J.M. Jentzen, Acute zolpidem

overdose—report of two cases, J. Anal. Toxicol. 23 (1999)

559–562.

[12] A. Tracqui, P. Kintz, B. Ludes, Buprenorphine-related

deaths among drug addicts in France: a report on 20

fatalities, J. Anal. Toxicol. 22 (1998) 430–434.

[13] M.D. Robertson, O.H. Drummer, Postmortem distribution

and redistribution of nitrobenzodiazepines in man, J.

Forensic Sci. 43 (1998) 9–13.

[14] H.D. Kalter, A.J. Ruttenber, M.M. Zack, Temporal cluster-

ing of heroin overdoses in Washington, DC, J. Forensic Sci.

34 (1989) 156–163.

[15] A.M. Langford, K.K. Taylor, D.J. Pounder, Drug concentra-

tion in selected skeletal muscles, J. Forensic Sci. 1998

(1998) 1.

[16] K.R. Williams, D.J. Pounder, Site-to-site variability of drug

concentrations in skeletal muscle, Am. J. Forensic Med.

Pathol. 18 (1997) 246–259.

[17] J.C. Garriott, Skeletal muscle as an alternative for alcohol

and drug analysis, J. Forensic Sci. 36 (1991) 60–69.

[18] D.J. Pounder, The case of Dr. Shipman, Am. J. Forensic

Med. Pathol. 24 (2003) 219–226.

[19] O.H. Drummer, C.V. King, A.K. Kotsos, A. Peace, H.

Crockart, I.M. McIntyre, The body burden of benzodiazepines

in humans, in: W. Bernhard, H. Sachs, A. Jeger (Eds.), Proce-

edings of the International Association of Forensic Toxico-

logists, Molina Press, Leipzig, Interlaken, Switzerland, 1996.

[20] B. Levine, M. Golle, J.E. Smialek, An unusual drug death

involving maggots, Am. J. Forensic Med. Pathol. 21 (2000)

59–61.

[21] H. Inoue, Y. Maeno, M. Iwasa, J. Monma, R. Matoba, Use

of high-performance liquid chromatography as an extraction

procedure for analysis of triazolam in decomposed human

muscle by gas chromatography–mass spectrometry, J.

Chromatogr. B: Biomed. Sci. Appl. 701 (1997) 47–52.

[22] H. Maeda, S. Oritani, K. Nagai, T. Tanaka, N. Tanaka,

Detection of bromisovalum from the bone marrow of

skeletonized human remains: a case report with a compar-

ison between gas chromatography/mass spectrometry (GC/

MS) and high-performance liquid chromatography/mass

spectrometry (LC/MS), Med. Sci. Law 37 (1997) 248–253.

[23] L.M. McIntyre, C.V. King, M. Boratto, O.H. Drummer,

Postmortem drug analyses in bone and bone marrow, Ther.

Drug Monit. 22 (2000) 79–83.

[24] C.L. Winek, E.M. Morris, W.W. Wahba, The use of bone

marrow in the study of postmortem redistribution of

nortriptyline, J. Anal. Toxicol. 17 (1993) 93–98.

[25] N. Raikos, H. Tsoukali, S.N. Njau, Determination of opiates

in postmortem bone and bone marrow, Forensic Sci. Int. 123

(2001) 140–141.

[26] T. Kojima, I. Okamoto, T. Miyazaki, F. Chikasue, M.

Yashiki, K. Nakamura, Detection of methamphetamine and

amphetamine in a skeletonized body buried for 5 years,

Forensic Sci. Int. 31 (1986) 93–102.

[27] L.Y. Gorczynski, F.J. Melbye, Detection of benzodiazepines

in different tissues, including bone, using a quantitative

ELISA assay, J. Forensic Sci. 46 (2001) 916–918.

[28] T.S. Bal, R.W. Hewitt, A.A. Hiscutt, B. Johnson, Analysis of

bone marrow and decomposed body tissue for the presence

of paracetamol and dextropropoxyphene, J. Forensic Sci.

Soc. 29 (1989) 219–223.

[29] T. Nagata, K. Kimura, K. Hara, K. Kudo, Methamphetamine

and amphetamine concentrations in postmortem rabbit

tissues, Forensic Sci. Int. 48 (1990) 39–47.

[30] M.R. Robertson, O.H. Drummer, Postmortem distribution

and redistribution of nitrobenzodiazepines in man, J.

Forensic Sci. 43 (1998) 9–13.

108 O.H. Drummer / Forensic Science International 142 (2004) 101–113



[31] E.A. De Letter, P. De Paepe, K.M. Clauwaert, F.M.

Belpaire, W.E. Lambert, J.F. Van Bocxlaer, M.H. Piette, Is

vitreous humour useful for the interpretation of 3,4-

methylenedioxymethamphetamine (MDMA) blood levels?

Experimental approach with rabbits, Int. J. Legal Med. 114

(2000) 29–35.

[32] J.I. Coe, R.E. Sherman, Comparative study of postmortem

vitreous humour and blood alcohol, J. Forensic Sci. 15

(1970) 185–190.

[33] C.W. Chronister, J.C. Walrath, B.A. Goldberger, Rapid

detection of benzoylecgonine in vitreous humor by enzyme

immunoassay, J. Anal. Toxicol. 25 (2001) 621–624.

[34] A.W. Jones, P. Holmgren, Uncertainty in estimating blood

ethanol concentrations by analysis of vitreous humour, J.

