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Abstract Although blood is the reference medium in the
field of forensic toxicology, alternative matrices are
required in case of limited, unavailable or unusable blood
samples. The present review investigated the suitability of
bone marrow (BM) as an alternative matrix to characterize
xenobiotic consumption and its influence on the occurrence
of death. Basic data on BM physiology are reported in
order to highlight the specificities of this matrix and their
analytical and toxicokinetic consequences. A review of case
reports, animal and human studies involving BM sample
analysis focuses on the various parameters of interpreta-
tion of toxicological results: analytic limits, sampling
location, pharmacokinetics, blood/BM concentration cor-
relation, stability and postmortem redistribution. Tables
summarizing the analytical conditions and quantification

of 45 compounds from BM samples provide a useful tool
for toxicologists. A specific section devoted to ethanol
shows that, despite successful quantification, interpreta-
tion is highly dependent on postmortem interval. In
conclusion, BM is an interesting alternative matrix, and
further experimental data and validated assays are re-
quired to confirm its great potential relevance in forensic
toxicology.
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Introduction

Although blood is the reference medium in the field of
postmortem analytical toxicology, the use of other biolog-
ical matrices has for decades been described in cases of
limited, unavailable or unusable blood samples. Bone
marrow (BM) is one such alternative matrix. According to
a number of reports [1–3], BM may act as a repository for
drugs, by virtue of its rich vascularization, a high lipid
content and a bone protection against contamination, that
make it potentially suitable for forensic toxicology. BM
may therefore be a relevant alternative tissue, especially
when remains are skeletonized, bloodless or in extreme
putrefaction. BM is already used in forensic science for
genetic analysis [4], to estimate postmortem interval [5–8],
in the diatom test for diagnosis of drowning [9, 10] and in
histopathology to establish certain malignancies postmor-
tem [11–13]. In forensic toxicology, the first report of BM
analysis was in 1943, to document the kinetics of alcohol
[14]. In the 1980s, Winek et al. [3, 15–24] intensively
studied the correlation between blood and BM in both
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animal and human models. During the following decade,
few toxicological data on BM were published, except for
some case reports. Recently, there has been renewed
interest in BM, in particular with the work on skeletal
remains by the Laurentian University (Ontario, Canada)
[25–30].

The main aim of postmortem toxicology analysis is to
determine possible consumption of xenobiotics by the
victim and its relevance to the occurrence of death.
Achieving this objective when only BM is available raises
two kinds of question: (1) Can xenobiotics be detected in
BM from a pharmacokinetic and analytical point of view?
(2) Are drugs levels in BM samples representative of blood
concentrations at time of death, i.e., are BM results
quantitatively interpretable? The purpose of the present
review was to determine whether the international literature
provides any answers to these questions, and more
generally to present a survey of the published data on BM
analysis in forensic toxicology. A systematic PubMed
review was performed, using the search term ‘marrow’
combined with ‘toxicology’, ‘forensic’, ‘post mortem’,
‘postmortem’ and ‘chromatography’ and cross-checked
with the references in each article retrieved. Basic data
on BM physiology are reviewed, to explain the specific-
ities of this matrix and their implications for analytical
and toxicokinetic aspects. The various parameters of
interpretation (analytical limits, sample collection, phar-
macokinetics, stability and postmortem distribution) are
then examined.

Physiology

Composition

As of birth, hematopoiesis is essentially confined to BM.
One of the largest organs in the body, BM constitutes
approximately 4% of total body weight (3,000 and 2,600 g
in adult males and females, respectively). It is encased in
the medullary cavities of bone, with 15% in trabecular bone
[31]. Histologically, BM is a highly organized and complex
vascular connective tissue (Fig. 1). Its cellular components
include adipocytes, hematopoietic cells (from stem to
mature cells) and reticuloendothelial cells, supported by a
trabecular framework. On gross examination, BM is red
(hematopoietic marrow, Fig. 1a) or yellow (fatty marrow,
Fig. 1b) depending on its predominant components. In a
middle-aged adult, red marrow comprises 60% hematopoi-
etic cells; chemically, it consists of 40–60% lipids, 30–40%
water and 10–20% protein. Yellow marrow is almost
entirely composed of adipocytes (95%); chemically, it
consists of 80% lipids, 15% water and 5% protein [32].
The proportion of adipocytes and hematopoietic cells can
vary diffusely or focally (isolated island), resulting in a
normal heterogeneity [31, 33].

Vascularization

BM has a dual blood supply, consisting of a periosteal
capillary network and nutrient arteries that penetrate the

Fig. 1 Hematoxylin–eosin-
stained histologic sections of
bone marrow (original magnifi-
cation ×25). a Normocellular
BM with a cellularly around
40% (Ad adipocyte, Hem
hematopoietic cells). b Fatty
BM in an old subject.
c Transversal section of a
nutrient arteriole (Ar arteriole,
Tb trabecular bone). d Sinusoïd
with intra-sinusoïdal red blood
and hematopoietic cells
(Si sinusoid)
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bone and branch within the medullary tissue (Fig. 1c) [31,
34, 35]. In red marrow, an abundantly ramified network of
sinusoids is formed (Fig. 1d). The sinusoids, with discon-
tinuous endothelial cells and a disrupted basal lamina, are
highly permeable to protein and mature blood cells. On the
other hand, the vascular network of yellow marrow is much
less abundant, and is constituted of capillaries [33]. Estimated
BM blood flow is approximately 10 ml/min/100 cm3 in
healthy adults [31] and is reduced in older subjects [36].

