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Abstract
Toxicological analysis interpretation is a complex task where 
estimating the time elapsed since a drug was last consumed or the 
chronicity of consumption provides crucial information in forensic 
cases i.e. driving under the influence of drugs (DUID). This review 
focuses on the description of some strategies reported in the 
literature that contribute to such estimations.
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i.e. those resulting from the consumption of specific substances that 
stimulate actions or promote circumstances resulting in crime [2]. 

The attribution of a crime to the psychopharmacological effect 
of a substance is difficult to assign due to the large inter-individual 
variability in both the response to the substance and its toxicity, and 
concentrations following administration of the same dose. These 
toxicokinetic, and often toxicodynamic, differences are determined 
genetically and are epigenetically modulated. These differences are 
attributable to the different routes of administration, the administered 
dose, and the metabolic tolerance or clearance developed by chronic 
users. Therefore, the interpretation of toxicological findings in the 
forensic area is a very important task that requires knowledge of many 
aspects of analytical toxicology, toxicokinetics, organ toxicity, and the 
factors affecting them [3].

Due to the complexity in toxicological interpretation required for 
forensic purposes, toxicologists are interested in having tools such 
as mathematical models where drug or metabolite concentrations 
in a biological sample can be used to distinguish acute from chronic 
consumption and/or to accurately establish the timeframe of 
intoxication. Some of the strategies which contribute to such tools are 
described below.

Methods to Distinguish Acute and Chronic Exposures
The elimination time of illicit drugs and their metabolites is of 

both clinical and forensic interest. Depending upon specific situations, 
clinical results and legal consequences for a person will be different 
depending upon the results of toxicological tests. In a forensic context, 
it is relevant to know if a given subject is under the influence of a drug 
or not. For example, the legal consequences associated with a car crash 
will be much more severe for a person who was driving under the 
influence of drugs than if completely/legally sober. Another example 
are the prescribed drugs, in some cases, subjects who have taken drugs 
by physician´s directions cannot be prosecuted unless it is proven that 
they had overdosed the medication. A complex scenario is presented 
in the prosecution of chronic users; in some cases, the prosecuted 
might get a different sentence if addiction or dependence is proved. 
A positive toxicological test might not necessarily be related to acute 
intoxication, especially when it comes to the abuse of lipophilic drugs 
where users might test positive even after several weeks of abstinence 
(i.e. cannabinoids[4]), and in the cases of chronic consumption, the 
drug’s pharmacokinetics might be altered.

Accordingly, the first step towards identifying an acute intoxication 
is to fully understand the elimination kinetics of the parent drug and/
or its metabolites. Understanding how a substance biotransformed 
and removed from the body can result mathematical relationships 
i.e. ratios of concentrations of xenobiotic (P) and its metabolites 
(M) or P/M ratios of concentrations in different biological matrices, 
which in theory can differentiate between a recent exposure from 
an earlier one. For example, benzodiazepines, especially diazepam, 
commonly found in drugged drivers, is metabolized via CYP2C19 
to desmethyldiazepam; a high P/M ratio between diazepam and its 
metabolite indicates an acute intake [3].

Introduction
According to The International Association of Forensics 

Toxicologists (TIAFT), toxicological analysis is one of the basic 
tasks in forensic investigations [1]. The activities related to forensic 
toxicology include the detection, identification and quantification 
of substances of forensic interest, and the interpretation of results. 
The latter is linked to the evidentiary purpose; that is, which are the 
questions directing the analysis and which is the intended purpose of 
the evidence. Relevant questions in the forensic context are numerous 
and complex, for example: 

•	 Was the amount of substance found sufficient to cause death? 

•	 Was the person under the influence of drugs at the time of the 
criminal event?

•	 The resulting substance concentration in the sample 
corresponds to an acute or a chronic exposure?

•	 When did the user last consume this drug?

Estimating the duration for which a person has been exposed to 
a substance or the time elapsed since a substance was last consumed 
provides crucial information for the toxicological exam interpretation, 
especially in cases related to environmental crime, poisonings, and 
psychopharmacological crimes. Psychopharmacological crimes 
are defined as those crimes committed under the influence of a 
psychoactive substance as a result of acute or chronic consumption; 
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Controlled administration studies
A popular approach to profiling drug and metabolite elimination 

patterns consists of a controlled administration of drugs to volunteers 
followed by monitoring of drug and its metabolites in urine and other 
samples like oral fluid, whole blood, and plasma. 

The most representative studies where analysis of biological 
matrices follows the controlled administration of some abuse drugs 
have been focused on cannabis, MDMA and amphetamines, cocaine, 
heroin and opiates and ethyl alcohol, and are described below.

Cannabis

Cannabinoids, ∆(9)-tetrahydrocannabinol (THC) and their 
metabolites are highly lipophilic structures, so they tend to concentrate 
and have prolonged elimination time, accumulating over time in 
lipid tissue [4,5]. Slow release of the drug from fat and significant 
enterohepatic circulation contribute to THC’s long terminal 
elimination half-life in plasma, reported as greater than 4.1 days in 
chronic marijuana users [6]. After the initial distribution phase, the 
rate-limiting step in the elimination of THC is its redistribution from 
lipid depots to blood [7,8]. Consequently, to differentiate a recent use 
from residual excretion is necessary if the probative interest demands 
it, i.e. detoxification patients or judicial programs in some countries 
that routinely collect urine from individuals on parole that were 
ordered to attend a rehabilitation program.