Clin. Pathol. 54 (2001) 699–702.

[35] F. Tagliaro, F. Bortolotti, G. Manetto, F. Cittadini, V.L.

Pascali, M. Marigo, Potassium concentration differences in

the vitreous humour from the two eyes revisited by

microanalysis with capillary electrophoresis, J. Chromatogr.

A 924 (2001) 493–498.

[36] K.S. Scott, J.S. Oliver, The use of vitreous humor as an

alternative to whole blood for the analysis of benzodiaze-

pines, J. Forensic Sci. 46 (2001) 694–697.

[37] S. Mackey-Bojack, J. Kloss, F. Apple, Cocaine, cocaine

metabolite, and ethanol concentrations in postmortem blood

and vitreous humor, J. Anal. Toxicol. 24 (2000) 59–65.

[38] J.I. Coe, Postmortem chemistry of blood, cerebrospinal

fluid, and vitreous humor, Leg. Med. Annu. 1976 (1977)

55–92.

[39] J.I. Coe, Comparative postmortem chemistries of vitreous

humor before and after embalming, J. Forensic Sci. 21

(1976) 583–586.

[40] K.S. Kalasinsky, T.Z. Bosy, G.A. Schmunk, L. Ang, V.

Adams, S.B. Gore, J. Smialek, Y. Furukawa, M. Guttman,

S.J. Kish, Regional distribution of cocaine in postmortem

brain of chronic human cocaine users, J. Forensic Sci. 45

(2000) 1041–1048.

[41] K.S. Kalasinsky, M.M. Dixon, G.A. Schmunk, S.J. Kish,

Blood, brain, and hair GHB concentrations following fatal

ingestion, J. Forensic Sci. 46 (2001) 728–730.

[42] F. Moriya, Y. Hashimoto, Postmortem stability of cocaine

and cocaethylene in blood and tissues of humans and

rabbits, J. Forensic Sci. 41 (1996) 612–616.

[43] D.N. Sims, R.J. Lokan, R.A. James, P.D. Felgate, H.E.

Felgate, J. Gardiner, D.C. Vozzo, Putrefactive pleural

effusions as an alternative sample for drug quantification,

Am. J. Forensic Med. Pathol. 20 (1999) 343–346.

[44] UN, Guidelines for testing drugs under international control

in hair, sweat and saliva, United Nations, 1998.

[45] F. Tagliaro, Z. De Battisti, F.P. Smith, M. Marigo, Death

from heroin overdose: findings from hair analysis, Lancet

351 (1998) 1923–1925.

[46] G. Skopp, L. Potsch, M.R. Moeller, On cosmetically treated

hair—aspects and pitfalls of interpretation, Forensic Sci. Int.

84 (1997) 43–52.

[47] P. Kintz, N. Samyn, Use of alternative specimens: drugs of

abuse in saliva and doping agents in hair, Ther. Drug Monit.

24 (2002) 239–246.

[48] E.J. Cone, Legal, workplace, and treatment drug testing

with alternate biological matrices on a global scale, Forensic

Sci. Int. 121 (2001) 7–15.

[49] Y. Gaillard, G. Pepin, Screening and identification of drugs in

human hair by high-performance liquid chromatography–

photodiode-array UV detection and gas chromatography–

mass spectrometry after solid-phase extraction. A powerful

tool in forensic medicine, J. Chromatogr. A 762 (1997)

251–267.

[50] V. Spiehler, Hair analysis by immunological methods from

the beginning to 2000, Forensic Sci. Int. 107 (2000) 249–259.

[51] S. Darke, W. Hall, S. Kaye, J. Ross, J. Duflou, Hair

morphine concentrations of fatal heroin overdose cases and

living heroin users, Addiction 97 (2002) 977–984.

[52] V. Cirimele, P. Kintz, S. Doray, B. Ludes, Determination of

chronic abuse of the anaesthetic agents midazolam and

propofol as demonstrated by hair analysis, Int. J. Legal Med.

116 (2002) 54–57.

[53] A.M. Tsatsakis, M.N. Tzatzarakis, D. Psaroulis, C. Levki-

dis, M. Michalodimitrakis, Evaluation of the addiction

history of a dead woman after exhumation and sectional hair

testing, Am. J. Forensic Med. Pathol. 22 (2001) 73–77.

[54] K.M. Clauwaert, J.F. Van Bocxlaer, W.E. Lambert, A.P. De

Leenheer, Segmental analysis for cocaine and metabolites

by HPLC in hair of suspected drug overdose cases, Forensic

Sci. Int. 110 (2000) 157–166.

[55] K.S. Kalasinsky, T.Z. Bosy, G.A. Schmunk, G. Reiber, R.M.

Anthony, Y. Furukawa, M. Guttman, S.J. Kish, Regional

distribution of methamphetamine in autopsied brain of

chronic human methamphetamine users, Forensic Sci. Int.

116 (2001) 163–169.

[56] R. Wennig, Potential problems with the interpretation of

hair analysis results, Forensic Sci. Int. 107 (2000) 5–12.

[57] Y.H. Caplan, B.A. Goldberger, Alternative specimens for

workplace drug testing, J. Anal. Toxicol. 25 (2001) 396–399.

[58] N.P. Lemos, R.A. Anderson, R. Valentini, F. Tagliaro, R.T.

Scott, Analysis of morphine by RIA and HPLC in fingernail

clippings obtained from heroin users, J. Forensic Sci. 45

(2000) 407–412.

