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Abstract

Objectives: Gabapentin (GBP) and pregabalin (PGL) misuse is increasing and is associated
with an increasing number of deaths. Baclofen (BLF) is also being misused and deaths have
been observed. However, it is impossible to gauge the extent of this issue with current selective
post-mortem (PM) toxicological screening processes. This thesis describes the development of
a method for screening and quantifying BLF, GBP and PGL in PM femoral-vein blood using
protein precipitation followed by analysis using liquid chromatography-tandem mass
spectrometry. PM femoral-vein bloods, from Coroners’ cases, were screened to determine the
prevalence of BLF, GBP and PGL; all positive samples were quantified. The risks associated
with poly-substance use, and the extent of under-reporting of these drugs in deaths due to

selective toxicological screening were investigated.

Setting and study population: Coroners’ cases submitted for routine toxicology testing from
jurisdictions in London and South East England between 1 January 2016 and 31* December

2017. 3750 deceased aged > 16 years were analysed.

Results: Of 3750 samples analysed, 21 (0.6%) were positive for BLF, 118 (3.1%) for GBP and
229 (6.1%) were positive for PGL. If selective rather than routine screening of BLF, GBP and
PGL had been performed, BLF would have been under-reported by 43%, GBP by 57.6% and
PGL by 53.7% in deaths. The prevalence of GBP and PGL was 2.3 times and 4.1 times greater
in heroin users compared to non-heroin users, respectively. It was determined that a GBP

concentration of > 40 ug/mL and a PGL of > 20 pg/mL should be considered as significant.

Conclusions: This study suggests GBP and PGL should be included in the routine screening
of Coroners’ toxicology. GBP and PGL are being widely used along with heroin and other
opioids, increasing the possible risk of toxicity due to respiratory depression. BLF-related

deaths were rarely seen.
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1.1 Coroners’ post-mortem toxicology

In England and Wales, all sudden, unexpected and unnatural deaths are reported to the Coroner,
a judicial officer who make enquires necessary to find out the cause of death of the deceased.
This may include ordering a post-mortem (PM) examination to be undertaken, obtaining ante-
mortem (AM) samples if available, obtaining medical records, or holding an inquest. During
the PM examination, if the cause of death is not clear, the pathologist may request further

examinations to be conducted such as histology, microbiological testing and toxicology.

Toxicology is the study of the effects of drugs or toxins on a living organism. Post-mortem
toxicology is the science and the study of toxins to help determine the cause of death of an
individual. The aim of the toxicologist is to determine if a drug or toxin is present in the
individual and was the amount (concentration) present therapeutic, toxic or potentially fatal, or

whether the deceased was compliant with their medication or not.

Toxicological analysis starts with a general drugs screen for a broad range of drug groups;
however not all drugs can be screened from a single analysis and alternative specific tests may
be required. Screening analysis may provide both qualitative and quantitative data. Drugs that
are detected in significant amounts or where the concentrations are meaningful to the
interpretation of the results, are then quantified accurately in a suitable specimen type. The
results generated and interpreted by the toxicologist are used during the inquest of the deceased.
The interpretation of PM results is not straightforward and many factors need to be considered
such as specimen/sample types and PM changes. It must be noted that it is not role of the

toxicologist to provide a cause of death in court; this is the role of the pathologist.
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1.2 Specimen collection

It is vital that during the PM examination, appropriate specimens/samples are collected and
that cross-contamination from different sampling sites is avoided. Samples must be collected
into suitable containers with or without preservatives depending on the types of analyses
required. For example, for alcohol analysis, blood should be stored in a tube containing sodium
fluoride and potassium oxalate (fluoride oxalate 1.1%), to reduce microbial production or
degradation of ethanol. Fluoride oxalate can also reduce the breakdown of certain parent drugs
(e.g. cocaine, olanzapine, tetrahydrocannabinol etc.) into metabolites while waiting for
analyses to be conducted. For certain analyses, non-preservative containing tubes are more
suitable as, for example, fluoride oxalate can cause interference when analysing fluorides in a

sample. Laboratories should provide recommendations to the mortuary regarding sampling.

1.3 Specimen types

The types of samples collected during the autopsy can be case dependant. In general, a blood
sample from the femoral-vein, urine, stomach contents, vitreous humour and liver samples are
collected. However in cases of severely decomposed individuals, where blood is not available,
alternative samples such as muscle tissue and hair may be the only samples available. In cases
where the deceased is a new-born, or the body is severely disrupted, cardiac blood may be
received. The sample volumes received can also vary. In cases where death occurred in
hospital, AM samples may also be available. Each sample type provides a different time line
of drug use, e.g. PM blood samples describe what was circulating in the body at time of death,
and a hair sample will provide information of drugs used months ago; each have their

limitation.
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As a general rule, peripheral blood, particularly femoral-vein blood, is considered the sample
that provides a measurement of drug concentrations that most accurately reflect the circulating
concentrations of the drug in the individual just before death, which in turn closely correlate
with the dose taken. It is therefore the preferred choice of sample for PM toxicological analysis.

However, interpretation of drug concentrations is made difficult by many varying factors.

1.4 Factors effecting interpretation of drug concentration
in post-mortem blood

1.4.1 Volume of distribution

When a drug is consumed, it is absorbed, metabolised and distributed within the body fluid,
fats and tissues. The volume of distribution (Vd), is a theoretic concept which is defined as the
amount of drug in the body divided by the plasma drug concentration (L/kg) (1). The degree
of distribution is dependent on individual characteristics such as age, gender, health issues, and
the characteristics of the drug taken. Water soluble drugs and those which bind to proteins are
generally contained within the blood vessels and have a low Vd. However drugs that are lipid
soluble and those that bind to body tissues/organs have a larger Vd (1). Drugs with a high Vd

(> 1.0 L/kg) are likely to remain in the body longer than those with a low Vd (< 1.0 L/kg) (2).

1.4.2 Post-mortem changes - Redistribution

When death occurs blood circulation stops, the body cools to room temperature and
decomposition occurs. Decomposition happens in two ways, autolysis and putrefaction.
Autolysis is where the individual’s own enzymes breakdown the body cells and tissues.

Putrefaction is where micro-organisms such as bacteria and fungi, breakdown body tissues (3).
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During decomposition the drugs are redistributed by diffusion from areas of high concentration,
such as from organs like the lungs, liver, stomach contents, fatty tissue and muscle (4), to areas
of low concentration, such as nearby blood vessels. This means that the drug concentrations in
the blood may be falsely elevated at PM examination and may not correspond to the
concentrations at the time of death. This phenomenon is known as post-mortem redistribution
(PMR). The amount of PMR is related to the Vd of a drug; generally the greater the Vd the
more PMR is observed. At PM examination, the highest drugs levels are found in the central
vessels, which are closer to body organs, than in peripheral sites (5). PMR also increases with
the length of time the deceased has been dead for; this increase occurs at a slower rate in
peripheral bloods than in central bloods (6). It is therefore preferable to sample blood from
peripheral sites such as the femoral-vein. PMR has to be considered when interpreting PM

toxicological results or erroneous interpretations will be made (1, 5).

1.4.3 Sample quality

PM femoral-vein blood samples come in varying conditions. Due to decomposition, bloods are
most likely haemolysed, oleaginous, thick in consistency or even contain large clots. The
sample that has the most similar consistency to AM blood is the most suitable sample to
perform quantitative analysis on. Samples that are highly oleaginous, have high water content

or are very clotty and non-homogenous are only suitable for qualitative analysis.

1.4.4 Drug degradation

As previously mentioned, some drugs are unstable in blood and breakdown after death, which
leads to low concentrations being observed. This type of degradation can be minimised by

storing the blood samples in appropriate preservative-containing tubes and refrigerating.
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1.4.5 Individual variance

Individuals may vary in their response to drugs which means that two individuals receiving the
same dose of drug may have different blood concentrations, or the same blood concentration
of the drug may influence the individuals differently (7). These variations can be inherited

(which may be linked to ethnicity) or acquired, such as in the case of drug tolerance (8).

1.4.6 Tolerance

Tolerance occurs when repeated use of a drug causes the individual to not respond to the dose
of drug the same way as they did when they initially used it. This means that they need to take
more of the drug to experience the same effect they initially achieved. Therefore, a dose of a
drug that may be toxic to an individual with no tolerance can be a therapeutic dose to another
who has tolerance. Tolerance is commonly observed with opioid use, and cross tolerance can

also be observed (9).

1.4.7 Health issues

Health issues, such as liver and kidney disease also effect the concentrations of drugs and their
metabolites in the body. For example, if an individual has kidney disease and a drug they are
taking is solely excreted from the body via the kidneys, accumulation of this drug will occur.
Due to accumulation, the blood drug concentration may become toxic and lead to death, even
though the individual was taking their therapeutic dose. If a toxicologist is not aware of such
health issues, then a drug accumulation associated death may be reported as a drug overdose

death.
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1.4.8 Polypharmacy

An individual may take more than one drug at a time, licit or illicitly. This is known as
polypharmacy. If an individual is taking therapeutic amounts of different drugs together, but
these drugs act in the same manner e.g. causing respiratory depression, then collectively the
drugs may have an enhancing or additive depressive effect. In some instances drug — drug
interaction may occur. This is where one drug affects the availability or metabolism of another
drug. Therefore in polypharmacy, therapeutic concentrations of individual drugs may be
collectively toxic, and drug interactions have to be considered when interpreting toxicology

results.

To allow a toxicologist to make meaningful interpretation of the toxicology results, the
circumstances surrounding the death, a full medical and drugs use history and PM examination

findings should be provided. Unfortunately this does not always occur.

1.5 Interpretation - Therapeutic and toxic concentration

reference ranges

Due to the factors mentioned above, it is challenging to determine which drug or combination
of drugs is the main cause of death. Many toxicologists use reference ranges for therapeutic
and toxic concentrations from clinical studies. However, these ranges cannot be directly
applied to PM concentrations due to PM changes. Furthermore, the sample of choice in most
clinical studies is blood plasma or serum. It is known that drugs do not distribute evenly within
blood components and therefore drug concentrations in whole blood may be different to that
in blood plasma/serum. Patsalos et al (2018), state that there is a major misunderstanding in
the meaning and interpretation of these clinical reference ranges. These ranges are not
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‘therapeutic ranges’ but are ranges of concentrations that identify a ‘lower limit below which
a therapeutic response is relatively unlikely to occur, and an upper limit above which toxicity
is relatively likely to occur’ (10). Much clinical data are collected from single dose studies,

therefore a ‘steady state’ concentration is not provided.

To interpret results from PM cases, reference data from PM toxicological analysis are very
valuable. However, meaningful compilations of PM data are rare. Much PM reference data
come from reviews of case reports which mainly include extreme overdose cases, and not those
that had an alternative cause of death. Those alternative cause of death cases are equally as
important as they identify incidental findings of a drug. Having PM data from a range of case
types allow for a concentration range to be generated which is less biased by extreme overdose
cases. It is reasonable to expect an overlap between fatal and non-fatal concentrations due to

factors such as tolerance.

To provide a good interpretative fatal and non-fatal reference range for a drug in PM cases
Druid et al. (1997) suggested categorising the cases into three certified groups: a) certified
deaths from the single drug alone, where death by other causes has been ruled out, b) mixed
drug intoxication and c) other causes of death (hanging, self-mutilation etc., control group).
These PM data are then compared between each group and with data from the living (drugged
drivers) and those found in the literature. Data from the living also acts as a ‘control group’.
However, it cannot be known if group ‘c’ had taken the drug at sub/therapeutic or toxic
amounts, but it is known that they were not totally incapacitated by the drug and were able to
perform complex actions. This also applies to the drivers, where they may have taken a toxic
amount of the drug but were able to still drive (11). This approach seems reasonable, but
certification of death is not always available to the toxicologist. Additionally, with

polypharmacy being very common, it is rare to find deaths associated with one drug alone.
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Another approach suggested by Jones and Holmgren (2009) is to characterise the drug
concentration distribution within the same PM population (all causes of death) into percentiles,
50" (median), 90", 95" and 97.5" (12). The 90" and the 97.5" percentile will mean that there
is 1 in 10 and 1 in 40 chance, respectively, of seeing such high drug concentrations in deaths
where it is detected. Concentrations above the 97.5™ percentile would strongly suggest
(depending on the drug) that the individual has taken a drug overdose. Although this approach
is much simpler than that suggested by Druid et al., it does not take into consideration
circumstances or alternative causes of death, and also does not help clarify drug concentrations

that fall within the grey area. The best approach would be to use both.

Currently the ‘therapeutic’ and ‘potentially toxic/fatal’ reference ranges used by the
Toxicology Unit are routinely taken from toxicological reference books such as Disposition of
Toxic Drugs and Chemicals in Man (2) and Clarke's Analysis of Drugs and Poisons (13) which
includes data from published literature. Unpublished data from in-house case studies are also

used.

1.6 Extraction methods for drugs from biological matrixes

To screen and quantify drugs from a biological matrix, the drug/analytes needs to be extracted
from the sample and then analysed on an analytical instrument. Many techniques can be utilised
to extract, purify and isolate the analytes of interests from complex biological matrixes before
analysis. The most common methods used are liquid-liquid extraction (LLE), solid-phase

extraction (SPE) and protein precipitation reaction.

LLE involves two liquid phases: the analytes of interest in the aqueous phase (biological

matrix) and an immiscible organic solvent phase. The polarity of the analytes are manipulated
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to transfer the analyte into the organic solvent layer to complete the extraction (14). SPE
involves passing the biological matrix through a solid-phase to which the analytes interact and
bind to while unwanted matrix components are washed away to waste. After separation and
purification, analytes are induced to detach from the solid and then collected and concentrated
(15). Protein precipitation reaction involves adjusting the condition of the biological matrix
which effects the solubility of the proteins. The two most common methods are the use of salts
or water miscible organic solvents. In both cases, these precipitation agents reduce the amount
of water molecules available to interact with protein molecules. The lack of water molecules
reduces the solubility of proteins and forces them to precipitate (16, 17). The samples are

centrifuged to leave the analytes in the supernatant.

Generally, protein precipitation reaction and LLE methods are less time consuming than SPE
methods and provide higher recovery. The more time consuming SPE provides a cleaner

extract than the other two methods.

1.7 Instrumentation for the analysis of extracted drugs

Chromatographic techniques are the preferred method of analysis used by toxicologists. For
drug analysis, the most common types are high pressure-liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS), liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and more recently, high resolution mass spectrometry (HRMS).
For volatile analysis a headspace GC with a flame ionisation detector (FID) is preferred. To
confirm the identity of an analyte in a matrix, the chromatographic characteristics of the analyte

has to be matched to a certified standard of the analyte.
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1.7.1 High pressure-liquid chromatography

For HPLC analysis, liquid extracts are injected into the instrument and the analytes are
separated from endogenous compounds present in the extract through a solid chromatographic
column under high pressure using a liquid phase (mobile phase). Separation of the analytes are
based on the analytes attraction to the solid column or the mobile phase, and also their physical
structure (size, composition). HPLC traditionally uses ultraviolet (UV) or diode-array
detectors. The total time taken from the point the sample is introduced to the column to the
time it is detected by a detector is called the retention time (Rt). After separation, the UV light
is passed through the analyte and it absorbs the light at different wavelengths depending on the
analyte structure. The intensity of the absorption is proportional to the concentration of the
analyte. A unique absorption pattern may be produced. Unfortunately, some analytes do not
absorb in the UV range and may require derivatisation. A major problem with HPLC analysis
is that in complex matrixes, co-elution can occur where two different analytes have the same
Rt and absorb at the same wavelength. This can be difficult to identify, and in such cases false

positive results or incorrect concentrations may be reported.

1.7.2 Gas chromatography-mass spectrometry

GC-MS utilises the same column separation principles as HPLC, but the mobile phase is an
inert gas and the sample has to be vaporised to be introduced into the column, which is in a
temperature-controlled oven. After separation, the analyte comes off the column and is
fragmented by high-energy electrons to produce fragmented mass ions (mass to charge ratio
(m/z)) which are then detected by a mass selective detector (MSD). The resulting fragment
ions or mass spectrum is dependent on the molecular structure of the analyte, and therefore is
generally unique to the analyte. Each detected analyte shows up as a peak on a chromatogram,

where the peak height or area is proportional to concentration.
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The advantage of GC-MS over HPLC is the acquisition of a unique fragmentation pattern. In
situations of co-elution, GC-MS is able to resolve individual analytes within a peak based on
their fragmentation pattern, and additionally is able to subtract this co-eluting analyte signal
and background signals from the analytes of interest. GC-MS is known as the ‘gold standard’
instrument in forensic toxicology (18), as it provides confirmatory identification by matching

Rt and fragmentation pattern of the analyte in a sample to a certified reference standard.

Although ‘gold standard’, the GC-MS is unable to analyse large molecules, non-volatile
analytes, non-ionising analytes and thermally unstable analytes, which HPLC is able to do. To
allow the analysis of a thermodynamically unstable analyte, time consuming and sometimes

complex derivatisation procedures are used to stabilise the analyte for GC-MS analysis.

1.7.3 Liquid chromatography-tandem mass spectrometry

LC-MS/MS uses the separation technique of HPLC and the detection technique of mass-
spectrometry/spectrometer (MS). LC-MS/MS has a targeted approach to analysis, where the
mass and ionisation characteristics of the analyte is pre-set into the method set up. The

instrument utilises two MS in tandem with a collision cell in between them (MS_1-CC- MS _2).

After chromatographic separation, the aqueous sample is converted into a gaseous form to enter
the MS under a vacuum. Atmospheric pressure ionisation (API) using electrospray ionisation
(ESI) technique is generally used as an interface where a low energy ionisation is applied. In
ESI, the mobile phase from the HPLC containing the extracted sample (containing the analytes
pre-charged by the mobile phase) is sprayed using a nebuliser into a fine mist in a strong
electrostatic field in the presence of a drying gas, creating charged droplets. These droplets are
directed towards the MS by electrostatic attraction. The drying gas helps form compact droplets
which intensifies the electrostatic field within the droplet. When these electrostatic forces can

no longer exist in a compact space, Coulomb explosion occurs, creating even finer droplets and
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analyte ionisation (19). The ions created in the ESI chamber are generally the molecular ion
called the “precursor ion” (+ H, etc.). Extracted endogenous compounds are also ionised. This
drying/ionisation process continues until the analyte ions enter into a gas phase and enter the

MS 1, where the selected ions are detected.

The instrument is set to only filter through the targeted precursor ions for the specific analytes
of interest, while getting rid of the endogenous compounds. Some endogenous compounds may
produce the same precursor ions as the analytes of interest and therefore will be passed through
also. The filtered precursor ions are detected by MS 1 and are passed through into a collision

cell.

The collision cell contains a high purity collision gas (N2 or Ar), with which the precursor ions
are made to collide under great kinetic energy. On impact, the precursor ions fragment to
produce “product ions” which are used for quantification and identification. The most abundant
product ion is used as the quantifier ion, with the ion’s abundance being proportional to analyte
concentration. Pre-selected product ions, usually specific to the selected analytes, are then
detected by MS 2. Two drugs with the same precursor ion mass will generally generate a
different set of product ions unless they are optical isomers. As the instrument follows the ion
production pathway, from the ‘precursor ions’ to the ‘product ions' (transitions), it is known as
multiple reaction monitoring (MRM). To confirm the identity of an analyte, the Rt, precursor
ion and product ions ratio of the analyte in a sample have to match those from a certified

standard of the analyte.

One major analytical problem with LC-MS/MS, which is not generally seen with GC-MS, is
the issue of matrix effects. Matrix effects are the effects of all other compounds (endogenous
compounds, solvents etc.) on the analyte of interest. Matrix suppression is generally seen with

ESI, where endogenous compounds suppress the ion intensity of a target analyte by interfering
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or competing with its ionisation (20). Therefore, matrix suppression leads to under-reporting
the concentration of an analyte. lon enhancement can also be seen where the intensity of the
analytes ion is falsely magnified, which leads to a falsely elevated concentration of the analyte

being reported.

In complex samples such as PM blood, which can be in variable states of decomposition
(viscous and oleaginous), matrix effects are more likely to be prominent and difficult to correct
for unless deuterated-internal standards are used. Using deuterated analogues as internal
standards is the most effective way to compensate for potential matrix effects, as the matrix
effects should effect the analyte and its complementary deuterated-internal standard by the

same amount, hence preventing erroneous results being reported.

Being a fast and much more selective and sensitive technique of analysis compared to HPLC
and GC-MS alone, LC-MS/MS is now being more routinely used for new method
developments. LC-MS/MS eliminates most unwanted compounds prior to MS entry, which
means it allows the use of simple extraction procedures, and as the instruments follow the ion

transitions, very little chromatographic separation is necessary (unless isomers are of concern).

1.7.4 High resolution mass spectrometry

HRMS uses the same separation technique as an LC-MS/MS, but its detector’s mass resolving
and mass measurement power is far greater. In HRMS, the high resolution is the ability to
distinguish between the elemental composition of the ions, such as isotopes, and accurate mass
measurement is where an ion mass can be measured precisely down to 4 or 5 decimal places
(compared to 1 or 2 decimal place using LC-MS/MS). HRMS enables full-scan as well as
targeted MS/MS data to be collected which provides a complete picture of all the analytes
present in a sample. This allows for retrospective analysis of the data to be conducted which

makes it a useful tool for screening for unknown analytes. LC-MS/MS is programmed to target
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selected drugs and is therefore more suitable for quantitative analysis, though HRMS can also

be used for quantitative analysis.

The two main types of detectors used in HRMS instruments are ‘time of flight (TOF)’ and
‘Orbitrap’ detectors. TOF works by pushing the ions generated through a flight path by
applying kinetic energy to the ions. Lower mass ions experience a higher velocity compared to
the higher mass ions and thus arrive at the mass detector faster than the higher mass ions; this
allows for the masses to be resolved. The longer the flight path the better the mass resolving
power. An Orbitrap works by trapping ions in an electrostatic field where the ions are made to
oscillate. The oscillation frequency is unique to the ions’ mass and charge, resulting in mass

separation.

Although HRMS is an excellent tool for toxicological analysis, it may not be accessible to

many small laboratories due to its high purchase cost.

1.7.5 Headspace gas chromatography — flame ionisation detector

Headspace GC-FID is a technique used to analyse for volatiles such as acetone, butane and
ethanol. For analysis, the sample is sealed in a vial which has air space (headspace) above the
sample volume. The vial is then heated to vaporise the volatiles within the sample into the
‘headspace’. An aliquot of the ‘headspace’ containing the unknown volatile from the sample
is then injected onto a GC column where chromatographic separation occurs. The volatile is
then passed into a FID, where the volatile is combusted using a flame to generate ions. These
ions are detected as an electrical signal. The signal generated is proportional to the
concentration of the volatile present in the sample. Volatile identification is solely based on
chromatographic Rt, matched to a certified standard. To eliminate false positive or falsely
elevated results due to co-eluting volatiles, a dual column system is usually used. This is where

the ‘headspace’ aliquot is split and injected onto two columns of different chemistry. The
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volatile will interact differently with the two columns and will have different Rts on each
column. The Rts on both columns have to match the certified standard to confidently confirm

volatile identity.

1.8 Drug related deaths in England and Wales

The number of drug poisoning deaths registered in England and Wales (E&W) rose
significantly in recent years, from 2,597 deaths in 2012 to 3,674 in 2015 (21) and 4,359 deaths
in 2018 (22). Approximately 67% of all drug related deaths in 2015 were drug misuse deaths
involving illicit drugs. Opioid related deaths increased from 1,290 deaths in 2012 to 1,989 in
2015. Between 2012 and 2015 deaths related to heroin and/or morphine abuse increased by
approximately 50% (21). The United Nations suggested that the rise in heroin deaths may be
due to the increase in the availability and purity of heroin due to the global poppy cultivation
being at its highest in 2014 (23). Complex poly-substance misuse is now more frequently
observed in heroin/morphine related deaths, including use of alcohol, benzodiazepines, cocaine
and methadone (24, 25). Recent studies have shown that heroin is also being abused in

combination with two gabapentinoids, gabapentin (GBP) and pregabalin (PGL) (26-30).
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1.9 Gabapentinoids

The three most commonly used synthetic gabapentinoids in clinical therapy are baclofen
(BLF), GBP and PGL. Gabapentinoids are structural analogues of gamma-aminobutyric acid
(GABA), the primary inhibitory neurotransmitter in the mammalian central nervous system
(CNS). GABA has two main receptor systems, the GABAA and GABAg receptors.
Gabapentinoids work by directly or indirectly modulating the GABA receptors to reduce
release of excitatory amino acids, which is thought to facilitate their analgesic, anxiolytic,
antiepileptic, sedative and muscle relaxant properties (31). It has also been theorised that
gabapentinoids interact with the dopaminergic ‘reward’ system, which is associated with drug

addiction in humans (32).

In the UK, BLF, GBP and PGL are prescription only drugs, but evidence suggests they are
being used recreationally and deaths have been observed. Due to the amphoteric nature of these
drugs (see Figure 1.1) they are not routinely screened for in PM toxicology as they are not
detected in a broad-spectrum screen for basic or acidic drugs. The misuse of BLF has been
associated with ethanol, gamma (y)-hydroxybutyric acid (GHB), PGL and GBP use/abuse, and
the misuse of GBP and PGL has been associated with those who abuse opioids, including
heroin. As BLF is misused differently to GBP and PGL, BLF will be discussed below alone,

and GBP and PGL will be discussed together.
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Figure 1.1 The chemical structure of baclofen (BLF), gabapentin (GBP) and pregabalin (PGL)

with the amphoteric (acidic and basic) groups outlined in red.

1.10 Baclofen

In the UK, BLF has been marketed as Lioresal® since 1972 (other brand names include —
Lyflex, Liofen, Gablofen, etc.) and is a licensed antispasmodic prescribed for the alleviation
of spasticity due to multiple sclerosis and spinal cord diseases, management of pain due to
muscle spasm and treatment for hiccup due to gastric distension (33). Common side effects
from the use of BLF include sedation, somnolence, respiratory depression (> 1/10), dizziness,
depression and euphoric mood (> 1/100) (34). BLF is available as 10 mg tablets and an oral
solution up to 5 mg/mL, with a maximum daily dose of 100 mg. It is also available as an
intrathecal injection (up to 0.5 mg/mL) with a maximum daily dose of 1.4 mg. From 2010 to
2015 in England there was a rise in prescriptions for BLF of approximately 35%, with the
number of annual prescriptions increasing from 742.6 thousand to 1 million (35, 36). In 2018

the prescriptions for BLF raised to approximately 1.1 million in England (37).

Baclofen is also currently being investigated as a treatment for alcohol dependence and has
been shown to increase abstinence, and reduce alcohol associated craving and anxiety (38).

There is much debate about what dose is effective in treating alcohol dependence since those
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with alcohol dependence appear to tolerate such high doses, with some users believing high
doses to be necessary for effectiveness (39). Alcohol and BLF are both depressants and if taken
together will have an enhancing depressive effect. The General Medical Council (UK) has
already approved off-license use of BLF for treating alcoholism. The World Health
Organisation reported that in 2016, the harmful use of alcohol resulted in approximately 3

million deaths (5.3% of all deaths) worldwide (40).

Clinical studies have been conducted on BLF showing promising results due to its anti-craving
features; it has benzodiazepine-like properties in reducing the craving for cocaine (41), and
also treating opiate (42) and GHB withdrawal symptoms (43). GHB, also referred to as ‘liquid
ecstasy’, is a CNS depressant which is produced naturally in the body, a medical product, and
also an illegal drug used recreationally for its euphoric and relaxant effects. At low doses GHB
has similar effects to ecstasy and ethanol, and at high does causes serious toxic effects including

reduced consciousness and coma (44).

1.10.1 Pharmacology

BLF is a GABAg receptor agonist, and inhibits the release of excitatory amino acids —
glutamate and aspartate (45). After oral ingestion, BLF is rapidly absorbed. About 30% of BLF
is protein bound, with approximately 85% of the dose excreted unchanged in the urine with
about 15% metabolised predominantly into the inactive deaminated form B-(p-chlorophenyl)-
v-hydroxybutyric acid (46). Careful dose monitoring has to be conducted when prescribing to
patients with renal problems. After oral ingestion the plasma concentration of BLF in humans
reaches peak concentration in approximately 2 hours and has an elimination half-life of 3 — 4
hours (46) and a low Vd of 0.8 L/Kg (47). Prolonged elimination half-life has been seen in

overdose cases (48).
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1.10.2 Tolerance and withdrawal

Development of tolerance to BLF has been reported extensively after long term use of
intrathecal injection (49) and oral dosage (50). When BLF treatment is discontinued, gradual
reduction of dosage is required as severe prolonged withdrawal symptoms have been observed,
including agitation, insomnia, confusion, delirium, seizures, psychotic behaviour, increased

spasticity and death (50, 51).

1.10.3 Abuse potential

An early example of oral BLF abuse was reported in 1978, when three adults were hospitalised
after ingesting BLF because a paraplegic friend informed them about the ‘buzz’ he experienced
from taking it (52). The recreational misuse of BLF has since been observed both nationally
and internationally (53, 54). Symptoms of overdose include cardiovascular and respiratory
depression, seizures, mental health issues, coma and death (55, 56). In a review of reports of
oral BLF overdoses, 53% of those that overdosed (accidently or intentionally) required
mechanical ventilation (56). This suggests that if those individuals who overdosed on BLF

were not hospitalised they may not have survived.