One of the most comprehensive studies to differentiate the recent 
use of Cannabinoids was conducted by Anizan et al. [9]. The body fluids 
(blood, urine and oral fluid) of frequent and occasional consumers 
were monitored from 19 h before to 30 h after smoking a 6.8% THC 
cannabis cigarette. Concentrations of Δ(9)-Tetrahydrocannabinol 
(THC), 11-hydroxy-THC (11-OH-THC), 11-nor-9-carboxy-THC 
(THCCOOH), cannabidiol (CBD), cannabinol (CBN), THC-
glucuronide, and 11-nor-9-carboxy-THC-glucuronide (THCCOO-
glucuronide) were compared, when possible, in different matrices. 
Usually, detection of a drug in oral fluid means a recent consumption; 
however, the usefulness of this biological matrix is limited in 
time, as the substance disappears quickly. In this study, the parent 
THC and metabolites like THCCOOH, CBD, and CBN and their 
proportion to THC where quantified by 2D-GC-MS. Results showed 
that THCCOOH in oral fluid could indicate oral administration of 
cannabis and that time detection extension could help distinguish 
chronic form occasional smokers [9].

Regarding blood and plasma samples, distinguishing recent use of 
cannabinoids is a more difficult task. The concentrations of THC and 
11-OH-THC are significantly higher in frequent smokers compared 
with occasional smokers at most sampling times and at all sampling 
times for THCCOOH and THCCOO-glucuronide. It has been 
suggested that the presence of CBD, CBN, or THC-glucuronide could 
indicate recent use, but their absence does not exclude it [10]. Toennes 
et al. [11] studied pharmacokinetic properties of THC in occasional 
and heavy users in cannabis and placebo conditions, from the results, 
it must be noted that cannabinoid (parent drug and metabolites) 
blood concentrations from heavy users in a late elimination phase 
may be difficult to distinguish from concentrations measured in 
occasional users after acute cannabis use [11]. Despite the extensive 
work, differentiating occasional from frequent users relies mainly 
on time detection of the same markers, which makes an accurate 
interpretation for forensic purposes difficult to achieve. 

Regarding urine samples, extended urinary THC excretion 
in chronic cannabis users precludes its use as a biomarker of new 

drug exposure, so important efforts have been performed by some 
authors to select more suitable metabolites to identify recent use. In a 
sequential series of urine specimens from individuals who abstained 
from intake of cannabis, there can occasionally be urine specimens 
that have higher concentrations of THCCOOH than previous samples 
[12-14]. This could be a result of residual excretion of drug that has 
been stored in the body following chronic cannabinoid use. Most of 
these increases in concentration appear to be related to individuals’ 
hydration states that are determined by fluid intake, environmental 
temperature, levels of activity, disease states, and a multitude of other 
variables. Manno et al [14] first suggested that urinary THCCOOH 
could be normalized to urinary creatinine concentration to account 
for specimen dilution [14], this normalizing also makes the excretion 
pattern more predictable. They recommended a quotient cutoff of ≥1.5 
to identify new drug use. However, Huestis and Cone found that the 
greatest accuracy (85.4%) in predicting new cannabis use is achieved 
when paired specimens collected at least 24 hours apart had a quotient 
of ≥0.5 for the [THCCOOH]/[creatinine] in specimen 2 divided by 
the [THCCOOH]/[creatinine] for specimen 1[12]. Fraser and Worth 
compared both criteria for new use in a group of 26 chronic marijuana 
users and they found a false-negative rate of 7.4% with the Huestis 
guideline and 24% with the Manno rule [15] They extended the study 
to include 37 chronic marijuana users with at least 48 hours between 
specimens; with the >0.5 cutoff, new drug use was identified in 80–
85% of cases [16].

Also, other metabolites which are not routinely measured as 
11-OH-∆9THC [17] and glucuronides [18] have been studied 
as biomarkers of recent use of cannabinoids. In the latter study 
THCCOOH, THC-glucuronide, and THCCOOH-glucuronide were 
quantified by liquid chromatography-tandem mass spectrometry 
within 24 h of collection. All analytes were measurable in all frequent 
smokers’ urine and in some of the occasional smokers’ urine 
samples [18]; An absolute percentage difference of ≥50% between 2 
consecutive THC-glucuronide-positive samples with a creatinine-
normalized concentration of ≥2 μg/g in the first sample predicted 
the type of cannabis smoking with efficiencies of 93.1% in frequent 
and 76.9% in occasional smokers within 6 h of first sample collection, 
so this consideration provides a possible means of identifying recent 
cannabis intake in cannabis smokers’ urine within a short collection 
time frame after smoking [18]. 