[59] A. Palmeri, S. Pichini, R. Pacifici, P. Zuccaro, A. Lopez,

Drugs in nails: physiology, pharmacokinetics and forensic

toxicology, Clin. Pharmacokinet. 38 (2000) 95–110.

[60] G. Skopp, L. Potsch, A case report on drug screening of nail

clippings to detect prenatal drug exposure, Ther. Drug

Monit. 19 (1997) 386–389.

[61] J.C. Beyer, W.F. Enos, M. Stajic, Drug identification

through analysis of maggots, J. Forensic Sci. 25 (1980)

411–412.

[62] B. Bourel, V. Hedouin, L. Martin-Bouyer, A. Becart, G.

Tournel, M. Deveaux, D. Gosset, Effects of morphine

in decomposing bodies on the development of Lucilia

sericata (Diptera: Calliphoridae), J. Forensic Sci. 44 (1999)

354–358.

[63] M.L. Goff, W.A. Brown, A.I. Omori, D.A. LaPointe,

Preliminary observations of the effects of amitriptyline in

decomposing tissues on the development of Parasarcopha-

ga ruficornis (Diptera: Sarcophagidae) and implications of

this effect to estimation of postmortem interval, J. Forensic

Sci. 38 (1993) 316–322.

[64] F. Introna, C. LoDico, Y.H. Caplan, J.E. Smialek, Opiate

analysis in cadaveric blowfly larvae as an indication of

narcotic intoxication, J. Forensic Sci. 25 (1990) 411–412.

[65] V. Hedouin, B. Bourel, L. Martin-Bouyer, A. Becart, G.

Tournel, M. Deveaux, D. Gosset, Determination of drug

O.H. Drummer / Forensic Science International 142 (2004) 101–113 109



levels in larvae of Lucilia sericata (Diptera: Calliphoridae)

reared on rabbit carcasses containing morphine, J. Forensic

Sci. 44 (1999) 351–353.

[66] P. Kintz, A. Tracqui, P. Mangin, Analysis of opiates in fly

larvae sampled on a putrified cadaver, J. Forensic Sci. 34

(1994) 95–97.

[67] K.B. Nolte, R.D. Pinder, W.D. Lord, Insect larvae used to

detect cocaine poisoning in a decomposed body, J. Forensic

Sci. 37 (1992) 1179–1185.

[68] D.W. Sadler, C. Fuke, F. Court, D.J. Pounder, Drug

accumulation and elimination in Calliphora vicina larvae,

Forensic Sci. Int. 71 (1995) 191–197.

[69] D.W. Sadler, C. Seneviratne, D.J. Pounder, Effects of 3,4-

methelenedioxymethamphetamine in decomposing tissues

on the development of Parasarcophaga ruficornis (Diptera:

Sarcophagidae) and detection of the drug in postmortem

blood, liver tissue, larvae and pupae, J. Forensic Sci. 42

(1997) 1212–1213.

[70] Z. Wilson, S. Hubbard, D.J. Pounder, Drug analysis in fly

larvae, Am. J. Forensic Med. Pathol. 14 (1993) 118–120.

[71] H. Batziris, I.M. McIntyre, O.H. Drummer, The effect of

sulfur-metabolising bacteria on sulfur-containing psycho-

tropic drugs, 44 (1999) 111–116.

[72] B. Levine, R.V. Blanke, J.C. Valentour, Postmortem stability

of benzodiazepines in blood and tissues, J. Forensic Sci. 28

(1983) 102–115.

[73] H.M. Stevens, The stability of some drugs and poisons in

putrefying human liver tissues, J. Forensic Sci. 24 (1984)

577–589.

[74] A. El Mahjoub, C. Staub, Stability of benzodiazepines

in whole blood samples stored at varying temperatures

(in process citation), J. Pharm. Biomed. Anal. 23 (2000)

1057–1063.

[75] M.D. Robertson, O.H. Drummer, Stability of nitrobenzo-

diazepines in postmortem blood, J. Forensic Sci. 43 (1998)

5–8.

[76] B. Levine, R.V. Blanke, J.C. Valentour, Postmortem stability

of barbiturates in blood and tissues, J. Forensic Sci. 29

(1984) 131–138.

[77] B. Levine, V. Ramcharitar, J.E. Smialek, Stability of

ecgonine methyl ester in postmortem urine specimens, J.

Forensic Sci. 41 (1996) 126–128.

[78] R.W. Romberg, L. Lee, Comparison of the hydrolysis rates

of morphine-3-glucuronide and morphine-6-glucuronide

with acid and beta-glucuronidase, J. Anal. Toxicol. 19

(1995) 157–162.

[79] R.W. Romberg, M.R. Past, Reanalysis of forensic urine

specimens containing benzoylecgonine and THC-COOH, J.

Forensic Sci. 39 (1994) 479–485.

[80] M.J. Hippenstiel, B. Gerson, Optimization of storage

conditions for cocaine and benzoylecgonine in urine: a

review, J. Anal. Toxicol. 18 (1994) 104–109.

[81] S.N. Giorgi, J.E. Meeker, A 5-year stability study of

common illicit drugs in blood, J. Anal. Toxicol. 19 (1995)

392–398.

[82] D.E. Moody, K.M. Monti, A.C. Spanbauer, Long-term

stability of abused drugs and antiabuse chemotherapeutical

agents stored at �208C, J. Anal. Toxicol. 23 (1999) 535–540.