Age-related involution

The proportion of fatty and cellular components of BM
changes with age in a physiological conversion of red to
yellow marrow. The transition occurs over the first two
decades of life, in a predictable monotonous sequence. During
fetal growth, hematopoiesis takes place in all skeletal
compartments as in liver and spleen. At birth, splenic and
hepatic hematopoiesis has already ceased, and red marrow is
present throughout the entire skeleton. After birth, marrow

conversion starts in the terminal phalanges and extends in a
symmetric centripetal manner in the peripheral skeleton.
Additionally, in long bones, marrow conversion occurs in
diaphyses and progresses both distally and proximally toward
metaphyses (Fig. 2). The adult pattern of marrow distribution
is generally achieved by the age of 25 years, when red
marrow is localized in the axial skeleton (skull, spine,
sternum, clavicles, scapulas, pelvis, ribs) and proximal
femora and humeri. From then on, the proportion of fatty
cells increases in the remainder of the skeleton, at a speed
depending on individual parameters and medical conditions
[31, 32, 37]. Studies showed an increase in fat fraction of
around 7% per decade [38]. Hematopoietic marrow decreases
to around 30% of total BM at 80 years of age [37]. Several
mechanisms of red-to-yellow conversion have been studied.
Some assume that it is related to thermal conditions [39] or
to the proportion of mesenchymal stem cells within the
marrow cavities [40]. According to Bigelow and Tavassoli
[41], it follows a programmed design defined by the location
of adipose and hematopoietic precursor at birth.

Fig. 2 Diagrammatic representation of the distribution of red marrow (in black) in tubular bones from birth until 25 years. At birth, unossified
epiphyses do not contain red marrow. From Blebea et al. [31], with permission
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Pathological BM conversion

Various benign or malignant disorders and therapeutic
events can alter BM composition. In normal adults, yellow
marrow may be reconverted into red marrow to increase
blood cell production, in case of hemolytic anemia or
certain malignant processes, for example. Reconversion
proceeds in exactly the reverse sequence to the initial
conversion, and occurs quickly in flat bones since these
retain hematopoietic marrow throughout life [32, 37].
Benign BM hyperplasia has been observed under various
physiopathological processes of chronic tissue hypoxia,
including obesity, long-distance running or heavy smoking,
and in chronic disorders resulting in anemia, such as
hemoglobinopathy or chronic infection [31–33]. It is
characterized by an increase in red marrow within the
distal metaphyseal region of long bones. Although not fully
established [37, 38], a few studies reported that benign
hyperplasia was more frequent in females than males [31,
33, 38, 42], likely due to menstruation and female
hormonal specificities. BM fat content increases to com-
pensate for hypocellularity (aplastic anemia, inhibition of
hematopoiesis by certain tumors, etc.) or trabecular thin-
ning (osteopenia) [43–45]. In contrast, cancer cell infiltra-
tion results in replacement of fatty marrow by cancer cells,
increasing the cellular content of BM, with a focal,
multifocal or diffuse distribution [43–45]. Angiogenesis,
which facilitates malignancy perfusion, has been described
in BM [46–48]. In certain specific malignancies, BM
necrosis can occur, resulting in loss of myeloid tissue and
marrow fat without trabecular destruction [43]. Finally,
medical treatment can also modify BM contents: e.g.,
hematopoietic factor increases red marrow contents while
anticancer radiation therapy and chemotherapy increase the
proportion of yellow marrow [43, 45].

Postmortem changes of BM

BM is encased either in the medullary cavity of long bones
or in the trabecular tissue of cancellous bones [28]. This
shield of solid bony tissue provides great mechanical
stability. Therefore, as long as bone integrity is preserved,
BM can be assumed to be better protected than any other
organ sample against maggot infestation and postmortem
contamination and damage (trauma, animal predators or
fungus, bacteria and parasites) [2, 3, 49]. Once the bone is
broken, however, the BM is no longer protected and may
even be non-recoverable [26, 50]. Specific local protection
seems to delay putrefaction [3]. Roll et al. [11] investigated
the histopathology of 225 BM samples from autopsies
performed between 12 and 140 h postmortem: they found
few autolytic changes in BM specimens, compared to major
alterations in other organ samples from the same corpse. A

retrospective report of 20 years’ experience of exhumation
[51] estimated BM histologic preservation to be at least
3 months.

As described above, normal human BM is roughly red or
yellow, with a firm gelatinous consistency [2, 3, 21]. With
increasing postmortem interval and depending on conser-
vation conditions, BM samples can become dark and lose
integrity [3, 21], resulting in a brown oily liquid. They can
also become adipocerous by saponification [52, 53] or dry
into brownish or yellowish powder [54–56]. Overall, BM
has been found suitable for toxicological analysis in human
corpses up to 5 years after death [57].