MDMA

MDMA, or ecstasy, is excreted as unchanged drug, 
3,4-methylenedioxyamphetamine (MDA), and free and glucuronidated/
sulfated 4-hydroxy-3-methoxymethamphetamine (HMMA), and 
4-hydroxy-3-methoxyamphetamine (HMA) metabolites. MDMA and 
Methylenedioxy derivatives undergo a more extensive metabolism 
than the prototype compounds (amphetamines), and the amount of 
unaltered drug excreted in urine is usually smaller. Comparison of 
renal and total clearance of MDMA shows that about 80% of the drug 
is cleared metabolically through the liver, and about 20% of the dose is 
excreted unaltered in urine. A similar recovery has been reported for 
3,4-dihydroxymetamphetamine (HHMA). Higher recovery rates have 
been detected for 4-hydroxy-3-methoxymetamphetamine (HMMA), the 
main metabolite found in urine (>20%), with less than 2% of the dose 
excreted as MDA [19–21]. The elimination half-life of MDMA, is in the 
range of 6–9 hours [19,22], is lower than those reported for amphetamine 
and metamphetamine. Due the speed of the elimination, some strategies 
have been developed in order to find biomarkers of consumption 
detectable for longer time. 
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Abrahams et al. [23] aimed to describe the pattern and timeframe 
of excretion of MDMA and its metabolites in urine. Placebo, 1.0 mg/kg, 
and 1.6 mg/kg oral MDMA doses were administered double-blind to 
healthy adult MDMA users on a monitored research unit. HMMA last 
detection exceeded MDMA’s by more than 33 h after administration; 
Identification of HMMA as well as MDMA increased the ability to 
identify positive specimens but required hydrolysis. Measurement of 
urinary HMMA provides the longest detection of MDMA exposure 
yet is not included in routine monitoring procedures [23]. 

Another strategy is based on its stereoselective metabolism. 
MDMA has a chiral centre at the α-carbon (Figure 1) with a pair of 
enantiomers [24], although the racemic mixture is usually consumed. 

The enantiomers may show different pharmacological 
activity and body disposition [25]. The (S)-isomers of 
3,4-methylenedioxymetamfetamine (MDMA) is responsible for the 
psychostimulant and entactogenic activities as compared with the 
hallucinogenic properties of the (R)-isomers [26]. Stereoselective 
weight, a low protein binding (around 20%) and a metabolism for 
MDMA [27] has been reported. The (R)- and (S)-enantiomers of 
racemic MDMA exhibit different dose-concentration curves. In 
plasma, S-MDMA is eliminated at a higher rate, most likely due 
to stereoselective metabolism [28], the more active S-enantiomer 
had a reduced Area Under the Curve (AUC) and shorter half-life 
than (R)-MDMA [29]. In general, all metabolites (Phase I and 
Phase II) exhibited changes in enantiomeric disposition over time. 
Schwaninger et al. [28] characterized metabolites enantiomeric 
disposition with a study of controlled administration scheme. MDA, 
HMMA, DHMA sulfate, and HMMA glucuronide were mainly 
excreted as (S)-enantiomers within the first 24 h after ingestion, 
but higher percentages of (R)-enantiomers were noted after 24 h. 
Concerning the time of first detection, no differences were observed 
for the two enantiomers, but generally, detectability tended to be 
longer for (R)-enantiomers, although for MDA, DHMA and HMMA 
no significant differences were observed. Pizarro et al. [30] reported 
similar findings concerning MDA metabolite, the initial R/S ratios 
is <1, but total urinary excretion over 72 h is comparable when (R)- 
and (S)-enantiomers amounts are compared [30]. Furthermore, R/S 
HMMA ratios determined after conjugate cleavage were about 1 after 
24 h, and about 2 in total [30]. R/S ratios over time shown low inter-
subject variability and a dependence on time after ingestion, but not 
on MDMA doses administered, accordingly proper cut-off R/S values 
may distinguish between recent (within 24 h) MDMA consumption 
and earlier ingestion. R/S ratios for DHMA and HMMA, as only 
minor metabolites, were generally detectable only in the first 24 h 
after ingestion, thereby providing further indication of recent MDMA 
consumption [28]. 

Cocaine

Cocaine (COC), a psychoactive drug from the coca leaf, is the 
second-most identified drug of abuse in drug-testing programs. 
Cocaine is taken for its intense euphoric and stimulatory effects, 
despite well-documented cardiotoxic effects [31]. This compound is 
primarily metabolized by the liver to two major, inactive metabolites: 
benzoylecgonine (BE) and ecgonine methyl ester (EME) [32]. 
Immunoassays to detect cocaine are targeted against the metabolite 
benzoylecgonine and use a cut-off of 300 ng/mL. An intravenous 
dose of 20 mg cocaine can be detected for 1.5 days. Street doses 
(administered via different routes) are detectable up to 1 week, and 
extremely high doses up to 3 weeks [33].