More recently there has been much anecdotal evidence from online forums regarding the
recreational use of the ‘fun drug’ BLF. Users suggest at very high doses BLF can provide
similar effects to GHB but with much harsher withdrawal effects. Some illicit users are using
BLF to treat their GHB withdrawal symptoms (57). Individuals have stated that combining
BLF with PGL reduces the withdrawal effects of BLF use and provides them with enhanced
euphoria so that they stop taking GHB altogether. Some have also used GBP instead of PGL
with BLF (58). Overdose has been observed when combining BLF with GHB; a GHB
dependant female consumed several days’ worth of her prescribed BLF simultaneously with

GHB and developed rapid coma (59).
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An online survey led by the clinical pharmacology department at Guy's and St Thomas' NHS
Foundation Trust was conducted in the UK to determine the prevalence and the frequency of
BLF, GBP and PGL misuse. From the 1500 respondents, misuse was observed in 1.3% for
BLF, 1.1% for GBP and 0.5% for PGL (60). Another online survey with 2,499 respondents,
led by the clinical toxicology department of the above NHS Trust, suggested the misuse
prevalence of GBP was greater than for the other two drugs (61). In a more recent study to
describe the recreational misuse of these GABA analogues, data received by the European
Drug Emergencies Network, which collects data from 16 emergency departments across 10
European countries, were analysed. Sixty out of 3,573 cases involved BLF (13.3% of 60), GBP
(8.3% of 60) or PGL (78.3% of 60) (62). Those misusing BLF were either obtaining it from

their family (56), ordering it online (55) or were prescribed it (63).

The interest into BLF has rapidly increased due to its potential to be used to treat alcoholism
(38). However a study in France suggested that BLF should not be prescribed off-licence to
treat alcoholism as it shows a negative benefit: harm ratio (64). BLF is a sedative drug and use
at high doses by alcoholics is a cause for concern (65). Acute self-inflicted overdose of
prescribed BLF has been observed in alcoholics (53) and seizures have been reported when

ethanol and BLF have been co-ingested (65).

1.10.4 Baclofen — Clinical therapeutic concentration ranges

Data from clinical studies show the concentrations obtained in plasma from volunteers after
taking a single 10 mg oral dose of BLF was from 0.06 — 0.15 pg/mL and 0.15 — 1.10 pg/mL
for a single 60 mg dose (66). Individuals taking a higher dose of 120 — 240 mg/day over at

least 3 weeks had peak plasma concentrations ranging from 0.36 — 0.66 pg/mL (67).
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1.10.5 Baclofen — Concentrations at which toxic symptoms

manifest, but individuals survive

There are much published data on single intoxication (BLF alone) or fatal overdose of BLF in

the literature. Most reports are of individuals who have survived with supportive care.

In a case report where a group of at least 14 teenagers recreationally consumed between 60 —
> 600 mg of BLF, toxic symptoms developed within 2 hours of ingestion. They had BLF serum
concentrations ranging from < 0.02 — 0.85 pg/mL 14 hours post ingestion. All patients required
hospital treatment and survived, but symptoms of overdose lingered even when the plasma
concentration of BLF was sub-therapeutic (55). A teenager who took his father’s oral BLF pills
out of curiosity after having read about it on the internet was found comatose, and had a serum
BFL concentration on hospital admission of 1.15 pg/mL; he survived (56). In both reports it
was unclear whether other drugs were screened for in the patients. A women who attempted
suicide with BLF but survived with ventilation, had a BLF concentration of 2.7 pg/mL 15 hours
post ingestion; the sample type was not stated (48). Another had ingested 3,500 mg of BLF and
had a plasma concentration of 2.06 ug/mL 16 hours post overdose ingestion. Desloratidine and
omeprazole were also taken, but the concentrations found were not reported (68). From the
case reports mentioned above, the concentration range seen in those who recreationally or
intentionally overdosed on BLF was from < 0.02 — 2.7 pg/mL (serum or plasma). They all

displayed toxic symptoms but survived with hospital treatment

1.10.6 Baclofen — Concentrations seen in fatalities

A 30 year old male ingested up to 1.8 g of BLF, he was found unresponsive 12 hours post
ingestion, his serum BLF was 17 pg/mL on admission; no information was provided about
other drugs detected and he died five days later in hospital (69). A 25 year old died following

a BLF overdose; her PM ‘venous’ blood concentration was 30.7 pg/mL. In another fatal
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intoxication of BLF and dipyrone showed a PM blood BLF concentration of 106 ug/mL (63).
In a case where the cause of death was due to BLF intoxication the PM blood BLF
concentration was 2.7 pug/mL (70). In the latter three cases the sampling site was unclear,
however BLF was seen as the main or contributory factor in the death. In a review of literature
on the therapeutic and toxic blood concentrations of nearly 1,000 drugs, it was reported that

BLF is toxic between 1.1 — 3.5 pg/mL and fatal between 6 — 9.6 ng/mL (71).

Case reports indicate that death or intoxication from BLF overdose is not immediate and toxic
effects of BLF can be still seen within the therapeutic concentration range. Individuals found
unconscious several hours post ingestion still required hospitalisation with ventilation due to
prolonged respiratory and CNS depression (48, 53, 54). This means that the concentration seen
PM may potentially be less than that causing the initial toxic effect, considering BLF has a
short half-life (3 — 4 hours). It has to be highlighted that in each of the toxic and fatal cases
referenced above, BLF was always known to be present at the scene of the incident or was
known to be prescribed to the patient. If this had not been the case, BLF would not have been

screened or quantified for in hospital or at PM examination.

1.10.7 Baclofen — Summary of literature search

As anecdotal evidence and literature reviews suggest that BLF is being misused, alone and with
ethanol, GHB, PGL and GBP, research into deaths associated with BLF is required. However
no studies have been conducted on the prevalence of BLF in PM cases, alone or in combination
with other drugs either nationally or internationally. The literature in the field suggests BLF is
not routinely screened for. In most reports where BLF was quantified or screened for, either it
was found at the scene or its use was suggested. There are much published data on single cases
of intoxication or fatal overdose of BLF. Most reports describe individuals who have survived

with supportive care. In some reports of BLF-associated fatalities, the BLF concentration in
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blood was provided but the sampling site is unclear or sampling was not from the femoral-vein,
the recommended site for PM analysis. No data were found in the literature summarising the
range of concentrations of BLF in PM femoral-vein blood representing all deaths and no data
were available on the PMR of BLF. As the literature search suggests that there is a recreational
use and misuse potential of BLF, both alone and combined with other drugs, the prevalence

and concentrations of BLF in PM cases should be investigated.

1.11 Gabapentin and pregabalin

In the UK, GBP has been marketed as Neurontin® since 1993 (other brand names include -
Gralise, Gabarone, Fanatrex etc.) and is licensed to treat epilepsy and neuropathic pain.
However it has a wide off-license usage which includes treatment for migraines, menopausal
symptoms, chronic pain, restless leg syndrome and substance dependence (72). Common or
very common side effects from the use of GBP include anxiety, confusion, depression,
drowsiness, dizziness, respiratory depression and hypertension. Less common side effects
include cognitive impairment and palpitations. In the UK, GBP is available as 600 — 800 mg
tablets, 100 — 400 mg capsules and a 50 mg/mL oral solution. The maximum recommended

daily dose is 4.8 g per day (73).

Pregabalin has been prescribed in the UK since 2004 as Lyrica® (other brand names include —
Alzain, Axalid, Lacaent etc.) and is licensed to treat epilepsy, neuropathic pain and generalised
anxiety disorder (74). Common or very common side effects from the use of PGL include
confusion, drowsiness, dizziness, memory loss, and less common side effects include
arrhythmias, respiratory depression and hallucination. In the UK, PGL is available as 25 — 300
mg capsules and a 20 mg/mL oral solution (74). The maximum recommended daily dose is 600
mg per day, but it has been reported that about 1% of the patients prescribed PGL have been
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prescribed it above the recommended daily dose (75). A report suggests that in the UK almost
50% of gabapentinoids prescriptions in 2017 were for off-licence usage, with 20% co-

prescribed with an opioid (76).

With the rise in the number of opioid related deaths in the UK, it is understandable that
prescribers are turning to non-opioid related analgesics, which is leading to the rise in the
prescribing of GBP and PGL and corresponding rises in misuse, diversion and deaths. In
England, between 2012 and 2015 GBP prescriptions rose from 3.5 to 5.7 million, and PGL
prescriptions rose from 2.7 to 4.8 million prescriptions (37). Increased prescribing of GBP and
PGL has also been seen internationally (77). During this period in England and Wales, there
was a corresponding (though disproportionately high) rise in the annual number of deaths
where GBP (8 in 2012 to 49 in 2015, a six-fold rise) or PGL (4 in 2012 to 90 in 2015, a more
than twenty-fold rise) were documented on the death certificate (78). In 2018 the prescriptions

for GBP and PGL raised further to 7.36 million and 6.99 million in England, respectively (37).

However, many laboratories do not include GBP and PGL in their routine toxicology screening
for PM cases (79, 80). These drugs are screened for only if they are specifically mentioned in
the case documents received or specifically requested for; this issue has been reported
nationally and internationally (79-81). This means the number of deaths that are positive for
GBP and PGL is potentially being significantly under-estimated, but the extent of this is

unknown (82).

1.11.1 Pharmacology

Unlike BLF, GBP and PGL do not directly interact with the GABA receptors. (28). The
mechanism of action for GBP and PGL is not clearly understood but they are known to have a

high-affinity to a28-1 sub-units of the voltage-sensitive Ca®" channels, reducing the influx of
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Ca®" into the presynaptic terminal and thus decreasing the release of the excitatory
neurotransmitters glutamate and noradrenaline (31). GBP and PGL are known to cause
somnolence, sedation, respiratory and CNS depression/failure (83), and therefore they can have
enhancing or additive depressive effect when combined with other depressant drugs (e.g.

alcohol, opioid analgesics, etc.) (84).

After oral ingestion, GBP is absorbed slowly, with the peak plasma concentration reached
within 3 — 4 hours. PGL is absorbed more rapidly with the peak plasma concentration reached
within 1 hour. The bioavailability of GBP is dose dependant and is not proportional to dose.
The bioavailability of GBP is saturated at 60% (up to 900 mg dose), but when the dose is further
increased the bioavailability reduces to 33%. In contrast the bioavailability of PGL is dose
independent, with the maximum bioavailability remaining at > 90% regardless to the dose (85).
These pharmacokinetic properties makes PGL more dangerous than GBP at high doses

especially if combined with other CNS depressant drugs.

Both GBP and PGL have negligible plasma protein binding and metabolism (< 1% of dose)
(85), and are excreted unchanged mainly in the urine (81% and 98%, respectively). Patients
with renal problems will therefore require careful dose monitoring. Both drugs have low Vd of
0.8 — 1.3 L/Kg for GBP and 0.5 — 0.6 L/Kg for PGL, with an elimination half-life of 5 — 9

hours and 5 — 11 hours (2), respectively. A low Vd indicates that PMR will be minimal.

1.11.2 Heroin use with gabapentin and pregabalin

Heroin (diacetylmorphine) (Vd =2 — 5 L/Kg, elimination half-life of 1.3 — 6.7 hours) is a highly
addictive illicit drug (2). In the body, heroin is rapidly metabolised to 6-monoacetylmorphine
and then morphine. Morphine acts on the opioid receptors, imitating endorphins, and generates

feelings of calm and euphoria. Heroin causes inhibition of the gag-reflex and causes major
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respiratory and CNS depression, which are the main causes of death among the addict
population (84). As GBP and PGL also have the propensity to cause respiratory and CNS
depression, co-ingesting heroin with GBP or PGL will likely have an additive/enhancing effect
with the morphine and increase the risk of toxicity. In addition, it has been reported that
morphine increases the bioavailability of GBP by about 50% (85, 86) which will increase the
risk of toxic effects. Studies have shown concomitant use of an opioid with either GBP or PGL
substantially increases the risk of opioid-related death compared being treated with an opioid
alone (87). Animal studies have suggested that PGL can reverse tolerance to morphine at low
doses and that at higher doses it has an additive depressant effect on the respiratory system
(88). It has been reported that heroin users are known to experience a “zombie like” effect and
blackouts when co-ingesting PGL with heroin, making them more vulnerable to overdosing
(88). These reports suggest that misusing GBP or PGL with opioids, and especially heroin,

increases the risk of toxicity and death.

1.11.3 Tolerance and withdrawal

Tolerance to both GBP and PGL has been reported in the literature and is seen to develop
within a few weeks. A friend suffering from neuropathic pain recommended PGL to a 47 year
old (drug user) as it induced “very good feelings”. He took a few capsules and felt euphoric.
He started taking PGL regularly and developed tolerance to the drug. He was taking up to 7.5g
of PGL daily (maximum recommended daily dose 0.6 g). When he tried stopping PGL, he

developed withdrawal symptoms including sweating, unrest, tremor, and craving for PGL (89).

A 67 year old was prescribed GBP for pain management. She started increasing her daily dose
up to 7.2 g per day and developed tolerance. To obtain her drugs she started ‘doctor shopping’.
The pharmacist refused to give her any GBP medicines and she developed withdrawal

symptoms including trembling, sweating and excitation (90).
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1.11.4 Abuse potential

Originally GBP and PGL were thought to have no misuse potential. However, in the early
2000s an illicit market for GBP and PGL started to develop, especially among heroin users.
This was seen both nationally and internationally (28, 60, 91). The reason was that GBP and
PGL can produce effects similar to those of traditional recreational drugs, including significant
euphoric effects (a cannabis-like high), improved sociability and relaxation (28). Opioid users
state that PGL enhances the effects of opioids and decreases withdrawal symptoms (88). Modes
of ingestion include nasal insufflation, ‘parachuting’ and taking the tablets/capsules at amounts

far greater than the recommended therapeutic doses (92).

GBP and PGL are available illicitly over the internet, being bought from abroad and sometimes
obtained from friends and family (60). It has been reported that GBP has been used as a ‘cutting
agent’ in street heroin and users may not be aware of its presence (26). PGL and GBP misuse
amongst drug users and also people with no history of drug abuse have been observed
throughout Europe (UK, Finland, and Germany). Misuse of these drugs has been reported in
drug treatment centres in the UK, with PGL seemingly favoured over GBP (30). This trend has
been observed in Europe also (72). Drug users seem to be aware of the fact that these drugs are
not routinely tested for in drug treatment centres (28). Out of the drug user population, heroin
users and the prison population have been highlighted as the groups with the highest tendency
for GBP and PGL abuse (26-30). Some users are known to abuse these prescription drugs for

self-treatment (29).

A review of GBP and PGL cases from the European Medicines Agency’s Eudra Vigilance
database 2004 — 2015 indicated the rise in the use of these drugs. Of the cases involving GBP

(90,166) misuse was observed in 4.8%, and for those involving PGL (115,616), misuse was
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observed in 6.6%. Conversely, a greater number of fatalities are observed with GBP than PGL

(72).

Due to increasing illicit use of GBP and PGL, in 2014 Public Health England issued advice for
prescribers on the risk of misuse (30). In 2016 the Advisory Council on the Misuse of Drugs
(ACMD) advised the Home Office (UK) to schedule GBP and PGL under the Misuse of Drugs
Act 1971 as Class C controlled substances (93). The Home Office accepted the guidance from
the ACMD and planned to control GBP and PGL from April 2019 (this has now come into
effect) (94, 95). PGL is already controlled in the US under Schedule V of the Controlled

Substance Act since 2005 (96).

Only two more recent studies from other countries were found, from Finland (GBP and PGL
prevalence were 0.31% and 2.3%, respectively) and Germany (Munich, PGL prevalence was
4.4%) where all PM cases that required toxicological screening were screened for GBP or PGL
(27, 97), but pre-dated (prior 2013) the recent increase in the use of these drugs (32, 72). No
studies have been carried out in the UK to determine the prevalence of GBP and PGL on an
entire PM cohort. Although national and international studies have shown that GBP and PGL
are being used by heroin users, and with other CNS depressants (79, 88, 98), no data are
available to show the extent of GBP and PGL prevalence amongst heroin users in the UK. The
high prevalence of opioid use with GBP and PGL has been mentioned in the literature (27, 79,
80), however no distinction has been made between morphine from heroin use and morphine
from medicinal or unknown sources. Research is needed into the association of GBP and PGL

in deaths in the UK.

Other than the data published from this thesis, to date (2019) there are no other studies looking

at the prevalence or concentrations of GBP and PGL amongst heroin users in the UK.
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1.11.5 Gabapentin — Clinical therapeutic concentration ranges

Data from clinical studies show the therapeutic reference range in plasma for GBP when

prescribed for epilepsy was from 2 — 20 ng/mL (99).

1.11.6 Gabapentin — Concentrations seen in impaired drivers

In a study of impaired drivers, the median blood concentration of GBP was 7.0 pg/mL (range
<2.0-24.7 pg/mL, n = 137). In four cases where GBP (the only drug detected) most likely
caused impairment, the concentrations ranged from < 2.0 — 15.5 pg/mL (100). This study
indicated that impairment can be seen at concentrations within the therapeutic range. In another
study, the concentration in impaired drivers ranged from 1.5 — 31.0 pg/mL; however, there was

no mention of the other drugs screened for (101).

1.11.7 Gabapentin — Concentrations at which toxic symptoms

manifest, but individuals survive

In a study where patients with chronic kidney disease were given GBP, toxic symptoms
manifested in those with a serum concentration greater than 15 pg/mL (which is within the
therapeutic range) (102). An epileptic prescribed GBP at 1.8 g per day who developed tremor
and loss of cognitive function had a serum concentration of 85 pg/mL. Upon further
investigation it was discovered that the patient was taking her prescribed dose but had renal
failure causing accumulation of the drug. A 16 year old who ingested 48.9 g of her father’s
GBP tablets, was found lethargic and unable to communicate with a serum concentration of 62
pg/mL; she survived with hospital treatment (103). GBP concentrations ranged from 44.5 —
104.5 pg/mL in three cases where the patients had taken an intentional overdose of GBP but
survived with hospital treatment (104). It was not clear if these individuals would have survived

without hospital intervention.
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1.11.8 Gabapentin — Concentrations seen in fatalities

In two cases where death was attributed to GBP alone, the GBP concentration in PM iliac blood
was 37 pg/mL (105), and in the other case the PM femoral-vein blood concentration was 88

pg/mL (104). No other drugs were found in those cases that may have contributed to death.

In a study in Finland where all PM cases were screened for GBP in femoral-vein blood, the
concentrations ranged from 0.62 — 93 pg/mL (n =43). The cases were divided into GBP ‘abuse’
and ‘other use’ where the median concentrations were 12 pg/mL (range: 0.6 —45 pg/mL, n=
8) and 8.3 ng/mL (range: 2.7 — 93 pg/mL, n = 35), respectively. This showed that GBP can be
observed within the therapeutic ranges in those who abuse it. Eighty-eight percent of those who
abused GBP were positive for an opioid, but the concomitant use with heroin was not described
in the study. The cases where GBP was the main finding at PM were not discussed and no

potential ‘toxic’ or ‘cause for concern’ PM concentration was recommended (27).

In areport looking at GBP concentrations in 30 cases, the PM iliac blood concentrations ranged
from <1 — 82 pg/mL. Concentrations of GBP > 30 pg/mL were associated with deaths due to
mixed drugs toxicity. The report did not state if GBP was the main finding in these cases and

use of heroin or other drugs were not mentioned (106).

A PM study investigating GBP related deaths, stated that GBP concentrations ranged from 1.1
— 134 pg/mL (n = 60) in cases where GBP was a direct cause or contributory to death. In cases
where GBP was not considered to play a part in death the concentration ranged from 1.0 —23.0
pg/mL (n = 44). In this study the authors stated that blood concentrations > 14 pg/mL in the
presence of a low concentration sedative was sufficient to cause death, although the lowest
concentration at which death was seen without significant concentrations of other drugs was
higher, at 34 ng/mL (blood type unknown). In this study, femoral-vein blood was the preferred

sample but iliac, subclavian and heart bloods were also analysed. No distinction was made in
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the ranges provided based on sample type, which makes the interpretation of the concentrations
difficult. The prevalence of opioids with GBP (at 77%) was mentioned but heroin use was not

discussed (101).

A study which applied the recommendation suggested by Jones and Holmgren (12) to
characterise the drug concentration distribution into percentiles, found that the median GBP
concentration seen in PM femoral-vein blood was 11 pug/mL, and the 90® 95% and 97.5™
percentiles were 60, 103 and 157 pg/mL respectively (n = 135). No consideration had been

given to the case history and a potential toxic concentration was not suggested (107).

1.11.9 Pregabalin — Clinical therapeutic concentration ranges

Within the limited data on the therapeutic concentrations of PGL in the literature, for patients
receiving a maximum recommended daily dose of 600 mg, the plasma steady state
concentration ranged from 2 — 8 ug/mL (99). In patients receiving treatment for epilepsy (600
mg/day) the concentrations in plasma ranged from 0.87 — 14.2 pg/mL (median 4.88 pg/mL)

(108).

1.11.10 Pregabalin — Concentrations seen in impaired drivers

In a study of apprehended drivers the median serum concentration of PGL was 6.2 pg/mL
(range 0.68 — 111.6 pg/mL, n =206). In one case where PGL was the only psychoactive drug

detected (illicitly used), intoxication was seen at a serum concentration of 17.9 pg/mL (109).

1.11.11 Pregabalin — Concentrations at which toxic symptoms

manifest, but individuals survive

A man who took an intentional overdose of 8.4 g of PGL only, developed toxic effects (coma)
approximately 3 hours post-ingestion and had a serum PGL concentration of 66.5 ng/mL (110).

Another patient prescribed PGL who took a deliberate overdose had a PGL serum
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concentration of 20.8 ug/mL (111). In both cases the patient required hospital treatment, and it

is not clear if they would have survived without intensive supportive therapy.

1.11.12 Pregabalin — Concentrations seen in fatalities

A 31 year old male who had suicidal intention took a mixture of tablets and was found
deceased. He had valid prescription for PGL and his femoral-vein blood PGL concentration
was 110 pg/mL, with therapeutic amounts of temazepam and oxazepam (benzodiazepines). A
drug user was found dead after taking a mixture of drugs had a femoral-vein blood PGL
concentration of 48 pg/mL with therapeutic amounts of buprenorphine (opioid) and

benzodiazepines. In both cases the main finding was PGL (27).

In a study in Finland where all PM cases were screened for PGL in femoral-vein blood, the
concentrations ranged from 0.28 — 110 pg/mL (n = 316). The cases were divided into PGL
‘abuse’ (where the deceased was an illicit drug user and PGL was not prescribed to them) and
‘other use’, the median concentrations seen were 15 pg/mL (range: 0.4 — 110 pg/mL, n = 152)
and 5.8 pg/mL (range: 0.3 — 110 pg/mL, n = 164), respectively. Ninety-one percent of those
who abused PGL were positive for an opioid (27). In another study which looked for PGL in
all PM cases, the concentration ranged from 0.04 — 23.8 pg/mL (median = 5.18 pg/mL, n =
43). All but two results (heart blood) were from femoral-vein bloods, but heart blood results
were not separated from the femoral-vein blood results (97). The concomitant use of PGL with
opioids was mentioned in both reports however the use of heroin was not described in either

studies and a potential ‘toxic’ or ‘cause for concern’ PGL concentration was not suggested.

In a study looking at PGL in PM blood (n = 70), the PGL concentrations ranged from 0.005 —
226 png/mL; the site of sampling was mainly femoral but some sites were unknown, and in
some cases the concentration of PGL was not accurately measured. In this case series the author

attributed a PGL of 76 pg/mL as toxic (80). Another study looking at PGL concentrations in
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PM cases (n = 93), found that for those who had a drug related death, PGL concentrations
ranged from < 0.6 — 21.6 pug/mL. In those who had an alternative cause the death PGL
concentrations ranged from < 0.6 — 4.9 ug/mL and in those cases where PGL contributed to
death they ranged from 28 — 182 nug/mL (all cases contained other drugs). In this case series
both PM and AM samples were analysed and no distinction was made between the results. The
author recommended that a concentration of PGL > 25 pg/mL should be seen as significant
especially when combined with an opiate (79). In both studies the prevalence of concomitant
use of heroin with PGL was mentioned. However, as the authors selectively screened for PGL

in cases where PGL use/misuse was suspected, the results were biased.

A study which applied the recommendation suggested by Jones and Holmgren (12) to analyse
the drug concentration distribution as percentiles, found that the median PGL concentration
seen in PM femoral blood was 8.0 pg/mL, and the 90, 95" and 97.5™ percentiles were 35, 52

and 96 pg/mL, respectively (n = 380). No consideration was given to the case history (107).

1.11.13 Gabapentin and pregabalin — Post-mortem redistribution

GBP and PGL do not seem to undergo significant PMR when comparing PM peripheral and

central blood concentrations (106, 112).

1.11.14 Gabapentin and pregabalin — Summary of the literature

There are few reports in the literature on fatal overdoses of GBP and PGL where they were the
main finding, and those that do exist largely consist of extreme overdose cases. Most case
reports are of individuals who manifested toxic symptoms and survived with supportive
therapy. However, studies indicate impairment and deaths may occur at less extreme

concentrations. There are several reports on GBP and PGL concentrations in PM blood,
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however the blood sampling sites were not always clearly defined, or analyses were not
conducted solely using femoral-vein blood. This makes interpretation of the concentrations
reported difficult, as drug concentration in femoral-vein blood is recommended for PM
interpretation. Although the literature indicates GBP and PGL undergo minimal PMR, it is best

to have a data set from femoral-vein blood only.

No recent studies have investigated the prevalence of GBP and PGL in a PM cohort, and none
were from the UK. GBP and PGL are known to be misused by heroin users, however no studies
have investigated the prevalence and concentrations of GBP and PGL in the heroin user
population. In the literature, no recommendation was found for what is a potential ‘toxic’ or
‘cause for concern’ concentration for GBP in PM femoral-vein blood, and only one paper
recommended a ‘cause for concern ‘concentration for PGL. Both drugs are not routinely
screened for in forensic laboratories and selective analysis is conducted, meaning the influence
of GBP and PGL in deaths may be being missed and therefore under-estimated. To interpret
concentrations from PM cases, reference data from toxicological analysis conducted on PM
femoral-vein blood, from all types of death (natural and overdose), are needed to compile
unbiased meaningful concentration ranges. Case history and other drugs present also have to

be considered.

Due to the limited data in the literature, the prevalence and concentrations of GBP and PGL in
PM femoral-vein blood should be investigated in all case types and particularly in heroin users.
The potential extent of under-reporting due to selective screening and poly-drug use in a PM
population needs to be investigated. Currently there are limited data on what is potentially a
‘normal’ and ‘toxic’ concentration for GBP and PGL in PM femoral-vein blood; this should be

investigated to provide a guide for toxicologists to aid interpretation.
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1.12 Current extraction and analytical methods for

baclofen, gabapentin and pregabalin in biological matrixes

There are many analytical methods available for the analysis of BLF, GBP and PGL in
biological matrixes. They have been analysed individually using HPLC (113-116), GC-MS
(63, 117, 118) and more recently LC-MS/MS has been employed (119-121). Most published
HPLC methods require pre-column derivatisation as the drugs do not have a suitable
chromophor for fluorescence or UV detection (113, 116, 122). Many GC-MS analyses of these
drugs also require a form of derivatisation (63, 117, 118). Derivatisation is a time consuming
process involving multiple steps of concentrating extracts before derivatisation, and in some
instances requiring multiple reagents. Several methods have been reported where GBP and
PGL have been analysed together (122, 123). Only one quantitative method has been reported
where BLF, GBP and PGL were analysed together in whole blood, but requires an
ultrafiltration step using expensive Amicon Ultra filter units (121). Most methods use a form

of protein precipitation (124, 125) or solid-phase extraction (66, 117).

Quantification using LC-MS/MS is becoming more common due to increased sensitivity and
selectivity. Published methods for LC-MS/MS do not always utilise the deuterated analogue as
an internal standard (IS) e.g. BLF—d4, GBP-di10, PGL-ds (112, 119, 120, 124, 126). It is essential
to use deuterated analogues when analysis is performed by LC-MS/MS, as it is the only way

to accurately compensate for potential matrix enhancement or suppression.

Many LC-MS/MS methods monitor two or three product ions (121, 123, 126) while a few have
monitored only one product ion (112, 124, 127) for both confirmation and quantification.
Monitoring only one product ion for confirmation increases the chance of reporting a false
positive result. Using full-scan monitoring, or selective ion monitoring in tandem with full-

scan monitoring is possible with LC-MS/MS, though loss of sensitivity is generally observed.
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1.13 Current situation in the Toxicology Unit for the

screening of baclofen, gabapentin and pregabalin

The Toxicology Unit, Imperial College London, performs toxicological analysis on PM
samples submitted by pathologists on behalf of Coroners. The Coroners’ jurisdictions covered
by the Unit include 7 of the 8 jurisdictions in London (North, Inner North, South, Inner South,
Inner West, East and City of London) and areas in the South East of England (Peterborough,
Reading, Slough and Suffolk) covering approximately 15% of England’s population. Based
on the request by the pathologist and consideration of the case history and samples submitted,
post-mortem analyses may include a routine toxicological drugs screen in blood for prescribed,
over-the-counter and controlled drugs (128), measurement of alcohol, a specific screen for
morphine and a urine drugs of abuse screen (129). All positive morphine screens are accurately
quantified using an in-house SPE method (limit of detection 0.01 pg/mL). All work is carried
out in accordance with The UK & Ireland Association of Forensic Toxicologists (UKIAFT)

guidelines (130).