BM analysis

Due to the complexity of BM composition, in particular its
high lipid content, as well as variability in sample quality,
BM analysis remains complex. Tables 1 and 2 report
sampling location, sample pre-treatment methods, analytic
assays and findings from publications concerning targeted
analysis and screening on BM samples, respectively.

Sample collection and storage

No standardized procedures of BM collection and storage
have been proposed. BM can be sampled postmortem from
different locations: in the femur after section of the cortical
bone [19], squeezed out of the ribs using pliers [49], or by
trocar aspiration in vertebral bodies as in vivo [58]. The
resulting samples present different properties: femoral BM
is fattier than rib BM, while aspirates are in liquid form rich
in hematopoietic cells. Few works considered stability
during storage. As described later, Winek et al. studied in
vitro stability of some drugs at varying temperature [15, 18,
24] as well as the influence of the nature of container (glass
or polyethylene) and the use of preservative on ethanol
conservation [20]. These investigations showed that BM
samples should be analyzed as soon as possible due to
concentration variation during storage. Overall, as for
classical samples used in toxicology and without specific
data on drug stability, storage at low temperature should be
privileged. Preservatives, such as sodium fluoride, should
be added for certain drugs (e.g., ethanol) even if homog-
enization in BM lipid may be difficult [20].

Sample preparation

Distinctive features were reported regarding sample prepa-
ration, related to the connective and highly lipid contents of
BM. One-step preparations were reported only for partic-
ular applications involving immunologic assay [1] or
headspace injection [58]. Two steps were usually added to
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conventional pre-treatment protocols: BM dissolution and a
lipid removal step. Dissolution is needed to obtain a
homogenous liquid suitable for further extraction. Various
methods were described involving mechanical techniques
(ultrasonication or homogenizer) or agitation, heating, and
maceration in extraction medium. Lipid removal can be
achieved by an additional hexane wash of the final extract
[3, 22, 24, 59, 60] or by multi-step extraction as proposed
by Guillot et al. for the quantification of morphine and 6-
acetylmorphine (6-AM) [54]. A solid-phase extraction
process was successfully applied to BM analysis in other
studies [29, 30, 49, 56, 61].

Analytical methods

Several analytical techniques have been described as
suitable and relevant for BM analysis. In most cases,
forensic analysis of BM uses chromatographic approaches
similar to those for other matrices. Chromatographic
separation is principally performed by gas chromatography
(GC) rather than liquid chromatography (LC). This can be

easily explained by the fact that mass spectrometry (MS) is
the detection system of choice for toxicological analysis of
such complex matrices, and GC/MS systems were in more
widespread use than LC/MS systems until a few years ago;
recently, however, liquid chromatography tandem mass
spectrometry has also been applied to BM [29, 30, 49].
While mass spectrometry remains the main detection
system, as reported in Table 1, other detection systems
have been used, such as flame ionization detection for
volatile molecules (e.g., ethanol, methanol, isopropanol).
Various publications highlighted the suitability of immuno-
logical assay for qualitative [25–27, 29, 30, 62] and
quantitative purposes [1, 50, 63, 64].

Case reports

In at least six case reports [55, 57, 65–68], toxicological
findings were restricted to skeletal tissue analysis. They
concerned corpses discovered in skeleton state, 7 months to
5 years after their disappearance. The remains consisted of

Table 2 Forensic toxicology references on screening in bone marrow:
reference and year of publication, species and sampling location,
sample pretreatment and analytical assay, experimental or case report

or human autopsic series, results of drug concentrations in BM and
blood when available

Drugs detected Species Sample Pretreatment Analytical findings
Reference and year Sampling location Analytical assays

General Unkown
Screening

Human Enzymatic digestion under heat, LLE, lipids
removal (hexane/ethanol/water)

Human autopsic series

[60] 2005
Femur

GC/MS
BM findings: acetaminophen, amitriptyline, citalopram,
cyamémazine, dextropropoxyphen, fluoxetine,
meprobamate, norclobazam, nordiazepam,
nortriptyline, oxazepam, pentobarbital, sertraline,
thiopental, venlafaxine

General Unkown
Screening

Human BM macerated in water, acidified: LLE
(chloroform/diethylether) for acidic drugs,
then basified: LLE (diethylether) for basic drugs

Case report

[65] 1989
–

GC/MS, GC/NPD, TLC, LC/DAD

BM findings: paracetamol: 0.5 μg/g, dextropropoxyphène:
1.2 μg/g

GC/MS, GC/NPD, TLC, LC/DAD

General Unkown
Screening

Human BM warmed in ethanol, acidified: LLE
(diethylether), basified: LLE (chloroform)

Case report

[66] 1978

Vertebrae

GC/FID

BM findings: amitriptyline: 0.07 mg/51.8 g BM

Targeted Screening Human BM homogenized (ultrasonication), routine
methods used for the analysis of blood drug
concentration (not described).