[83] S. Golding Fraga, J. Diaz-Flores Estevez, C. Diaz Romero,

Stability of cannabinoids in urine in three storage

temperatures, Ann. Clin. Lab. Sci. 28 (1998) 160–162.

[84] S. Dugan, S. Bogema, R.W. Schwartz, N.T. Lappas, Stability

of drugs of abuse in urine samples stored at �208C, J. Anal.

Toxicol. 18 (1994) 391–396.

[85] O.H. Drummer, J. Gerostamoulos, M. Chu, in: K.P. (Ed.),

The Forensic Toxicology of D9-Tetrahydrocannabinol

(THC), The International Association of Forensic Toxicol-

ogists, Paris, 2002.

[86] G. Grinstead, R. Hamilton, D.T. Whipple, Stability of

6-monoacetylmorphione (MAM) in urine, in: V. Spiehler

(Ed.), TIAFT, SOFT, Tampa, FL, 1994, pp. 91–95.

[87] D.C. Fuller, W.H. Anderson, Simplified procedure for

the determination of free codeine, free morphine, and

6-acetylmorphine in urine, J. Anal. Toxicol. 16 (1992)

315–318.

[88] F. Moriya, Y. Hashimoto, Distribution of free and

conjugated morphine in body fluids and tissues in a fatal

heroin overdose: is conjugated morphine stable in post-

mortem specimens? J. Forensic Sci. 42 (1997) 736–740.

[89] G. Skopp, L. Potsch, A. Klingmann, R. Mattern, Stability of

morphine, morphine-3-glucuronide, and morphine-6-glucur-

onide in fresh blood and plasma and postmortem blood

samples, J. Anal. Toxicol. 25 (2001) 2–7.

[90] F.T. Carroll, J.V. Marraccini, S. Lewis, W. Wright,

Morphine-3-D-glucuronide stability in postmortem speci-

mens exposed to bacterial enzymatic hydrolysis, Am. J.

Forensic Med. Pathol. 21 (2000) 323–329.

[91] G. Skopp, R. Lutz, B. Ganssmann, R. Mattern, R. Aderjan,

Postmortem distribution pattern of morphine and morphine

glucuronides in heroin overdose, Int. J. Legal Med. 109

(1996) 118–124.

[92] T. Hilberg, A. Ripel, L. Slordal, A. Bjorneboe, J. Morland,

The extent of postmortem drug redistribution in a rat model,

J. Forensic Sci. 44 (1999) 956–962.

[93] T. Hilberg, S. Rogde, J. Morland, Postmortem drug

redistribution—human cases related to results in experi-

mental animals, J. Forensic Sci. 44 (1999) 3–9.

[94] M. Chu, O.H. Drummer The postmortem redistribution of

d9-tetrahydrocannabinol, in: O.H. Drummer, J. Gerosta-

moulos (Eds.), The International Association of Forensic

Toxicology, Melbourne, 2003.

[95] B. Levine, S.C. Wu, A. Dixon, J.E. Smialek, Site

dependence of postmortem blood methadone concentra-

tions, Am. J. Forensic Med. Pathol. 16 (1995) 97–100.

[96] C.M. Milroy, A.R. Forrest, Methadone deaths: a toxicolo-

gical analysis, J. Clin. Pathol. 53 (2000) 277–281.

[97] J.R. Caplehorn, O.H. Drummer, Methadone dose and

postmortem blood concentration, Drug Alcohol Rev. 21

(2002) 329–333.

[98] B.K. Logan, D. Snirnow, Postmortem distribution and

redistribution of morphine in man, J. Forensic Sci. 41

(1996) 37–46.

[99] J. Gerostamoulos, O.H. Drummer, Postmortem redistribu-

tion of morphine and its metabolites, J. Forensic Sci. 45

(2000) 843–845.

[100] W.R. Sawyer, R.B. Forney, Postmortem disposition of

morphine in rats, Forensic Sci. Int. 38 (1988) 259–273.

[101] T. Miyazaki, T. Kojima, M. Yashiki, H. Wakamoto, Y.

Iwasaki, T. Taniguchi, Site dependence of methampheta-

mine concentrations in blood samples collected from

cadavers of people who had been methamphetamine users,

Am. J. Forensic Med. Pathol. 14 (1993) 121–124.

110 O.H. Drummer / Forensic Science International 142 (2004) 101–113



[102] F.E. Barnhart, J.R. Fogacci, D.W. Reed, Methampheta-

mine—a study of postmortem redistribution, J. Anal.

Toxicol. 23 (1999) 69–70.

[103] F. Moriya, Y. Hashimoto, Redistribution of methampheta-

mine in the early postmortem period, J. Anal. Toxicol. 24

(2000) 153–155.

[104] F. Moriya, Y. Hashimoto, Redistribution of basic drugs into

cardiac blood from surrounding tissues during early-stages

postmortem, J. Forensic Sci. 44 (1999) 10–16.

[105] F. Moriya, Y. Hashimoto, Redistribution of methampheta-

mine in the early postmortem period (letter; comment), J.

Anal. Toxicol. 24 (2000) 153–155.

[106] T.L. Martin, Three cases of fatal paramethoxyamphetamine

overdose, J. Anal. Toxicol. 25 (2001) 649–651.

[107] O.H. Drummer, M. Odell, The Forensic Pharmacology of

Drugs of Abuse, Arnold, London, 2001.