From 2012 to 2014, the Unit had observed a doubling in the number of heroin related deaths.
In 2012, 65 deaths out of 1340 cases (4.9%) were related to heroin use, in 2014, 228 deaths out

of 2205 cases (10.3%) were related to heroin use.

In 2015, when these studies commenced, the Unit only screened for GBP and PGL in the
routine urine drugs of abuse screening method using GC-MS. BLF was not detected in the
urine using that method. Only approximately 50% of PM cases received at the Unit have a
urine sample, some of which have insufficient volume for analysis. In cases where GBP and
PGL use was indicated in the case documents, a blood sample was sent to an external laboratory

for analysis. The Unit did not have a screening method for BLF, GBP and PGL in PM blood.
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1.14 Hypotheses

The hypotheses for this project are

1.

The number of deaths associated with BLF, GBP and PGL are being significantly
under-estimated due to the selective toxicological screening approach, where these

drugs are only screened for in PM cases if they are mentioned in the case documents.

There are a number of BLF-associated deaths where BLF is being used recreationally.

The prevalence of GBP and PGL is significantly higher in heroin users than in non-

heroin users.

The concentrations of GBP and PGL are significantly higher in heroin users compared
to non-heroin users and are therefore contributing to the increased risk of death in

heroin users.

1.15 Aims

1.

To develop and validate a simple, cost and time efficient method which allows for the
routine screening and quantification of BLF, GBP and PGL in PM femoral-vein blood.
As protein precipitation extraction techniques are generally quick and simple and LC-
MS/MS analysis provides the required sensitivity and selectivity, these approaches will

be investigated.

To conduct a one-year pilot study to determine if the study is feasible. Using the
developed method, all PM femoral-vein bloods from cases (that fall within the inclusion
criteria — see Section 3.3) received at the Unit will be screened for BLF, GBP and PGL.

This will allow for the prevalence of these drugs to be determined in an entire PM
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cohort and for GBP and PGL in the subcategories heroin user and non-heroin users.
Determining the prevalence of the drugs will help establish if there is a need to screen
for these drugs in all cases. If the pilot study shows a meaningful outcome, then the

study will be carried on for another year to obtain the sample size required.

To investigate the case documents for the cases that screen positive for BLF, GBP and
PGL to see if these drugs were mentioned. This will allow for the extent of under-
reporting of these drugs in deaths to be determined due to the selective screening
approach where these drugs are only screened for if they are mentioned in the case

documents.

To investigate co-ingestion of other drugs with BLF, GBP and PGL to see if any

patterns emerge or toxicity enhancing combinations are detected.

To accurately quantify BLF, GBP and PGL in all positive cases. The approaches
described by Druid et al. (1997) and Jones and Holmgren (2009) will be applied as best
possible to potentially establish a ‘normal’ and ‘cause for concern’ concentration ranges

for these drugs in PM femoral-vein blood.

To compare concentrations of GBP and PGL in heroin users with those in non-heroin
users to determine if heroin users are using significantly greater amounts of the drugs

than non-heroin users, therefore increasing the risk of toxicity.

To compare the morphine concentrations (morphine from heroin use) in heroin users
that are positive for GBP or PGL to the morphine concentrations in heroin users that
are negative for both drugs (control group). This may help determine if the heroin users
who use GBP or PGL take different amounts of heroin compared to those who do not

use GBP or PGL.
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CHAPTER 2: DEVELOPMENT AND
VALIDATION OF AMETHOD FOR THE
ANALYSIS OF BACLOFEN, GABAPENTIN AND
PREGABALIN IN POST-MORTEM FEMORAL-
VEIN BLOOD
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2.1 Introduction

There are many analytical methods available for the analysis of baclofen (BLF), gabapentin
(GBP) and pregabalin (PGL) in biological matrixes. They have been analysed individually
using high-pressure liquid-chromatography (HPLC) with either UV or fluorescence detection
(113-116), gas chromatography-mass spectrometry (GC-MS) (63, 117, 118) and more recently
liquid chromatography-tandem mass spectrometry (LC-MS/MS) has been employed (119-
121). Most published HPLC methods require pre-column derivatisation as the drugs do not
have a suitable chromophor for fluorescence or UV detection (113, 116, 122). Many GC-MS
analyses of these drugs also require a form of derivatisation (63, 117, 118). Derivatisation is a
time consuming process, and in some instances requiring multiple reagents. Several methods
have been reported where GBP and PGL have been analysed together (122, 123), however to
my knowledge only one quantitative method has been reported where all three drugs were
analysed together in blood, but used an expensive filtration process (121). Most methods use a
form of protein precipitation (124, 125) or solid-phase extraction (SPE) (66, 117). A simple,
efficient and cost-effective method is required to simultaneously analyse these drugs in post-

mortem blood, so that the method can be used in a routine screening protocol.

This chapter describes the method development for the screening and quantification of BLF,
GBP and PGL in post-mortem femoral-vein blood using LC-MS/MS. The method development
initially involved determining the precursor and product ions for the analytes and the deuterated
internal standards, baclofen-ds (BLF—d4), gabapentin-dio (GBP-di0) and pregabalin-ds (PGL-
ds) by analysing methanolic standards on the LC-MS/MS. A standard LC-MS/MS setup was

then optimized to obtain the most efficient run times and appropriate analyte sensitivity.

After optimizing the instrument, a basic protein precipitation method was applied to drug-free

whole blood samples (un-spiked and spiked with analytes) to initially determine the optimal
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extraction solvent to use. Once the final extraction method was selected, the method was fully
validated according to United Kingdom and Ireland Association of Forensic Toxicologists

(UKIAFT) guidelines (130).
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2.2 Chemicals and materials

Baclofen () (0.5 mg/mL), GBP, PGL (1 mg/mL), GBP-dio, PGL-ds (0.1 mg/mL) and sodium
azide (5 g) were purchased from Sigma-Aldrich Company Ltd (Poole, UK). BLF—d4 (10 mg)
was purchased from LGC Standards (Teddington, UK). Acetonitrile (LC/MS grade), methanol
(analytical grade) and 90% formic acid (analytical grade) were purchased from VWR
(Lutterworth, UK). Deionised water (15.0 MQ.cm at 25°C) was produced in-house using
PURELAB Option-R7/15 (ELGA-VEOLIA, UK) water purifier. Drug-free blood (DFB) was
made from expired human blood plasma and blood cells obtained from a hospital blood
transfusion department (50/50%) and sodium azide was added to it as preservative at 0.1%

(stored at 5°C).

2.3 Instrumentation - Liquid chromatography-tandem

mass spectrometry

For chromatographic separation and analysis, a 1260 Infinity Binary high-performance liquid
chromatography system coupled to a 6460 Triple Quadrupole (TQ) mass spectrometer using
electrospray ionisation (ESI) (Agilent Technologies, UK) was selected. Mobile-phase A was
composed of deionised water: formic acid (0.1%) and mobile-phase B contained acetonitrile:
formic acid (0.1%). Chromatographic separation was performed at 40°C column temperature
and a flow rate of 0.20 mL/min using a Poroshell 120 EC-C18 HPLC column (2.1 x 100 mm,
2.7 um) (Agilent Technologies, UK). A guard cartridge (EC-C18 2.1 x 5 mm, 2.7 pm) was
connected to the chromatographic column. To control the LC system, TQ mass spectrometer
MassHunter Data Acquisition software (version B.06.00) was used. For data analysis QQQ

Quantitative Analysis software (version B.06.00) was used.
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2.4 Instrument re-configuration

The standard configuration of the binary pump system was modified to a low delay volume
mode by bypassing the damper and mixer hence removing a total delay volume of up to 800
pL. Using a low flow rate of 0.2 mL/min for a gradient application, and having the damper and
mixer intact would increase the total run time of the method by several minutes (approximately

10 — 15 mins).

2.5 Determination and generation of precursor and product
ions

2.5.1 Preparing methanolic standards

Separate methanolic standards were prepared for BLF, BLF—d4, GBP, GBP-dio, PGL, and
PGL-d¢ (1 pg/mL) and 2 pL of each standard was injected onto the instrument using the

Optimizer software in both positive and negative ionisation modes.

2.5.2 MassHunter Optimizer software

The MassHunter Optimizer software was utilised to auto-optimise analyte-dependent
parameters for BLF, GBP and PGL, and their deuterated internal standards, BLF-d4, GBP-dio
and PGL-ds. On providing the software with the chemical formule of the analytes and injecting
a methanolic solution of the analytes onto the instrument under the control of the Optimizer
software, the LC-MS/MS performs multiple experiments in positive or negative ionisation
modes. A range of fragmentor voltages and collision energies were applied to the analytes to
produce and determine the optimal precursor ion and the ten most abundant product ions, and

the optimal fragmentor and collision energies required to produce them. The LC-MS/MS and
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the Optimizer software parameters for determining the precursor and products ions are listed

in Table 2.1.

Table 2.1 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) and Optimizer

software parameters to determine precursor and product ions

LC Parameters

Mobile-phase %

A B
Gradient program Isocratic 30 70
Flow rate 0.10 mL/min
Max pressure limit 600 bar

Triple Quadrupole mass spectrometer parameters

Tonisation Mode

Scan type

Gas temperature
Gas flow
Nebulizer pressure
Capillary voltage
MSI1 Heater

MS2 Heater

ESI (Positive and Negative mode)
MS2 Scan

350 °C (N, gas)

6 L/min

15 psi (103.4 kPa)

1500 (pos), 3000 (neg)

100 °C

100 °C

MassHunter Optimizer Software parameters

Fragmentor coarse range
Collision energy range
Cell accelerator voltage
Optimization dwell time
Precursor ion selection

Product ion selection

5-300 V (£ 5 steps in around coarse)
5-70V

4V

20 ms

+/-H (charge state 1)

Low mass cut-off 40 m/z

Mobile-phase A: deionised water: formic acid (0.1%)

Mobile-phase B: acetonitrile: formic acid (0.1%)

ESI : Electrospray ionisation
MS: Mass spectrometer
m/z: Mass/charge ratio
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2.5.3 Selection of quantifier and qualifier ions (primary product

ions)

The positive ionisation mode provided the more abundant precursor and product ions than the

negative mode, therefore positive mode was selected for the method.

The Optimizer software automatically selected the optimal precursor ion for each analyte. The
most abundant product ion (generated from the precursor ion), per analyte, was selected as the
quantifier ion used to quantitate analyte concentration. The second most abundant ion was
selected as a qualifier ion, which is used to confirm the identity of the analyte. Both quantifier
to qualifier ions, also known as the ‘primary ions’, have to be present at the correct ratio (+
20%) and at the correct retention time (Rt) (= 10%, based on a certified standard) to confirm
identification. The remaining generated product ions are known as the ‘triggered’ or the
‘secondary ions’. Table 2.2 displays the optimal ion transitions (precursor and product ions)

and voltages selected by the Optimizer software for each analyte and internal standard.
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Table 2.2 Optimal ion transitions and parameters selected by the Optimizer software for
baclofen, baclofen-d4, gabapentin, gabapentin-dio, pregabalin and pregabalin-d¢ analysis in

positive ionisation mode

Baclofen Gabapentin Pregabalin
Precursor Ion (m/z)  214.1 172.1 160.1
Product Product Product
Ions CE (V) CAV ITons CE (V) CAV Ions CE (V) CAV
(m/z) (m/z) (m/z)
Quantifierion (1°)  150.9 17 7 154.0 13 7 55.2 25 7
Qualifierion (1°) 115.0 57 7 137.0 17 7 142.1 7
Triggered ions (2°)  196.6 9 4 119.1 17 4 143.3 9 4
178.9 13 4 95.1 25 4 125.1 13 4
172.9 5 4 93.1 25 4 124.1 13 4
144.0 21 4 91.1 29 4 97.2 13 4
116.0 37 4 77.2 45 4 83.2 13 4
97.0 17 4 67.2 33 4 69.2 21 4
89.1 69 4 55.2 29 4 432 33 4
56.0 45 4 413 61 4 41.3 41 4
Trigger threshold 40 100 100
Fragmentor (V) 79 108 84
Baclofen-d, Gabapentin-do Pregabalin- dq
Precursor Ion (m/z) 218 182.2 166.2
Product Product Product
Ions CE (V) CAV ITons CE (V) CAV ITons CE (V) CAV
(m/z) (m/z) (m/z)
Quantifier ion (1°)  120.1 41 7 164.1 13 7 148.1 9 7
Qualifierion (1°)  119.0 45 7 147.1 17 7 583 25 7
Triggered ions (2°)  201.0 9 4 140.9 5 4 149.0 9 4
154.9 21 4 121.8 17 4 130.4 13 4
135.8 9 4 73.2 41 4 103.2 13 4
55.2 25 4 89.3 13 4
59.3 25 4
57.3 25 4
55.2 21 4
453 49 4
Trigger threshold 50 100 100
Fragmentor (V) 84 103 84

CE: Collision energy
CAV: Cell accelerator voltage
m/z: Mass/charge ratio
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2.6 Determining optimal retention times

After selecting the precursor and primary ions for each analyte, a multiple reaction monitoring
(MRM) method was created, where only the precursor to quantifier and qualifier ion transitions
were monitored for each analyte during the entire run time of the MRM method (two ions per

analyte, a total of 12 ions monitored).

A methanolic solution containing all analytes, at 1 pg/mL, was prepared and was analysed on
the LC-MS/MS using the MRM method and a standard LC gradient setup to ensure the mobile
phase and LC column were suitable for analysis and to observe the compounds’ initial Rt. The
gradient mobile-phase setup was then enhanced to reduce the total running time of the MRM

method without compromising peak shape or sensitivity for the detection of the compounds.

The final gradient method selected had a sample run time of 8.10 min with a 5 min post-time
to re-equilibrate the column (total run time/sample: 13.10 min). The Rt for the compounds were
as follows: baclofen (4.74 min), baclofen-d4 (4.73 min), gabapentin (4.48 min), gabapentin-dio

(4.45 min), pregabalin (4.49 min) and pregabalin-des (4.47 min).

The selected LC-MS/MS gradient parameters are listed in Table 2.3.
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Table 2.3 Liquid chromatography (LC) gradient and Triple Quadrupole mass spectrometer

parameters selected for baclofen, baclofen-ds, gabapentin, gabapentin-dio, pregabalin and

pregabalin-ds analysis.

LC Parameters

Mobile-phase %

Time (min) A B
Gradient program 0.0 95.0 5.0

0.1 95.0 5.0

5.0 10.0 90.0

Flow

8.0 10.0 90.0 rate

8.1 95.0 5.0 0.20 mL/min
post-time S min hold 95.0 5.0

Max pressure limit

600 bar

Triple Quadrupole mass spectrometer parameters

Tonisation Mode ESI (Positive mode)

Scan type MRM (dynamic-MRM for t-DMRM)
Gas temperature 350 °C (N; gas)

Gas flow 6 L/min

Nebulizer pressure 15 psi (103.4 kPa)

Capillary voltage 1500 (pos)

N, (high purity: 29.0 psi / 199.9 kPa
Collision Gas 2 (high purity p )

MS1 Heater 100 °C
MS2 Heater 100 °C
Cycle time 500 ms
Resolution (MS1 and MS2) Unit

Mobile-phase A: deionised water: formic acid (0.1%)
Mobile-phase B: acetonitrile: formic acid (0.1%)

ESI : Electrospray ionisation

MS: Mass spectrometer

MRM: Multiple reaction monitoring

t-DMRM: Triggered-dynamic multiple reaction monitoring
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2.7 Confirmatory triggered ions (secondary product ions)

Although the presence of the quantifier and qualifier primary ions at the correct ratio and Rt is
satisfactory to confirm the identity of the analyte, a more robust confirmatory method is to
monitor for the remaining product ions (maximum of 8 secondary ions or triggered ions - see
Table 2.2) to generate a confirmatory product ion spectrum. This product ion spectrum can be
compared to the spectrum generated by a certified drug standard to robustly confirm analyte
identity. To generate the product ion spectrum, a triggered-dynamic multiple reactions

monitoring (t-DMRM) method was created from the MRM method.

2.7.1 Triggered-dynamic multiple reactions monitoring mode

To utilise the product ion scanning ability in t-DMRM, the scan type on the instrument was
changed from MRM to dynamic-MRM (d-MRM). This mode enabled the MS/MS to acquire
and monitor only the relevant transitions of the specific analyte at their specific retention time
window, rather than scanning for all transitions for each analyte throughout the total run time.
Monitoring a maximum of 10 MRM transitions takes < 50 ms, which means the cycle time is
fast and dwell times are high, therefore more data points can be acquired across the analyte's
peak increasing sensitivity for the analytes. In the t-DMRM acquisition mode, the primary ions
are continuously acquired for the analytes at their retention time window only. When the
primary product ion with the highest m/z reaches a user defined abundance threshold, the
remaining product ions (the secondary ions, maximum of eight) of the analytes are then
triggered to be monitored at only three discrete points along the analyte's peak rather than being
monitored continuously across the whole peak. This generates a product ion spectrum specific
to the analytes which can be library matched to a reference standard. This product ion scan can

be performed in a single analytical run without compromising sensitivity. Being able to
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simultaneously quantify and confirm the analytes in a single run maximises the time and cost

efficiency of the method.

A t-DMRM method was created for the analytes and internal standards (gradient set-up as
shown in Table 2.3), and a methanolic mix of reference standards (analytes and internal
standards) was run to ensure the method was triggering at the correct time and all the ions were
being identified. Figure 2.1 displays the ion transitions monitored using t-DMRM method at
the retention time of an analyte. Figure 2.2 displays the ion transition peaks generated for BLF,

GBP and PGL (reference standards) in the t-DMRM mode and product ion spectral match.

<«— Quantifier ion

Qualifier ion

Triggered ions

5 438 44 442 424 A5 A28 A5 A52 454 A56 458 4
Counts vs. Acguisition Time (min)

Figure 2.1 A schematic representation of an analyte peak generated using triggered-dynamic
multiple reactions monitoring method showing the ions monitored at the retention time of the

analyte.

75



Limon K. Nahar

| x01]
2 |
5 | — 21411509
5 7 2141 1150
44 46 48 5
Acquisition Time (min)
b)
3
?W — 172151540
[=]
U -
06-
1721 1370
N
41 43 45 47
Acquisition Time (min)
c)
2 x0?]
S 1 —— 16013552
o : 1501 1421
06
0.2

41 ' 43 45 ' 47 ' 49

Acquisition Time (min)

! Lib Match Score=98.8
w103
E ] 1150 1509
=]
6 el [
0 31!! | | L
{ 360 1 1789
& 150 1509
60 w0 140 1B T 20
Mass-te-Charge (m/f2)
i Lib Match Score=93.9
w x103
T i 154.0
S i
=]
Q 4 1370
B2 B e ||
e —
ﬁ 1
T ’ 1370
i 1540
a s 120 .l
Mass-te-Charge (m/f2)
Lib Match Score=93.9
m ¥10 3
E 4l %2 142.1
S
o412 §92832972 1241 1601

|
| J B2g72 1241 l v
14 2 1421

a0 w0 1 e
Mass-to-Charge (m/z)

Figure 2.2 Reference standards analysed using liquid chromatography-tandem mass

spectrometry in triggered-dynamic multiple reactions monitoring mode, showing peaks for

quantifier (black) and qualifier (blue) ions and the product ions spectrum match of a) baclofen

b) gabapentin, c) pregabalin
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2.8 Selection of extraction method

Liquid-liquid extraction (LLE), protein precipitation (PP) and SPE are the most common
methods used for extracting and purifying analytes from complex biological matrixes. LLE and
PP methods are generally cheaper, quicker and provide a higher analyte recovery than SPE
methods. However, SPE methods generally provide a much cleaner extract than LLE and PP

methods. PP methods a generally simpler and quicker than LL extraction methods.

As a simple, cost effective and quick screening and quantitation method was required for BLF,

GBP and PGL in PM blood, it was decided that a PP method would be developed.

2.8.1 Selection of protein precipitation solvent

Two of the most common solvents used for PP, methanol and acetonitrile, were examined to
identify the solvent that required the least laborious extraction process, provided the cleanest

extract and the best recovery for the analytes.

2.8.2 Comparing cleanliness of extracting solvent

Initially a very basic PP method was applied to drug-free blood (DFB) using the two solvents

to determine which solvent provided the cleaner extract.

One hundred pL of DFB and 300 pL of deionised water was added to six micro-centrifuge
tubes. The samples were vortex mixed thoroughly and then centrifuged for 2 min at 8,050 x g.
A 100 pL aliquot of supernatant from each sample was pipetted into clean micro-centrifuge
tubes. Then, 200 pL of acetonitrile was added to three aliquots and 200 pL of methanol was
added the remaining three (single addition). The samples were vortex mixed and centrifuged

as previously described.
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On centrifuging, the samples containing acetonitrile produced a clear, colourless supernatant
with all the blood cells settling to the bottom of the tube. The samples containing methanol
produced a pink/red supernatant with some blood cells settling to the bottom of the tube. This

indicated that a further clean-up step was required for the methanol extract.

A 100 pL aliquot of the supernatants containing methanol or acetonitrile was then transferred
into clean tubes and an additional 100 pL of methanol or acetonitrile was added to

corresponding tubes (double addition). The samples were vortex mixed and centrifuged.

The supernatant containing acetonitrile remained clear and colourless with no sedimentation.
The supernatant containing methanol now produced a clear, colourless supernatant with all the
blood cells settling to the bottom of the tube. One microliter of each supernatant was then
analysed on the LC-MS/MS using the developed gradient set-up shown in Table 2.3 with the
scan type set to MS-2 scan (m/z 40 — 1000), to observe the cleanliness and amount of
endogenous compounds extracted from blood. Figure 2.3 shows the total ion chromatogram

(TIC) generated for the methanol and acetonitrile extracts overlaid.

The TIC showed that the cleanliness of the extracts were the same for both methanol and
acetonitrile at the retention times for analytes, and that overall methanol extracted a little more

of the endogenous compounds than the acetonitrile extracts.

2.8.3 Comparing analyte recovery of extracting solvent

Quality control (QC) standards at a low and high concentration (BLF: 0.08 and 0.80 pg/mL;
GBP and PGL: 1.5 and 40.0 pg/mL) were prepared in deionised water and the QC’s were
extracted using the above method (with both acetonitrile and methanol, in duplicate) by
replacing 100 pL of the deionised water with 100 puL of the QCs. The methanol and acetonitrile
extracts were analysed using the developed t-DMRM method, and the absolute abundance of

each analyte was compared between the two solvents.
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Using the above method, both solvents successfully extracted all analytes at both QC
concentrations. Table 2.4 displays the response observed for the QCs extracted using methanol
and acetonitrile. It was observed that on average (n = 2) methanol extracted only 12 % more of
BLF, 7% more of GBP and 6% more of PGL at the low QC, and a maximum of 3% more of

all analytes at the high QC when compared to the acetonitrile extract.

2.8.4 Conclusion: solvent selection

In conclusion, acetonitrile provided a cleaner extract with less clean-up steps compared to
methanol, and provided comparable analyte recovery to the methanol extracts, acetonitrile was

selected for method development.
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Figure 2.3 Overlaid total ion chromatograms generated for methanol (black) and acetonitrile

(red) extracted drug-free blood.

Table 2.4 Comparing extraction recovery of baclofen, gabapentin and pregabalin using

methanol (MeOH) and acetonitrile (ACN)

Response (Counts)
Baclofen Gabapentin Pregabalin
Quality Control samples MeOH ACN MeOH ACN MeOH ACN
Lowa 279 224 34309 33202 32214 31352
Lowb 251 241 36816 32696 34352 31072
High a 913 894 125031 122003 115769 112921
High b 918 874 125990 122951 119012 113779
Average response Low (n=2) 265 233 35563 32949 33283 31212
Average response High (n=2) 916 884 125511 122477 117391 113350

Low = Baclofen at 0.08, gabapentin and pregabalin at 1.5 pg/mL
High = Baclofen at 0.80, gabapentin and pregabalin at 40.0 pg/mL
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2.9 Comparing single acetonitrile addition to double

acetonitrile addition extracts

On comparing the TIC of the single addition of acetonitrile to the double addition extract, it
showed that the double addition did overall provide a cleaner extract (see Figure 2.4), but in

the region were the analytes elute there was only minor differences.

On comparing the recovery of the analytes (using QCs low and high (n = 4)) of the single
addition extract to the double acetonitrile addition extract, showed that the single addition
method provided a higher recovery for all analytes (+50%). However there was a concern for

instrument overloading. As the single solvent addition step was an efficient method it was

selected.
Approximate retention time
*’;EH I for baclofen, gabapentin and
8 .
c .

Time (min)

Figure 2.4 Overlaid total ion chromatograms generated for single acetonitrile addition (black)

and double acetonitrile addition (red) extracted drug-free blood.
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2.10 Extraction method — Protein precipitation

The normal procedure for developing a quantification method is to prepare a calibration line
with a minimum of 4 calibration points which covers the anticipated concentration of the
analytes in the specimen. The calibration standard (and QCs) should contain suitable internal
standards with similar properties to the analytes, and be matrix matched to the specimen, in
this case post-mortem blood. The deuterated form of the analytes should be chosen as internal
standard as they will have the most similar chemical and physical properties to the analytes and
therefore extract in the same manner. They are also unlikely to be present in the specimen that
is to be quantified. A blank sample containing only the matrix (no drugs) and a zero containing
the internal standard only should also be extracted alongside the calibration standards to ensure
the blood used to matrix match is free of interference at the analytes and internal standards Rts,
and also free of the analytes to be quantified. The zero sample is extracted to ensure the internal
standards are not providing any interference to the analytes to be quantified. QC samples
(prepared independently to the calibration standards) should also be analysed at an analyte
concentration that monitors the performance of the assay near the bottom and top of the

calibration line.

The method used to compare recovery between methanol and acetonitrile was modified to
develop the extraction method. The final extract was diluted to prevent instrument overloading.
The calibration ranges for the analytes were selected to cover the analytes therapeutic reference
range in humans (baclofen: up to 1.10 pg/mL (66), gabapentin: 2 — 20 pg/mL (10), and

pregabalin: 2.0 — 8.3 ng/mL (116)). The method is presented below.

82



Limon K. Nahar

2.10.1 Preparation of calibration standards

A stock working solution containing 1.00 pg/mL of BLF and 50.0 pg/mL of GBP and PGL

was prepared in deionised water and was stored at -20°C until needed.

The stock working solution was diluted with deionised water to prepare five calibration
standards consisting of: 0.05, 0.10, 0.20, 0.50 and 1.00 pg/mL for BLF, and seven calibration
standards consisting of: 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 and 50.0 pg/mL for GBP and PGL in
micro-centrifuge tubes (100 pL total). Additionally, 100 pL of blank and zero sample

(deionised water) was prepared in micro-centrifuge tubes.

2.10.2 Preparation of quality control standards

Quality control (QC) standards at a low and high concentration (BLF: 0.08 and 0.80 pg/mL;
GBP and PGL: 1.5 and 40.0 pg/mL) were prepared in deionised water. The QCs were prepared
independently from the calibration standards — prepared by a different person using a different

lot of certified standards. They were stored at -20°C until needed.

One hundred pL of the low and high QC (singlet) were pipetted into micro-centrifuge tubes.

2.10.3 Preparation of post-mortem blood specimens

A 100 pL sample of undiluted post-mortem (PM) femoral blood specimen was pipetted into

micro-centrifuge tubes in duplicate.

2.10.4 Preparation of internal standard

A stock solution of the deuterated internal standard (IS) containing 0.30 pg/mL of BLF-d4 and
0.50 pg/mL GBP-dio and PGL-d¢ was also prepared in deionised water and stored at -20 °C

until needed.
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2.10.5 Protein precipitation extraction

To the calibrators, blank, zero and QCs (100 nL), 100 uL of DFB was added. To the PM bloods
(100 uL), 100 pL of deionised water was added. A total of 200 puL of the IS solution was then
added to the calibrators, zero, QCs and PM bloods, while 200 pL of deionised water was added
to the blank. The samples were vortex mixed thoroughly and then centrifuged for 2 min at
8,050 x g. A 100 pL aliquot of supernatant from each sample was pipetted into clean micro-
centrifuge tubes. Then, 200 pL of acetonitrile was added to the aliquots followed by vortex
mixing and centrifugation as previously described. Finally, 50 uL of the sample supernatants
were transferred into LC vials and diluted with 50 pL acetonitrile. The samples were injected
(1 pL) onto the LC-MS/MS using the developed t-DMRM method. MassHunter QQQ

Quantitative Analysis software (version B.06.00) was used to analyse the data.