Cone et al. [34] reported the urinary excretion patterns and 
terminal elimination kinetics for cocaine (COC) and 8 metabolites: 
benzoylecgonine (BE), ecgonine methylester (EME), norcocaine 
(NCOC), benzoylnorecgonine (BNE), m-hydroxy-BE (m-HO-BE), 
p-hydroxy-BE (p-HO-BE), m-hydroxy-COC (m-HO-COC), and 
p-hydroxy-COC (p-HO-COC); following approximately equipotent 
doses of cocaine by the intravenous (IV), smoking (SM), and 
inhalation (IN) routes of administration. m-HO-BE demonstrated 
the longest half-life (mean range 7.0-8.9 h), and cocaine displayed the 
shortest (2.4-4.0 h) [34]. Klette et al. [35] proposed measurement of 
nonhydrolytic cocaine metabolites (m-HO-BE, p-HO-BE, and BE) in 
urine as a means of differentiation between adulteration or “doping” 
of urine specimens and true cocaine exposure [35]. These metabolites 
exhibit the longest half-lives and are frequently detected along with 
BE, although at lower concentrations and consequently shorter 
detection times [34]. Isenschmid et al. [36] studied the plasma from 
10 human subjects at various intervals after administration of two 
rapid doses of cocaine (COC), either intravenously or by smoking, 
and multiple doses by smoking and intravenously confirming that 
BE is the main metabolite of COC in blood; EME, when present, did 
not exceed 5% of the BE concentration. They concluded that EME 
arises primarily as a result of non-metabolic (in vitro) hydrolysis of 
COC in blood. The presence of significant quantities of EME in urine 
is probably due to accumulation [36]. Consequently, detection of 
metabolites produced only by oxidative metabolic pathways (m-HO-
BE, p-HO-BE, and BNE) and not by hydrolysis, would serve as 
irrefutable evidence that cocaine had been consumed recently by an 
individual [34], dismissing the adulteration of the sample and errors 
associated with non-enzymatic hydrolysis.

Jufer et al. [37] investigated the effects of chronic oral cocaine 
administration in healthy volunteer subjects with a history of 
cocaine abuse. Subjects were housed on a closed clinical ward and 
were administered oral cocaine in up to 16 daily sessions. Plasma 
and saliva specimens were collected periodically during the dosing 
sessions and during the one-week withdrawal phase at the end of the 
study. Two phases of urinary elimination of cocaine and metabolites 
were observed. An initial elimination phase was observed during 
withdrawal that was similar to the elimination pattern observed after 
acute dosing. A terminal elimination phase was also observed for 
cocaine metabolites which suggests that cocaine accumulates in the 
body with chronic use resulting in a prolonged terminal elimination 
phase for cocaine and metabolites [37]. Since analysis of urine matrix is 
not able to distinguish from cocaine urinary elimination accumulated 
in body as result of chronic use, another approach related with the use 
of an alternative matrix as oral fluid has been proposed to overcome 
this problem. Figure 1: MDMA enantiomers.
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Oral fluid is an attractive alternative matrix for drug testing, with 
a non-invasive and directly observed collection, but there are few 
controlled cocaine administration studies to guide interpretation. 
Scheidweiler et al. [38] observed that BE:COC and EME:COC ratios 
in oral fluid generally increased over time, indicating that a specimen 
containing high concentrations of cocaine relative to BE and EME 
suggests recent cocaine use [38]. 

Heroin and opiates

Smith et al. [39] reported a comprehensive examination of 
pharmacokinetics, pharmacodynamics, detection times, opiate 
immunoassay performance, and urine excretion profiles following 
single doses of heroin administered to human subjects via smoking 
and intravenous routes. The parameters studied were not significantly 
dependent on route of administration [39]. Beck et al. [40] evaluated 
the usefulness of the heroin metabolite 6-acetylmorphine (6-AM) as 
the primary analytical target in combination with morphine in the 
screening assay. Urine samples from patients undergoing heroin 
substitution treatment were investigated for 6-AM and opiates. By 
comparing 6-AM and opiate screening results at different cut-off 
levels, it was observed that 7-8% of the samples and 12.5% of the 
patients with detectable 6-AM had an unexpected low content of 
free and total morphine in the urine. It was concluded that 6-AM is a 
valuable target analyte in the screening of drugs of abuse in urine and 
may be used in combination with opiate screening in clinical testing 
[40]. On the same line of work, Cone et al. [41] reported the urinary 
excretion patterns of 6-acetylmorphine (6-AM), free morphine, and 
total morphine for six human subjects who received single doses of 3.0 
and 6.0 mg of heroin hydrochloride. Following heroin administration, 
6-AM was excreted rapidly with a range of 2-8 h at the most sensitive 
cut-off limit, this short detection time limits the usefulness of 6-AM as 
a marker for identification of heroin abusers to a period immediately 
after drug use. After morphine and codeine administration, no 6-AM 
was detected by GC/MS above the 0.81-ng/mL detection limit of 
the assay so the presence of 6-AM in urine can be interpreted with 
confidence to mean that heroin, or 6-AM, was administered within 24 
h of specimen collection [41]. Different from heroin abuse, Oyler et 
al. [42] investigated the occurrence of hydrocodone excretion in urine 
specimens of subjects who were administered codeine. Confirmation 
of hydrocodone in a urine specimen was always accompanied by 
codeine detection, confirming that hydrocodone can be produced as a 
minor metabolite of codeine in humans and may be excreted in urine 
[42]. Further studies to differentiate hydrocodone and codeine recent 
consumption are needed.

