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Abstract To improve the knowledge of the postmortem
redistribution of A°-tetrahydrocannabinol (THC), an animal
model using the Large White pig has been developed,
whereby 15 pigs received an intravenous injection of THC
(200 pg/kg body weight) and were euthanized 2 h after
administration. An autopsy was performed on three pigs
immediately after being euthanized while the others were
stored in supine position at ambient temperature for 6, 15,
24, or 48 h. THC concentration in blood from the vena cava
decreased after death whereas left or right cardiac blood
concentrations increased. No blood specimens collected
from different sites of the carcasses adequately reflected the
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perimortem THC concentrations. The highest concentrations
of THC at anytime were observed in lung tissue, and brain
tissue seemed to present the most stable concentrations over
time. This study can assist toxicologists in determining
which specimens can, most appropriately, be used for
interpretation of cannabinoid concentrations in postmortem
specimens.
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Introduction

Postmortem drug levels do not necessarily reflect the
concentration at the time of death. Interpretation of results
is made difficult because of drug instability and postmortem
redistribution (PMR) [1]. Data on PMR are available for
cocaine, amphetamines, or morphine [2—4] but not for
cannabis, the most widely used drug of abuse. Although
acute toxicity of A°-tetrahydrocannabinol (THC) is
regarded to be low, analysis in fatalities having legal
implications is important [5—8].

There is only one case report available about cannabinoid
postmortem concentrations, which shows a great variability
between tissues [9]. Hilberg et al. studied the variations of
postmortem blood THC concentration in rats and demon-
strated a postmortem decrease in blood from the inferior
vena cava [10]. In vivo tissue distribution of THC has been
widely studied using rodents [11, 12] or rabbits [13], animal
models that are poorly sensitive to THC and require doses
far superior to those used by humans.

We have recently developed a pig model to study the
toxicokinetics and tissue distribution of THC [14]. Pigs
share anatomical and physiological characteristics with
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humans [15]. Furthermore, pigs have already been used as
an animal model for studying PMR [16—18]. Physicochem-
ical properties are assumed to be required for a drug to be
liable to undergo PMR. This generally applies to weak
basic lipophilic drugs [19] with a large volume of
distribution (Vd >3 L/kg body weight) [20]. Multiple
criteria such as the tissue—plasma partition coefficient (Kp),
dissociation constant (pKa), and Vd have to be considered
as well [21]. THC is a very lipophilic molecule (log P, 7.6)
with a pKa of 10.6 and a large Vd of 10 L/kg body weight
[22], which suggest that it could be a good candidate for
PMR.

Using our previously developed pig model, the aim of
this study was to establish whether THC undergoes PMR.
We also determined which blood or tissue samples could be
more appropriate for interpretation of antemortem/perimortem
THC levels.

Materials and methods
Animals

All experiments were performed in accordance with the
guidelines of the French Agricultural Office and the
legislation governing animal studies.

Animals were Large White male pigs (9-12-week old)
weighing 29-50 kg and provided by the research facility
center of INRA (Le Magneraud, Surgeres, France). Fifteen
pigs were used during the experiments. Pigs were individually
housed in metabolic cages at a controlled temperature of
21°C. During the experiments, pigs were not fed, but water
was allowed ad libitum.

Chemicals

Twenty eight milligrams THC/mL in ethanol was purchased
from Sigma-Aldrich (Saint-Quentin-Fallavier, France), deuter-
ated standard (THC-d;) was purchased from LGC Promochem
(Molsheim, France), sodium hydroxide, heptane, and ethyl
acetate were purchased from Merck (Darmstadt, Germany),
hydrochloric acid was obtained from Carlo Erba (Val de
Reuil, France), sodium chloride 0.9% was purchased from B.
Braun Medical AG (Emmenbriicke, Switzerland) and N,O-bis
(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosi-
lane was purchased from Fluka (Buchs, Switzerland).

Administration protocol
In order to facilitate drug injection and multiple blood
sampling, the right and left jugular vein of each pig were

surgically catheterized at least 1 day before the experiment
[14]. The ethanolic solution of THC was diluted in 2 mL of
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0.9% NaCl. A single dose of 200 pg of THC per kilogram
body weight was administered to each pig by intrajugular
injection.

Experiments

Blood samples were collected at 2, 5, 15, 30, 60, and
120 min after injection of THC. All animals were
euthanized 2 h after injection in order to allow THC
distribution. Euthanasia was performed by KCI injection
after NO-induced complete anesthesia. After euthanasia,
pigs were left in a dorsal recumbent position at ambient
temperature (18-22°C) until autopsy was performed at 0, 6,
15, 24, and 48 h postmortem (three pigs for each
postmortem interval (PMI)). Right and left cardiac blood
samples were drawn from each ventricle. Blood from the
inferior vena cava was drawn just above the kidneys. This
sample was limited to 2—3 mL in order to prevent drawing
blood from the upper parts of the body. Other samples were
collected including: bile, vitreous humor, heart, spleen,
kidney, skeletal muscle, fat tissue, right/left lobes of the
liver, right/left apex, and base of the lungs. Brain samples
were collected from the frontal and occipital cortex,
medulla oblongata, olfactory bulb, and cerebellum. For
the pigs autopsied at PMI 0, only one fraction of lung and
liver tissue was sampled, and postmortem cardiac and
inferior vena cava blood samples were not available. All
fluid samples were stored at 4°C, and solid samples were
kept at —80°C until analysis.