[108] C. Lora-Tamayo, T. Tena, A. Rodriguez, Amphetamine deri-

vative related deaths, Forensic Sci. Int. 85 (1997) 149–157.

[109] E. Meyer, J.F. van Bocxlaer, I.M. Dirinick, L. Thienpont, A.P.

de Leenheer, Tissue distribution of amphetamine isomers in a

fatal overdose, J. Anal. Toxicol. 21 (1997) 236–239.

[110] D.E. Cox, K.R. Williams, ‘‘ADAM’’ or ‘‘EVE’’?—a

toxicological conundrum 77 (1996) 101–108.

[111] H.J. Helmlin, K. Bracher, D. Bourquin, D. Vonlanthen, R.

Brenneisen, Analysis of 3,4-methylenedioxymethampheta-

mine (MDMA) and its metabolites in plasma and urine

by HPLC–DAD and GC–MS, J. Anal. Toxicol. 20 (1996)

432–440.

[112] R. de la Torre, M. Farre, J. Ortuno, M. Mas, R. Brenneisen,

P.N. Roset, J. Segura, J. Cami, Non-linear pharmacokinetics

of MDMA (‘ecstasy’) in humans, Br. J. Clin. Pharmacol. 49

(2000) 104–109.

[113] M. Mas, M. Farre, R. de la Torre, P.N. Roset, J. Ortuno,

J. Segura, J. Cami, Cardiovascular and neuroendocrine

effects and pharmacokinetics of 3,4-methylenedioxymetham-

phetamine in humans, J. Pharmacol. Exp. Ther. 290 (1999)

136–145.

[114] C.M. Milroy, J.C. Clark, A.R. Forrest, Pathology of deaths

associated with ‘‘ecstasy’’ and ‘‘eve’’ misuse, J. Clin.

Pathol. 49 (1996) 149–153.

[115] G.P. Dowling, E.T. McDonough Jr., R.O. Bost, ‘Eve‘ and

‘ecstasy’. A report of five deaths associated with the use of

MDEA and MDMA, JAMA 257 (1987) 1615–1617.

[116] A.M. Tsatsakis, M.N. Michalodimitrakis, A.N. Patsalis,

MDEA related death in Crete: a case report and literature

review, Vet. Hum. Toxicol. 39 (1997) 241–244.

[117] W. Weinmann, M. Bohnert, Lethal monointoxication by

overdosage of MDEA, Forensic Sci. Int. 91 (1998) 91–101.

[118] N. Carter, G.N. Rutty, C.M. Milroy, A.R. Forrest, Deaths

associated with MBDB misuse, Int. J. Legal Med. 113

(2000) 168–170.

[119] H.E. Felgate, P.D. Felgate, R.A. James, D.N. Sims, D.C.

Vozzo, Recent paramethoxyamphetamine deaths, J. Anal.

Toxicol. 22 (1998) 169–172.

[120] D.G. Caldicott, N.A. Edwards, A. Kruys, K.P. Kirkbride,

D.N. Sims, R.W. Byard, M. Prior, R.J. Irvine, Dancing with

‘‘death’’: p-methoxyamphetamine overdose and its acute

management, J. Toxicol. Clin. Toxicol. 41 (2003) 143–154.

[121] J. Becker, P. Neis, J. Rohrich, S. Zorntlein, A fatal

paramethoxymethamphetamine intoxication, Leg. Med.

(Tokyo) 5 (2003) S138–S141.

[122] R.W. Byard, J. Gilbert, R. James, R.J. Lokan, Amphetamine

derivative fatalities in South Australia—is ‘‘ecstasy’’ the

culprit? Am. J. Forensic Med. Pathol. 19 (1998) 261–265.

[123] R.A. James, A. Dinan, Hyperpyrexia associated with fatal

paramethoxyamphetamine (PMA) abuse, Med. Sci. Law 38

(1998) 83–85.

[124] S.S. Johansen, A.C. Hansen, I.B. Muller, J.B. Lundemose,

M.B. Franzmann, Three fatal cases of PMA and

PMMA poisoning in Denmark, J. Anal. Toxicol. 27 (2003)

253–256.

[125] J.C. Kraner, D.J. McCoy, M.A. Evans, L.E. Evans, B.J.

Sweeney, Fatalities caused by the MDMA-related drug

paramethoxyamphetamine (PMA), J. Anal. Toxicol. 25

(2001) 645–648.

[126] L.H. Ling, C. Marchant, N.A. Buckley, M. Prior, R.J. Irvine,

Poisoning with the recreational drug paramethoxyampheta-

mine (‘‘death’’), Med. J. Aust. 174 (2001) 453–455.

[127] E.J. Cone, Pharmacokinetics and pharmacodynamics of

cocaine, J. Anal. Toxicol. 19 (1995) 459–478.

[128] F. Moriya, Y. Hashimoto, The effect of postmortem interval

on the concentrations of cocaine and cocaethylene in blood

and tissues: an experiment using rats, J. Forensic Sci. 41

(1996) 129–133.

[129] F. Moriya, Y. Hashimoto, H. Ishizu, Effects of cocaine

administration route on the formation of cocaethylene in

drinkers: an experiment using rats, Forensic Sci. Int. 76

(1995) 189–197.

[130] N.L. Benowitz, Clinical pharmacology and toxicology of

cocaine, Pharmacol. Toxicol. 72 (1993) 3–12.