Ethyl alcohol

Ethyl alcohol is a legal and socially accepted recreational drug. Its 
abuse may cause numerous problems for the individual and society. 
Casualties of car accidents caused by drunk drivers, aggressive 
behavior, family problems and decrease of effective work are the 
main problems connected with alcohol abuse. Alcoholism is one of 
the most frequent dependences among people. The early detection of 
alcohol abuse could allow for faster introduction of treatment, and this 
makes diagnostics essential to problem solving. The easiest and most 
effective way of proving recent alcohol consumption is confirming its 
presence in biological samples taken from the individual. However, 
the main disadvantage of this method is the short window detection 
for ethanol, because of its high speed of elimination process. Many 
biochemical laboratory markers of low consumption, abuse or alcohol 
dependence have been introduced for several last years. However, 

their clinical utility is limited by half-life in biological fluids [43]. 
Nowadays, in order to prevent and have a better control of alcohol 
abuse, markers that could provide a better view of short and long term 
ethanol consumption are in frequent use. Ethyl alcohol in the body 
causes many qualitative and quantitative disturbances in biochemical 
metabolites that could be used as markers of its consumption. Cylwik 
et al. [43] explored the usefulness of non-oxidative metabolites of 
ethanol as a new markers of recent alcohol consumption, such as: 
fatty acid ethyl esters (FAEEs), ethyl glucuronide (EtG), ethyl sulphate 
(EtS) and phosphatidylo ethanol (PEth).The diagnostic value of those 
markers for detection of recent consumption seems to be higher 
than commonly used laboratory tests because the time of detection 
in biological fluids occur between that of the short-term (ethanol, 
methanol, HTOL/ HIAA index) and long-term markers (CDT, GGT 
MCV), that is, between one day and one week [43] Sulfate conjugation 
is a normal but minor metabolic pathway for ethanol in humans, 
and EtS a common constituent in the urine after alcohol intake. It is 
also indicated that the concurrent determination of EtS and EtG will 
improve sensitivity, when being used as biomarkers of recent drinking 
[44].  Additionally, because EtG and FAEEs can be detected in hair 
for months, they can be used as an indicators of chronically harmful 
alcohol consumption [45].

Monitored abstinence studies

Another approach consists of quantification of parent drugs 
and/or their metabolites during monitored abstinence of volunteers. 
Although the windows for detection are described for cannabis in oral 
fluid [46–48], urine [48–50], and blood [48,51]; for cocaine in plasma 
and saliva [52], and in urine [50,53]; and for heroin and barbiturates 
in urine [50]; the differentiation between an occasional and a chronic 
user cannot be noticed, nor is there a model for elimination prediction. 

Although the studies made with either approach provide useful 
information, the variable control is less than perfect as samples might 
come from both occasional and frequent users, as well as polydrug 
users [50].

Methods to Estimate the Timeframe of Drug Use and 
Backtracking Calculation

Once the use of a drug has been established, another concern for 
the forensic toxicologist is estimating time interval elapsed since the 
last drug use and the time of sample collection. Knowing the timeframe 
of drug use and an accurate estimation of the time elapsed since the 
last drug use is important in the studies related to clinical trials, road 
accidents [54], and human performance evaluation [55], among 
others. Back-calculation requires knowledge of the pharmacology 
of the relevant substance, particularly its pharmacokinetics. In some 
cases, this time lapse can be calculated considering pharmacokinetic 
parameters [56]. To rightfully prove the use or influence of a drug in 
human performance, toxicologists must keep in mind that the half-
life of some analytes can be very short depending upon the matrix 
tested for it. For example, if a sample of urine is tested for a specific 
drug or metabolite, then the analyst should consider its elimination 
ratio in the same matrix. On the other hand, the toxicologist should be 
aware that the identification of a substance does not necessarily mean 
recent drug use or influence in human performance, i.e. Niedbala et 
al. [57] reported that two subjects who did not smoke cannabis but 
were in the room when others smoked had some positive screening 
but no confirmed oral fluid cannabinoid tests [57], however, data in 
the literature is limited. 
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The simplest methods for backtracking calculations are 
derived from basics pharmacokinetics. After administration, the 
concentration of drug in blood rises to a maximum (Cmax) during 
the absorption phase and begins to decline during the distribution 
and elimination processes, usually adjusting to an exponential curve 
that relates plasma concentration and time. If the details of the 
curve are known, it is possible to predict drug concentrations at any 
point on the curve. However, calculations are often restricted to the 
elimination phase unless details of dose and time of administration 
are known. Some information is needed to allow the curve to be 
defined and difficulties arise if insufficient information is available. 
Typically, all that is known is the concentration of the drug of interest 
measured in a blood specimen at a given time. The shape of the curve 
in the elimination phase can adopt a variety of forms, depending on 
the dose of substance taken and its distribution and metabolism. For 
most drugs, the rate of elimination depends on the concentration of 
drug present and a constant proportion of the drug is eliminated in a 
given time interval and the curve is exponential (Equation 1). 