Analytical method

Concentrations of THC were determined using a fully
validated method using liquid-liquid extraction and gas
chromatography—mass spectrometry [14]. The lower limits
of detection (LLOD) and lower limits of quantification
(LLOQ) for each matrix are presented in Table 1. The
results of this technique were linear up to 1,000 ng/g for lung
and up to 200 ng/g for the other matrices (determination
coefficients were typically >0.99 using a 1/x weighted linear
least squares regression curve). Intraday and interday impre-
cision were <18.8% and 15.9%, respectively. Inaccuracy,
calculated as the percentage difference from the target value,
was <15.8%.

Statistical analysis

Statistical processing of the data was performed using
GraphPad Prism V3.02 from GraphPad Software, San
Diego, CA. The Kruskal-Wallis test was used to compare
the THC concentration in the postmortem specimens as a
function of the PMI. The same test was also used as a
nonparametric one-way analysis of variance to compare
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Table 1 Lower limits of detection (LLOD) and lower limits of
quantification (LLOQ) of A°-tetrahydrocannabinol in the different
matrices

LLOD LLOQ
Blood (ng/mL) 0.2 0.5
Vitreous humor (ng/mL) 0.1 0.5
Bile (ng/mL) 0.4 1.4
Lung (ng/g) 2.5 7.0
Spleen (ng/g) 1.5 5.1
Cardiac/skeletal muscle (ng/g) 1.3 4.5
Brain (ng/g) 1.6 53
Kidney (ng/g) 1.0 35
Liver (ng/g) 1.3 4.4
Fat (ng/g) 2.7 9.0

THC concentrations in the different types of blood,
followed by Dunn’s test to compare each paired type of
blood. For each test, p values less than 0.05 were
considered to be statistically significant.

Results
Blood THC kinetics before euthanasia

Mean antemortem THC blood concentrations are given in
Fig. 1. A mean peak concentration of 87.6+24.1 ng/mL
was observed 5 min after injection, and the mean blood
THC concentration for the 15 pigs at the time of euthanasia
was 7.24+2.8 ng/mL.

Temporal changes of THC concentrations
in the postmortem blood samples

Postmortem blood THC concentrations ranged from 0.7 to
10.2 ng/mL (mean 3.2+3.3 ng/mL; median 2.0 ng/mL) in
the inferior vena cava, from 1.7 to 37.4 ng/mL (mean 10.9+
9.9 ng/mL; median 8.2 ng/mL) in the right cardiac
ventricle, and from 3.2 to 48.8 ng/mL (mean 17.5+
15.5 ng/mL; median 10.5 ng/mL) in the left cardiac
ventricle. Results are presented in Fig. 2 as the mean ratio
between the postmortem and corresponding antemortem
concentration of THC. Left and right cardiac bloods
exhibited THC concentrations higher than blood from vena
cava. Normalized THC concentrations in inferior vena cava
blood samples were markedly less than 1, demonstrating an
important postmortem fall in THC levels after death.
Changes between antemortem and postmortem concentra-
tions seemed to be already established 6 h after death, and
variations with time for each type of blood were not
significant (Kruskal-Wallis p>0.05). Left cardiac blood
samples exhibited higher THC concentrations than the right
cardiac blood samples but with a more important variabil-
ity. Nonparametric one-way analysis of variance (Kruskal—
Wallis) showed a significant difference between left cardiac
blood (p<0.001 Dunn’s test) or right cardiac blood (p<0.05
Dunn’s test) versus blood from inferior vena cava, but no
significant difference was found between left and right
cardiac blood.

Evolution of THC concentration in the different tissues

Mean THC concentrations in the postmortem biological
samples are presented in Table 2. Concentrations were
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highest in lung specimens (range 217.1 to 925.5 ng/g)
whereas low concentrations were present in bile,
vitreous humor, and liver. Spleen, muscle, and heart
exhibited medium THC concentrations at PMI 0 (around
10-15 ng/g) and showed an important fall with
increasing PMI. Kidney and fat tissue THC concentrations
followed a similar pattern (from 40 to 20 ng/g) over the
48-h experiment. Brain THC concentrations were very
similar in the different arecas sampled and showed a
tendency to increase over time. Kruskal-Wallis test has
been performed on each individual matrix with time as a
variable but failed to demonstrate any variation related to
the PMI  (p>0.05). However, marked but not significant
tendencies to decreased THC levels were observed for
muscle (p=0.066) and heart (p=0.114) tissues whereas a
tendency to increased THC levels was revealed for brain (p=
0.252).