Human autopsic series
[2] 2000 First study:

GC and LC

BM findings: amitriptyline 0.56–6.3 mg/kg, nortryptiline
0.2–5.4 mg/kg, doxepin 0.21–0.97 mg/kg, nordoxepin
0.84–0.86 mg/kg, sertraline 0.67 mg/kg, chlorpromazine
0.36 mg/kg, diazepam 0.84–5.6 mg/kg, nordiazepam
0.16–1.9 mg/kg, temazepam 0.2–4.4 mg/kg, oxazepam
0.36–1.6 mg/kg, propoxyphene 0.75–25 mg/kg, methadone
0.56–0.86 mg/kg, oxycodone 1.2 mg/kg, mianserin
0.98 mg/kg, nordoxepin 34 mg/kg, doxepin 2.9 mg/kg,
sertraline 1.2 mg/kg, moclobemide 24 mg/kg, thioridazine
2.1–4.8 mg/kg, mesoridazine(metabolite) 1.3 mg/kg,
olanzapine 0.98 mg/kg

Femur
Second study:
Lumbar

BM bone marrow, DAD diode array detector, FID flame ionization detector, GC gas chromatography, LC liquid chromatography, LLE liquid–
liquid extraction, MS mass spectrometry, NPD nitrogen–phosphorus detector, TLC thin layer chromatography, – not available
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bones, sometimes with putrefied adhering tissue, and
containing BM in various stages of decomposition. During
investigation, toxicological analysis was required to shed
light on the circumstances of death or the state of
consciousness of the victim at time of death. As only BM
was available for analysis, the authors attempted to detect,
quantify and interpret the presence of xenobiotics in this
matrix. Findings and case contexts are summarized in
Table 3.

Acetaminophen and dextropropoxyphen were detected
by Bal et al. [65] on skeletal remains found in a forest. The
body was attributed to a man who disappeared 20 months
previously, leaving a suicide note in his car. He had been
prescribed Distalgesic (dextropropoxyphene and paraceta-
mol) and Tranxene (chlorazepate potassium). The authors
drew no conclusions regarding possible intoxication, due to
lack of data for drug levels in unusual matrices.

In another case, the body of a 47-year-old woman was
discovered, virtually skeletonized in a deserted area of her
family ranch. By BM identification, Noguchi et al. [66]
suggested that amitriptyline was present in antemortem
circulation. However, several uncertainties concerning the
fate of compounds in BM matrix (e.g., stability, drug
distribution) made any quantitative interpretation unreli-
able. The police conducted a systematic search in the
pharmacies of the region and found a prescription for
amitriptyline for the presumed decedent.

In a third case, triazolam was detected in two BM
samples and in one decomposed muscular fragment from
two victims found buried, pointing to antemortem admin-
istration [67]. These analytical data were in agreement with
statements by the suspects, who confessed they had
administered triazolam to sedate the victims before burying
them alive. BM triazolam concentrations were similar in
both victims (0.36 and 0.37 ng/g), suggesting that both had
received similar triazolam doses before death.

Maeda et al. [55] were able to detect bromisovalum in
BM after the discovery of a skeleton on a bushy hill slope.
Near the remains, three empty medication vials of bromo-
valerylurea (which would represent a maximum 30 g of
bromisovalum) were discovered. Concentrations of 36.4
and 139.7 μg/g were measured in BM from the right and
the left femur, respectively. When compared to the lethal
concentrations reported in blood (44–114 μg/ml), the
higher BM concentration suggested a possible contribu-
tion to the fatality. The authors stressed that drug
accumulation in BM lipids, previously described by
Winek et al. [3, 22], could not be excluded in this case.
Moreover, the discrepancy in BM concentration between
right and left femurs suggested postmortem redistribution
and/or degradation.

Higuchi et al. [68] reported a very similar case of
bromisovalum impregnation in BM (95.4 μg/g), suggesting
an overdose in the light of the circumstances of death and

Table 3 Forensic case reports involving the finding of skeletonized
remains upon which bone marrow toxicological analysis was
performed: reference and year of publication, sex and age, cause of

death accurately known or suspected owing to the circumstances,
finding context and length since missing report, analytical findings in
bone marrow

Case [ref] year Sex (age) Cause of death Finding context Missing time Analytical findings in bone marrow

1 Female Suicide Natural environment Paracetamol 0.5 μg/g

[65] 1989 (45) Intoxication 20 months Dextropropoxyphene 1.2 μg/g

2 Female Suicide Natural environment Amitriptyline 0.07 mg/51.8 g

[66] 1978 (47) Intoxication 8 months

3 n=2 Homicide Buried Triazolam

[67] 1997 Male Buried alive 4 years First victim 0.36 ng/g, second victim 0.37 ng/g

4 Male Suicide Natural environment Bromisovalum

[55] 1997 (46) Intoxication 7 months Femur left 139.7 μg/g, right 36.4 μg/g

5 Male Suicide Natural environment Bromisovalum 95.4 μg/g

[68] 1996 Intoxication –

6 Male Homicide Buried Methamphetamine 1 μmol/100 g

[57] 1986 (28) Strangulation 5 years Amphetamine 0.1 μmol/100 g

– Not available
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the bromisovalum level found in the BM samples compared
with previous reports in other matrixes.