[131] K.B. Scheidweiler, M.A. Plessinger, J. Shojaie, R.W. Wood,

T.C. Kwong, Pharmacokinetics and pharmacodynamics of

methylecgonidine, a crack cocaine pyrolyzate, J. Pharmacol.

Exp. Ther. 15 (2003) 15.

[132] T. Inaba, D.J. Stewart, W. Kalow, Metabolism of cocaine in

man, Clin. Pharmacol. Ther. 23 (1978) 547–552.

[133] E.J. Cone, W.W. Weddington Jr., Prolonged occurrence of

cocaine in human saliva and urine after chronic use, J. Anal.

Toxicol. 13 (1989) 65–68.

[134] K.L. Preston, D.H. Epstein, E.J. Cone, A.T. Wtsadik, M.A.

Huestis, E.T. Moolchan, Urinary elimination of cocaine

metabolites in chronic cocaine users during cessation, J.

Anal. Toxicol. 26 (2002) 393–400.

[135] N. Samyn, G. De Boeck, A.G. Verstraete, The use of oral

fluid and sweat wipes for the detection of drugs of abuse in

drivers, J. Forensic Sci. 47 (2002) 1380–1387.

[136] S.B. Karch, B. Stephens, C.H. Ho, Relating cocaine blood

concentrations to toxicity—an autopsy study of 99 cases, J.

Forensic Sci. 43 (1998) 41–45.

[137] R.E. Mittleman, C.V. Wetli, Cocaine and sudden ‘‘natural’’

death, J. Forensic Sci. 32 (1987) 11–19.

[138] K. Tardiff, E. Gross, J. Wu, M. Stajic, R. Millman, Analysis

of cocaine-positive fatalities, J. Forensic Sci. 34 (1989)

53–63.

[139] K.B. Nolte, Rhabdomyolysis associated with cocaine abuse,

Hum. Pathol. 22 (1991) 1141–1145.

[140] S.B. Karch, G.S. Green, S. Young, Myocardial hypertrophy

and coronary artery disease in male cocaine users, J.

Forensic Sci. 40 (1995) 591–595.

[141] O.H. Drummer, Methods for the measurement of benzodia-

zepines in biological samples, J. Chromatogr. B: Biomed.

Sci. Appl. 713 (1998) 201–225.

O.H. Drummer / Forensic Science International 142 (2004) 101–113 111



[142] R. Kronstrand, I. Nystrom, M. Josefsson, S. Hodgins,

Segmental ion spray LC–MS–MS analysis of benzodiaze-

pines in hair of psychiatric patients, J. Anal. Toxicol. 26

(2002) 479–484.

[143] H.H. Maurer, Liquid chromatography-mass spectrometry in

forensic and clinical toxicology, J. Chromatogr. B: Biomed.

Sci. Appl. 713 (1998) 3–25.

[144] J. Zweigenbaum, K. Heinig, S. Steinborner, T. Wachs, J.

Henion, High-throughput bioanalytical LC/MS/MS deter-

mination of benzodiazepines in human urine: 1000 samples

per 12 h, Anal. Chem. 71 (1999) 2294–2300.

[145] O.H. Drummer, Chromatographic screening techniques in

systematic toxicological analysis, J. Chromatogr. B:

Biomed. Sci. Appl. 733 (1999) 27–45.

[146] J.R. Caplehorn, O.H. Drummer, Fatal methadone toxicity:

signs and circumstances, and the role of benzodiazepines,

Aust. N. Z. J. Public Health 26 (2002) 358–362 (discussion

362-353).

[147] M.A. Huestis, J.E. Henningfield, E.J. Cone, Blood canna-

binoids. I. Absorption of THC and formation of 11-OH-

THC and THCCOOH during and after smoking marijuana,

J. Anal. Toxicol. 16 (1992) 276–282.

[148] M. Perez-Reyes, S. DiGuiseppi, K. Davis, V.H. Schindler,

C.E. Cook, Comparison of effects of marijuana cigarettes of

three different potencies, Clin. Pharmacol. Ther. 31 (1982)

617–624.

[149] M.A. Huestis, J.E. Henningfield, E.J. Cone, Blood canna-

binoids. II. Models for the prediction of time of marijuana

exposure from plasma concentrations of delta 9-tetrahydro-

cannabinol (THC) and 11-nor-9-carboxy-delta 9-tetrahy-

drocannabinol (THCCOOH), J. Anal. Toxicol. 16 (1992)

283–290.

[150] C. Giroud, A. Menetrey, M. Augsburger, T. Buclin, P. Sanchez-

Mazas, P. Mangin, Delta(9)-THC, 11-OH-delta(9)-THC and

delta(9)-THCCOOH plasma or serum to whole blood

concentrations distribution ratios in blood samples taken

from living and dead people, Forensic Sci. Int. 123 (2001)

159–164.

[151] E. Johansson, M.M. Halldin, S. Agurell, L.E. Hollister,

H.K. Gillespie, Terminal elimination plasma half-life

of delta 1-tetrahydrocannabinol (delta 1-THC) in heavy users

of marijuana, Eur. J. Clin. Pharmacol. 37 (1989) 273–277.

[152] O.H. Drummer, J. Gerostamoulos, H.P. Batziris, M. Chu,

J.R. Caplehorn, M.D. Robertson, P. Swann, The involve-

ment of drugs in drivers of motor vehicles killed in

Australian road traffic crashes, Accid. Anal. Prev., in press.