0
kt

tC C e−=
Where: Ct is the drug concentration at time t; C0 is the theoretical 

drug concentration, which would be obtained if the drug had been 
administered at time t=0 and distributed immediately around the 
blood in circulation; k is the elimination rate constant

However, for a few drugs given in high doses, including alcohol, a 
constant amount of drug is eliminated per unit of time and the curve is 
effectively linear allowing the simplest backtracking calculation [56].

In some cases, the elimination process is advanced and the drug 
or even its metabolites in other matrices should be considered for 
estimating the temporality. Elimination kinetics of a substance allows 
inferring the type of exposure through the analysis of concentrations 
in different biological matrices, considering that each biological 
matrix has some utility range resulted of half life of each substance 
and its metabolites. This is a very simple approach to discern the time 
that has elapsed in some exhibitions. It is generally accepted that the 
detection time is longest in hair, followed by urine, sweat, oral fluid, 
and blood (Figure 2). Windows of detection depend mainly upon the 
dose administered, the route of administration, the frequency of drug 
use, interindividual metabolic and renal clearing variation, the sample 
matrix, its pH and concentration (urine, oral fluid), the analyte to be 
determined, as well as the sensibility on the analytical method and the 
sample preparation [33]. In blood or plasma, most drugs of abuse can 
be detected at ng/mL levels for 1 or 2 days. In urine, the detection time 
of a single dose is 1.5 to 4 days; however, in chronic users, drugs of 
abuse can be detected in urine for approximately 1 week after last use 
depending upon the drug, and in extreme cases even longer in cocaine 
and cannabis users. In oral fluid, drugs of abuse can be detected for 
5-48 hours at after use at ng/mL levels [55]. 

The right conclusions when interpreting urine drug tests are 
derived from appropriate, thorough and cautious testing. For 

example, when two or more consecutive urine samples coming from 
the same individual are positive, it’s crucial to correctly identify if the 
individual has taken the drug in-between the sampling times [55]. 
The window of detection of drugs in urine is essential, as well as for 
other matrices. However, sometimes a greater accuracy to determine 
the time of drug influence is necessary. It’s possible to get better time 
predictions through the interpolation of the analytes concentrations 
in different matrices [58].

The interpretation of the results of toxicological tests and the 
estimation of the temporality of intoxication can be improved if 
they consider more specific pharmacokinetic or physicochemical 
properties of each drug in order to develop models and approaches. 
Studies have been made regarding detection time for drugs of abuse 
by means of controlled administration in volunteers going through 
detoxification, frequently with chronic administration [55]. Such 
experimental models developed to calculate the time frame of 
intoxication for several drugs are presented below.

Cannabis

Currently, studies aim to evaluate impairment through the 
estimation of the timeframe of drug use and the relation of 
pharmacokinetic parameters [59]. Unlike in the case of alcohol use, 
cognitive impairment due to cannabis use is not easily related to 
plasmatic concentrations of THC or its metabolites. This phenomenon 
is due to the fact that the maximum effects can occur at times different 
from maximum plasmatic concentration. The effects on the brain 
occur while the concentration of the active analyte decreases. This 
process is called hysteresis [60]. Sites of action (receptors CB1 and 
CB2) are often within the brain or peripheral nerve tissues, and it is 
important to understand the processes and time frames for the drugs 
to reach and leave these sites. Pharmacokinetic and pharmacodynamic 
studies have allowed establishing a relation between blood THC and 
its metabolites concentrations. THC is absorbed and distributed 
quickly to the tissues; once the blood/tissue equilibrium is achieved; 
a direct correlation between blood THC and its effect is observed.  It 
is also worth mentioning that THC, like other lipophilic drugs, can 
accumulate in fatty tissue and thus, becomes detectable in urine for 
months after its last use; hence, distinguishing a recent becomes a 
challenging task.

Many studies have found a relationship between cannabis dose 
and performance impairment including impaired coordination, 
tracking, perception, vigilance, impaired perceptual motor speed, 
accuracy, and multitasking, all important requirements for safe 
driving [61–64]. Evidence suggests that recent smoking and/
or blood THC concentrations 2–5 ng/mL are associated with 
substantial driving impairment, particularly in occasional smokers.
[62]. However, most of these studies did not attempt to correlate 
plasma or blood THC concentrations with observed effects but 
demonstrated that impairment depends upon the time after use, with 
most subjects showing no impairment 24 hours after administration. 
Few studies have focused on the estimation of the last drug use. There 
are 2 reported models to estimate the last cannabis use by means of 
cannabinoid plasmatic concentrations determination. One predictive 
model uses the plasmatic concentration of THC, while the second 
model is based on the ratio of THCCOOH/THC concentrations [60, 
65]. Both Models were found to predict the time of last use in about 
90% of cases. These mathematical models were further evaluated in 
other controlled drug administration study to extend the validation by 
use of a large number of plasma samples collected after administration Figure 2: Window of detection of drugs in different biological matrices.
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of single and multiple doses of THC and to examine the effectiveness 
of the models at low plasma cannabinoid concentrations. Plasmatic 
THC and THCCOOH were determined with GC/MS and predicted 
times of cannabis smoking, based on each model, were compared 
with actual smoking times. The most accurate approach applied a 
combination of the models [54]. The models provide an objective 
and validated method for assessing the contribution of cannabis to 
accidents or clinical symptoms.