Finally, Kojima et al. [57] quantified amphetamine and
methamphetamine in the BM of a methamphetamine abuser
killed by strangulation and whose corpse lay buried for
5 years. Referring to a published schedule of effects
according to amphetamine plus methamphetamine blood
level, the authors suggested that the victim was, at the
moment of his death, in an intermediate state of intoxica-
tion with mental disorder, if not a more severe state, given
that some studies showed that amphetamine levels are
usually lower in fatty tissue than in blood.

Taken together, these case reports highlight the
relevance of analyzing BM tissue as an alternative matrix
for xenobiotic detection, up to 5 years after death.
Nevertheless, the lack of data about BM pharmacokinet-
ics and postmortem changes limits interpretation of BM
findings.

Interpretation

Qualitative approach

At least 45 compounds of forensic interest, including
psychoactive and illicit drugs, volatiles, pesticides and
herbicides, have been detected either by selective analysis
(Table 1) or by targeted and general screening (Table 2).
Using the General Unknown Screening approach, Bévalot
et al. [60] detected 18 compounds in BM out of 32
identified in human blood. According to the authors, this
low detection rate in BM was directly related to the
restricted performance of the analytical method, especially
in terms of detection limit and non-optimized procedures
for certain drug families. McIntyre et al. [2], in two studies
comparing drugs detected in blood and in the
corresponding BM, found respectively 45% and 70%
concordance; the discrepancy between the two studies
may have been due to differences in sampling location
(femur vs. rib BM) or time of storage (more than 3 years in
the first study). After standardized drug administration to
rats, Watterson and colleagues reported the sensitivity of
enzyme-linked immunosorbent assays (ELISAs) on BM
samples for fentanyl, ketamine and diazepam; this sensitiv-
ity varied from 66% to 100% depending on the analyte,
dose administered, and interval between administration and
death [25–27, 29, 30].

Correlation between BM and blood concentrations

Several studies investigated correlations between BM and
blood drug concentrations that might enable extrapolation.
Such correlations are more or less significant depending on

the xenobiotic, as reported in Table 4. Winek et al.
demonstrated that extrapolation of blood level from BM
level was possible in a rabbit model, for desipramine [24],
flurazepam [22], isopropanol [18], methanol [23], nortrip-
tyline [3] and pentobarbital [16].

Discrepancies in pharmacokinetic processes between blood
and BM are observed for some compounds. Winek et al. [15]
demonstrated that, in rabbits, peak ethchlorvynol blood level
occurs 10–30 min after intraperitoneal injection and peak BM
level between 15 and 60 min. In rats, diazepam clearance
appears to be slower in BM than in blood, resulting in higher
and longer BM impregnation [64]. This phenomenon was
also reported in rats by Watterson et al. for diazepam [29] and
fentanyl [26]: they assumed that accumulation occurred in
BM and then in bone, followed by slow redistribution from
bone to blood via BM. Benzodiazepine accumulation was
also established in human autopsy specimens, where levels in
BM were nearly 2.5 times as high as in blood (8.5 times for
diazepam specifically) [2].

Where BM/blood correlations prove non-significant,
various reasons have been suggested: death occurring
before the steady-state was reached as described for heroin
overdose by Guillot et al. [54], difference in sampling
location, age and BM lipid/water ratio, storage conditions,
and postmortem changes as proposed by Winek et al. [15,
18]. The last of these factors is fully described below.

Postmortem changes and stability of xenobiotics in BM

After death, various processes occur in corpses, including
postmortem redistribution, degradation or evaporation and
neo-formation. These phenomena can affect xenobiotic
concentrations compared to at-death levels. Moreover, the
toxicologist has to solve analytical problems directly
related to the putrefied matrix and the compounds’ fate
during sample storage. Several experimental models have
been developed to estimate the impact of postmortem
alteration in corpore on xenobiotic levels in BM. Studies
have also been conducted to assess in vitro stability in BM
samples.

After chronic administration of midazolam for 10 days,
mice were sacrificed [62]. Bodies were stored for 21 days
under three different conditions: frozen, or buried in
sterilized or unsterilized soil (three mice per condition).
Midazolam from serum, BM and viscera was quantified by
ELISA. Levels were similar in BM samples stored frozen
and in sterilized soil but were undetectable in unsterilized
soil storage. The authors did not exclude that response
based on immunological assay may be decreased due to
analytical interference associated with putrefaction.

To study the stability of amphetamine compounds, i.v.
methamphetamine was administered to five rabbits [69].
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Table 4 Correlation studies between drug concentration in blood or serum and bone marrow: species and number (n) of subjects, methodology
and correlation coefficient (r)

Drugs studied Subject Methodology r

Acetone [15] Rabbit (n=25) Sacrifice 1 h after dosing (1–2 ml/kg of absolute isopropanol),
sample collection 0 to 24 h after sacrifice

Blood versus observed BM levels 0.512

Blood versus lipid content corrected BM levels 0.580

Desipramine [22] Rabbit (n=20) Sacrifice 1.5 h after the last dose (10–20 mg/kg daily for 5 days)

Blood versus BM levels 0.919

Diazepam [64] Rat (n=20) Sacrifice 1, 2, 4 or 8 after dosing (83 μg/kg)