[153] J.G. Ramaekers, G. Berghaus, M. van Laar, O.H. Drummer

Performance impairment and risk of motor vehicle crashes

after cannabis, in: I.P. Spruit (Ed.), Cannabis 2002 Report,

Brussels, Belgium, 2002.

[154] P. Mura, P. Kintz, B. Ludes, J.M. Gaulier, P. Marquet, S.

Martin-Dupont, F. Vincent, A. Kaddour, J.P. Goulle, J.

Nouveau, M. Moulsma, S. Tilhet-Coartet, O. Pourrat,

Comparison of the prevalence of alcohol, cannabis and

other drugs between 900 injured drivers and 900 control

subjects: results of a French collaborative study, Forensic

Sci. Int. 133 (2003) 79–85.

[155] A. Smith-Kielland, B. Skuterud, J. Morland, Urinary

excretion of 11-nor-9-carboxy-delta9-tetrahydrocannabinol

and cannabinoids in frequent and infrequent drug users, J.

Anal. Toxicol. 23 (1999) 323–332.

[156] P. Kelly, R.T. Jones, Metabolism of tetrahydrocannabinol in

frequent and infrequent marijuana users, J. Anal. Toxicol.

16 (1992) 228–235.

[157] E.K. Johansson, L.E. Hollister, M.M. Halldin, Urinary

elimination half-life of delta-1-tetrahydrocannabinol-7-oic

acid in heavy marijuana users after smoking, NIDA Res.

Monogr. 95 (1989) 457–458.

[158] M.A. Huestis, J.M. Mitchell, E.J. Cone, Detection times of

marijuana metabolites in urine by immunoassay and GC–

MS, J. Anal. Toxicol. 19 (1995) 443–449.

[159] M.A. Huestis, J.M. Mitchell, E.J. Cone, Urinary excretion

profiles of 11-nor-9-carboxy-delta 9-tetrahydrocannabinol

in humans after single smoked doses of marijuana, J. Anal.

Toxicol. 20 (1996) 441–452.

[160] L. Bachs, H. Morland, Acute cardiovascular fatalities follow-

ing cannabis use, Forensic Sci. Int. 124 (2001) 200–203.

[161] J. Gerostamoulos, V. Staikos, O.H. Drummer, Heroin-

related deaths in Victoria: a review of cases for 1997 and

1998, Drug Alcohol Depend. 61 (2001) 123–127.

[162] W.Z. Shou, M. Pelzer, T. Addison, X. Jiang, W. Naidong,

An automatic 96-well solid phase extraction and liquid

chromatography–tandem mass spectrometry method for the

analysis of morphine, J. Pharm. Biomed. Anal. 27 (2002)

143–152.

[163] R. Dams, C.M. Murphy, W.E. Lambert, M.A. Huestis, Urine

drug testing for opioids, cocaine, and metabolites by direct

injection liquid chromatography/tandem mass spectrometry,

Rapid Commun. Mass Spectrom. 17 (2003) 1665–1670.

[164] J.R. Caplehorn, O.H. Drummer, Mortality associated with

New South Wales methadone programs in 1994: lives lost

and saved, Med. J. Aust. 170 (1999) 104–109.

[165] O.H. Drummer, K. Opeskin, M. Syrjanen, S.M. Cordner,

Methadone toxicity causing death in ten subjects starting on

a methadone maintenance program, Am. J. Forensic Med.

Pathol. 13 (1992) 346–350.

[166] J.R.N. Caplehorn, Deaths in the first two weeks of

maintenance treatment in NSW in 1994: identifying cases

of iatrogenic toxicity, Drug Alcohol Rev. 17 (1998) 9–17.

[167] C.M. Milroy, A.R.W. Forrest, Methadone deaths: a

toxicological analysis, J. Clin. Pathol. 53 (2000) 277–281.

[168] B.K. Logan, Amphetamines: an update on forensic issues, J.

Anal. Toxicol. 25 (2001) 400–404.

[169] C. Davidson, A.J. Gow, T.H. Lee, E.H. Ellinwood,

Methamphetamine neurotoxicity: necrotic and apoptotic

mechanisms and relevance to human abuse and treatment,

Brain Res. Brain Res. Rev 36 (2001) 1–22.

[170] T. Kraemer, H.H. Maurer, Toxicokinetics of amphetamines:

metabolism and toxicokinetic data of designer drugs,

amphetamine, methamphetamine, and their N-alkyl deriva-

tives, Ther. Drug Monit. 24 (2002) 277–289.

[171] A.C. Parrott, Recreational ecstasy/MDMA, the serotonin

syndrome, and serotonergic neurotoxicity, Pharmacol.

Biochem. Behav. 71 (2002) 837–844.

[172] B.A. Goldberger, E.J. Cone, T.M. Grant, Y.H. Caplan, B.S.

Levine, J.E. Smialek, Disposition of heroin and its

metabolites in heroin-related deaths, J. Anal. Toxicol. 18

(1994) 22–28.

[173] E. Gyr, R. Brenneisen, D. Bourquin, T. Lehmann, D.

Vonlanthen, I. Hug, Pharmacodynamics and pharmacoki-

netics of intravenously, orally and rectally administered

diacetylmorphine in opioid dependents, a two-patient pilot

112 O.H. Drummer / Forensic Science International 142 (2004) 101–113



study within a heroin-assisted treatment program, Int. J.

Clin. Pharmacol. Ther. 38 (2000) 486–491.