Another attempt for developing a predictive mathematical model 
calculating time of last exposure from whole blood concentrations 
typically employ a theoretical 0.5 whole blood-to-plasma (WB/P) 
ratio. No studies previously evaluated predictive models utilizing 
empirically-derived WB/P ratios, or whole blood cannabinoid 
pharmacokinetics after subchronic THC dosing. Ten male chronic, 
daily cannabis smokers received escalating around-the-clock oral THC 
(40-120 mg daily) for 8 days. Cannabinoids were quantified in whole 
blood and plasma by two-dimensional gas chromatography-mass 
spectrometry. Predictive models estimating time since last cannabis 
intake from whole blood and plasma cannabinoid concentrations 
were inaccurate during abstinence, but highly accurate during active 
THC dosing. THC redistribution from large cannabinoid body stores 
and high circulating THCCOOH concentrations create different 
pharmacokinetic profiles than those in less than daily cannabis 
smokers that were used to derive the models. Thus, the models do not 
accurately predict time of last THC intake in individuals consuming 
THC daily [66].

MDMA

Literature has reported that MDMA undergoes extensive 
enantioselective disposition in humans. There are 2 reported models 
to estimate the last MDMA use, both are based on the enantioselective 
disposition of MDMA and its metabolites; one employs the plasmatic 
concentrations and the other one urinary concentrations. The first 
one was reported by Fallon et al. [29] who studied the enantioselective 
disposition of MDMA and MDA following oral administration of 
racemic MDMA (40 mg) to eight male volunteers. The result was 
a predictive model (Equation 2) using either total or individual 
enantiomer drug plasma concentrations. This model was tested using 
multiple regression analysis. The model was fitted using the natural 
logarithms of the enantiomer concentrations as the predictors yielding 
results highly significant [F = 220 (df = 2,42), P<0.00005] and gave a 
further improved r2 value of 0.913.  As well as being highly significant 
overall (P<0.00005), each coefficient was also significant to the model 
(P<0.01), i.e., both enantiomer concentrations were required. The 
residuals of the model were examined to check the assumptions of 
regression analysis, which were reasonably satisfied [29].

Mathematical modeling of plasma enantiomeric composition 
versus sampling time demonstrated the applicability of using 
stereochemical data for the prediction of time elapsed after drug 
administration.  The model is accurate enough to predict within a 
6-h range. However, they conclude that future experiments involving 
more subjects and more frequent sampling may allow refinement of 
the model and sharper predictions [29].

t=13.17 ln [(R) – MDMA] - 12.78 ln [(S) – MDMA] - 5.12

Where: Time in hours post drug ingestion (t), where (R)-, (S)-, and 
(R,S)-MDMA are the concentrations of the individual enantiomers 
and total MDMA in plasma, respectively proposed by Fallon et al [29]

The second model was reported by Schwaninger et al. [28] after a 
controlled study characterizing enantiomer disposition in urine. They 
employed the R/S ratio concentrations to predict time elapsed since 
consumption, the following R/S cut-offs were selected to divide data 
into time of ingestion earlier or later than 24 h: R/S of 2 for MDMA, 
HMMA sulfate, and HMMA glucuronide and R/S of 1 for MDA, 
HMMA, and DHMA sulfate. Percentages of samples fitted correctly to 
these groups at a chosen R/S ratio were 87% (MDMA), 91% (MDA), 
93% (HMMA), 91% (DHMA sulfate), 96% (HMMA sulfate), and 
96% (HMMA glucuronide). Changes in R/S ratios could be observed 
over time for all analytes, with steady increases in the first 48 h. R/S 
ratios could help to roughly estimate time of MDMA ingestion and 
therefore, improve interpretation of MDMA and metabolite urinary 
concentrations in clinical and forensic toxicology. This model is less 
accurate than the previous one with plasma concentrations because 
employs cut-offs instead of mathematical equations; however 
significantly improves urinary MDMA and metabolite interpretation 
in clinical and forensic toxicology [28]. 

Cocaine

Some reports in literature suggest that metabolite:cocaine ratios 
could prove useful for estimating time of last use for intravenous, 
intranasal, smoked and subcutaneous cocaine usage [37,67,68]. After 
a controlled subcutaneous cocaine administration Scheidweiler et 
al. [28] found that metabolite:cocaine ratios increased after cocaine 
administration, this trend is potentially helpful for interpreting time 
of last use. BE:COC and EME:COC ratios generally increased over 
time, indicating that a specimen containing high concentrations 
of cocaine relative to BE and EME suggests recent cocaine use. 
Although, multiple dosing or binge use may produce results differing 
from single administration studies [38]. Comparison of cocaine, 
BE and EME concentrations in different matrix may also be useful; 
generally, median cocaine and EME oral fluid to plasma (S/P) ratios 
were greater than one from 0.5–24h after both doses, while BE S/P 
ratios were typically less than one. Although the S/P ratios are highly 
variable between subjects following subcutaneous cocaine [38]. 