Serum versus BM levels 0.997

Diazepam [47] Human (n=9) Autopsy sample

Blood versus BM levels 0.68

Ethchlorvynol [12] Rabbit (n=40) Sacrifice 5 to 300 min after dosing (20–80 mg/kg)

Blood versus BM levels – (non significant)

Flurazepam [20] Rabbit (n=24) Blood versus BM levels

Sacrifice 1 h after dosing (5–20 mg/kg, n=12) 0.864

Sacrifice 3 h after dosing (5–20 mg/kg, n=12) 0.863

Together (n=24) 0.878

Isopropanol [15] Rabbit (n=25) Sacrifice 1 h after dosing (1–2 ml/kg of absolute isopropanol),
sample collection 0 to 24 h after sacrifice

Blood versus observed BM levels 0.887

Blood versus lipid content corrected BM levels 0.929

Meprobamate [59] Human (n=51) Autopsy sample

Blood versus BM levels 0.46

Methanol [21] Rabbit (n=36) Sacrifice 1 h after dosing (0.75–1.5 g/kg), sample
collection 0 to 24 h after sacrifice

Blood versus observed BM levels 0.832

Blood versus lipid content corrected BM levels 0.888

Morphine [58] Rabbit (n=9) Sacrifice 1 h after dosing (0.3–1.1 mg/kg)

Blood level versus BM level at death 0.983

Blood level versus BM level after a 7-day period buried 0.917

Blood level versus BM level after a 14-day period buried 0.883

Nordiazepam [47] Human (n=10) Autopsy sample

Blood versus BM levels 0.18

Nortriptyline [19] Rabbit (n=24) Sacrifice 1.5 h after the last dose (20 mg/kg daily for 5 days)

Sample 0 to 48 h after sacrifice

Blood versus BM levels 0.956

Pentobarbital [13] Rabbit (n=18) Sacrifice 60 min after dosing (97–143 mg/kg, n=12) 0.934

Lethal intoxication (234–273 mg/kg), sample collection 6 h after
death (n=6) 0.915

Lethal intoxication (234–273 mg/kg), sample collection 12 h after
death (n=6) 0.748

Together (n=18) 0.950

Temazepam [47] Human (n=7) Autopsy sample

Blood versus BM levels 0.850

– Not available
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After sacrifice, bone samples were collected and stored for
2 years at room temperature, either in a dry environment or in
water. Quantificationwas undertaken at 3, 6, 12 and 24months
postmortem. Methamphetamine was shown to be stable in
samples from the dry environment, while large variability in
concentrations was observed in samples stored in water.

Several studies estimated the postmortem behavior of
certain herbicides and pesticides in BM. Ito et al. [56]
studied the fate of paraquat orally administered to rabbits
(n=3). Animals were buried and samples from various
tissues were analyzed regularly over a 2-year period.
Paraquat was detectable in BM samples over the entire
period, with relatively stable levels throughout the first
year. However, these conclusions are to be taken with
caution due to the limited population size and the great
heterogeneity of results. In another study, 12 rabbits
received lethal per os doses of diazinon or endosulfan
[61]. Each animal acted as its own control: BM from the
right tibia and femur were analyzed immediately, then remains
were buried for a 1-month period. At exhumation, diazinon
concentrations were around 25-fold higher than in samples at
the moment of death (mean=1,783 vs. 71 mg/kg). Undetected
in controls, alpha and beta endosulfan isomers were found
1 month later. Conversely, the sulfate metabolite of endosul-
fan was detected at death but not 1 month later. The authors
impute these phenomena to postmortem biotransformation or
redistribution by diffusion and/or vascular transport.

Two studies of opioids showed concordant findings.
First, morphine was injected into nine rabbits; BM samples
were collected at death, and after 1 and 2 weeks’ burial [1].
A decrease in morphine concentration of 21% and 38% was
observed during respectively the first and second week of
inhumation. The authors suggested that this may have been
due to back-diffusion from BM to putrefied tissue and soil.
During the second week, the process was probably enhanced
by increased putrefaction. In the same toxicological field,
lethal injections of heroin were administered to 12 mice.
Levels of morphine and 6-AM were compared between BM
collected immediately after death and frozen until analysis and
BM stored for 2 months at room temperature in buried bone.
The experiment showed a 71% decrease in 6-AM, while
morphine became undetectable [54]. Other metabolites could
not be tested, due to lack of BM samples.

Several short-term studies monitored the BM xenobiotic
levels in rabbits stored at room temperature for less than
48 h after sacrifice. Such experiments tended to prove the
stability of isopropanol [18], methanol [23] and nortripty-
line [3] over a 24-h period. Conversely, the concentration of
acetone decreased, probably due to its volatility. Pentobar-
bital underwent a slight increase between 6 and 12 h
postmortem, inducing an increase in the BM/blood ratio
and a decrease in the correlation between blood and BM
levels [16].

Finally, some studies assessed in vitro stability in BM by
reanalyzing samples over time after storage under various
conditions. Isopropanol was shown to be stable up to 24 h
at both room temperature and +4°C [18]. Other compound
samples were also studied: ethchlorvynol (from 0 to 24 h,
frozen) [15], acetone (from 0 to 24 h, at +3.5°C or at room
temperature) [18], methanol (from 24 h to 21 days, frozen)
[23] and desipramine (from 7 to 22 days, frozen) [24]. For
each substance, significant reductions (or, in some cases,
increases) in BM concentration were reported. The authors
suggested that these variations may be related to various
processes such as evaporation, degradation, compound
release from protein binding sites, or fat distribution
heterogeneity in the samples.