[174] F. Moriya, Y. Hashimoto, Distribution of free and

conjugated morphine in body fluids and tissues in a fatal

heroin overdose: is conjugated morphine stable in post-

mortem specimens, J. Forensic Sci. 42 (1997) 736–740.

[175] S.B. Karch, B.G. Stephens, Toxicology and pathology of

deaths related to methadone: retrospective review, West. J.

Med. 172 (2000) 11–14.

[176] A. Gagajewski, F.S. Apple, Methadone-related deaths in

Hennepin County, Minnesota: 1992–2002, J. Forensic Sci.

48 (2003) 668–671.

[177] J. Gerostamoulos, M.P. Burke, O.H. Drummer, Involvement

of codeine in drug-related deaths, Am. J. Forensic Med.

Pathol. 17 (1996) 327–335.

[178] J.J. Kuhlman Jr., S. Lalani, J. Magluilo Jr., B. Levine, W.D.

Darwin, Human pharmacokinetics of intravenous, sublin-

gual, and buccal buprenorphine, J. Anal. Toxicol. 20 (1996)

369–378.

[179] P. Kintz, Deaths involving buprenorphine: a compendium of

French cases, Forensic Sci. Int. 121 (2001) 65–69.

[180] R.F. Clark, E.M. Wei, P.O. Anderson, Merperidine: ther-

apeutic use and toxicity, J. Emerg. Med. 13 (1995) 797–802.

[181] K.P. Leow, T. Cramond, M.T. Smith, Pharmacokinetics and

pharmacodynamics of oxycodone when given intravenously

and rectally to adult patients with cancer pain, Anaesth.

Analg. 80 (1995) 296–302.

[182] O.H. Drummer, M.L. Syrjanen, M. Phelan, S.M. Cordner, A

study of deaths involving oxycodone, J. Forensic Sci. 39

(1994) 1069–1075.

[183] K.A. Moore, S.J. Cina, R. Jones, D.M. Selby, B. Levine,

M.L. Smith, Tissue distribution of tramadol and metabolites

in an overdose fatality, Am. J. Forensic Med. Pathol. 20

(1999) 98–100.

[184] K.E. Goeringer, B.K. Logan, G.D. Christian, Identification

of tramadol and its metabolites in blood from drug-related

deaths and drug-impaired drivers, J. Anal. Toxicol. 21

(1997) 529–537.

[185] F. Clarot, J.P. Goulle, E. Vaz, B. Proust, Fatal overdoses of

tramadol: is benzodiazepine a risk factor of lethality?

Forensic Sci. Int. 134 (2003) 57–61.

[186] D.G. Greenblatt, C.E. Wright, Clinical pharmacokinetics of

alprazolam, Clin. Pharmacokinet. 24 (1993) 453–471.

[187] S.A. Kaplan, M.L. Jack, K. Alexander, R.E. Weinfeld,

Pharmacokinetic profile of diazepam in man following

single intravenous and oral and chronic oral administrations,

J. Pharmaceut. Sci. 62 (1973) 1789–1796.

[188] M.A. Mattila, H.M. Larni, Flunitrazepam: a review of its

pharmacological properties and therapeutic use, Drugs 20

(1980) 353–374.

[189] J.H. Woods, G. Winger, Abuse liability of flunitrazepam, J.

Clin. Psychopharmacol. 17 (1997) 1S–57S.

[190] O.H. Drummer, M.L. Syrjanen, S.M. Cordner, Deaths

involving the benzodiazepine flunitrazepam, Am. J. Foren-

sic Med. Pathol. 14 (1993) 238–243.

[191] F.J. Ayd Jr., Oxazepam: update 1989, Int. Clin. Psycho-

pharmacol. 5 (1990) 1–15.

[192] J. Sonne, S. Loft, M. Dossing, A. Vollmer-Larsen, K.L.

Olesen, M. Victor, F. Andreasen, P.B. Andreasen, Bioavail-

ability and pharmacokinetics of oxazepam, Eur. J. Clin.

Pharmacol. 35 (1988) 385–389.

[193] E.A. Heel, Drugs 21 (1981) 321–340.

[194] R. Garnier, E. Guerault, D. Muzard, P. Azoyan, A.E.

Chaumet-Riffaud, M.L. Efthymiou, Acute zolpidem poison-

ing—analysis of 344 cases, J. Toxicol. Clin. Toxicol. 32

(1994) 391–404.

[195] A. Buttner, G. Mall, R. Penning, H. Sachs, S. Weis, The

neuropathology of cocaine abuse, Leg. Med. (Tokyo) 5

(2003) S240–S242.

[196] S.B. Karch, Interpretation of blood cocaine and metabolite

concentrations, Am. J. Emerg. Med. 18 (2000) 635–636.

[197] R.T. Jones, Marijuana, health and treatment issues,

Psychiatr. Clin. North Am. 7 (1984) 703–712.

[198] I.B. Adams, B.R. Martin, Cannabis: pharmacology and

toxicology in animals and humans, Addiction 91 (1996)

1585–1614.

O.H. Drummer / Forensic Science International 142 (2004) 101–113 113



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


	Postmortem toxicology of drugs of abuse
	Introduction
	Scope
	Types of specimens
	Postmortem stability
	Postmortem redistribution
	Drug monographs
	Amphetamines
	Cocaine
	Benzodiazepines
	Cannabis
	Heroin and other opioids

	Concluding comments
	References