Opioids

A model to estimate the time interval elapsed since the last use of 
heroin and blood collection has been reported by Dubois et al. [69]. 
That study was conducted on 11 patients, all of them heroin users and 
undergoing detoxification. Several plasma samples were taken during the 
detoxification process and heroin metabolites like 6-acetylmorphine (6AM), 
morphine (MOR), morphine-6-glucuronide (M6G) and morphine-3-
glucuronide (M3G) concentrations were determined by UHPLC-MS-MS. 
Quadratic equations for all metabolites were established except for 6AM 
(Figure 3). The time elapsed since the last heroin use and sample collection 
in chronic drug users might be satisfactory for heroin metabolites 
prediction in plasma. The mathematical equations to model the temporal 
course of MOR, M6G and M3G after heroin inhalation were derived 
from the data related to the times stated by the 11 patients undergoing 
Rapid Opioid Detoxification under Anesthesia (RODA). These models 
were used to estimate the last heroin used, however, the reliability of the 
equations was also evaluated in the same patients.

A mayor issue with this study is that the model only works for 
chronic heroin users. The equations involving MOR, M6G and M3G 
concentrations contemplate residual metabolites due to prior heroin 
use [69].
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Discussion and Conclusion
Analysis of the results of toxicological tests is a delicate task, 

where the interpretation of substances (drugs and/or metabolites) 
concentrations in body fluids is clearly directed by the attorney’s 
questions. This article focuses on the review of some strategies 
developed to distinguish recent consumption from chronic 
consumption and how to calculate the time elapsed from consumption 
to the time of the event being investigated. 

Identifying and quantifying a substance in a particular biological 
sample does not necessarily mean that it can be directly linked to a 
crime. In some cases, it’s necessary to estimate the last time when 
the substance was consumed and when did the maximum plasmatic 
concentrations take place. These time facts can be better correlated 
to determine psychomotor functions impairment in forensic 
investigations related to DUID cases or in clinical evaluations. For 
substances like amphetamine, there is a positive relationship between 
blood amphetamines concentrations and impairment [70], however 
the onset of impairing effects of THC lags behind the increase in 
plasma concentration during absorption; thus, the effects remain 
relatively constant as the concentration decreases dramatically because 
of THC distribution and metabolism (hysteresis) [71]. Besides, the 
interpretation of such information becomes complex due to the fact 
that some substances are rapidly eliminated from the body and the 
time necessary to obtain a warrant for a biological sample can exceed 
the plasma half-life of the substance. Also, the route of administration 
and dose will play a determining role.

In standard practice, drug concentration in a sample can be 
compared to reference values to determine whether it is a therapeutic 
or toxic exposure. Ratios relating the parent drug to its metabolites 
(P/M ratios) can be useful in resolving whether an administration is 
acute (high P/M ratio value) or if it’s chronic. However, it is difficult 
to establish an accurate timeframe for exposure relying only on this 
data. It should be considered that even though several methods to 
perform toxicological tests on different biological samples have been 
developed [72–77], there are no validated methods to calculate the 
time elapsed since the last consumption of a substance (except for 
Cannabis) in a positive drug test [78,79], and there are few models to 
estimate plasmatic drug concentrations from the ones determined in 
other biological matrices. Some studies have focused on establishing 
the correlation of drug concentrations in paired samples, such as 
whole blood and urine [66] or blood and oral fluid [80]. However, 
most of them have been published for cannabis, amphetamine, and 
in rare cases, cocaine. These models are based on studies of controlled 
drug administration in voluntary subjects (most of them with history 
of single or multiple drug use history).

Studies reported in literature developed to solve the questions 
considered in the introduction, follow one of two strategies, the 
analysis of concentrations during elimination phase of volunteers, or 
controlled administration studies. Both approaches have advantages 

and limitations, in the first approach the main problem is to deal 
with a possible polydrug users and the samples might come from 
both occasional and frequent users; at this point is important to 
be aware that the chronic exposure changes pharmacokinetic 
parameters, complicating the adequate interpretation of these data 
due to poor control over the variables. On the other hand, controlled 
administration studies, overcome the control of variables problem, 
but the legal and ethical considerations in humans lead to use lower 
doses with respect to street doses, they cannot be used with all kinds 
of drugs and must be carried out on voluntary chronic users after 
cessation, for example, in prison inmates or rehabilitation patients. 
Although these studies provide valuable information to estimate 
windows of detection in frequent users of large amounts of drugs, 
seldom data for occasional users of single doses is offered.

This paper presented interesting and useful approaches for several 
drugs, based on specific physicochemical and pharmacological 
characteristics, expanding the analytical determination to other 
metabolites or biomarkers in different matrices in order to follow 
drugs to-metabolite or metabolite-to-metabolite tissue/biological 
fluid concentration ratios with time improving the interpretation 
of toxicological results. The interpretation of biomarkers should be 
cautious since the available information encourages the detection of 
more than one marker to avoid misinterpretation.
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