Analysis of ethanol in BM

Ethanol has a special place in forensic toxicology due to the
high morbidity and mortality associated with its toxicity
and widespread consumption. Numerous studies have
focused on its quantification in BM in both animal models
and human samples (Table 5). In 1943, the first quantifi-
cation of ethanol from BM samples was performed in five
fresh corpses [70]. Several decades later, again from fresh
corpses, correlation was established between blood and BM
levels in an animal model [21] and human samples [17, 19].
Greater blood/BM ratio variability was found in rabbits
than in humans. According to the authors, this variability
could be related to biological differences, postmortem
redistribution or varying lipid levels in BM samples from
rabbit femurs and human ribs [19]. To avoid the last of
these biases, Winek et al. [17] recommended, for the first
time, correcting BM concentration taking into account the
water content of the sample. This aqueous portion was
calculated as the weight difference between BM sample and
lipid content; the latter was evaluated by weighting the
residue after evaporation of BM ether extract [17]. This
correction factor enhanced the correlation and improved
estimation of blood level from BM assay. Recently, Maeda
et al. [58] also observed an excellent correlation between
the levels in blood and BM aspirate collected between 5
and 48 h after death. Aspiration of BM in liquid form from
vertebrae, however, is not available in most cases involving
elderly victims, death from blood loss or multiple trauma.
Overall, BM seems to be a useful alternative matrix for the
interpretation of ethanol level when corresponding blood
samples are not available in fresh corpses.

Samples from human BM collected up to 9 days after
death matched blood results only in terms of presence vs.
absence [71]: this lack of correlation led the authors to
conclude that BM assay allows detection of ethanol but not
assessment of impregnation. In the same study, six femoral
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Table 5 Forensic toxicology publications on ethanol and metabolites in bone marrow: reference and year of publication, species and sampling
location, experimental or case report or retrospective autopsic study, analytical assay, results in bone marrow and blood

Reference and year Species Sampling location Analytical findings

Ethanol

[70] 1943 Human Retrospective autopsic study

– Analytical assay: Widmark’s Method

BM findings: 0.143–0.804 g‰

Blood findings: 1.166–4.42 g‰

[71] 1968 Human Retrospective autopsic study

Femur Analytical assay: Widmark’s Method

BM findings: 0–1.77 g‰ at death, 0.06–0.58 g‰ after a 1-year period
of conservation in bone

Blood findings: 0–4 g‰

[16] 1980 Rabbit: femur, tibia Experimental report: administration to rabbit of 1.5, 2.0, 2.3 g/kg per os

Human:Ribs Analytical assay: GC/FID

BM findings (PMI from 1 to 7 h): 41.5–210.0 mg%

Blood findings (PMI from 1 to 7 h): 78–333 mg%

Retrospective autopsic study:

Analytical assay: GC/FID

BM findings: 43.5–204.5 mg%

Blood findings: 117–409 mg%

[17] 1981 Rabbit: hind, front legs Retrospective autopsic study and Experimental report: administration to
rabbit in a dose of 1.5, 2.0, 2.3 g/kg per os

Human: ribs Analytical assay: GC/FID

Evolution of concentrations in BM samples in vitro

[14] 1981 Human: Retrospective autopsic study

Ribs Analytical assay: Headspace-GC/FID

BM findings: 22–175 mg%

Blood findings: 30–394 mg%

[18] 1983 Rabbit Experimental report: administration to rabbit of 0,1.5, 2.0 g/kg

Femur, tibia Analytical assay: GC/FID

Evolution of postmortem concentration in blood, eye fluid and BM in corpore

[57] 2006 Human Retrospective autopsic study

Vertebral aspirate Analytical assay: Headspace-GC/FID

BM findings: results in term of correlation and BM/blood concentration ratio

Blood findings: 0.15–2.74 g‰

Ethylglucuronide

[48] 2006 Human Retrospective autopsic study: blood alcohol concentration 0.04–0.337 g%

Ribs Analytical assay: LC/MSMS

BM findings: 0.82–9.36 μg/g

Blood findings: 0.41–20.46 μg/ml

GC/FID gas chromatography with flame ionization detector, – not available
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samples (three ethanol-positive and three negative BMs)
were stored at room temperature for 1 year. Contradictory
findings were obtained, and it was impossible to determine
whether alcohol had been present at time of death.
Supporting data were reported by Winek et al. [21] on a
control group (n=30) and ethanol-treated group (n=60) of
rabbits, stored after sacrifice at room temperature for
1 month. Up to 78.3 mg% neo-formation of ethanol was
observed at 7 days in the control group; in the ethanol-
treated rabbits, ethanol levels decreased gradually with time
to a mean loss of 89.3% after a 28-day period of storage.
Thus, the estimation of ethanol blood levels at death from
BM data is uncertain (46.7% error at 28 days). Similarly, an in
vitro study, performed on BM samples stored over 3 months at
−6°C under various conditions, reported large variations in
ethanol level: either decreases due to collection tube porosity
or enzymatic oxidation during the time of analysis at room
temperature, or increases caused by yeast and bacterial
synthesis [20]. Ethanol neo-formation may lead to false
positives in BM as in blood, either in vitro or in corpore.