2.10.6 Preliminary results

Initially to establish if the method was producing acceptable results for the calibration standards
and the QCs, only one set of calibrators, blank, zero and QCs were extracted and processed.
The initial results showed that the calibrators produced a linear calibration lines for the three
analytes and the QCs were within + 20% of their actual value. This indicated that a full

validation of the method could now be carried out.
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2.11 Method validation parameters

Method validation is a series of experiments used to establish that the analytical procedure is
robust, fit for purpose and that the analytical results are reliable, accurate and reproducible. For
validation the following criteria were determined: specificity/selectivity, regression line
weighting, linearity and range, limit of detection (LOD) and limit of quantification (LOQ),
intra-day and inter-day accuracy and precision, stability, recoveries and assessment of matrix
effects. Validation was performed according to UKIAFT guidelines. All analyses were carried

out using human DFB to matrix match with PM blood.

2.11.1 Specificity /selectivity

The specificity of the method was determined by extracting and analysing eight different
sources of DFB samples to establish the absence of chromatographic interference from
endogenous compounds with the analytes of interest. An interference study was conducted
using a single mix containing 54 drugs frequently observed in toxicological screening. This
mix was added to DFB and extracted using the analytical method. The mix included
amfetamines, benzodiazepines, cocaine, opioids, anti-depressants, anti-psychotics, drugs given
during emergency treatment and over-the-counter drugs at concentrations ranging from 0.05 —

125 pg/mL, the concentrations appropriate for each individual drug.

2.11.2 Regression model

Five replicates of each calibrant were extracted and an average linear calibration line was
generated for the analytes. Using the data obtained, a residual plot was used to determine
homoscedasticity of the analytes. To determine the type of weighting required, linear
calibration lines were prepared using the average response from each calibrant replicate (n =

5) with no weighting, '/x and !/x? for each of the analytes. The accuracy at each calibration
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point was calculated by comparing the theoretical concentration of each calibrant to the
calculated concentration obtained from the different calibration line model (131). The
weighting type was selected based on the simplest model that adequately described the

concentration—response relationship (< + 15% error for each calibrant).

2.11.3 Linearity, limit of detection and quantification

Linearity was verified by analysing three full calibration lines on three non-consecutive days
(n=9). For the calibration line to be acceptable, the lowest quantifiable value had to be within
+ 20% of its theoretical value compared to its extracted values against the obtained calibration
line and the rest of the calibration standards were required to be within = 15%. The LOQ was
defined as the lowest concentration that could be reliably and reproducibly detected with the
presence of the quantifier and qualifier ions at an acceptable ratio (= 20% error) and a signal to
noise ratio (S:N) greater than ten. The LOD was set as the lowest concentration that could be
detected with the presence of the quantifier and qualifier ions at an acceptable ratio (= 20%)
with an S:N > 3. All triggered product ions had to be present at the LOQ and LOD

concentrations.

2.11.4 Accuracy and precision

For intra-day and inter-day analysis, five replicates of the low and high QCs were extracted
with calibrators. This was repeated on eight non-consecutive days (total of 80 QCs analysed
per analyte). A one-way ANOVA statistical analysis was performed using a P value of 0.05 to

determine intra-day and inter-day variance.

2.11.5 Stability

Three different stability studies were performed: stability of extracted sample, short and long-

term stability of analytes under different storage conditions and a freeze-thaw study.
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2.11.5.1 Extracted sample stability

Two sets of calibrators of the analytes were extracted and analysed on day-zero (day of
extraction). The extracts were then incubated at ambient temperature and re-analysed on days
one, three and six. The percentage difference was calculated comparing the results obtained for

the calibrant on day-zero to those obtained on days one, three and six.

2.11.5.2 Short and long-term stability

Quality control samples were prepared at a low and high concentration (BLF: 0.20 and 0.80
pg/mL; GBP and PGL: 5.0 and 15.0 pg/mL) in DFB and were divided into tubes with and
without preservative (fluoride oxalate 1.1%). One set of calibrators were extracted and
analysed with low and high QCs in triplicate (preserved and un-preserved), on day-zero. The
remaining QC samples (preserved and un-preserved) were stored at ambient temperature,
refrigerated (5 °C) and frozen (-20 °C). Short and long-term stability of the analytes was
determined on days 3, 7, 14 and 67. On each analysis day fresh calibrators were extracted with
each QC sample in triplicate (low and high concentration, preserved and un-preserved).
Stability was determined by calculating the percentage difference for the QC results obtained

on day-zero to days 3, 7, 14 and 67.

2.11.5.3 Freeze-thaw cycles

To determine the stability of the analytes after three freeze-thaw cycles in preservative and
non-preservative containing tubes, freshly prepared QC samples at low and high concentration
were analysed on day-zero and were frozen. The QC samples underwent three freeze-thaw
cycles and were analysed over three non-consecutive days with calibrators. Freeze-thaw
stability was determined by calculating the percentage difference between the average QC
results obtained on day-zero to that obtained on each thawing day (six low QC and six high

QC:n=12).
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2.11.6 Extraction efficiency

Low and high QCs (BLF at 0.20 and 0.80 pg/mL; GBP and PGL at 10.0 and 40.0 ng/mL) were
prepared in DFB (five at each concentration) and extracted using the described method but
replacing the IS with deionised water. Ten DFB samples were also extracted using the method
stated above. Fifty-microliters of all extracted samples were placed to micro-vials and an
external standard containing BLF-d4, GBP-d1o and PGL-ds was added. To the extracted QCs,
50 pL of acetonitrile was added to the micro-vials. To five of the DFB extracts, 50 pL of
acetonitrile containing the equivalent concentration of the extracted low QC was added. To the
remaining five drug-free extracts, 50 uL of acetonitrile containing the equivalent concentration
of the extracted high QC was added. All samples were then analysed. The percent recovery
was calculated by dividing the mean peak area ratio of the QC samples, fortified prior
extraction, by the mean peak area ratio of the samples to which the analytes were added after

extraction, multiplied by 100.

2.11.7 Assessment of matrix effect

A matrix effect experiment was carried out to determine if any potential suppression or
enhancement was occurring to the ion signals of the analytes due to other endogenous

compounds present in the sample. Post-extraction addition method was applied.

Eight different sources of DFB samples were extracted in duplicate (n = 16), and 50 pL extracts
were placed into micro-vials. Into six empty micro-vials, 50 uL of acetonitrile was added (no
matrix). To all vials 50 pL of acetonitrile containing the equivalent concentration of extracted
0.50 pg/mL BLF and 25.0 pg/mL of GBP and PGL, was added. The average response of the
analytes in the matrix containing samples was compared to the response of the analytes in the

non-matrix containing samples.
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2.12 Initial method application for screening post-mortem

samples

All PM cases submitted for analysis from 1% — 31% January 2016, where a general drug screen
was requested by the pathologist were screened for BLF, GBP or PGL in femoral-vein blood
only (50 uL) (n = 143). A BLF concentration in femoral-vein blood equal to or greater than
0.05 pg/mL, and a GBP or PGL concentration equal to or greater than 0.5 pg/mL were recorded

as positive findings. The samples were stored at 5 °C until analysis
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2.13 Method validation results

2.13.1 Specificity /selectivity

No interfering signal was observed on the analytes of interest from the DFB samples (n = 8)
analysed. No interfering signal was observed on the analytes of interest from 54 drugs most

commonly observed in routine toxicological screening using the described method.

2.13.2 Regression model

From the residual plot, it was observed that GBP and PGL were heteroscedastic and required
a form of weighted calibration line whilst BLF was homoscedastic and required no weighting.
All calibration lines were linear. The weighting type required for GBP and PGL was
determined as !/x. Figure 2.5 shows representative calibration lines generated for the analytes

with the suitable weightings applied.

2.13.3 Linearity, limit of detection and quantification

BLF calibration lines (n = 9) were linear from 0.05 — 1.00 pg/mL, and for GBP and PGL the
lines (n = 9) were linear from 0.5 — 50.0 pg/mL, with a correlation coefficient (+°) > 0.999 for
all analytes (see Figure 2.5 for representative calibration lines). Acceptable % error (= 15%)

was obtained throughout the calibration range (132). The results are summarised in Table 2.5.

The LOD and LOQ for BLF were both 0.05 ng/mL and 0.5 pg/mL for GBP and PGL. At this
concentration the quantifier, qualifier ions were present at an acceptable ratio (+ 20%) with a
S:N > 10 and all triggered product ions were present. Concentrations analysed below the LOQ,
for all analytes, resulted in the quantifier and qualifier ions ratio not being consistently within

the acceptable ratio and therefore the LOD and LOQ were set as the same value.
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Figure 2.5 Representative calibration lines (relative response against concentration) for a)

baclofen: 0.05 — 1.00 pg/mL, b) gabapentin: 0.5 — 50.0 pg/mL c) Pregabalin: 0.5 — 50.0 pg/mL
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2.13.4 Accuracy and imprecision

The analysis of variance (one-way ANOVA) showed there was no significant difference
between intra-day and inter-day analysis of all three analytes at the low and high QC
concentrations; BLF: P = 0.99, GBP: P =1.00 and PGL: P = 1.00. Table 2.6 shows the data

for inter and intra-day validation; percentage errors and imprecisions are displayed.

2.13.5 Stability

2.13.5.1 Extracted sample stability

Extracted samples left at ambient temperature were stable for six days with less than + 5% error
(n = 10) when comparing day-zero’s to day-six results for all analytes. The criteria at the LOD
concentration were satisfied for all analytes on each day of analysis showing the presence of
the quantifier and qualifier at an acceptable ratio (= 20%) with a S:N > 3 and with the presence

of all triggered product ions.

2.13.5.2 Short and long-term stability

All three analytes were stable when stored at ambient temperature, refrigerated (5 °C) and
frozen (-20 °C) for up to 67 days in containers with and without preservative. The maximum
percentage difference, comparing day-zero’s results to days under storage, over the 67 days
were; BLF: -11.3%, GBP: -6.7%, PGL: + 4.2%. These are within the acceptable error of +20%

for forensic cases (130).

2.13.5.3 Freeze-thaw cycles

The average percentage difference between the concentration of the analytes obtained on day-
zero and that obtained after three freeze-thaw cycles (n = 12) was 5.7%, -2.0% , and 0.5% in
non-preserved blood and 1.3%, -1.0% and 0.5% in preserved blood for BLF, GBP and PGL

respectively. The results show that all three analytes are stable after three freeze-thaw cycles.
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Data from the freeze-thaw cycles and the long and short-term stability study indicate there was
no substantial difference between use of a preservative or non-preservative containing tubes

for blood sample storage with a maximum percentage difference of + 6% between them.

2.13.6 Extraction efficiency

The average extraction efficiencies (+ standard deviation) for BLF, GBP and PGL were 98.9%

+9.2,102.9% £ 2.1 and 104.8% =+ 2.9 respectively (n = 10).

2.13.7 Assessment of matrix effect

The mean matrix effect observed for; BLF -2.2 % (= 4.9 % RSD), GBP: -1.0 % (£ 1.9% RSD),
PGL: +1.0 % (= 1.8 % RSD) (n = 16). Results indicate a small amount of ion suppression for

BLF and GBP and enhancement for PGL was occurring.
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Table 2.5 Mean accuracy and imprecision for each calibration point for baclofen, gabapentin

and pregabalin across the calibration range (n = 9)

Baclofen Gabapentin Pregabalin
Theoretical Theoretical
conc’ Accuracy  Imprecision | conc’ Accuracy  Imprecision | Accuracy Imprecision
(ng/mL) (%) (% RSD) (ng/mL) (%) (% RSD) (%) (% RSD)
0.05 101.0 10.6 0.5 96.5 4.5 100.9 3.1
0.10 97.4 6.6 1.0 100.1 1.4 98.9 1.6
0.20 99.7 4.4 2.5 98.7 35 994 1.7
0.50 100.9 4.3 5.0 102.7 2.8 101.7 2.2
1.00 99.8 09 10.0 102.3 2.8 98.8 34
25.0 100.8 1.8 100.5 1.3
50.0 99.0 1.4 99.9 04

Conc’ = Concentration, %RSD = Percentage relative standard deviation

Table 2.6 Intra-day (n = 5) and inter-day (n = 40) validation data for baclofen, gabapentin and

pregabalin

Average Calculated Concentration (ng/mL)

Baclofen Gabapentin Pregabalin

_(T,;‘;‘I’I:Et)‘cal QC conc’ | 4 0 0.80 1.5 40 1.5 40
Day 1 (n=5) 0.079 0.796 1.59 39.68 1.62 39.25
Day 2 (n=5) 0.080 0.851 1.58 39.34 1.57 39.51
Day 3 (n=5) 0.079 0.752 1.50 394 1.57 38.85
Day 4 (n=5) 0.077 0.774 1.53 39.19 1.59 37.94
Day 5 (n=5) 0.081 0.703 1.54 37.85 1.58 38.48
Day 6 (n=5) 0.083 0.797 1.49 39.58 1.56 39.44
Day 7 (n=5) 0.078 0.776 1.53 39.07 1.56 39.59
Day 8 (n=5) 0.084 0.772 1.51 38.64 1.56 40.03
Average (n1=40) 0.080 0.778 1.53 39.09 1.58 39.14
Percentage error (%) 0.16 -2.80 2.25 -2.27 5.08 -2.16
Imprecision (% RSD) 3.02 5.41 2.34 1.53 1.31 1.73

QC = Quality control sample,

Conc’ = Concentration,

%RSD = Percentage relative standard deviation
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2.14 Method suitability for screening of post-mortem

samples

In addition to being used as a full quantitative analysis, the described method has been
successfully used as a routine screening method for the three analytes in PM blood. A full
calibration line was extracted and analysed for each analyte. The calibration lines generated
were then stored in a quantitative database using the MassHunter QQQ Quantitative Analysis

software.

During the screening procedure, a single 50 puL aliquot of each case blood was diluted with 50
puL of DFB (diluted 1 in 2) and were extracted alongside a blank, zero, low and high QC
standards (BLF: 0.08 and 0.80 pg/mL, GBP and PGL: 1.5 and 40.0 pg/mL). The case blood
data were then processed against the stored calibration lines. Negative and positive cases were
easily identified. Figure 2.6 shows an example of a screen report displaying the peaks seen in
a low QC standard alongside a PM case which was positive for pregabalin only. For positive
cases, a semi-quantitative result was obtained. The semi-quantitative result can be used to
report a therapeutic result, as long as the QCs are within £ 20% of their theoretical value when
processed with the stored calibration lines. The semi-quantitative result can also help determine
the dilution factor required for analyte quantification. For this study all cases positive for the
analytes were quantified (in duplicate) with freshly prepared calibrators. No complications
were experienced during the extraction or analysis of the 143 PM samples. Out of the 143 cases

screened, one case was positive for BLF, eight for GBP and four for PGL.
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2.15 Stability of stored calibration lines

To determine the stability of the stored calibration lines in the quantitative database, QCs at a
low and high concentration were extracted, analysed and calculated using the stored calibration
line over several weeks. The stored calibration lines have been determined to be stable for at
least seven weeks, with the average percentage error of the QCs of less than 5% and RSD <

12.0% (n = 14).

2.16 Comparing accuracy of screen versus accurate

quantification

To further determine the accuracy of the concentration obtained for the analytes during the
screen (using the stored calibration line) they were compared to the concentration obtained
when the samples were extracted with fresh calibrants. The concentrations were compared by
calculating the percentage error between the screen and quantification results; BLF: -5.52% (n
=35), GBP: -0.04% (n = 15), PGL: + 3.2% (n = 15). The results indicate the screen provides a

reliable estimate of the true concentration of the analytes.
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Figure 2.6 An example of a screening report, displaying the internal standard and analyte peaks

in the low quality control (QC) sample against a post-mortem (PM) blood sample that is

positive for pregabalin only. The ‘Y axis’ displays the absolute peak abundance (counts) and

‘X axis’ displays the retention time (minutes)
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2.17 Discussion and conclusion

A simple, reliable and fully validated method was developed for the screening and
quantification of BLF, GBP, and PGL in human PM blood. The analytes and their deuterated
analogues as internal standard were extracted from blood using a single addition acetonitrile
protein precipitation reaction followed by analysis using LC-MS/MS on the t-DMRM method
for simultaneous confirmation and quantification. The assay was linear from 0.05 — 1.00 pg/mL
for BLF and 0.5 — 50.0 pg/mL for GBP and PGL respectively. The calibration lines covered

the therapeutic ranges for all analytes.

The screening method is cost effective and provides an accurate estimation of the analytes prior
to quantification and can be used alone to report a therapeutic result without the need for further
quantification. To my knowledge, this is the first study comparing short and long-term stability
of BLF, GBP and PGL in whole blood in preservative and non-preservative containing tubes
and the first method to analyse BLF, GBP and PGL together in PM blood using t-DMRM
method. Only one other quantitative LC-MS/MS method has been published (Serensen and
Hasselstrom 2014) which analysed for BLF, GBP and PGL together in PM blood. However,
that method requires an ultrafiltration step using expensive Amicon Ultra filter units, and
multiple solvents (121). The method described in this study is cost-effective, requires only a
single solvent and standard micro-centrifuge tubes. This method has been published in the

Journal of Analytical Toxicology in 2017 (133).

The developed method has been successfully applied on PM femoral bloods and will be used

to investigate the involvement of BLF, GBP and PGL in the cause of death.
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CHAPTER 3: PILOT STUDY - METHOD
APPLICATION ON POST-MORTEM FEMORAL-
VEIN BLOODS
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3.1 Introduction

A pilot study was needed to determine if the prevalence of BLF, GBP and PGL in PM cases
was sufficiently high to warrant further investigation, and it will allow the study to be reliably
powered to accurately assess the prevalence of GBP and PGL in heroin users compared to non-
heroin users. Generally to determine the sample size required for a study, results from previous
studies with similar objectives are used for power calculations. However no previous studies
were suitable for use. A one year pilot study was thus conducted commencing 1% January to
31% December 2016. The data obtained from the pilot study were then used to calculate a

reliable sample size.

BLF abusers are different to the abusers of GBP and PGL, therefore BLF was not investigated
in subcategories, only in the PM population as a whole. As anecdotal evidence from online
forums and a literature search suggested BLF is being used to treat the withdrawal effects of
GHB (gamma- hydroxybutyric acid) use, and that these drugs are being abused together, the

presence of GHB in BLF positive samples was investigated.

In this chapter the inclusion criteria for the entire study, the definition of a heroin-user and a
non-heroin user are described and the initial results on the prevalence and the concentration
ranges observed for BLF, GBP and PGL from the pilot study are presented. The sample sizes
required to robustly confirm the prevalence of GBP and PGL in the subcategory of heroin users

compared to the subcategory of non-heroin users are also presented here.
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3.2 Study and ethics approval

Ethical approval was obtained from South West London REC 1 (11/L0O/0033). Each Coroner’s
jurisdiction was informed that from 1% January 2016 the Toxicology Unit would screen all PM
cases from persons over the age of 16 years submitted for routine drug analysis, for BLF, GBP

and PGL free of charge. Consent was assumed unless the Coroners replied otherwise.

A concern was raised regarding the study by a Senior Coroner: “if you get positive readings,
will you then need to know something about the individual? If so, that brings it into the realms

of research that [ may not be able to authorise.”

The Head of the Toxicology Unit (Dr Sue Paterson) replied that the Unit would not request
anything further than the information we routinely receive with all cases which is required to
carry out the routine work. This meant that full prescription lists or the Coroner’s verdict for a

case could not be additionally requested for the study.

3.3 Inclusion criteria for study

From the 1% January to 31 December 2016, all cases submitted to the Unit, where the deceased
was aged 16 years old and over and a routine toxicological drugs screen had been requested by
the pathologist, would undergo an additional specific screen for BLF, GBP and PGL on PM
femoral-vein blood only. Sufficient sample had to be available for all other necessary

toxicological analyses.
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3.4 Methods

3.4.1 Screening and quantification

All PM cases which fell within the inclusion criteria of the study were screened for BLF, GBP
and PGL using the method described in Chapter 2. A BLF concentration of > 0.05 pg/mL and
a GBP or PGL concentration of > 0.5 pg/mL was considered a positive finding. All positive
samples were quantified accurately in duplicate with fresh calibration standards as described

in Chapter 2.

3.4.2 PM population and subcategories

The prevalence of BLF, GBP and PGL needed to be determined in the entire PM population
screened, and for GBP and PGL in the subcategories, heroin user and non-heroin user. After

analysis, the PM cases were subcategorised into the two subcategories as follows:

3.4.2.1 Heroin user

When heroin (diacetylmorphine) is ingested it rapidly metabolises, within minutes, firstly to 6-
monoacetylmorphine and then to morphine. The metabolites remain longer in the body than

heroin; heroin is rarely seen in the PM blood.

To be placed into the “heroin user” group, it was essential for the deceased to be positive for
morphine in their blood and/or urine. The deceased was also required to have an additional
heroin-related compound in their blood, urine or stomach contents i.e. 6-monoacetylmorphine,
or contaminants of street heroin i.e. acetyl-codeine, codeine from acetyl-codeine, noscapine,
meconine, papaverine or papaverine-metabolites, to confirm heroin use. If an additional
heroin-related compound was not present, the case history had to demonstrate heroin use, e.g.
known history of heroin use, heroin or heroin-related paraphernalia at the scene, needle tracks

to body, etc.
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3.4.2.2 Non-heroin user

All the cases that did not fall within the heroin user group were categorised as ‘“non-heroin
users”. In cases where morphine was prescribed to the deceased, or when morphine was found
alone without any evidence of heroin use (morphine from medicinal or unknown origin), these

cases were also placed into the non-heroin user subcategory.

3.4.3 Statistical analysis

3.4.3.1 Prevalence

Percentages were calculated to determine the prevalence of the drugs in the PM population and
the subcategories (number of cases screened positive for BLF/ GBP/ PGL divided by the total

number of cases screened, multiplied by 100).

3.4.3.2 Power calculation

To calculate the sample size required to robustly determine the prevalence of GBP and PGL in
the subcategories (heroin and non-heroin users), the prevalence data collected during the pilot
study for GBP and PGL was entered into an online power calculator (134). The power was set
at 80% and alpha (o) was set at 0.05. Having the power set at 80% means that there was an
eight in ten chance of detecting a difference, when that difference was true. Having the alpha
set at 0.05 means that there was only a 5% chance of observing a significant difference when

in fact the difference was not true.
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3.5 Results

During the pilot study, 1885 PM femoral bloods were screened. On subcategorising the PM
cases, 1669 cases fell into the non-heroin user group (88.5%) and 216 cases fell into the heroin

user group (11.5%).

3.5.1 Prevalence and concentrations in post-mortem blood

3.5.1.1 Baclofen

Out of the 1885 cases screened, only 0.8% screened positive for BLF (15 cases). The
concentration range observed for BLF was from 0.08 to 102.00 ug/mL. Of the BLF positive

cases, only one case involved GHB use. This will be discussed in a later chapter.

3.5.1.2 Gabapentin

Out of the 1885 cases screened, 3.1% screened positive for GBP (58 cases). The concentration
range observed for GBP was from 1 to 151 pg/mL. Of the 216 heroin user cases, 6.9 % were
positive for GBP (15 cases), while only 2.6% (43 cases) of all non-heroin users (n = 1669) were
positive for GBP. During the pilot study GBP had a 2.7 times higher incidence/prevalence in

heroin users compared to non- heroin users (6.9% divided by 2.6%).

3.5.1.3 Pregabalin

Out of the 1885 cases screened, 6.7 % screened positive for PGL (127 cases). The concentration
range observed for PGL was from 1 to 540 pg/mL. Of the 216 heroin user cases, 20.4% were
positive for PGL (44 cases), while 5.0% (83 cases) of all non-heroin users (n = 1669) were
positive for PGL. During the pilot study PGL had a 4.1 times higher incidence/prevalence in

heroin users compared to non-heroin users (20.4% divided by 5.0%).
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Table 3.1 shows the summary data for the prevalence and concentrations observed for BLF,

GBP and PGL during the pilot study

Table 3.1 Summary data of the number of cases screened positive for baclofen, gabapentin and

pregabalin out of 1885 post-mortem bloods screened during the pilot study (2016)

All case types (n = 1885) No. of positive cases
No. of . . .
D ositive Conc' range Median Standard Heroin users ~ Non-heroin users
rug pcase\s/ (png/mL) (ng/mL)  deviation (n=216) (n=1669)
Baclofen 15 (0.8%) 0.08 - 102.00 0.27 26.2 / /
Gabapentin 58 (3.1%) 1-151 12.5 31.7 15 (6.9%) 43 (2.6%)
Pregabalin | 127 (6.7%) 1-540 6 57.3 44 (20.4%) 83 (4.97%)

Conc’ = Concentration

3.5.2 Power calculations

3.5.2.1 Gabapentin

It was determined that to demonstrate that the trend for a 2.7 times higher incidence of GBP in
heroin users compared to non-heroin users observed in the initial data (pilot study) was a real

finding, 383 cases were required in each group (heroin users and non-heroin users).

3.5.2.2 Pregabalin

It was determined that to demonstrate that the trend for a 4.1 times higher incidence of PGL in
heroin users compared to non-heroin users observed in the initial data (pilot study) was a real

finding, 72 cases were required in each group (heroin users and non-heroin users).
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3.6 Discussion and conclusion

The initial prevalence findings showed that the incidence of BLF in PM cases was small at
only 0.8%. Only one case was found to be associated with GHB use. Potentially overdose
concentrations of BLF were observed in two cases at 14.00 and 102.00 pg/mL. The results
suggested that BLF was not prevalent in PM cases, and that there was no need to screen for

BLF in all cases. However a potential for misuse/overdose for BLF has been observed.

During the pilot study, GBP (3.1%) and PGL (6.7%) were observed in 9.8% of all cases
screened, which is a substantial amount; GBP and PGL were seen together in two cases only.
Both drugs were observed at concentrations far greater than their therapeutic ranges, and
potentially at lethal concentrations. The high prevalence of both drugs in all PM case types
supports the hypothesis of this study, and that there is a need to screen for GBP and PGL in all
cases. Preliminary data from the pilot study has been published in The British Medical Journal

as a letter in 2017 (82).

GBP was positive in 6.9% and PGL was positive in 20.4% of all heroin users screened. GBP
was 2.7 times and PGL was 4.1 times more prevalent in heroin users compared to non-heroin
users. The significance of GBP and PGL in heroin users needed to be further investigated. The
sample size required to robustly confirm the 4.1 times higher prevalence of PGL in heroin users
compared to non-heroin user, had been achieved during the pilot study. However to show a 2.7
times higher incidence of GBP in the heroin users compared to non-heroin users, 167 more
heroin user cases were still needed. To power the prevalence study for GBP and to further
assess the concentrations of BLF, GBP and PGL in PM cases and subcategories, data were
collected until 31 December 2017. The data obtained during this two-year study will be

discussed in the following chapters.
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CHAPTER 4: PREVALENCE AND
CONCENTRATIONS OF BACLOFEN IN POST-
MORTEM FEMORAL-VEIN BLOODS
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4.1 Introduction

Evidence suggests that baclofen (BLF), a drug prescribed for the treatment of spasticity may
be being used recreationally. Online surveys conducted in the UK and a study in Europe
highlight the recreational misuse potential of BLF (60-62). BLF is prescribed off-label to treat
alcoholism, and self-inflicted acute overdose of prescribed BLF has been observed amongst
alcoholics (53, 65). Studies have also been conducted to determine if BLF could be used to
treat the withdrawal effects associated with y-hydroxybutyric acid (GHB) use (43). Anecdotal
evidence on online forums regarding the recreational use of BLF suggests that at very high
doses BLF can provide similar effects to GHB. BLF has also been used in combination with

PGL/GBP to provide enhanced euphoria (58).

This study was undertaken to establish whether or not there was a requirement to screen for
BLF in all post-mortem cases and if deaths are occurring due to BLF abuse. To determine this,
the prevalence and concentrations of BLF in PM cases were investigated. The potential extent
of the under-reporting of BLF-associated deaths to the Coroners due to screening approaches
which do not routinely include BLF was also investigated. This study also investigated the
incidence of BLF in combination with PGL, GBP, GHB and ethanol (> 50 mg%) to examine
whether the trends discussed in the introduction (Section 1.10) were being observed in this
study population. An ethanol concentration of > 50 mg% is seen as significant in road traffic
offences in many European countries. The incidence of other drugs (prescribed and illicit)

found in combination with BLF in Coroners’ cases was also investigated.

This chapter describes the qualitative and quantitative data collected for BLF in Coroners’ PM

cases over a two-year period, from the 1% January 2016 to 31% December 2017.
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4.2 Methods

4.2.1 Determining the prevalence of baclofen in post-mortem blood

All PM cases that fell within the inclusion criteria of this study (see Section 3.3) were screened
for BLF during the two-year study period. A BLF concentration of > 0.05 ug/mL (the limit of

detection of the analytical method) was considered a positive finding.

4.2.2 Determining the extent of under-reporting of baclofen

The documents submitted with the cases that screened positive for BLF were retrospectively
examined to determine the number of cases that mentioned BLF (generic and brand names).
The number of cases which screened positive for BLF were compared to the number of cases
that mentioned BLF in the case documents. This allowed the potential extent of the under-
reporting of BLF in deaths due to a routine toxicological screening approach (where BLF is

only additionally screened for if it is mentioned in the case documents) to be determined.

4.2.3 Determining the concentrations of baclofen in post-mortem

blood

All cases that screened positive for BLF were quantified accurately, in duplicate, using the
developed quantitative method (described in Chapter 2). This enabled the concentration range

for BLF in PM cases to be determined.