Figure 3 shows the percentage of THC remaining in
brain, fat, heart, lung, kidney, and skeletal muscle as a
function of the PMI. Muscle showed a rapid (30.2% of
THC remaining at 6 h) and complete (0% after 48 h)
decrease in THC concentration; heart and kidney revealed
a similar evolution with THC levels remaining at around
40-50% after 24-48 h. Fat with a slightly different
evolution also maintained a THC level at around 50%
after 48 h. Brain appeared to be the only tissue with a
marked increase in THC remaining over time. This
increase, slight at the early stages (112.9-134.0% of
THC remaining) tended to be more important after 48 h
(160.0% of THC remaining). Among the five areas of the
brain selected, only occipital cortex seemed to undergo
less variation than others brain areas (Table 2). The other
areas reflected the global evolution observed for the entire
brain.
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Discussion

Time course following injection of THC until euthanasia
of the pigs was similar to the mean peak concentration and
to the concentration range of 5-10 ng/mL after 2 h
observed in human plasma following injection of 5 mg of
THC [23].

The fact that postmortem THC concentrations were
higher in cardiac blood than in blood from inferior vena
cava can easily be explained. The accumulation of THC
in lung tissue creates a diffusion gradient toward
surrounding areas and especially to the heart and cardiac
blood. Two mechanisms could be involved to explain the
high THC concentration in postmortem cardiac blood,
diffusion from lung tissue through the myocardium or
inside the vessels from pulmonary blood to cardiac blood
[24]. Redistribution via blood is more likely to be
involved considering the low THC concentration observed
in cardiac muscle.

Changes in THC concentration in the postmortem blood
appeared to be an early phenomenon. Similarly, with rats
and amitriptyline, Hilberg et al. demonstrated that redistri-
bution from lung tissue to heart blood occurs rapidly within
the first 2 h after death [25]. The postmortem fall in THC
concentration in the blood from inferior vena cava noticed
in our experiments with pigs is not a classical finding and
has not been observed with amitriptyline [25] and clozapine
[17]. The same decrease in blood from the inferior vena
cava of rats was reported by Hilberg et al. [20]. The reasons
for the decrease in THC concentration are unclear. It is
likely that the equilibrium between blood and tissue was
not yet reached 2 h after injection even though the kinetics
before euthanasia seemed to indicate that the elimination
phase was ongoing. It is also possible that this equilibrium
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between blood and tissues was modified after death due to
the arrest of circulation and the decrease in intracellular pH
[26]. An important conclusion from this study is that
neither the postmortem cardiac blood nor the postmortem
blood from inferior vena cava is a good indicator of the
blood THC concentration at the time of death. In forensic
cases, the safest way to interpret results from postmortem
blood is probably by using an interval with peripheral
postmortem blood as the low value and cardiac postmortem
blood (ideally right cardiac blood) as the high value. THC
concentration in blood at the time of death is most likely
included in that interval, the width of which is representing
the extent of PMR.

Analysis of THC in different tissues gives an important
indication of which organ could be the origin of the PMR.
Concentrations of THC in lungs are 10 to 100 times higher
than in the other organs. As the lungs are the most perfused
organs of the body, they accumulate THC. Active transport
of drugs into lung tissue has also been proposed as another
mechanism of accumulation [27]. In forensic cases, lung
tissue should be the specimen of choice in the absence of
blood to detect cannabis consumption.

Fat is obviously an interesting matrix for the detection
of cannabis use. The high lipophilicity of THC contributes
to its accumulation in fat tissue [28], and this retention
could be at the origin of the prolonged half-life among
heavy users [29]. Despite the fact that fat is a difficult
matrix to analyze, it could provide interesting information
to differentiate between occasional and heavy users of
cannabis. While vitreous humor is a useful specimen for
alcohol analysis [30], its use to detect recent consumption
of THC is limited. THC seems to spread scarcely in
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vitreous humor which is obviously due to its high protein
binding [31].

When dealing with PMR studies, brain tissue has to be
considered as a particularly important organ. Brain is
anatomically isolated from the other organs; its metabolic
activity is lower than in blood, and putrefaction processes
and decomposition are delayed compared to abdominal
organs [32]. Moreover, the central nervous system is the
place where each drug of abuse establishes its effects, and it
has been reported that THC could still be present in the
brain while absent in the blood [33]. Levels of THC
remaining in the entire brain of pigs were between 110%
and 165%, the latter level being observed for the longer
PMI (48 h). In brain and in blood, THC concentrations are
of the same order, and irrespective of the PMI brain might
be the best reflection of perimortem THC concentrations.

Conclusion

In conclusion, this study has confirmed that THC is a
molecule subject to PMR. Temporal changes in THC
concentrations observed in blood of pigs (increase in cardiac
blood and decrease in blood from inferior vena cava) are of
major interest in forensic toxicology. It underlines the
importance of knowing the postmortem interval and the
localization of the sample in order to interpret THC
concentrations in forensic cases. If blood specimens from
different origin are available, analysis of both cardiac and
peripheral blood is recommended. Among other specimens
interesting to analyze, lung exhibited the highest concen-
trations and brain tissue, the most stable concentrations.
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