Ethyl glucuronide is a minor direct metabolite of
ethanol, produced by enzymatic conjugation with glucur-
onic acid. Since its neo-formation has never as yet been
demonstrated postmortem, this compound may constitute a
relevant marker of ethanol consumption [49, 72]. Schloegl
et al. [49] demonstrated that ethyl glucuronide can be
detected in BM, suggesting that BM may be a helpful
matrix when classical materials are not available. However,
ethyl glucuronide’s stability in BM has yet to be estab-
lished. Some studies suggested that ethyl glucuronide
concentrations in blood and urine decline during putrefac-
tion, long term storage at room temperature or in case of
bacterial urinary infection [72–74], while others described a
post collection formation of ethyl glucuronide in urine
under experimental condition using bacteria [75, 76]. Ethyl
sulfate is another non-oxidative metabolite of ethanol. This
compound seems to be a promising marker due to its
stability [75, 77], even if its bacterial degradation has also
been described during standardized degradation test [78]. The
simultaneous determination of these both metabolites, in
urine and blood, seems to be more relevant than quantifica-
tion of ethyl glucuronide alone and should help to verify or
disprove a postmortem formation of ethanol [76, 79].
However, ethyl sulfate has not yet been investigated in BM.

In conclusion, various processes, including postmortem
redistribution, enzymatic degradation, volatility and bacterial
neo-formation, hinder interpretation of BM ethanol results.

Discussion and conclusion

In forensic toxicology, although blood is the reference
sample for qualitative and quantitative interpretation,

various tissues may be available for analysis according to
the circumstances of death. In the case of skeletonized
remains, severe putrefaction or extreme multiple trauma,
BM may be the only alternative tissue for toxicological
investigation. It presents several advantages, such as
protection against contamination and putrefaction due to
its location within bones, rich vascularization and large
amount of lipid constituents. The present review gives an
overview of case reports and animal and human studies
involving BM analysis. This survey investigated the
suitability of BM analysis for characterizing xenobiotic
consumption and its influence on the occurrence of death,
answering two main questions.

The first question was: can xenobiotics be detected in
BM from a pharmacokinetic and analytical standpoint?
Since BM is highly vascularized by a large sinusoid
network, each compound circulating in the blood is
assumed to be present in BM. Therefore BM detection of
xenobiotics depends essentially on the performance of the
analytical method. Nevertheless, the latter can be limited by
the sample pre-treatment required for such a complex and
fatty matrix. As few full validations have been made of
assay sensitivity, negative results must be interpreted with
caution. Furthermore, stability is a significant parameter in
postmortem toxicology and is even more essential in BM
analysis since this matrix comes into its own as an
alternative to blood in case of long postmortem interval or
aggressive phenomena (bloodless cadaver, fragment of
corpse, etc.). In vitro and in corpore stability in BM has
been occasionally studied, with varying results depending
on drug class and time and condition of conservation,
providing some clues for the interpretation of negative BM
results.

To the second question—Are the drug levels in BM samples
representative of the blood levels at time of death? —the
literature does not provide any general answer. Although
pharmacokinetic data for BM are limited, specific processes
were occasionally described, such as BM accumulation of
benzodiazepines and fentanyl. The mechanisms involved in
BM drug distribution should therefore be investigated in
animal experiments. Correlation between blood and BM
concentrations was demonstrated for a wide range of
compounds, allowing extrapolation from BM to blood
results, which are more easily interpretable. However, the
application of these data, mostly obtained on animal models
with standardized protocols, to human autopsy cases, subject
to uncontrollable and often unknown postmortem condi-
tions, requires further study. When correlation with blood is
not established, a statistical approach could be interesting to
determine either a toxicity threshold or the likelihood that a
drug level, quantified in an alternative matrix, corresponds to
overdose rather than therapeutic use [59, 80]. Another aspect
to consider for quantitative interpretation is the postmortem
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changes of BM concentration. Beyond drug stability,
postmortem redistribution of diazinon and endosulfan was
shown to involve increase as well as decline in BM levels.
Finally, as a result of varying BM composition (i.e. fatty
and cellular proportion) in different bones according to age,
sampling location was claimed by Winek et al. [15] and
McIntyre et al. [2] to be a relevant factor that should be
investigated. Likewise, hydrophilic or lipophilic behavior
of molecules should be considered: Winek et al showed that
blood/BM correlation of water soluble compound, such as
methanol [23], ethanol [17], isopropanol and acetone [18],
was improved correcting their concentration for water
content, whereas other authors described accumulation in
BM of lipophilic drugs like diazepam [2, 29, 64].

In conclusion, we consider that BM matrix is of great
potential interest in forensic toxicology. Further experimen-
tal data and validated analytical assays are required to
enable reliable qualitative determination and, eventually,
quantitative interpretation from human BM samples.
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