4.2.4 Demographics and the incidence of other drugs

In the BLF positive cases, the demographics (age, sex) and the presence of PGL, GBP, ethanol
(> 50 mg%), GHB and other drugs/drug groups were assessed. This was done by

retrospectively investigating the case documents and the final toxicology reports.
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4.2.5 Statistical analyses

All statistical analysis was carried out using IBM SPSS Statistics version 23.0 (Armonk, NY:
IBM Corp). Prevalence was calculated by a simple percentage calculation ([number of cases
screened positive for BLF/ total number of cases screened] X 100). Descriptive statistics
showed a skewed distribution for BLF concentrations, therefore a non-parametric Mann
Whitney U test was performed to test significance. A parametric, two-tailed z-test was used to
compare the age of the male and female deceased whom were positive for BLF. A P value <
0.05 was considered significant. An outlier concentration was defined as the concentration that
was 1.5 times the interquartile range (IQR) of the concentrations distribution. An extreme
outlier concentration was a concentration that was 3 (or more) times the IQR. The 90™, 95%

and the 97.5™ concentration percentiles were also calculated.
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4.3 Results

4.3.1 Post-mortem cases analysed

Between 1% January to 31% December 2016, 1885 PM cases were screened. Between 1% January
to 31% December 2017, 1865 PM cases were screened. In total 3750 PM cases were screened

for BLF; 2662 (71%) were male and 1088 (29%) were female.

4.3.2 Prevalence

During 2016, 15 out of the 1885 cases screened were positive for BLF (0.8%) and during 2017,
6 out of the 1865 cases screened were positive (0.3%). During the two-year study period, only

21 out of the 3750 cases screened were positive for BLF (0.6%).

4.3.3 Demographics of baclofen positive cases

Of the 21 cases which screened positive for BLF, 11 were male (52%) and 10 were female
(48%). The age ranged from 31 — 69 years (median = 47 years) for male and 31 — 71 years
(median = 52 years) for female. No statistical difference was observed between the age ranges

for male and female (P = 0.18).

4.3.4 Potential extent of under-reporting of baclofen

Of the 21 BLF positive cases, nine did not mention BLF in the case documents. In the
remaining 12 cases, BLF was prescribed to the deceased. If an additional screen for BLF was
not conducted, and the routine screening approach was only applied, BLF would have been
missed in 43% of BLF positive cases. However, in those cases the BLF concentrations (0.08 —
0.91 pg/mL) were within the therapeutic reference range observed in AM plasma (0.08 — 1.10

pg/mL).
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4.3.5 Concentrations observed

The concentration range observed for BLF in PM blood (n = 21) was from 0.08 to 102.00
ng/mL (median = 0.28 pg/mL + 22.2 standard deviation — SD). The 90" and 95" percentile
were 11.60 and 93.20 pg/mL respectively; the 95.7™ percentile was not generated due to low

sample size.

The concentration range observed in males was from 0.08 to 102.00 pg/mL (median = 0.27
pg/mL) and 0.10 to 14.00 pg/mL (median = 0.30 pg/mL) in females. Two extreme

concentrations of BLF were found at 14.00 and 102.00 pg/mL.

Figure 4.1 displays a boxplot showing the distribution of BLF concentrations found in male
and female with the two extreme concentrations removed. The Mann-Whitney U test was
performed to compare the distributions of BLF concentrations in males and females, and no
significance was observed (P = 0.60). It has to be noted that results from these statistical

analysis may not reliable as they were conducted on small case numbers (n = 19).
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Figure 4.1 Distribution of baclofen concentrations observed in male (M) and female (F) (two

extreme outliers removed - 14.00 and 102.00 ng/mL)
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4.3.6 Potential overdose cases

Three cases were observed which had BLF at concentrations which were greater than the top
end of the therapeutic concentration range described in the literature (up to 1.10 pg/mL for a
single 60 mg dose). Two extreme (outlier) concentrations for BLF were observed at 14.00 and
102.00 pg/mL, and one case with a BLF concentration of 2.00 pg/mL was seen. In these cases,

BLF was prescribed to the deceased. These cases are described in detail below:

Case a) A 31 year old female was found deceased at home with large amounts of medications
around her. She suffered from depression and anxiety, and was wheelchair bound. The blood
toxicology showed a BLF concentration of 14.00 pg/mL and overdose/fatal concentrations of
oxycodone and tramadol (opioid analgesics) present. GBP was found at more than double the
top end of its therapeutic reference range. Amitriptyline (anti-depressant) and PGL were found

within their therapeutic ranges. No ethanol was detected.

Case b) A 50 year old male was found deceased at home with large amounts of medications
around his body; a suicide note was left. The deceased suffered from depression and was an
alcoholic. The deceased’s blood toxicology showed a BLF concentration of 102.00 pg/mL, and
overdose/fatal concentrations of codeine and paracetamol (opioid and non-opioid analgesic)

present and an ethanol concentration of 157 mg%.

In both cases, circumstantial and toxicological evidence suggested that BLF concentrations of
14.00 and 102.00 pg/mL were overdose amounts. In both of those cases the prescribed daily

dose for BLF was unknown.

Case ¢) A 44 year old female was found deceased at home with large amounts of medications
around her body. The deceased had had an argument with her boyfriend the night before. The
blood toxicology showed a BLF concentration of 2.00 pg/mL and ethanol concentration of 93

mg%. High therapeutic concentrations of other prescribed drugs (zopiclone and nortriptyline)
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and evidence of cocaine use was also present in her blood. In this case, BLF was prescribed to
the deceased at 60 mg/day, however the concentration observed was double of that seen with
a 60 mg/day dose (range 0.08 — 1.10 pg/mL in AM plasma). This suggested that a BLF
concentration of 2.00 ug/mL was potentially an overuse concentration of BLF. A BLF
concentration of 2.00 pg/mL combined with 93 mg% of ethanol, and the presence of zopiclone,
a sedative, will have a combined enhancing sedative effect and therefore will increase the risk

of toxic effects. No alternative cause of death was suggested at autopsy.

4.3.7 Incidence of other drugs

Baclofen was seen alone in only three cases; in those cases BLF was present within the

therapeutic reference range.

The three most common drug combinations seen with BLF, in descending order, were opioids,
anti-depressants and PGL. Only one case was found to be positive for BLF, GBP and PGL
together. Figure 4.2 represents the number of BLF cases that were positive for other drugs or

drug groups.

4.3.7.1 Pregabalin with baclofen

Eight cases were positive for PGL with BLF. PGL was prescribed to the deceased in six cases,
and for two cases no prescription history was provided. In those eight cases PGL concentrations
were within its therapeutic reference range (1 — 14 ug/mL). In seven out of those eight cases
positive for PGL, BLF was present within its therapeutic range. Only one case (mentioned
previously as Case a) had BLF present at 14.00 pg/mL but with therapeutic concentration of

PGL. PGL abuse was not mentioned in any of the above cases.
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4.3.7.2 Gabapentin with baclofen

Four cases were positive for GBP with BLF. GBP was prescribed to the deceased in two cases,
and for two cases no prescription history was provided. In two cases both BLF and GBP were
within their therapeutic reference ranges. In one case GBP concentration was above the
therapeutic reference range (2 — 20 ng/mL) and BLF was within therapeutic range; the deceased
was known to take excessive quantities of prescribed medication. In one case GBP was present
at more than double the top end of the therapeutic range, and BLF at 14.00 pg/mL. This case
has been mentioned previously (Case a). GBP abuse was not mentioned in any of the above

cases.

4.3.7.3 Ethanol with baclofen

Five cases positive for BLF had a known history of alcoholism (23.8%), with only one case
known to be prescribed BLF. In three alcoholic cases the blood ethanol concentration < 10
mg% and BLF was present within therapeutic concentrations (0.16 — 0.83 pg/mL). Ethanol at
> 50 mg% with BLF was positive in only three cases, (two known alcoholics and one without
a history of alcoholism). In those cases the ethanol concentrations were 93, 157 and 157 mg%.
In two of those cases BLF was prescribed to the deceased, and for one case no prescription list
was provided. In two cases (one prescribed, one unknown), the deceased were known
alcoholics (157 and 157 mg%). In one alcoholic case, BLF was present within the therapeutic
concentration. In the other case BLF (prescribed) was present at potentially fatal concentration
of 102.00 pg/mL; this case has previously been mentioned (Case b). The case with 93 mg% of
ethanol did not have a history of alcoholism but had a BLF concentration of 2.00 pg/mL which

was greater than the therapeutic reference range; this case has previously been mentioned (Case

c).
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4.3.7.4 Gamma-hydroxybutyric acid with baclofen

Only one case was identified where the deceased was positive for GHB and BLF. The
Toxicology Unit only screens for GHB in cases where GHB is mentioned in the case history
or detected in a urine drugs of abuse screen or the case circumstances strongly suggests GHB
use. Between 2016 and 2017 (study period), 53 cases were found positive for GHB, but only

one case out of the 53 cases was positive for BLF. The case detail is as follows:

A 31 year of male collapsed at a GP’s waiting room. He was taken to hospital where he
admitted to taking a combination of diazepam, pregabalin, codeine (all prescribed — CNS
depressant drugs) and vodka. He was discharged and found dead at home the following
morning. The deceased was a known GHB user. In the blood toxicology, BLF, PGL, diazepam
and diphenhydramine (antihistamine) were found at therapeutic concentrations, codeine was
present at above therapeutic concentration (0.43 pg/mL), and GHB was present at a potentially
fatal concentration (643 pg/mL). No ethanol was present. A full prescription history was

provided and BLF was not prescribed to the deceased, suggesting BLF was being used illicitly.
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Figure 4.2 Concomitant use of baclofen with other drugs in post-mortem femoral-vein blood

Opioids: Medicinal morphine, codeine, oxycodone and tramadol. Morphine was not screened for in all cases

Anti-depressants: Amitriptyline, citalopram, duloxetine mirtazapine, nortriptyline, o-desmethylvenlafaxine, sertraline and

venlafaxine

Benzodiazepines: Diazepam, desmethyldiazepam, and temazepam. Temazepam was not screened for in all cases.
Anti-psychotics: Quetiapine and risperidone. Risperidone was not screened for in all cases.

Anti-epileptics (other): Phenytoin and valproate. These were not screened for in all cases.

GHB: Gamma-hydroxybutyric acid

*Cases may be positive for more than one drug group, therefore the same case may be presented more than once
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4.4 Discussion and conclusion

An online survey conducted in the UK to determine the prevalence of BLF misuse, found self-
reported misuse in 1.3% of the 1500 respondents (60). Another study, which analysed data
collected from 16 emergency departments across 10 European countries by the European Drug
Emergencies Network, found that 0.2% (n = 8) of 3,573 cases investigated involved BLF
misuse. Although these studies highlighted that BLF misuse was occurring, the results
described in this study identified only one likely case of potential BLF misuse. The prevalence
of BLF in PM was found to be low, with only 0.6% of all cases screened being positive. These
results from this study suggests that although BLF abuse may be occurring, misuse-related

deaths are not.

In nine cases, BLF was not mentioned in the cases documents, and thus if an additional screen
for BLF was not conducted, the presence of BLF would have been missed in 43% of BLF
positive cases. However, BLF was only present at therapeutic concentrations in those cases.
Out of the 21 BLF positive cases, only three cases were found with BLF at concentrations
greater than therapeutic range. In each of those cases BLF was prescribed to the deceased and
therefore BLF would have been additionally screened for, and would not have been missed if

a routine screening approach was applied.

There was insufficient data to reliably determine a potentially fatal concentration for BLF. The
90" and 95™ percentile were 11.60 and 93.20 pg/mL respectively, indicating that
concentrations above 11.60 pg/mL should be flagged as potential overdose cases. However as
the data set is small, overdose concentrations may actually be lower than this data suggests.
The case studies described in this chapter suggests a BLF concentration of 14.00 pg/mL and

greater is an overdose concentration.
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Opioids was one of the most common drug groups seen with BLF. As BLF is prescribed for
the treatment of spasticity due to multiple sclerosis and muscle spasms, it is reasonable to
expect BLF to be prescribed with other pain relief medication such as opioids, anti-depressants

such as amitriptyline, nortriptyline, and drugs including PGL and GBP.

Misuse of BLF with GBP/PGL was not mentioned in any of the case documents in which BLF

was present with GBP or PGL.

Ethanol was present in three cases at greater than 50 mg% (up to 157 mg%), with alcoholism
being mentioned in two cases. This study showed that of the deaths in which BLF was detected,
23.8 % had a history of alcoholism. BLF in alcoholics with > 50 mg% was not a common
occurrence. Research into BLF has been rapidly increasing due to its potential to be used to
treat alcoholism (38). As BLF is a sedative drug, its use at high doses by alcoholics may be a

cause for concern as the combined effects with ethanol will increase the risk of toxicity (65).

Only one case was found where BLF was used illicitly with GHB. This suggested that the
misuse of BLF with GHB was not common, or at least not in the areas in which this study was
conducted, or that if abuse is occurring, it does not often result in death. However, this result
may be biased as GHB was not screened for in all cases. An alternative reason for not observing
more cases with both BLF and GHB, is that BLF is being consumed to treat the withdrawal
effects of GHB use, and therefore they are not being taken together. Studies have been
conducted to assess the effectiveness of BLF for treating withdrawal effects of GHB use (43,
135, 136). This means that if BLF is prescribed to treat GHB withdrawal in the future, it may
lead to more BLF abuse-related deaths occurring. Currently, most deceased positive for BLF
are consuming it in therapeutic amount and those abusing BLF are ones who are attempting

suicide.
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Due to the low prevalence of BLF in PM cases, this two-year study highlights that it is not cost
or time effective for all forensic laboratories to screen for BLF in all cases, even though there
is a risk that some overdose cases may be missed. The risk of missing an overdose is the same
for other drugs that are not routinely screened for. BLF was not seen frequently in PM blood
in alcoholics or in GHB users. In the future if BLF becomes licensed to treat alcoholism and
for the treatment of GHB withdrawal, this study will provide useful ‘before licensing’

prevalence data for BLF in deaths.
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CHAPTER 5: THE PREVALENCE AND UNDER-
REPORTING OF GABAPENTIN AND
PREGABALIN IN POST-MORTEM FEMORAL-
VEIN BLOODS, AND THE CONCOMITANT
DETECTION OF OTHER DRUGS
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5.1 Introduction

Gabapentin (GBP) and pregabalin (PGL) are being misused and have been associated with
death. However, no studies have been carried out in the UK to determine the prevalence of
GBP and PGL in an entire PM cohort. Many laboratories do not include GBP and PGL in their
routine toxicology screening for PM cases. These drugs are screened for only if they are
specifically mentioned in the case documents received. This means the number of deaths that
are positive for GBP and PGL is potentially being significantly under-estimated, but the extent
of this is unknown. National and international studies have shown that GBP and PGL are being
used by heroin users and with other CNS depressants (27, 79), but no data are available to show

the extent of GBP and PGL prevalence amongst heroin users in the UK.

In this chapter, the true prevalence of GBP and PGL in a PM cohort will be determined, and
within the subcategories heroin users and non-heroin users. Tramadol, a prescription-only
opioid, became a Class C controlled drug in 2014 due to the rise in misuse and associated
deaths (137). Therefore, as the UK government classified GBP and PGL to Class C controlled
drugs in April 2019, the prevalence of GBP and PGL will be compared to tramadol. The
potential extent of under-reporting of GBP and PGL in PM cases will be evaluated. Other
toxicological findings in GBP and PGL positive cases will be reviewed to explore the extent

of polypharmacy.
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5.2 Methods

5.2.1 Determining the prevalence of gabapentin and pregabalin in

post-mortem blood

All PM cases that fell within the inclusion criteria of this study (see Section 3.3) were screened
for GBP and PGL during the two-year study period. A GBP and PGL concentration of > 0.5
ug/mL (the limit of detection of the analytical method) was considered a positive finding. The
toxicological findings from the cohort were retrospectively investigated for the presence of
tramadol to compare prevalence. Demographics (age, sex) and the presence of other licit/illicit

drug groups in the cohorts that were positive for GBP and PGL were also investigated

5.2.2 Determining prevalence of gabapentin and pregabalin in

heroin users compared to non-heroin users

To confidently measure the prevalence of GBP and PGL in heroin users compared to non-
heroin users, the cohort was subcategorised (see Section 3.4.2 for the definitions of heroin and
non-heroin user). It was calculated during the pilot study that to demonstrate that the trend for
a 2.7 times higher incidence of GBP in heroin users compared to non-heroin users observed in
the initial data (pilot study — see Section 3.5.1) was a real finding, 383 cases had to be analysed
in each group. To demonstrate that the trend for a 4.1 times higher incidence of PGL in heroin

users compared to non-heroin users, 72 cases had to be analysed in each group.

5.2.3 Determining the extent of under-reporting of gabapentin and

pregabalin

The documents submitted with the cases that screened positive for GBP and PGL were

retrospectively examined to determine the number of cases that mentioned GBP or PGL
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(generic and brand names). By comparing the number of cases screened positive for GBP or
PGL to the number of cases that mentioned GBP or PGL in the case documents, the potential
extent of the under-reporting of these drugs was determined in deaths reported to the Coroner

due to inadequate toxicological screening where these drugs are not routinely analysed for.

5.2.4 Statistical analyses

Percentages and ratios were calculated to determine the prevalence of GBP and PGL in the
cohort and subcategories (number of cases screened positive for GBP or PGL divided by the
total number of cases screened), and the extent of their under-reporting in death. Pearson's chi-
squared test (x> test) was applied to evaluate how likely it was that any observed differences in
prevalence between the subcategories arose by chance. Two-tailed #-tests were used to compare
the age of the male and female cohort positive for GBP and PGL. P < 0.05 was considered
statistically significant. All analysis was carried out using IBM SPSS Statistics version 23.0

(Armonk, NY: IBM Corp).

5.3 Results

5.3.1 Prevalence of gabapentin and pregabalin, and the incidence

of other drugs

From 1% January 2016 to 31 December 2017, the cohort consisted of 3750 deceased, 2662
(71%) male and 1088 (29%) female, who were screened for GBP and PGL. GBP was positive
in 118 (3.1%) and PGL was positive in 229 (6.1%) of the cohort. Tramadol was positive in 120

(3.2%) of the cases screened.
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Of those positive for GBP, 73 (61.9%) were male (26 — 84 yrs, median = 50 yrs) and 45 (38.1%)
were female (26 — 92 yrs, median = 54 yrs). Of those positive for PGL, 154 (67.2%) were male,
(17 — 77 yrs, median = 44 yrs) and 75 (32.8%) were female (16 — 91 yrs, median = 46 yrs).
Two-tailed #-test showed there was no statistical difference between the distribution of age

between males and females for those positive for GBP (P = 0.29) or PGL (P = 0.45).

GBP was observed alone with no ethanol or other drugs in only 11 cases, and PGL alone in
only three cases. In each of those cases there was a non-drug related alternative cause of death
e.g. health issue or mechanical deaths such as asphyxiation, hanging, etc. The two most
common drug groups observed in combination with GBP and PGL in blood were non-heroin-
related opioids with 71 cases (60.2%) and 148 cases (64.6%), and anti-depressants with 63
cases (53.4%) and 146 cases (63.8%), respectively. Figure 5.1 presents the percentages of these

and other drug groups detected with GBP and PGL.

Subcategorising the non-heroin-related opioids into individual drugs showed that among those
positive for GBP (n = 118), the three most common opioids were morphine, of medicinal or
unknown origin, in 28 cases (23.7%), followed by tramadol in 19 cases (16.1%) and methadone
in 13 cases (11.0%). For PGL positive cases (n = 229), the three most common opioids were
codeine in 34 cases (14.8%), followed by morphine, of medicinal or unknown origin, in 29
cases (12.7%) and tramadol in 28 cases (12.2%). Two or more non-heroin-related opioids were
present with GBP and PGL in 18.6% and 18.8% of cases, respectively. Figure 5.2 represents

the percentages of non-heroin-related opioids found with GBP and PGL.
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Figure 5.1 The percentage of gabapentin (GBP) and pregabalin (PGL) positive cases that were

positive for other drugs in post-mortem femoral-vein blood

* Non-heroin-related opioids include: Medicinal morphine or morphine of unknown origin, codeine, dihydrocodeine,
oxycodone, fentanyl, buprenorphine and tramadol. Morphine and buprenorphine were not screened for in all cases.

+ Anti-depressants include but not limited to: Amitriptyline, citalopram, clomipramine, dothiepin, fluoxetine, mirtazapine,
paroxetine, sertraline, trazodone, trimipramine, venlafaxine, etc.

1 Cocainics include: Cocaine and/or cocaine metabolites in blood or urine

§ Benzodiazepines include: Chlordiazepoxide, diazepam, desmethyldiazepam, temazepam, alprazolam. Alprazolam was not
screened for in all cases

I Anti-psychotics include: Clozapine, olanzapine, chlorpromazine, and quetiapine. Aripiprazole and risperidone were not
screened for in all cases.

4| Other Drugs of abuse include: Gamma-hydroxybutyric acid, cannabinoids, amfetamines, synthetic cannabinoids and

designer benzodiazepines in blood or urine. These drugs were not screened for in all cases

# Anti-epileptics include: For gabapentin positive cases, includes pregabalin and vice versa, in addition to other anti-
epileptics. Carbamazepine, clonazepam, lacosamide, lamotrigine, levetiracetam, phenytoin, valproate and zonisamide were
not screened for in all cases.
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Figure 5.2 Concomitant use of non-heroin-related opioids with gabapentin (GBP) and

pregabalin (PGL) in post-mortem femoral-vein blood

* Medicinal morphine or morphine of unknown origin. Morphine was not screened for in all cases

+ Buprenorphine was not screened for in all cases
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5.3.2 Prevalence of gabapentin and pregabalin in heroin users

compared to non-heroin users

In total, from 1% January 2016 to 31% December 2017, PM samples from 354 heroin users and
3396 non-heroin users were analysed. Therefore, the prevalence study for GBP was under

powered.

Of the 354 heroin users, 23 (6.5%) were positive for GBP, while 95 out of 3396 (2.8%) of non-
heroin users were positive for GBP. This suggested a 2.3 times higher prevalence of GBP in
heroin users compared to non-heroin users, x> test showed this difference in prevalence was
statistically significant, P = 0.0005. However, as the study was formally underpowered to
detect differences in the incidence of GBP detection between heroin users and non-heroin users
(383 heroin user cases was required, but only 354 cases were analysed), it is possible that this

reflects a type I error.

Of the 354 heroin users, 69 (19.5%) were positive for PGL, while 160 out of the 3396 (4.7%)
non-heroin users were positive for PGL, confirming that there was a statistically significant
difference between the prevalence of PGL between the groups () test, P < 0.0001), and that

PGL was 4.1 times more prevalent in heroin users compared to non-heroin users.

5.3.3 Potential extent of under-reporting of GBP and PGL

The case documents provided did not mention GBP in 68 of the 118 GBP-positive cases, and
did not mention PGL in 123 of the 229 PGL-positive cases. Thus if an additional specific screen
for GBP and PGL had not been conducted on the entire cohort, the prevalence of GBP would
have under-reported by 57.6% (x* test, P < 0.0001) and PGL by 53.7% (* test, P < 0.0001) in

post-mortem cases.
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5.4 Discussion and conclusion

This was the first UK-based study where the prevalence of GBP and PGL had been accurately
evaluated in a PM population. In the PM population covered by this study (London and the
South East of England) the prevalence of GBP was 3.1%, and of PGL was 6.1%. Data from
this study shows that the prevalence of GBP and PGL is high in the PM cohort and deaths-
associated with these drugs are being significantly under-reported due to current toxicology

screening protocols, and that these drugs are disproportionately used by heroin users.

In England during 2016 and 2017 the prescriptions for GBP numbered 6.5 and 7.1 million,
respectively, and for PGL numbered 5.6 and 6.3 million, respectively. This meant that during
that period there were 1.7 million more prescriptions for GBP than for PGL (37). Given the
higher number of prescriptions for GBP, it was expected that the prevalence of GBP would be
higher than or at least similar to PGL. However, in the cohort the prevalence of PGL (6.1%)
was double that of GBP (3.1%). This may indicate that PGL is more widely used and available
illicitly than GBP in this study population, in which case prescribers should be aware of this.
Alternatively, it may be that the prescribing of PGL is greater in the areas covered by this study
than for other areas of England (these data are not available to us). This result may also suggest

that is easier to overdose when PGL is present, therefore it is more prevalent in PM cases.

On comparing the prevalence of GBP to tramadol in the cohort, the prevalence of GBP (3.1%)
was found to be comparable to tramadol (3.2%). This correlates with the prescriptions for these
drugs in England, which was 13.6 million for GBP and 14.2 million for tramadol from January
2016 to December 2017 (the study period of the project) (37). As the potential for misuse and
the high level of association of GBP with death, and given that the prevalence of GBP in deaths
is similar to tramadol, the data from this study support the UK government’s reclassification

of GBP in the same way as tramadol. Fewer prescriptions were made for PGL during 2016 and

130



Limon K. Nahar

2017 (11.9 million). Interestingly, however, the prevalence of PGL in the post-mortem
population covered by this study was, at 6.1%, twice that of tramadol. This suggests that PGL

is being used more than both GBP and tramadol.

This study shows that by not screening for GBP and PGL in all post-mortem cases, the number
of deaths associated with these drugs is being under-reported, potentially by more than 50%.
This suggests that the already marked rise in deaths reported by the Office of National Statistics

(78) is similarly being under-estimated.

This study shows the extent of the use of GBP and PGL with other opioids. Non-heroin-related
opioids were present in 60.2% and 64.6% of the GBP and PGL-positive samples, respectively.
The extent of use of GBP and PGL with non-heroin-related opioids is a major cause for
concern, potentially more than their use with heroin. Morphine of medicinal or unknown origin
was one of the most common non-heroin-related opioids used with GBP and PGL at 23.7%
and 12.7%, respectively. PGL or GBP will have an additive/enhancing respiratory and CNS
depressant effect when taken in combination with opioids and therefore potentially increase
the risk of toxicity. In addition, it has been reported that morphine increases the bioavailability
of GBP (86), which increases the risk of toxic effects. PGL bioavailability is greater than 90%
and is independent of dose (138). This pharmacokinetic property makes it more dangerous than
GBP at high doses, especially when combined with opioids (88), and therefore more deaths are
being observed with PGL. Studies have shown concomitant use of an opioid and either GBP
or PGL substantially increased the risk of opioid-related death compared to those being treated
with an opioid alone (87). Animal studies have suggested that PGL can reverse the tolerance
to morphine at low doses and that at higher doses it has an additive depressant effect on the
respiratory system (88). It has been reported that heroin users are known to experience a
“zombie like” effect and blackouts when co-ingesting PGL with heroin, making them more

vulnerable to overdosing (88).
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While it is widely acknowledged that GBP and PGL are being used by heroin users, (28, 60,
79, 91) this was the first prevalence study specifically comparing post-mortem GBP and PGL
prevalence in heroin users to the prevalence in non-heroin users. In this post-mortem cohort, it
was confirmed that PGL was 4.1 times as prevalent in heroin users compared to non-heroin
users. These data also suggest that GBP is twice as prevalent in heroin users compared to non-

heroin users, though further studies are required to confirm this.

No existing comparable studies on the prevalence of GBP and PGL in the UK have been carried
out, and those from other countries date from 2010 — 2012, pre-dating the recent increase in
the use of these drugs (32, 72). Although there are no similar studies in the UK, where GBP
and PGL were analysed in all post-mortem cases, the prevalence of GBP and PGL in 13,766
cases in Finland between 2010 and 2011 were 0.3% and 2.3%, respectively, much lower than
the prevalence of each detected in this study (27). In Munich (Germany), PGL was screened
for in 982 post-mortem cases from 2010 to 2012, and the prevalence was 4.4% (97). Thus our
current study found a ten-fold higher GBP and a 2.7-fold higher PGL prevalence compared to
the Finnish study, and a 1.4-fold higher PGL prevalence compared to the Munich study. In
both studies, no distinction was made between the prevalence of GBP and PGL in heroin users
and non-heroin users. These differences likely reflect differing rates of prescribing and use
between countries (and between different regions within a county), as well as changes that may
have occurred in use in recent years (139-141). The differences in prevalence observed in this
study compared to other countries, as well as the difference observed between jurisdictions and
drug user types in the study conducted by Slavova et al (81), suggests that there is a need for
each toxicological laboratory in each region of a country to conduct their own study to

determine the prevalence of these drugs in their case populations.

The high prevalence of opioids with GBP and PGL has previously been mentioned in the

literature (27, 79, 80). However, this study is the first to investigate all cases for the presence
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of GBP and PGL and to distinguish between morphine from heroin use and morphine from
medicinal or unknown sources. As there is a high percentage of individuals that are positive
for non-heroin-related morphine (mostly medicinal) with GBP and PGL in the cohort, the data

strongly suggest that prescribers should be cautious when prescribing these drugs together.

These are the first data to indicate that the number of deaths associated with GBP and PGL is
being significantly under-estimated, potentially by > 50%, and therefore that deaths due to
these drugs are being missed. Due to the high prevalence of GBP and PGL in post-mortem
blood, our results suggest that pathologists should request that these drugs are included in the
routine screening of Coroners’ toxicology to facilitate understanding of the true extent of GBP
and PGL use and abuse at a national level, and to capture deaths where GBP and PGL are

present.

The data from this chapter have been published in the Journal of Analytical Toxicology in 2019

(142).
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CHAPTER 6: CONCENTRATIONS OF
PREGABALIN IN POST-MORTEM FEMORAL-
VEIN BLOODS
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6.1 Introduction

Studies have shown that pregabalin (PGL) is being misused by heroin users as it enhances the
effects of heroin. It is generally accepted that those who misuse PGL, such as heroin users, use
it in amounts greater than the recommended therapeutic dose (up to 600 mg/day). However, no
PM data have been published regarding whether there is a significant difference between the
PGL concentrations seen in those who use heroin compared to those who do not (non-heroin

users).

There are several reports on PGL concentrations in PM blood, however the blood sampling
sites are not always clearly defined, or analysis was specifically not conducted on femoral-vein
blood. This makes the interpretation of the PM concentrations difficult. Only one
recommendation was found where an author suggested that a PGL concentration of > 25 pg/mL
in PM femoral-vein blood should be considered as significant (79). However, in this case series
PGL was only screened for in specific cases. To aide interpretation of PGL concentrations in
PM cases, reference data from toxicological analysis conducted on femoral-vein blood only,

from all types of death, are needed to compile meaningful and unbiased concentration ranges.
In the work described in this chapter:

e The PGL concentrations seen in femoral-vein bloods from a PM cohort and defined

subcategories were evaluated.

e The concentrations of PGL in cases where the deceased were known to abuse PGL were

also explored.

e Work described in Chapter 5 established that PGL is more prevalent in heroin users

than non-heroin users. In this chapter the distribution of PGL concentrations in heroin
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users was compared to that in non-heroin users to determine if there was a significant

difference in the use of PGL between the groups.

The correlation between the morphine (from heroin use) and corresponding PGL

concentrations in the heroin users was investigated.

The morphine concentrations (from heroin use) in heroin users that were positive for
PGL were compared to the morphine concentrations in heroin users that were negative
for PGL (control group) to determine if the heroin users who used PGL take different

amounts of heroin compared to those who did not use PGL.

Approaches described by Druid et al. (11) and Jones and Holmgren (12) were adapted
to establish a ‘normal’ (incidental finding) concentration range and a ‘cause for
concern’ (toxicologically significant) concentration range for PGL in PM femoral-vein

blood.
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6.2 Methods

6.2.1 Determining the concentrations of pregabalin in post-mortem

femoral-vein blood

All PM cases that fell within the inclusion criteria of this study (see Section 3.3) were screened
for PGL. All PGL positive cases (> 0.5ug/mL) were accurately quantified as described in
Chapter 2. Demographics (age, sex) and the distribution of PGL concentrations were compared

between males and females.

6.2.2 Concentrations of pregabalin in those with a known history

of pregabalin abuse

The case documents of all PGL positive cases were investigated to identify cases where the
history clearly indicated that the deceased had illicitly misused PGL that was not prescribed to

them. Other toxicological findings in those cases were also explored.

6.2.3 Comparing pregabalin concentrations in heroin users to those

in non-heroin users

The cases that screened positive for PGL were subcategorised into heroin users and non-heroin
users (see Section 3.4.2 for the definitions of heroin and non-heroin users). The distribution of
PGL concentrations was then compared between the two categories to determine if a significant
difference was observed. Demographics and other toxicological findings were explored in both

categories.
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6.2.4 Correlation between the morphine and pregabalin

concentrations in heroin users

To determine if the amount of PGL used was related to the amount of heroin used, the PGL
concentrations were plotted against the corresponding morphine concentrations (from heroin

use) in the heroin-users.

A fully validated in-house method was used for the quantification of unconjugated morphine
in PM whole blood. The method involved a two-step protein precipitation process using
acetonitrile prior to sample purification using mixed mode (C8/cation exchange) SPE
cartridges. Endogenous water-soluble compounds and lipids were removed from the cartridges
before the samples were eluted, concentrated and derivatised using N-methyl-N-
trimethylsilyltrifluoroacetamide. The sample extracts were analysed using a GC-MS (Agilent
6890N GC coupled with Agilent 5975B MSD) in the simultaneous selective ion-
monitoring/scan mode. A low polarity Rxi®-5MS (30 m x 0.25 mm LD. x 0.25 pm) was used
for chromatographic separation. The assay was linear from 0.01 — 1.00 pg/mL, with the LOD

and LOQ set at 0.01 pg/mL.

6.2.5 Comparing morphine concentrations in heroin users that
were positive for pregabalin to those in control-heroin users that

were negative for pregabalin

Heroin users who misuse PGL to enhance their euphoria may use less heroin compared to those
who use heroin without PGL (or GBP), described as control-heroin users. The distribution of
morphine concentrations between the groups was assessed. Demographics and the concomitant

detection of other drugs were also compared between the groups.
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6.2.6 Defining ‘normal’ and ‘cause for concern’ concentration

ranges for pregabalin in post-mortem femoral-vein blood

Approaches described by Druid et al. (1997) and Jones and Holmgren (2009) were applied as
best as possible. In the Druid et al. method, the PGL positive cases are divided into subgroups
based on case history and the toxicological findings to establish ‘normal’ and ‘cause for
concern’ ranges. The groups are as follows: a) where PGL was the main finding in death, b)
mixed drug intoxication where PGL and other drugs contributed to death, and c) other cause
of death, where death was not drug related e.g. hanging, trauma etc. The ranges seen in each
group were then compared. For the Jones and Holmgren method, the 50" (median), 90, 95t

and the 97.5" percentiles of PGL concentrations are calculated from all causes of death.

6.2.7 Statistical analyses

All statistical analysis was carried out using IBM SPSS Statistics version 23.0 (Armonk, NY:
IBM Corp). Descriptive statistics were used to determine if the data were skewed or not and

parametric and non-parametric statistical analyses were used accordingly.

The Mann Whitney U test was performed to test significance when the distribution was skewed.
Parametric, two-tailed #-test was used to compare the age of the male and female deceased
when the data were normally distributed. To determine if there was a correlation between the
morphine and PGL concentration in heroin users, Spearman’s rank test (two-tailed) was used.
A P value < 0.05 was considered significant. Pearson's Chi-squared test (y* test) was applied
to evaluate how likely it was that any observed differences in the prevalence of other drugs
between the heroin users positive for PGL and the control-heroin users arose by chance. An
outlier concentration was defined as a concentration 1.5 times the interquartile range (IQR) of
the concentrations distribution. An extreme outlier concentration was a concentration that was

3 (or more) times the IQR.
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6.3 Results

6.3.1 Concentrations of pregabalin in post-mortem femoral-vein

blood

From 1% January 2016 to 31% December 2017, the cohort consisted of 3750 deceased. 3396
cases were non-heroin users, 354 were heroin users, of whom 264 cases were control-heroin
users that were negative for PGL (and GBP). Of the 3750 cases screened, 229 (6.1%) were
positive for PGL. Of those positive for PGL, 154 (67.2%) were male, (17 — 77 yrs, median =
44 yrs) and 75 (32.8%) were female (16 — 91 yrs, median = 46 yrs). A two-tailed #-test showed

no statistical difference between the ages for males and females positive for PGL (P = 0.41).

The PGL concentrations in PM femoral-vein bloods ranged from 1 — 540 pg/mL (n = 229,
median = 6.0, standard deviation (SD) + 44.6). The Mann-Whitney U test showed no
significant difference (P = 0.81) in the distribution of PGL concentrations between males
(range = 1 — 540 ng/mL, median = 6 pg/mL, + 53.6 SD) and females (range = 1 — 57 pg/mL,

median =7 ug/mL, + 11.4 SD).

6.3.2 Pregabalin concentrations in those with a history of

pregabalin abuse

Six cases were identified where the deceased had taken illicit PGL prior to death. These cases
are described in detail below. The PGL concentrations seen in these cases ranged from 2 — 36
pg/mL, with three cases where the PGL concentrations fell within the therapeutic range seen
in clinical samples (0.87 — 14.2 pg/mL in plasma). The top concentration seen (36 ug/mL) was
less than three times the upper limit of the therapeutic range. In each case of PGL misuse, PGL

was present in combination with one or more CNS depressant drug. CNS depressant effects

140



Limon K. Nahar

are enhanced when PGL is taken, even at therapeutic dosage, in combination with other

depressant drugs and therefore increases the risk of toxicity and death (88, 143).

Case a) A 42 year old male was prescribed morphine tablets for pain management. He illegally
purchased diazepam and two PGL tablets from the street. He took the drugs with his girlfriend
and was later found dead at home with vomit coming out of his mouth. His blood toxicology
showed a PGL concentration of 2 pg/mL, morphine of 0.55 pg/mL, a low therapeutic

concentration of diazepam, and a recreational concentration of cocaine.

Case b) A 42 year old male was an alcoholic and a drug user. He took PGL (not prescribed to
him) and clonazepam tablets (prescribed) at around 4am in the morning and was found dead a
few hours later. His blood toxicology showed a PGL concentration of 5 pg/mL, ethanol of 192
mg%, therapeutic concentrations of buprenorphine, promethazine (CNS depressant),
mirtazapine (anti-depressant) and quetiapine (anti-psychotic). A recreational concentration of

cocaine was also present.

Case ¢) A 34 year old female was living in a hostel for alcoholics and drug abusers. Her
boyfriend purchased illegal diazepam, clonazepam and PGL tablets, which they consumed with
alcohol the day before she died. In the morning she was found dead in bed. Her blood
toxicology showed a PGL concentration of 7 pg/mL, ethanol of 48 mg%, therapeutic
concentrations of buprenorphine, promethazine, mirtazapine, citalopram (anti-depressant),
quetiapine and olanzapine (anti-psychotic). Clonazepam (anti-epileptic) was found at a sub-

therapeutic concentration and cocaine was also present.

Case d) A 42 year old male had been drinking, snorting cocaine and taking PGL tablets all
night. He was later found dead in the morning. His blood toxicology showed a PGL
concentration of 19 ug/mL, ethanol of 220 mg%, a low therapeutic concentration of diazepam

and a recreational concentration of cocaine.
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Case e) A 38 year old male with a history of heroin use was found dead. On the evening before
his death, he got hold of two PGL tablets from a friend which he took before he went to bed.
His blood toxicology showed a PGL concentration of 32 pug/mL, methadone (prescribed) at
greater than therapeutic concentration (0.95 pg/mL), and therapeutic concentrations of
morphine (unknown origin - 0.05 pg/mL) and diazepam (CNS depressants). The blood was
also positive for therapeutic concentrations of paracetamol, mirtazapine, quetiapine and

cocaine metabolite.

Case f) A 16 year old female was found dead at her brother’s house. She was found with an
opiate patch on her arm and five PGL tablets in her bra. The PGL tablets belonged to her
brother’s girlfriend. Her blood toxicology showed a PGL concentration of 36 pg/mL, fentanyl
(opioid — CNS depressant) at 13.1 ng/mL (nor-fentanyl of 1.7 ng/mL, metabolite) indicating
acute use, and a therapeutic concentration of duloxetine (anti-depressant). Evidence of cannabis

use was also present.

6.3.3 Comparing pregabalin positive heroin users to pregabalin
positive non-heroin users

6.3.3.1 Demographics

Of the 229 cases that screened positive for PGL, 69 (30%) were heroin users and 160 (70%)
were non-heroin users. Of the heroin users, 56 were male, (20 — 68 yrs, median = 44 yrs) and
13 were female (23 — 53yrs, median = 44 yrs). Of the non-heroin users (n = 160) 98 were male,
(17 — 82 yrs, median = 45 yrs) and 62 were female (16 — 91yrs, median = 48 yrs). A two-tailed
t-test showed no statistical difference between the age ranges for males and females, in the

heroin users (P = 0.33) and the non-heroin users (P = 0.49).
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6.3.3.2 Concomitant detection of other drugs

PGL was observed alone (no ethanol or other drugs) in only 3 cases (non-heroin users). In each
of those cases the PGL concentrations fell within the ‘therapeutic range’ (1 — 14 pg/mL). In
the heroin users (n = 69) the two most common drug groups observed were cocainics with 55
(79.7%) cases, followed by anti-depressants with 39 (56.5%) cases. The two most common
drug groups observed in the non-heroin users (n = 160) were anti-depressants with 107 (66.9%)
cases, followed by non-heroin-related opioids with 89 (55.6%) cases. Figure 6.1 presents the
percentages of other drug groups detected with PGL in the heroin users and the non-heroin

Uusers.

6.3.3.3 Comparing pregabalin concentrations in heroin users to non-heroin

users

The PGL concentrations in the heroin users (n = 69) ranged from 1 — 540 pg/mL (median = 8.0
+ 74.2 SD) and from 1 — 168 pg/mL (median = 5.5 £ 21.0 SD) in the non-heroin users (n =
160). Figure 6.2 displays a boxplot comparing the distribution of PGL concentrations in both

groups. In the boxplot, the extreme outliers are marked with an asterisk (*).

To determine if there was a significant difference in the distribution of PGL concentrations
between the two groups, a Mann-Whitney U test was conducted and a P value of 0.012 was
obtained. This result confirmed that there was a statistically significant difference in the PGL
concentration between the groups and that a higher and wider range of concentrations was

present in the heroin users.
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Figure 6.1 The concomitant use of other drugs with pregabalin in non-heroin users and heroin

users

* Anti-depressants include but not limited to: Amitriptyline, citalopram, clomipramine, dothiepin, fluoxetine, mirtazapine,
paroxetine, sertraline, trazodone, trimipramine, venlafaxine, etc.

+ Anti-psychotics include: Clozapine, olanzapine, chlorpromazine, and quetiapine. Aripiprazole and risperidone were not
screened for in all cases.

1 Anti-epileptics include: Gabapentin. Carbamazepine, clonazepam, lacosamide, lamotrigine, levetiracetam, phenytoin,
valproate and zonisamide were not screened for in all cases.

§ Benzodiazepines include: Chlordiazepoxide, diazepam, desmethyldiazepam, temazepam, alprazolam. Alprazolam was not
screened for in all cases

I Cocainics include: Cocaine and/or cocaine metabolites in blood or urine

9 Non-heroin-related opioids include: Medicinal morphine or morphine of unknown origin, codeine, dihydrocodeine,
oxycodone, fentanyl and tramadol. Morphine and buprenorphine were not screened for in all cases.

# Other Drugs of abuse include: Gamma-hydroxybutyric acid, cannabinoids, amfetamines, synthetic cannabinoids and
designer benzodiazepines in blood or urine. These drugs were not screened for in all cases.
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Figure 6.2 Distribution of pregabalin concentrations between heroin users and non-heroin

users, with the inset displaying the boxplot excluding extreme outliers

A circle (o) indicates an outlier value and an asterisk (¥) indicates an extreme outlier value.

6.3.3.4 Extreme outliers

Four extreme outlier concentrations were present in the heroin users (100 — 540 pg/mL) and
six in the non-heroin users (57 — 168 pg/mL). These outlier concentrations were far greater
than the therapeutic concentrations seen in clinical samples (1 — 14 pg/mL). This indicated that

these may be cases of intentional overdose of PGL, and may have skewed the results.

To determine which of the extreme outlier cases were most likely to be an intentional overdose

of PGL, the case histories of those outliers were investigated to identify cases where there was
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a strong suggestion of intentional drug overdose, e.g. empty blister packets, suicide notes, tablet
residues in cups at scene, etc., or where the toxicology result showed extreme overdose
concentrations of other drugs present. Two such cases were identified in the heroin user
category and five in the non-heroin users. These putative intentional overdose cases were

removed from the dataset, and the remaining data were then reanalysed.

Figure 6.3 displays the distribution PGL concentrations between the heroin users and non-

heroin users with the defined outliers removed.
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Figure 6.3 Distribution of pregabalin concentrations between heroin users and non-heroin

users with putative intentional overdose cases removed.

A circle (o) indicates an outlier value and an asterisk (*) indicates an extreme outlier value.
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6.3.3.5 Comparing pregabalin concentrations in heroin users to non-heroin

users (outliers removed)

By removing the extreme outliers where intentional overdose was strongly suggested, the PGL
concentration ranged from 1 — 117 pg/mL (median = 8 pg/mL + 19.3 SD) in the heroin users
(n=067)and 1 — 114 pg/mL (median = 5 pg/mL + 12.6 SD) in the non-heroin users (n = 155).
A Mann-Whitney U test was used to compare the distribution of PGL concentrations between
the groups and a P value of 0.009 was obtained. This result confirmed that there was a
statistically significant difference in the PGL concentration between the groups and that higher

concentrations were present in the heroin users.

6.3.4 Correlation between the morphine and pregabalin

concentrations in heroin users (outliers removed)

The PGL concentrations (range = 1 — 117 pg/mL) in the heroin users (n = 67) were plotted
against the corresponding morphine concentrations from heroin use (range = 0.00 — 1.17
pg/mL, median = 0.14 pg/mL £+ 0.26 SD). Figure 6.4 displays a scatter plot of the PGL
concentrations against the morphine concentrations. Spearman’s rank test (two-tailed) showed
no statistically significant association between the PGL and morphine concentrations (P =

0.95) in the heroin users.
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Figure 6.4. Correlation between pregabalin and morphine concentrations (pg/mL) in heroin

users (n = 67, outliers removed)

6.3.5 Comparing pregabalin positive heroin users to control-heroin
users

6.3.5.1 Demographics

Of the heroin users that were positive for PGL (n = 69), 56 were male, (20 — 68 yrs, median =
44 yrs) and 13 were female (23 — 53yrs, median = 44 yrs). Of the control-heroin users (n =
264), 223 were male (16 — 71 yrs, median =40 yrs) and 41 were female (24 — 69 yrs, median

=48 yrs).
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6.3.5.2 Comparing the morphine concentrations in the pregabalin positive

heroin users to the control-heroin users

On comparing the distribution of morphine concentrations between PGL positive heroin users
(n = 69, range = 0.00 — 1.46 pg/mL, median = 0.15 pg/mL) to the control-heroin users that
were negative for PGL (and GBP) (n =264, range = 0.00 — 20.00 pg/mL, median =0.13 pg/mL

+ 1.26 SD), no statistical difference was observed (P = 0.98 using a Mann-Whitney U test).

6.3.5.3 Comparing the concomitant detection of other drugs in pregabalin

positive heroin users to control-heroin users

Cocainics (80% and 75%,), ethanol of > 50 mg % (29% and 35%), other drugs of abuse (15%
and 19%) and anti-epileptics (3% and 3%) were present at similar percentages in the heroin
users positive for PGL (n = 69) and the control-heroin users (n = 264), respectively. Chi-square
test showed the prevalence of these drugs were not statistically different with P values of 0.45,
0.39, 0.36 and 0.95, respectively. However, the anti-depressants (57% and 19%),
benzodiazepines (51% and 16%), methadone (45% and 25%), non-heroin related opioids (33%
and 8%) and anti-psychotics (22% and 6%) were present at much higher percentages in heroin
users positive for PGL compared to the control-heroin users. Chi-square test showed these
differences in prevalence were statistically significant with P values of < 0.001 for each drug/s

group. Figure 6.5 presents the percentages of the drug groups detected in both groups.
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Figure 6.5 The concomitant use of other drugs in pregabalin positive heroin users and control-

heroin users (negative for pregabalin)

* Cocainics include: Cocaine and/or cocaine metabolites in blood or urine

+ Other Drugs of abuse include: Gamma-hydroxybutyric acid, cannabinoids, amfetamines, synthetic cannabinoids and
designer benzodiazepines in blood or urine. These drugs were not screened for in all cases.

1 Anti-epileptics include: Carbamazepine, clonazepam, lacosamide, lamotrigine, levetiracetam, phenytoin, valproate and
zonisamide were not screened for in all cases. Excludes gabapentin.

§ Anti-depressants include but not limited to: Amitriptyline, citalopram, clomipramine, dothiepin, fluoxetine, mirtazapine,
paroxetine, sertraline, trazodone, trimipramine, venlafaxine, etc.

| Benzodiazepines include: Chlordiazepoxide, diazepam, desmethyldiazepam, temazepam and alprazolam. Alprazolam was
not screened for in all cases.

9 Non-heroin-related opioids include: Medicinal morphine or morphine of unknown origin, codeine, dihydrocodeine,
oxycodone, fentanyl, buprenorphine and tramadol.

# Anti-psychotics include: Clozapine, olanzapine, chlorpromazine, and quetiapine. Aripiprazole and risperidone were not
screened for in all cases.

150



Limon K. Nahar

6.4 Establishing ‘normal’ and °‘cause for concern’
concentration ranges for pregabalin in post-mortem
femoral-vein blood

6.4.1 Druid et al. (1997) method

On trying to subcategorise all the PGL positive cases (n = 229) into the groups suggested by
Druid et al. (11) it was determined that no cases fell within the key group that was required
where PGL was the main finding in death. In each case (n =229), there was either an overdose
concentration of another drug present, or another drug or other drugs were present that were
likely contributors to the drug related death (e.g. another CNS depressant). There were three
cases where PGL was seen alone, but in those case the PGL concentrations were within the
‘therapeutic range’ seen in clinical samples and death was not drug related (hanging, cancer
and suffocation). The specific method described by Druid et al. therefore could not be applied.
An alternative approach was applied which used the principles suggested by Druid et al. This

method is described and discussed below.

6.4.2 Alternative approach

The alternative approach used to determine a ‘normal’ and a ‘cause for concern’ concentration
ranges for PGL in PM femoral-vein blood took into consideration the case history and all

toxicological findings of the PGL positive cases (n = 229).

Firstly, to identify what concentration of PGL is a ‘normal’ or an incidental finding (unlikely
to be the cause of death), all cases that were positive for a drug of abuse (morphine from heroin
use, cocaine, methadone, GHB, cannabinoids, amfetamines, synthetic-cannabinoids, and

synthetic-benzodiazepines, n = 120) were removed from the PGL positive cases to leave a non-
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drugs of abuse user group (non-DOA). These cases were removed because those who use drugs
of abuse are likely to misuse PGL at higher than normal dosage. Only the non-DOA users (n =
109) were investigated. In those cases the PGL concentrations ranged from 1 — 168 pg/mL
(median = 4 ug/mL) and contained 21 cases that had a PGL concentration (16 — 168 pg/mL)
of greater than the ‘therapeutic range’ seen in clinical samples. The case histories and other
toxicological findings of those 21 cases were investigated. Ten cases were identified where the
deceased had taken a fatal overdose amount of another drug. A further 7 cases were identified
that had a history of either previous suicidal attempts/ideation or the toxicological findings and
the case history strongly suggested drug overuse. The PGL concentrations in those 17 cases
ranged from 16 — 168 pg/mL (median = 27pug/mL), and were most likely, on the balance of
probability, not a ‘normal’ incidental concentration of PGL in PM blood. These 17 cases are

listed in Table A1 in the appendix.

These potential overdose/overuse or suicidal cases (where PGL > therapeutic) were removed
from the non-DOA user cases, leaving 92 cases where the PGL concentrations were most likely
to be an incidental finding (i.e. did not contribute to the cause of death). In those cases the PGL
concentrations ranged from 1 — 19 pg/mL with an extreme outlier at 44 pg/mL (median = 3
pg/mL). Out of the 92 cases, 36 had a non-drug related alternative cause of death, e.g.
mechanical death such as hanging, trauma, road traffic collision and suffocation, or health
issues such as alcoholic/diabetic ketoacidosis, cancer and sudden death related to epilepsy. In
those 36 cases the PGL concentrations measured (1 — 13 pg/mL, n = 35) were within the
‘therapeutic range’ seen in clinical samples but included a single outlier at 44 pg/mL. This
outlier case is discussed below in detail. In 32 cases out of the 92 cases, the cause of death was
unascertained, i.e. the concentrations and drugs combinations present may not alone have been
sufficient to cause death; in these cases the PGL concentrations ranged from 1 — 19 pg/mL.

Twenty fours cases of the 92 cases were identified as other drug/s or ethanol-related deaths. In
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those cases the PGL concentrations ranged from 1 — 13 pg/mL and were within the ‘therapeutic

range’ seen in clinical samples. Table 6.1 and Figure 6.6 displays a summary of the data

described above. Figure 6.7 displays the distribution of PGL concentrations where the presence

of PGL was most likely an incidental finding.

Table 6.1 Pregabalin (PGL) concentration ranges seen in the non-drugs of abuse user cases

and in cases where PGL is likely to be an incidental finding

Pregabalin Concentration

(ng/mL)
Number
of cases Range Mean | Median
All Non-Drugs of Abuse Users 109 1-168 11 4
a) Cases where the deceased may have taken
an overdose/overused other drugs or was
suicidal (PGL concentration > ‘therapeutic’) 17 16 — 168 43 27
b) PGL is potentially an incidental finding 92 1-19/*44 5 3
1. Alternative Causes of Death
(Non-Drugs or Ethanol-Related) 36 1-13/*44 5 2
2. Other Drugs or Ethanol-Related Death
(PGL concentration = ‘therapeutic’) 24 1-13 5 4
3. Cause of Death -Unascertained 32 1-19 6 4

‘Therapeutic’: PGL concentrations between 0.89 — 14.2 ug/mL as seen in clinical samples

Alternative cause of death include: Mechanical deaths: hanging, trauma, road traffic collision and suffocation etc., or Health
issues: alcoholic/diabetic ketoacidosis, cancer and sudden death in epilepsy etc.

*Extreme outlier: > 3 times the interquartile range of the concentration distribution

6.4.2.1 Outlier case - Pregabalin concentration of 44 pg/mL

The deceased was a 75 year old female with bleeding pressure sores. Her daughter noticed the

deceased was having reduced responsiveness and took her to hospital where she passed away.

Her blood toxicology showed a PGL concentration of 44 pg/mL, oxycodone of 0.24 ug/mL
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(potentially therapeutic) and therapeutic concentrations of fentanyl and paracetamol. The PGL
concentration present was approximately 3 times greater than the top end of the ‘therapeutic
concentration’ seen in clinical samples. This result at least suggests overuse of PGL, however
due to her age it is more probable that comorbidity was involved, such as kidney disease, which
may have led to the accumulation of PGL. Unfortunately a full medical history was not
provided. The pathologist provided an alternative cause of death which was heart failure due

to hypovolemia. Due to these reasons discussed above, this case was excluded.
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Figure 6.6 Cumulative plots of pregabalin (PGL) concentrations in post-mortem femoral-vein
blood, where the PGL was an incidental finding and where it was potentially an

overdose/overuse concentration
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These data suggests that PGL concentrations up to 19 ug/mL may be considered as a ‘normal’
incidental finding, and those > 20 ug/mL as a significant ‘cause for concern’ finding in PM

femoral-vein blood.
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Figure 6.7 Distribution of pregabalin concentrations, in non-drugs of abuse users, where

pregabalin is likely an incidental finding

A circle (o) indicates an outlier value

6.4.3 Jones and Holmgren (2009) method

Using the Jones and Holmgren method (12), it was determined that from all manner of deaths
(n=229) the 50™ percentile or the median concentration of PGL was 6 ug/mL. It was calculated
that there was a 1 in 10, 1 in 20 and 1 in 40 chance (90", 95™ and 97.5™ percentiles,
respectively) of encountering a PGL concentration of 28, 43 and 108 pg/mL in PM femoral-

vein blood, respectively.
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6.5 Discussion and conclusion

This is the first UK based study which screened for and quantified PGL in the femoral-vein
bloods of an entire PM cohort (n = 3750). The PGL concentrations seen ranged from 1 - 540
pg/mL (n=229) which is comparable to the range seen in PM bloods (including femoral, heart
bloods, etc.) by other forensic laboratories, < 0.1 — 226 pg/mL (27, 79, 80, 97). This study
reports the highest PGL value seen in PM femoral-vein blood (540 pg/mL). As PGL has a low
Vd (0.5 — 0.6 L/Kg) it undergoes minimum PM redistribution (as suggested by the limited
information in literature), therefore the PGL concentration observed in PM femoral-vein bloods
is anticipated to reflect the concentration present in the deceased’s blood at the time of death.
Table 6.2 displays a summary of noteworthy PGL concentrations reported in the literature to

aid the interpretation and discussion.

In this study, six cases were identified where the deceased had a known history of PGL misuse
just prior to death. In those cases the PGL concentrations ranged from 2 - 36 pg/mL, with three
cases within the therapeutic range seen in clinical samples (up to 14.2 ug/mL). In another study
where the deceased were taking PGL that was not prescribed to them, the median PGL
concentration seen was 15 pg/mL (range 0.4 — 110 pg/mL, n = 152). These results illustrate
that the misuse of PGL is not always with extremely high doses and that low therapeutic
concentrations can be detected in blood. In was interesting that in 5 out of the 6 cases, cocaine

use was also present.

On subcategorising the PGL positive cohorts into heroin users (n = 69) and non-heroin users
(n = 160), it was found that polypharmacy was common in both groups. The classic
combination of drugs used by heroin users were as expected with cocainics, benzodiazepines

and methadone being more prevalent in the heroin users compared to the non-heroin users.
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Table 6.2 Summary of the noteworthy pregabalin (PGL) concentrations seen in literature

Pregabalin Conc’
Case Type Sample Type (ng/mL) Ref.
Ante-mortem Cases
Clinical samples Plasma 2.0-8.0 (99)
(maximum dose 600 mg/day) Plasma 0.87—14.20 (108)
Impaired drivers Serum 0.68—-111.6 (109)
Impaired drivers - PGL only drug detected Serum 17.9 (109)
Intentional overdose -survived Serum 20.8 (111)
(hospital treatment required) Serum 66.5 (110)
Post-Mortem (PM) Cases
PGL concentration range seen (n = 316) Femoral blood 0.28-110 27
PGL concentration range seen (n = 43) Femoral-vein blood 0.04 —23.8 (97)
(+ 2x heart blood)
PGL concentration range seen (n = 70) Femoral blood (+other) 0.005 —226.0 (80)
PGL concentration range seen (n = 93) Femoral blood 0.6 —182.0 (79)
(+ ante-mortem samples)
PGL main finding in death Femoral-vein blood 48.0 27)
PGL main finding in death Femoral-vein blood 110.0 27)
PGL contributory to death (n = 152) Femoral-vein blood 28.0-182.0 (79)
(+ ante-mortem samples)

PGL abuse cases Femoral blood 0.4 -110 (median=15) | (27)
50t 90%, 95 and 97.5" Percentile (n = 380) Femoral-vein blood 8.0, 35.0, 52.0, 96.0 (107)

Interestingly, the results also showed that a high proportion of those who used PGL, in both

heroin users and non-heroin users, were also positive for anti-depressants (56.5% and 66.9%)

and non-heroin-related opioids (33.3% and 55.6%); both have CNS depressive effects and will
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enhance the depressive effects with PGL. These results highlight that those who take PGL are
vulnerable individuals who have the potential to take a mixed drug overdose either accidentally
or intentionally due to their mental health issues. In such cases it is recommended that
prescribers are cautious when prescribing multiple CNS depressants to individuals, and

especially to those who have a history of drug misuse or mental health issues.

On comparing the distribution of PGL concentrations in heroin users (n = 67) to that in non-
heroin users (n = 155), with the outliers removed, highly significant differences were observed
(P =0.009). Anecdotal evidence has suggested that those who misuse PGL use it at greater
than the recommended dose. However, this study confirms that heroin users are using a
significantly higher and wider range of doses of PGL than non-heroin users. This is the first
study to quantify this. PGL is absorbed rapidly within an hour after oral ingestion, and its
bioavailability is dose independent, with the maximum bioavailability remaining at > 90%
regardless of the dose (85). This pharmacokinetic property makes PGL dangerous, especially
when combined with other CNS depressant drugs. The results from this study highlights that
the heroin users are at a greater risk of mixed drugs overdose due to the significantly higher
use of PGL with heroin and the concomitant use of other CNS depressants which enhance the

depressive effects.

No correlation was observed between the morphine (from heroin use) and PGL concentrations
in the heroin users (P = 0.69). This suggests that there is no relationship between the amounts
of heroin used and the amount of PGL taken by an individual. No statistical difference was
observed between the morphine concentrations (from heroin use) in the PGL positive heroin
users (n = 69) and the control-heroin users (n = 264). This indicates that the amount of heroin
used is not dependant on whether or not PGL is taken (P = 0.98). Together these data suggest
that, for example, greater impairment due to higher doses of one of the drugs does not lead to

taking higher doses of the other.
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When the concomitant use of other drugs was compared between the heroin user positive for
PGL and the control-heroin users, unexpectedly it was discovered that heroin users positive for
PGL had significantly higher prevalence of anti-depressants (57% and 19%), benzodiazepines
(51% and 16%), methadone (45% and 25%), non-heroin related opioids (33% and 8%) and
anti-psychotics (22% and 6%) compared to the control-heroin users. The high prevalence of
these CNS depressants in the heroin users that are positive for PGL strongly indicates that they
are at a far greater risk of mixed drugs toxicity than those who misuse heroin without PGL.
This result may also suggest that the heroin users that are positive for PGL may be getting it
prescribed to them as they are highly positive for other prescription only drugs (for pain
management or other reasons). If the latter is the case then these individuals require closer

monitoring by the prescribers.

From the literature (Table 6.2) it was found that an apprehended driver that displayed
impairment had a PGL concentration of 17.9 pg/mL in their serum, PGL was the only psycho-
active drug detected (109). An individual who took an intentional of overdose of PGL had a
serum PGL concentration of 20.8 pg/mL (111). In deaths where PGL was the main finding
(48.0 and 110 pg/mL) (27) or contributory to death (28 — 182.0 pg/mL) (79) the PGL
concentrations were all greater than 20.0 pg/mL. In a study by Elliot et al., the author
recommended that a PGL concentration of > 25 pg/mL in PM blood should be considered
significant. However, in that study, PGL was only analysed for in cases where its use was

suspected, therefore potentially biasing the data (79).

To determine what a ‘normal’ and a ‘cause for concern’ PGL concentration ranges are in PM
femoral-vein blood, data from all types of death were collated. The approach used by Druid et
al. could not be applied directly due to insufficient data. The alternative approach used applies
the same principle as the Druid et al. method and it is also the same method applied by the

Toxicology Unit to determine the significance of the drug findings based on an individual’s
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case history and toxicology results. Using the alternative approach in the study described here,
among the non-DOA user cases (n = 109) 17 drug-related deaths were identified where the
deceased had a greater than ‘therapeutic’ concentration of PGL in their blood and the case
histories suggested drug overdose, overuse or suicidal ideation. In these cases the PGL
concentrations ranged from 16 — 168 pg/mL. Among the non-DOA users who had an
alternative non-drug related cause of death or where the cause of death was unascertained, the
PGL concentrations did not exceed 19 pg/mL in the femoral-vein bloods (excluding the outlier
of 44 ng/mL). Taking into consideration the findings in the literature and the data from this
study, it is therefore concluded that PGL concentrations of < 19 pg/mL should be considered
as a ‘normal’ incidental finding in PM femoral-vein blood. PGL concentrations of > 20 pg/mL
should therefore be considered as a significant finding that should be ‘cause for concern’. There
is a considerable overlap between the concentrations in cases where PGL was considered an
incidental finding in death (up to 19 pg/mL), in cases where the death was drug-related and
PGL was most likely taken in excess (= 16 ng/mL), in cases where individuals were clearly
impaired but alert enough to drive (0.68 — 111.6 pg/mL) (109) and in cases where PGL was
the main finding in death (48 and 110 pg/mL) (27). This implies that in some instances
concentrations > 20 pg/mL may be a cause or a contributory factor in death, and in other
instances they may not, perhaps due to tolerance. However, data from this study and the limited
number of studies available in the literature suggest that a PGL concentrations of > 20 pg/mL
in PM femoral-vein blood should be considered as significant, especially when taken with other
CNS depressants (heroin, opioids, ethanol etc.) as it indicates the deceased has taken PGL in

excess of the recommend therapeutic dose.

Using the Jones and Holmgren method, it was determined that there was a 1 in 10 chance (90™
percentile) of encountering a PGL concentration of 28 pg/mL in a PM femoral-vein blood. This

value was similar (though a little higher) to the significant PGL concentrations recommended
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by this study (> 20 pg/mL) and by Elliot et al. (> 25 pg/mL) (79). This method provides a good
general guide to enable a toxicologist to say which concentrations are frequently encountered
and which are rarely encountered in their PM cohort. If a concentration of ‘X’ is rarely seen it
may indicate that it is not a ‘normal’ concentration and may be potentially toxic. Unfortunately
this approach does not provide strong information regarding the toxicity of a drug as it does
not take the case circumstances into consideration, and is more do with the frequency of the

detection of a drug concentration.

The concentration of a drug alone is not always sufficient to conclude if the drug concentration
is toxic or not. Knowledge of the deceased’s circumstances of deaths, prescription, dosage,
heath issues, drug abuse history and pathological findings at PM are vital to make a meaningful

interpretation of the toxicological findings.
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CHAPTER 7: CONCENTRATIONS OF
GABAPENTIN IN POST-MORTEM FEMORAL-
VEIN BLOODS
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7.1 Introduction

The work described in this chapter is based on the same approach used for PGL measurement

in the previous chapter.

It is generally accepted that those who recreationally use gabapentin (GBP), such as heroin
users, use it in amounts greater than the recommended therapeutic dose (up to 4.8 g/day).
However, no PM data have been published comparing the difference between the GBP

concentrations seen in those who use heroin compared to those who do not (non-heroin user).

Only two cases were found in the literature where GBP was seen alone and was considered the
cause of death, with one reporting a femoral-vein blood concentration of 88 pg/mL (104) and
another of 37 pg/mL (105) in the common iliac-vein blood (located close to the femoral-vein).
These reports were single case studies of GBP overdose (intentional and accidental,
respectively) showing that a wide range of PM GBP concentrations can be considered toxic.
No recommendation has been established in the current literature regarding what concentration

of GBP in PM femoral-vein blood should be considered a significant finding in death.
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7.2 Methods

The methods used to analyse the data obtained for GBP were identical to those used to analyse
the pregabalin (PGL) data in Chapter 6. Please refer to Chapter 6 (Methods) for the following

method headings.

Determining the concentrations of GBP in PM femoral-vein blood.

e Concentrations of GBP in those with a known history of GBP abuse

e Comparing GBP concentrations in heroin users to those in non-heroin users

e Correlation between the morphine and GBP concentrations in heroin users

e Comparing morphine concentrations in heroin users that were positive for GBP to those

in control-heroin users that were negative for GBP

e Defining ‘normal’ and ‘cause for concern’ concentration ranges for GBP in PM

femoral-vein blood

e Statistical analyses
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7.3 Results

7.3.1 Concentrations of gabapentin in post-mortem femoral-vein

bloods

From 1% January 2016 to 31 December 2017, the cohort consisted of 3750 deceased. Of these,
3396 cases were non-heroin users, and 354 were heroin users, of whom 264 cases were control-
heroin users that were negative for GBP (and PGL). Of the 3750 cases screened, 118 (3.1%)
were positive for GBP. Of those positive for GBP, 73 (61.9%) were male, (26 — 84 yrs, median
=50 yrs) and 45 (38.1%) were female (26 — 92 yrs, median = 56 yrs). A two-tailed ¢-test showed
no statistical difference between the age ranges for males and females positive for GBP (P =

0.40).

The GBP concentrations in PM femoral-vein bloods ranged from 1 — 151 pg/mL (n = 118,
median = 12 +29.1 SD). A Mann-Whitney U test found that there was a significant difference
(P =0.006) in the distribution of GBP concentrations between males (range = 1-116 pg/mL,
median = 9 pg/mL, £ 23.5 SD) and females (range = 1 — 151 pg/mL, median = 15 pg/mL, +

35.2 SD). Higher and wider ranges of concentrations were observed in the females.

7.3.2 Gabapentin concentrations in those with a history of

gabapentin abuse

No cases were identified where the case history suggested illicit use of GBP.
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7.3.3 Comparing gabapentin positive heroin users to gabapentin
positive non-heroin users

7.3.3.1 Demographics

Of the 118 cases that screened positive for GBP, 23 (19.5%) were heroin users and 95 (80.5%)
were non-heroin users. Of the heroin users, 21 were male, (31 — 66 yrs, median = 45 yrs) and
two were female (37 — 45yrs, median = 41 yrs). Of the non-heroin users, 52 were male, (26 —
84 yrs, median = 52 yrs) and 43 were female (26 — 92 yrs, median = 45 yrs). A two-tailed #-test
showed no statistical difference between the age ranges for males and females in non-heroin
users (P = 0.72). No statistical analysis was conducted for the GBP positive heroin users due

to the small sample size.

7.3.3.2 Concomitant detection of other drugs

GBP was observed alone (no ethanol or other drugs) in only 11 cases (non-heroin users), with
the GBP concentrations ranging from 1 — 89 pg/mL. In seven cases the GBP concentrations
fell within the therapeutic concentrations seen in clinical samples (2 — 20 ug/mL) (99) and in

four cases they were greater at 25, 36, 50 and 89 pg/mL. These cases will be discussed later.

In the heroin users (n = 23), the two most common drug groups observed were cocainics with
20 (87.0%) cases, followed by anti-depressants with 12 (52.2%) cases. The two most common
drug groups observed in the non-heroin users (n = 95) were non-heroin-related opioids with 59
(62.1%) cases, 28 of which contained morphine (medicinal or of unknown origin), followed by
anti-depressants with 51 (53.7%) cases. Figure 7.1 presents the percentages of other drug

groups detected with GBP in the heroin users and the non-heroin users.
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7.3.3.3 Comparing gabapentin concentrations in heroin users to non-heroin

users

The GBP concentrations in the heroin users (n = 23) ranged from 1 — 49 pg/mL (median = 9.0
+13.6 SD) and from 1 — 151 pg/mL (median = 12 + 31.5 SD) in the non-heroin users (n = 95).
Figure 7.2 displays a boxplot comparing the distribution of GBP concentrations in both groups.

In the boxplot, the extreme outliers are marked with an asterisk (*).

To determine if there was a significant difference in the distribution of GBP concentrations
between the heroin users and the non-heroin users, a Mann-Whitney U test was conducted.
Although higher and wider ranges of concentrations were present in the non-heroin users, there

was no statistically significant difference between the groups (P = 0.16).
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Figure 7.1 The concomitant use of other drugs with gabapentin in non-heroin users and heroin

users

* Anti-depressants include but not limited to: Amitriptyline, citalopram, dothiepin, duloxetine, fluoxetine, mirtazapine,
nortriptyline, paroxetine, sertraline, venlafaxine, etc.

+ Anti-psychotics include: Olanzapine, chlorpromazine, prochlorperazine and quetiapine.

1 Anti-epileptics include: Pregabalin. Carbamazepine, clobazam, clonazepam, topiramate and valproate were not screened
for in all cases.

§ Benzodiazepines include: Chlordiazepoxide, diazepam, desmethyldiazepam, and temazepam
I Cocainics include: Cocaine and/or cocaine metabolites in blood or urine

4 Non-heroin-related opioids include: Medicinal morphine or morphine of unknown origin, codeine, dihydrocodeine,
dipipanone, oxycodone, fentanyl, and tramadol. Morphine and buprenorphine were not screened for in all cases.

# Other Drugs of abuse include: Gamma-hydroxybutyric acid, cannabinoids and amfetamines in blood or urine. These drugs
were not screened for in all cases.
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Figure 7.2 Distribution of gabapentin concentrations between heroin users and non-heroin

users

A circle (0) indicates an outlier value and an asterisk (*) indicates an extreme outlier value.
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7.3.3.4 Extreme outliers

Six extreme outlier concentrations were present in the non-heroin users (86, 111, 116, 116, 134
and 151 pg/mL). These outlier concentrations were far greater than the therapeutic
concentrations seen in clinical samples (2 — 20 pg/mL). This indicated that these cases may be

of intentional overdose of GBP, and may have skewed the results.

To determine which of the extreme outlier cases were most likely to be an intentional overdose
of GBP, the case histories of the outliers were investigated to identify cases where there was a
strong suggestion of intentional drug overdose, e.g. empty blister packets at scene, suicide
notes, tablet residues in cups, etc. or where the toxicology result showed extreme overdose
concentrations of other drugs present. Three such cases were identified (concentrations 134,
116 and 111 pg/mL). These cases were removed from the dataset and the remaining data were

reanalysed.

7.3.3.5 Comparing gabapentin concentrations in heroin users to non-heroin

users (outliers removed)

With the defined outliers removed from the non-heroin user category the GBP concentration
ranged from 1 — 151 pg/mL (median =12 pg/mL, n=92). Once again, no significant difference
was observed between the distributions of GBP concentrations between the heroin users and

non-heroin users (P = 0.23 using Mann-Whitney U test).

7.3.4 Correlation between the morphine and gabapentin

concentrations in heroin users

The GBP concentrations (range = 1 — 49 pg/mL) in the heroin users (n = 23) were plotted
against the corresponding morphine concentrations from heroin use (range = 0.00 — 0.84

pg/mL, median = 0.07 pg/mL + 0.19 SD). Figure 7.3 displays a scatter plot of the GBP
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concentrations against the morphine concentrations. Spearman’s rank test (two-tailed) showed

a statistically significant association between the GBP and morphine concentrations (P = 0.03)

in the heroin users.
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Figure 7.3 Correlation between gabapentin and morphine concentrations (ug/mL) in heroin

users (n =23)

7.3.5 Comparing gabapentin positive heroin users to control-

heroin users

7.3.5.1 Demographics

Of the heroin users that were positive for GBP (n = 23), 21 (91%) were male, (31 — 66 yrs,

median = 45 yrs) and 2 (9%) were female (37 — 45yrs, median = 41 yrs). Of the control-heroin

users (n=264), 223 (84%) were male (16 — 71 yrs, median =40 yrs) and 41 (16%) were female

(24 — 69 yrs, median = 48 yrs).
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7.3.5.2 Comparing the morphine concentrations in the gabapentin positive

heroin users to the control-heroin users

On comparing the distribution of morphine concentrations between GBP positive heroin users
(n =23, range = 0.00 — 0.84 pg/mL, median = 0.07 pg/mL) to the control-heroin users that
were negative for GBP (and PGL) (n =264, range = 0.00 —20.00 pg/mL, median =0.13 ng/mL)
a P value of 0.038 was obtained using a Mann-Whitney U test; higher and wider ranges of

morphine concentrations were seen in the control-heroin users.

7.3.5.3 Comparing the concomitant detection of other drugs in gabapentin

positive heroin users to control-heroin users

Cocainics (87 and 75%) and methadone (30% and 25%) were present at similar percentages in
the heroin users positive for GBP (n = 23) and the control-heroin user (n = 264), respectively.
However, the anti-depressants (52% and 19%), benzodiazepines (30% and 16%) and non-
heroin related opioids (30% and 8%) were present at much higher percentages in heroin users
who were positive for GBP compared to the control-heroin users. As the number of the heroin
user cases which fell within each drug group was small, a statistical test was not conducted.

Figure 7.4 presents the percentages of the drug groups detected in both groups.
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Figure 7.4 The concomitant use of other drugs in gabapentin positive heroin users and control-

heroin users (negative for gabapentin)

* Cocainics include: Cocaine and/or cocaine metabolites in blood or urine

+ Anti-depressants include but not limited to: Amitriptyline, citalopram, clomipramine, dothiepin, fluoxetine, mirtazapine,
paroxetine, sertraline, trazodone, trimipramine, venlafaxine, etc.

1 Benzodiazepines include: Chlordiazepoxide, diazepam, desmethyldiazepam, temazepam and alprazolam. Alprazolam was
not screened for in all cases.

§ Non-heroin-related opioids include: Medicinal morphine or morphine of unknown origin, codeine, dihydrocodeine,
oxycodone, fentanyl, buprenorphine and tramadol.

I Anti-psychotics include: Clozapine, olanzapine, chlorpromazine, and quetiapine. Aripiprazole and risperidone were not
screened for in all cases.

4 Anti-epileptics include: Carbamazepine, clonazepam, lacosamide, lamotrigine, levetiracetam, phenytoin, valproate and
zonisamide were not screened for in all cases. Excludes pregabalin.

# Other Drugs of abuse include: Gamma-hydroxybutyric acid, cannabinoids, amfetamines, synthetic cannabinoids and
designer benzodiazepines in blood or urine. These drugs were not screened for in all cases.
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7.4 Establishing ‘normal’ and °‘cause for concern’
concentration ranges for gabapentin in post-mortem
femoral-vein blood

7.4.1 Druid et al. (1997) method

On trying to subcategorise all the GBP positive cases (n = 118) into the groups suggested by
Druid et al. (11), it was determined that no cases fell within the key group where GBP was the
main finding in death. In each case, there was either a non-drug related alternative cause of
death, an overdose concentration of another drug was present or other drugs were present that

were likely contributors to the drug related death (e.g. another CNS depressant).

GBP alone was detected in 11 cases. In seven cases the GBP concentrations measured (2 — 6
pg/mL) were within the ‘therapeutic range’ seen in clinical samples (2 — 20 pg/mL) and death
was not drug related (diabetic ketoacidosis, cancer, suffocation and unascertained). In the four
remaining cases, GBP was found at concentrations above the ‘therapeutic range’ (25 — 89
pg/mL), and in each case the pathologist gave a non-drug related cause of death. These cases

are discussed in detail below.

Case a) The deceased was a 75 year old elderly female with poor mobility who underwent
major spinal surgery two days prior to death and was suffering from acute kidney injury as an
inpatient. She was discharged from hospital and readmitted 2 days later as she was feeling
generally unwell. She died in hospital within 24 hours. Her blood toxicology showed a GBP
concentration of 25 pg/mL only. The pathologist gave the primary cause of death as pulmonary

thromboembolism as large blood clots were found in her lungs during autopsy.
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Case b) The deceased was a 49 year old female wheelchair bound paraplegic diagnosed with
transverse myelitis (nerve pain) for which GBP is commonly prescribed. Due to her pressure
sores she was prescribed metronidazole (antibiotic). From the metronidazole, she developed
side effects such as nausea, vomiting and hallucination and was generally unwell the day before
her death. She was found dead at home by her mother. Her blood toxicology showed a GBP
concentration of 36 pg/mL only. The pathologist gave a cause of death of sepsis secondary to

pressure Sorces.

Case ¢) The deceased was a 61 year old male with Hepatitis C (previous history of crack
cocaine use) and end stage renal failure. He underwent regular dialysis. He was found dead at
home by his carer, but death was unexpected. His blood toxicology showed a GBP
concentration of 50 pg/mL only. The pathologist gave the primary cause of death as ischemic

heart disease.

Case d) The deceased was a 92 year old female who suffered from stage two chronic kidney
disease, depression and hypertension. She was found dead in bed. Her blood toxicology showed
a GBP concentration of 89 pg/mL only. The pathologist gave the cause of death as acute left

ventricular failure.

As the specific method described by Druid et al. could not be applied, an alternative approach
was employed which used the principles suggested by Druid et al. This method is described

and discussed below.

7.4.2 Alternative approach

The alternative approach used to determine a ‘normal’ and a ‘cause for concern’ concentration
ranges for GBP in PM femoral-vein blood took into consideration the case history and all

toxicological findings of the GBP positive cases (n = 118).
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Firstly, to identify what concentration of GBP is a ‘normal’ or an incidental finding (unlikely
to be the cause of death), only the non-drugs of abuse user cases (non-DOA, n = 77) (see
Section 6.4.2 for definition) were investigated. In the non-DOA cases, the GBP concentrations
ranged from 1 — 151 pg/mL (median = 13 ug/mL) and 30 cases had a GBP concentration (21
— 151 pg/mL) greater than the ‘therapeutic range’ seen in clinical samples. The case histories
and other toxicological findings of those 30 cases were investigated. Eleven cases were
identified where the deceased had taken a fatal overdose amount of another drug. A further 5
cases were identified where the deceased had a history of either suicidal attempts/ ideation or
the toxicological findings and the case history strongly suggested drug overuse. The GBP
concentrations in those 16 cases ranged from 23 — 134 pg/mL (median = 56 pg/mL), and these
elevated concentrations were most likely, on the balance of probability, not a ‘normal’
incidental concentration of GBP in PM blood. These 16 cases are listed in Table A2 in the

appendix.

These potential overdose/overuse or suicidal cases (where GBP > therapeutic) were removed
from the non-DOA user cases, leaving 61 cases where the GBP concentrations ranged from 1—
151 pg/mL. Figure 7.5 displays a boxplot showing the distribution of GBP concentrations in
the remaining 61cases. Six outlier concentrations were present which included four extreme

outliers.

176



Limon K. Nahar

200
g 151
& 150 *
=
=
2 116
[==1 +*
=
§ 100 29
= *
O
5 68
*
g 54
o= 0 8
% 50
I:I-—

|
WNon-Drugs of Abuse User (n=61)

Figure 7.5 Distribution of gabapentin concentrations in non-drugs of abuse users with

overdose/overuse or suicidal cases removed

A circle (o) indicates an outlier value and an asterisk (*) indicates an extreme outlier value.

7.4.2.1 Six outlier cases

The case documents of the six outlier cases (151, 116, 89, 68, 54 and 50 pg/mL) were
investigated to elucidate why the concentrations were highly elevated. The cases with 89 and
50 pg/mL of GBP have been discussed in detail previously (Cases ¢ and d, respectively). The

remaining cases are described below:

Case e) The deceased was a 65 year old female who had one of her kidneys removed. She was

in palliative care for cancer, which had spread to her bladder. She developed urosepsis and
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passed away. Her blood toxicology showed a GBP concentration of 151 ug/mL, oxycodone at
0.51pug/mL, cyclizine at 1.60 pg/mL (anti-emetic) and fentanyl (pain killer) and nor-fentanyl
at 9 and 21 ng/mL. Paracetamol was present at therapeutic concentration. The primary cause
of death was given as pulmonary embolism and the secondary cause of death as deep-vein

thrombosis.

Case f) A 55 year old female was found deceased at home. She was suffering from terminal
cancer, Hepatitis C, epilepsy and acute kidney failure. Her blood toxicology showed a GBP
concentration of 116 pg/mL, therapeutic concentrations of buprenorphine, carbamazepine and
topiramate. The primary cause of death was given as bilateral bronchopneumonia, and the

secondary cause of death as toxic effects of GBP and buprenorphine.

Case g) The deceased was a 38 year old female who was on dialysis due to renal failure. She
was feeling unwell at home and passed away in hospital the same day. Her blood toxicology
showed a GBP concentration of 68 pg/mL, oxycodone of 0.24 pg/mL and therapeutic
concentrations of amitriptyline, cyclizine and paracetamol. The deceased suffered from type I
diabetes and her vitreous glucose concentration was 31.4 mmol/L (normal < 5.8 mmol/L). The

primary cause of death was given as complication due to type I diabetes.

Case h) The deceased was a 39 year old male who was found deceased in a tent. There was
dried blood around his mouth and drug paraphernalia at the scene; however, the type of drug
used was unknown. His blood toxicology showed a GBP concentration of 54 pg/mL and a
therapeutic concentration of olanzapine (anti-psychotic). The cause of death given by the

pathologist was chronic obstructive pulmonary disease.

In five out of the six outlier cases the deceased suffered from a form of kidney/renal disease
and were in very poor health. From the pharmacology of GBP, it is known that 81% of ingested

GBP is excreted unchanged via the kidney. This means that those who suffer from chronic
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kidney diseases or any ailment that effects renal excretion, and take GBP, even at the
therapeutic dosage, GBP will accumulate in the blood unless dose is adjusted. This potentially
explains the high concentrations of GBP seen in the 5 cases. Case f describes a situation where
the deceased may have most likely misused GBP recreationally before death (prescription
history not provided), hence the elevated GBP concentration seen. No drugs of abuse were
detected in the blood. As the five cases listed above had a medical condition which most likely
had caused the elevated GBP concentration seen and one case where GBP most likely had been

misused, these ‘not normal’ cases were removed as outliers.

After removing the potential overdose/overuse or suicidal cases (where GBP> therapeutic) and
the outlier cases mentioned above from the non-DOA users (n = 77), 55 cases remained in
which the GBP concentrations were most likely an incidental finding (not a cause of death) in
PM femoral-vein blood. In those cases the GBP concentrations ranged from 1 — 40 pg/mL
(median = 7). Out of the 55 cases, 23 had a non-drug related alternative cause of death, e.g.
mechanical death such as hanging, gunshot wound, fire, trauma, road traffic collision and
suffocation, or health issues such as alcoholic/diabetic ketoacidosis, cancer, sepsis and sudden
death related to epilepsy. In those 23 cases the GBP concentrations ranged from 1 — 40 pg/mL
(median = 9). In 22 cases out of the 55 cases, the cause of death was unascertained, 1.e. the
concentrations and drug combinations present may not alone have been sufficient to cause
death; in these cases the GBP concentrations ranged from 1 — 33 pg/mL (median =11 pg/mL).
Ten of the 55 cases were identified as other drug/s or ethanol-related deaths. In those cases the
GBP concentrations ranged from 1 — 26 pg/mL (median = 14). Table 7.1 and Figure 7.6

displays a summary of the data described above.
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Table 7.1 Gabapentin (GBP) concentration ranges seen in the non-drugs of abuse user cases

and in cases where GBP is likely to be an incidental finding

Gabapentin Concentration
(ng/mL)
Number
of cases Range Mean | Median
All Non-Drugs of Abuse Users 77 1-151 28 13
a) Cases where the deceased may have taken
an overdose/overused other drugs or was
suicidal (GBP concentration > ‘therapeutic’) 16 23 -134 63 56
b) GBP is potentially an incidental finding 55 1-40 11 7
1. Alternative Causes of Death
(Non-Drugs or Ethanol-Related) 23 1-40 9 6
2. Other Drugs or Ethanol-Related Death
(GBP concentration = ‘therapeutic’) 10 2-26 14 14
3. Cause of Death -Unascertained 22 1-33 11 10

‘Therapeutic’: GBP concentrations between 2 — 20 pg/mL as seen in clinical samples

Alternative cause of death include: Mechanical deaths: fire, hanging, trauma, road traffic collision and suffocation, etc., or
Health issues: alcoholic/diabetic ketoacidosis, cancer, sudden death in epilepsy, etc.

The above data suggest that GBP concentrations up to 40 ug/mL may be considered as a
‘normal’ incidental finding in death, and those > 40 pg/mL should be considered a significant
‘cause for concern’ finding in PM femoral-vein blood. Figure 7.7 displays a boxplot showing
the distribution of GBP concentrations in cases where GBP was most likely a ‘normal’

incidental finding.
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Figure 7.6 Cumulative plots of gabapentin (GBP) concentrations in post-mortem femoral-vein

blood, where the GBP was an incidental finding and where it was potentially an

overdose/overuse concentration
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Figure 7.7 Distribution of gabapentin concentrations, in non-drugs of abuse users, where

gabapentin is likely an incidental finding in death.

A circle (o) indicates an outlier value

7.4.3 Jones and Holmgren (2009) method

Using the Jones and Holmgren method (12), the 50™ percentile or the median concentration for
GBP was 12 pg/mL. It was also determined that from all manner of deaths (n = 118) that there
was a 1in 10, 1 in 20 and 1 in 40 chance (90™, 95" and 97.5™ percentiles, respectively) of
encountering a GBP concentration of 58, 90 and 116 pg/mL in PM femoral-vein blood,

respectively.
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7.5 Discussion and conclusion

This was the first UK based study to screen for and quantify GBP in the femoral-vein bloods
of an entire PM cohort (n = 3750). The GBP concentrations seen ranged from 1 — 151 pg/mL
(n = 118), with higher concentrations being seen in females compared to males. The range of
GBP concentrations seen in this study is comparable to the range seen in PM bloods (including
femoral-vein, iliac bloods, etc.) by other forensic laboratories, < 1 — 134 pg/mL (27, 101, 106).
As GBP has alow Vd (0.8 — 1.3 L/Kg), it undergoes minimum PM redistribution (as suggested
by the limited information in literature), meaning the GBP concentrations observed in PM
femoral-vein bloods most likely reflect the concentrations present in the deceased’s blood at
the time of death. Table 7.2 displays a summary of noteworthy GBP concentrations reported

in the literature to aid the interpretation and discussion.

On subcategorising the GBP positive cohorts into heroin users (n = 23) and non-heroin users
(n=95), it was found that polypharmacy was common in both groups. The classic combination
of drugs used by heroin users were as expected, with cocainics, benzodiazepines and
methadone being more prevalent in the heroin users compared to the non-heroin users. The use
of anti-depressants in both categories were similar at 52% in the heroin users and 54% in the
non-heroin users. However, non-heroin-related opioids were more prevalent in the non-heroin
users (62%) compared to the heroin users (30%) by almost 50%. Anti-depressants and non-
heroin-related opioids both have CNS depressive effects and will enhance the depressive
effects of GBP. A study looking at patients who were concomitantly prescribed opioids and
GBP found that combining these drugs increased the risk of opioid-related overdose by 49%
(143). Another study reported that morphine (an opioid) increases the bioavailability of GBP

by 50% and decreases the rate of GBP excretion (86). The presence of other opioids may
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similarly increase the bioavailability of GBP and increase of the risk of toxicity, although this

has not been confirmed in the literature.

Table 7.2 Summary of the noteworthy gabapentin (GBP) concentrations seen in literature

Gabapentin
Case Type Sample Type (ng/mL) Ref.
Ante-mortem Cases
Clinical samples Plasma 2.0-20 (99)
(therapeutic dose)
Impaired drivers Whole blood <2.0-24.7 (100)
Impaired drivers Whole blood 1.5-31.0 (101)
Impaired drivers — GBP was the only significant Whole blood <2.0-155 (100)
drug detected
Intentional overdose -survived Serum 62 (103)
(hospital treatment required) Plasma/serum 44.5-104.5 (104)
GBP toxicity symptoms — Renal impairment Serum >15 (102)
GBP toxicity symptoms — Renal impairment - Serum 85 (103)
(recovered by modifying dosage)
Post-Mortem (PM) Cases
GBP concentration range seen (n = 43) Femoral blood 0.62 -93 27)
GBP concentration range seen (n = 30) Iliac blood <1-82 (106)
GBP concentration range seen (n = 60) Femoral blood 1.1-134 (101)
(+other)

GBP main finding in death Iliac blood 37 (105)
GBP main finding in death Femoral-vein blood 88 (104)
GBP main finding in death Femoral-vein blood? 34 (101)
GBP abuse cases Femoral blood 0.6 —45.0 (median = 12) | (27)
50t 90%, 95 and 97.5" Percentile (n = 135) Femoral-vein blood 11, 60, 103, 157 (107)

The results from this study and those in the literature highlight that taking GBP with opioids is

a problem in all case types and not just the heroin users. The combination of drugs being used
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with GBP indicate that those who use GBP are vulnerable individuals who have the potential
to take a mixed drug overdose either accidentally or intentionally due to their mental health
status. As a pain relief medication it is understandable that GBP is prescribed with other pain
killers, and the benefit of co-prescribing may outweigh the harm. Nevertheless, the results of
this study suggests that prescribers should be cautious when prescribing multiple CNS
depressants to individuals, and especially to those who have a history of drug misuse or mental

health issues.

On comparing the distribution of GBP concentrations in the heroin users (n = 23) to that in the
non-heroin users (n = 95) no statistical difference was observed (P = 0.16). This suggests that

both heroin users and non-heroin users take similar dosages of GBP.

Spearman’s rank test showed that there was a significant correlation between the morphine
(from heroin use) and GBP concentrations in the heroin users (n = 23, P = 0.03). The
relationship was inversely proportional, where the GBP concentration decreased with increase
in morphine concentration. This suggested that individuals who take heroin titrate the amount
they use with the amount of GBP taken. On comparing the distribution of morphine
concentrations (from heroin use) in the GBP positive heroin users to the control heroin users
(negative for GBP), a statistical difference was observed (P = 0.04). Higher ranges were
measured in the control-heroin users. Together these results suggest that the more heroin used,

the less GBP is taken.

When the concomitant use of other drugs was compared between the heroin user positive for
GBP and the control-heroin users, it was found that the heroin users positive for GBP had a
much higher prevalence of anti-depressants (52% and 19%), benzodiazepines (30% and 16%),
and non-heroin related opioids (30% and 8%) compared to the control-heroin users. The high

prevalence of other CNS depressant drugs in the heroin users that are positive for GBP
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potentially indicates that they are at a far greater risk of mixed drugs toxicity than those who
misuse heroin without GBP. This result may also suggest that the heroin users that are positive
for GBP may be getting it prescribed to them (for pain management, etc.) as they are highly
positive for other prescription only drugs. If the latter is the case then these individuals require

close monitoring by the prescribers.

It has to be strongly emphasised that the sample size of the GBP positive heroin users was very
small with only 23 cases. Any statistical inference, from the above four statements, should be
considered with caution as they may represent a type I or II error. These studies would benefit

from a larger sample size (approximately 100 samples of GBP positive heroin users).

On trying to establish a ‘normal’ or incidental finding concentration of GBP in PM femoral-
vein bloods, the case histories of the extreme outlier concentrations were investigated. After
removing suspected drug overdose, overuse and those with suicidal ideation, five interesting
cases were highlighted. These cases (Cases ¢, d, e, f, g) had elevated concentrations of GBP
(50 — 151 pg/mL), all suffered from a form of renal impairment (generally of poor health) and
all were given a non-drug related natural cause of death by the pathologist. Two studies
investigating GBP toxicity in renal impairment cases stated that GBP toxicity manifested in
those with renal impairment at concentrations > 15 pg/mL (102). In a single case study where
an elderly patient with renal impairment suffered from toxic symptoms of GBP, she had a
serum GBP concentration of 85 pg/mL (103). In a case of intentional overdose of GBP, a GBP
concentration of 88 pg/mL in femoral-vein blood was considered the cause of death (104). As
GBP is mainly excreted by the kidneys (2), those with renal impairment will have a reduced
clearance of GBP, leading to accumulation of GBP to potentially toxic concentrations. In a
study it was concluded that GBP toxicity in those with chronic kidney disease is generally
unrecognised, and patients may be given GBP at a dosage that cannot be effectively cleared by

impaired kidneys, leading to ‘overt toxicity’ (102). Therefore, it may be probable that in a
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proportion of those five cases, GBP may have been a cause or contributory factor in death.
However, it is the pathologist’s role to determine cause of death and a toxicologist’s to provide

guidance.

From the literature (Table 7.2) it was found that apprehended drivers exhibited impairment
when GBP (main finding) was within therapeutic concentrations in their blood (100). Those
individuals who had taken an intentional overdose of GBP and survived due to hospital therapy
had GBP concentrations ranging from 62 — 104.5 pg/mL in serum/plasma (concentrations at
an hour to several hours after initial overdose) (103, 104). In deaths where GBP was the main
finding and most likely caused death, the GBP concentrations were 34, 37 and 88 ug/mL (iliac
and femoral-vein bloods) (101, 104, 105). One study showed that concentrations of GBP > 30
pg/mL were associated with deaths due to mixed drugs toxicity (106). In another study the
authors stated that a GBP blood concentration > 14 pg/mL in the presence of a low
concentration of sedative was sufficient to cause death (101). From the literature search of all
overdose cases (AM and PM cases) where the GBP finding was significant, GBP

concentrations were present at greater 30 pg/mL.

To determine what a ‘normal’ and a ‘cause for concern’ GBP concentration ranges are in PM
femoral-vein blood, data from all types of death were collated. Using the alternative approach
in the study described here, among the non-DOA users (n = 77) 16 drug-related deaths were
identified where the deceased had a greater than ‘therapeutic’ concentration of GBP in their
blood and the case histories suggested drug overdose, overuse or suicidal ideation. In these
cases the GBP concentrations ranged from 23 — 134 pg/mL. Among the non-DOA users who
had an alternative non-drug related cause of death or where the cause of death was
unascertained, the GBP concentrations did not exceed 40 pg/mL in the femoral-vein bloods (n
= 45). Therefore, taking into consideration the findings in the literature and the data from this

study, it is concluded that GBP concentrations of < 40 pg/mL should be considered as a
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‘normal’ incidental finding in PM femoral-vein blood, and GBP concentrations of > 40 pg/mL
should be considered as a significant finding that is a ‘cause for concern’. There is an overlap
between the concentrations where GBP is an incidental or ‘normal’ finding in death (up to 40
ug/mL), where the death was drug-related and GBP was most likely taken in excess (> 23
ug/mL), in those where GBP was the main finding in death (34, 37 and 88 pug/mL) (101, 104,
105), and in individuals who have taken an intentional overdose and survived with treatment
(62 —104.5 ng/mL) (103, 104). This implies that in some instances concentrations > 40 pg/mL
may be a cause or a contributory factor in death depending of the drug combinations taken, and
in other instances may not, perhaps due to tolerance. However, considering data from this study
and the limited number of studies available in the literature, it can be concluded that a GBP
concentrations of > 40 pg/mL in PM femoral-vein blood should be considered as significant,
especially when taken with other CNS depressants (heroin, opioids, ethanol etc.) as it indicates
the deceased has taken GBP in excess and in line with those who have taken a GBP overdose.
This is the first study to provide a recommendation of a concentration at which GBP should be

considered as significant finding in PM femoral-vein blood.

Using the Jones and Holmgren method, it was determined that there was a 1 in 10 chance (90™
percentile) of encountering a GBP concentration of 58 pg/mL in a PM femoral-vein blood.
Although this value is higher than the significant GBP concentration recommended by this
study (= 40 pg/mL) it was in keeping with the study’s recommendation. Jones and Holmgren
method provides a good general guide regarding frequency of encountering a drug

concentration at PM, but not for deciding if the concentration encountered is toxic or not.

The concentration of a drug alone is not always sufficient to conclude if the drug concentration
is toxic or not. Knowledge of the deceased’s circumstances of deaths, prescription, dosage,
heath issues, drug abuse history and pathological findings at PM are vital to make a meaningful

interpretation of the toxicological findings.

188



Limon K. Nahar

CHAPTER 8: GENERAL DISCUSSION

189



Limon K. Nahar

8.1 Summary of main findings

See Chapter 1, Section 1.14 and 1.15 for the study’s hypotheses and aims.

1)

2)

3)

4)

S)

The number of deaths associated with baclofen (BLF), gabapentin (GBP) and
pregabalin (PGL) are likely being significantly under-estimated (by approximately
43%, 58% and 54%, respectively) in deaths reported to the Coroner due to the selective

screening approach used by many forensic laboratories.

The prevalence of BLF-associated deaths in this study’s PM population was low, and

deaths due to recreational use of BLF were rarely seen.

The prevalence of GBP was 2.3 times higher and PGL was 4.1 times higher in the

heroin-users compared to non-heroin users.

The concentrations of PGL present in the heroin users were significantly higher than
that in the non-heroin users. No significant difference was seen between the GBP

concentrations in the two groups.

This study recommends that a PGL concentration of > 20 ug/mL and a GBP
concentration of > 40 pg/mL should be considered a significant ‘cause for concern’
finding in PM femoral-vein blood and lower concentrations should be considered as a

‘normal’ finding.
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8.2 Development of method

This thesis described the development and validation of a method suitable for the screening
and quantification of BLF, GBP and PGL in PM blood. A simple, efficient and highly sensitive
method was developed which used protein precipitation and LC-MS/MS in the t-DMRM mode.
The screening method was cost effective and provided an accurate estimation of the analytes
prior to quantification. The screening method alone can be used to report a therapeutic result
without the need for further quantification. This means that it saves additional cost for
quantification to the Coroners. To our knowledge, this is the first study which compared short
and long-term stability of BLF, GBP and PGL in whole blood in preservative and non-
preservative containing tubes and the first method to analyse BLF, GBP and PGL together in

PM blood using t-DMRM mode.

8.3 Method application to routine analysis

After completing data collection for the study (31% December 2017), from 1% January 2018,
the developed method has been routinely used by the Toxicology Unit to screen all types of
bloods (including femoral-vein, cardiac, subclavian, AM blood/serum, etc.) and vitreous
humour, from all age groups, for BLF, GBP and PGL. Quantitative values are given for PM
femoral-vein bloods, AM bloods and AM serums (after matrix matching) only. All other

matrixes are given a qualitative results.

The developed instrumental method has been transferred onto a second LC-MS/MS in-house.
The resulting data from second instrument was compared with a set of predetermined

acceptance criteria (similar to that used for the validation of the initial instrumental method)

191



Limon K. Nahar

and showed that the data obtained were acceptable and the method was easily transferable. This

also indicates that this method can be easily adopted by other toxicological laboratories.

8.4 Contribution to toxicological knowledge

8.4.1 Policy makers

This is the first study conducted in the UK to demonstrate that the prevalence of BLF is low
(0.6%) and for GBP (3%) and PGL (6% is high in an entire PM cohort. The cohort was taken
from areas which covered approximately 15% of England’s population. The prevalence of PGL
and GBP was also confirmed to be higher in heroin users than non-heroin users. This study
also highlighted that due to the selective screening approach, used by many forensic
laboratories, where these drugs are only screened for if they are mentioned in the case
documents or specifically requested by pathologists, GBP and PGL may be being missed in

more than 50% of GBP and PGL positive cases.

The results from this study have been published (142) and has been shared with the Advisory
Council on the Misuse of Drugs (ACMD), the Chief Coroner, Senior Coroners, Home Office
pathologists and Public Health England. This study provided the first statistical evidence
which supported the government’s decision to control GBP and PGL in the UK. The data
advise the Chief Coroner to recommend all pathologists to request for GBP and PGL screen in
PM cases because of the large proportion of deaths related to these drugs that may be being
missed. The data from this study have been discussed at The Report Illicit Drug Reactions

meeting held by Public Health England in August 2019 (144).

GBP and PGL are being widely used along with opioids so increasing the possible risk of

toxicity due to respiratory depression. Prescribers should carefully consider whether to
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prescribe multiple CNS depressants to patients, and if unavoidable, should carefully monitor
such individuals, particularly those with a history of substance misuse. Although prescribers
are already aware that GBP and PGL are being misused, our data suggest that PGL may be

subject to greater misuse, and that GPs should be aware of this.

Furthermore, no caution was provided (up until June 2019) to prescribers in the British National
Formulary (BNF) regarding the adverse effects of co-prescribing GBP or PGL with opioids or
when prescribing GBP or PGL to those with drug dependence history. The Medicines and
Healthcare Products Regulatory Agency recommend that the BNF is updated to include these
cautions (145). These recommendations were supported (with evidence) by the following
publication ‘Misuse and Mortality Related to Gabapentin and Pregabalin are Being Under-
Estimated: A Two-Year Post-Mortem Population Study’ (7% May 2019) (142). This
publication was a result of the findings obtained during this PhD. The online BNF was updated

to include cautions in June 2019.

8.4.2 Toxicologists

There are very limited data in the literature regarding what concentrations of PGL and GBP
should be considered a significant finding in PM femoral-vein bloods. Only one previous paper
has recommended a concentration at which PGL should be considered significant. However,
in that study AM samples were also analysed and PGL was selectively screened for in cases
(79). No recommendation was found for GBP in the literature. This study provides the first
recommendation to toxicologists of concentrations at which PGL and GBP (> 20 and > 40
pg/mL, respectively) should be considered a significant finding in PM femoral-vein blood. In

this study, the data were solely obtained from PM femoral-vein bloods and not from clinical
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data, which many toxicologists use. This will help toxicologists to make a better interpretation

of a GBP or PGL findings at PM.

It is understandable that it is not practical to screen all cases for all drugs, but in light of the
fact that GBP and PGL have been reclassified as Class C controlled substances and the
prevalence of them is high in the PM population, this study recommends that GBP and PGL
are screened for in all cases. This will allow for their significance in deaths to be established.
If a laboratory is unable to do so, then our data suggest they should at least screen for these
drugs in all the drugs of abuse related deaths, especially the heroin users and those who are

positive for non-heroin-related opioids.

8.5 Strengths and limitations of the study

This study collected data from samples from areas which covered approximately 15% of
England’s population and included the diverse population of London. However, the PM cohort
included only those deaths where toxicology was considered necessary rather than all deaths
or even all deaths reported to the Coroner. The study also only included cases from adults (16
year and over) where post-mortem femoral blood was submitted, so no data were collected for

children under 16 years of age.

Although a routine drugs screen was conducted on the PM blood of all cases, not all cases
underwent a specific morphine screen or a urine drugs of abuse screen. This was due to a
morphine screen not being requested by the pathologist or limitations of the specimens
submitted for analysis. Also in this study, heroin users were identified based on the presence
of morphine in the deceased at the time of death plus the presence of a heroin-related marker

or a strong suggestion of heroin use from the case documentation. However it was possible that
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in some cases evidence of heroin use was not identified due to lack of information submitted
with the case or because friends/family removed evidence of drug use. This means there is a
possibility of under-reporting the number of GBP and PGL-positive cases that had morphine
present in them and also morphine from heroin use. However, there was no under-reporting on

the actual prevalence of GBP and PGL in the PM population.

Unfortunately full prescription histories were not provided with all cases, which made it
difficult to determine if the BLF, GBP or PGL had been misused illicitly by the deceased. This
information would have enabled the study to comment on the prevalence of the illicit
recreational use of these drugs. As it stands, the study can only discuss the prevalence of use

and the concentrations observed.

8.6 Further work

8.6.1 Method

This study demonstrated that the prevalence of GBP and PGL was high in those who use heroin,
and they were being taken concomitantly with other non-heroin-related opioids. Due to this
finding it is proposed that a new method is developed which allows for the screening and
quantification of GBP, PGL, morphine, 6-monoacetylmorphine, codeine, dihydrocodeine,
oxycodone, buprenorphine, norbuprenorphine and benzoylecgonine (cocaine metabolite) in
PM femoral-vein blood. The drugs listed for the proposed method do not all extract efficiently
in a broad spectrum basic extraction method. This new method may improve the efficiency of
the Toxicology Unit, as it will combine three screening methods into one. The new method
will be a modification of the protein precipitation method developed for this thesis. The method

may require a sample concentration step due to the variation in the range of concentrations
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(ng/mL to pg/mL) at which these drugs are therapeutic and potentially toxic in PM blood. A

corresponding deuterated internal standard will be added for each drug analysed.

This study showed that the prevalence of BLF was low in the PM population covered in the
study and therefore it is not necessary to screen for BLF in all cases. However, as GBP and
PGL are now controlled drugs in the UK (from April 2019), and with BLF being investigated
for treatment of alcoholism and cocaine, GHB and opiate addiction, we may see a shift in drug
use from GBP and PGL to BLF in the near future. If the new method allows, BLF will be

included and continuously screened for to see if such a shift does occur.

8.6.2 Data collection

This study looked at the prevalence and concentrations of GBP and PGL in heroin users and
compared it to the non-heroin users. It will be interesting to further subcategorise the non-
heroin users into other drugs of abuse (other-DOA) user category, i.e. those deceased who are
not heroin users but have used other drugs of abuse (i.e. cocaine, amfetamines, synthetic-
cannabinoids, etc.). By comparing the data obtained for GBP and PGL in heroin users to the
other-DOA, it can be determined if other-DOA users have similar potential to misuse GBP and

PGL.

There are limited data available in the literature regarding PM concentrations of BLF, GBP and
PGL in children who are prescribed these drugs. This makes the interpretation of PM
concentrations observed in children difficult, especially when the dosages for children and
adults are different. Since January 2018, the Toxicology Unit has been screening for BLF,
GBP and PGL in all age groups. This means the Unit will be able to collate PM concentration
data for these drugs in children, and hopefully in the future may be able to provide meaningful

interpretation for these drugs in children.
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Another possible way to determine therapeutic, toxic and fatal concentrations of drugs in PM
blood is by generating a concentration-response and toxicity probability lines (146). This
requires concentration data to be collected from the literature as well as in-house data regarding
therapeutic (none or minimal side effects), toxic (where patient required hospitalisation) and
fatal concentrations mainly due to the drug of interest. Currently there are insufficient data to
attempt this but it will be interesting to see if this method gives similar results to those found

in this study.

8.7 Conclusion

This study was able to generate new meaningful data which are able to provide guidance to
policy makers as well as those who are involved in the sample collection, analysis and
toxicological data interpretation. This study demonstrates that for a toxicologist to make a
meaningful interpretation of the findings of a case, a drug concentration value is not enough.

A full medical and prescription history, circumstances of death and PM report is necessary

Drug related fatalities are not predictable or straightforward, especially in the context of
polypharmacy and the subsequent interpretation of findings. This study highlights that if a drug
is not analysed for, it will not be found. These data recommends a standardisation of practice
in forensic toxicology and recommends that a broader and comprehensive toxicological
screening is conducted on all suspected drug related fatalities. However, to accomplish this,

greater resources and funding needs to be provided by UK government policy makers.
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Appendix I: Table A1 — The history, pregabalin (PGL)
concentrations (ug/mL) and other toxicological findings in
post-mortem femoral-vein blood in cases where drug

overdose, overuse or suicidal ideation was suggested.

Case | Age PGL Other toxicological findings
No | (sex) Circumstances of death (ng/mL) (ng/mL) (T = therapeutic)
Depressed after wife's death, suicidal Venlafaxine-53.7

62 intent. Found deceased at home with O-desmethylvenlafax-9.48
1| (M) | blood around mouth - suicide notes left. 168 Naproxen-205

Codeine-9.0,
Paracetamol-343

Found deceased in bed at home with a Fluoxetine-7.64
43 pillow on his face. A mug filled with Norfluoxetine-1.59
2 | (M) | medication found at scene. 106 Desmethyldiazepam-(T)
Zopiclone-1.95
Found deceased at home. Possible Olanzapine-2.02
38 overdose of medication. Talked about Clomipramine-2.59
3|1 (M) | suicide. 73 Desmethylclomipramine-0.29

Codeine-7.30
Morphine-0.50
Paracetamol-193

Found responsive at home, blood Sertraline-6.33
33 around face. Medication present at Quetiapine-(T)
4| (F) | scene. 57 Ethanol-84 mg%

Tramadol-74
O-desmethyltramadol-1.84
Codeine-7.50
Anmitriptyline-14.57

42 Found decomposed in bed. Empty packets Nortriptyline -<0.2

5|1 (M) | ofprescription medication at scene 39 Paracetamol-212

Tramadol-5.8
O-desmethyltramadol-0.79
Codeine-0.83

54 Found unresponsive in bed by son. DHC-0.55

6 | (F) | Possible overdose of medication. 39 Paracetamol-85

Tramadol-1.64
O-desmethyltramadol-0.39

Suffering from depression after mother’s Oxycodone-0.02
17 death. Been out celebrating late mother's Diazepam-(T)
71 (M) | birthday. Later found deceased by brother. 35 Desmethyldiazepam-(T)

Codeine-0.84
Morphine-0.03
Oxycodone-0.23
Zopiclone-0.18

Found deceased in hotel room. Empty Diazepam-(T)
40 capsules and a dirty glass found. Desmethyldiazepam-(T)
8 | (M) | Threatened to kill himself. 33 Sildenafil-(T)
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Alcoholic, found deceased at home,

Morphine-0.35
Promethazine-(T)
Tramadol~(T)
Fluoxetine-(T)

33 possibly taken too much morphine. Dextromethorphan-(T)
9| (F) | History of drug overuse. 27 Cyclizine-(T)
Known to store medication and then
48 take it all at once. Found deceased at
10 | (F) | home. 26 Dihydrocodeine-5.2
Tramadol-8.06
0O-desmethyltramadol-0.60
Found deceased on bedroom floor. Had Anmitriptyline-0.88 Nortriptyline-
37 messaged her friend saying she has no 0.32
11| (F) | fightleftin her. Suicide? 22 Nefopam-0.75
Codeine-0.20
Diazepam-(T)
Desmethyldiazepam-(T)
Amitriptyline-(T)
Nortripyline-(T)
Had been feeling drowsy with slurred Sertraline-T
speech. Doctor may have increased her Norsertraline
medication dose. Known to overuse Amlodipine-(T)
40 medication. Doctor feels she may have Carbamazeine-(T)
12 | (F) | taken her life. 22 Hydroxychloroquine
Tramadol-34.4
O-desmethyltramadol-1.48
Paracetamol-220
Olanzapine-0.55
Sertraline-0.99
Norsertraline-0.61 Promethazine-
Found deceased in bath fully clothed by (T
23 father. Empty blister packets of Lamotrigine-(T)
13 | (F) | medication found in kitchen. 21 Diazepam-(T)
DHC-0.88
Epileptic with frequent seizures, found Clobazam-(T)
deceased with vomit and blood around Desmethylclobazam-(T)
31 mouth. Previous overdose of morphine Valproate-(T)
14 | (M) | and pregabalin. 19 Mirtazapine-(T)
Codeine-1.56
Paracetamol-316
Queiapine-2.79
Diazepam-(T)
Desmethyldiazepam-(T)
Found deceased on sofa by husband. Had Sertraline-(T)
49 | been complaining of lower back pain day Norsertraline
15| (F) | before death 18 Lansoprazole
Fluoxetine-4.15
Norfluoxitine-1.86
Tramadol-1.04
Diabetic, had been unwell for the past O-desmethyltramadol-0.10
47 few days, went to bed. Later found Duloxetine-1.20
16 | (F) | unresponsive in bed. 17 Lignocaine
Oxycodone-0.56
Found deceased in the woods. Vodka Amitriptyline-0.74
bottles, empty tablet packets and cloudy Nortriptyline-0.03
46 liquid in a jar was present at scene. Diazepam-(T)
17 | (F) | Previous suicide attempts. 16 Ethanol-68 mg%
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Appendix II: Table A2 — The history, gabapentin (GBP)

concentrations (ug/mL) and other toxicological findings in

post-mortem femoral-vein blood in cases where drug

overdose, overuse or suicidal ideation was suggested

Case | Age GBP Other toxicological findings
No | (sex) Circumstances of death (ng/mL) | (pg/mL) (T = Therapeutic)
Morphine-0.88
Dihydrocodeine-6.0
Paracetamol-591
Fentanyl-(T)
Found deceased at home with numerous Trazodone-(T)
86 empty packet of co-dydramol in the bin. Fluoxetine-(T)
1 (F) | Previously had attempted to take her life. 134 Amlodipine-(T)
Oxycodone-2.73
Found deceased at home with oxycodone Morphine-0.77
blister packet at scene with several missing Paracetamol-100
82 tablet at scene. Previous overdose, suicide Mirtazapine-(T)
2| (M) | note left. 116 Quinine-(T)
Codeine-0.68
Morphine-0.04
Paracetamol-366
Recently released from a mental health unit. Mirtazapine-1.67
Admitted to hospital after taking a multiple N-desmethlymirtazapine-0.25
54 drug overdose. He died in hospital the Midazolam
3] (M) | following day. 111 Fentanyl
Found decomposed at home with empty
51 blister packets of tablets at scene. Had Zopiclone-3.49
4 | (M) | been considering taking his life. Note left. 82 Ethanol-137 mg%
Oxycodone-0.14
Codeine-0.15
Found deceased at home with a bag over his Quinine-(T)
82 head attached to a helium cylinder. Suicide Paracetamol-(T)
51 (M) | notes left. 78 Ethanol-66 mg%
Morphine-0.28
Tramadol-2.90
O-desmethyltramadol-0.66
Cyclizine-2.0
Found deceased at home. Empty Temazepam-(T)
Oramorph bottle (prescribed) at scene. Mirtazapine-(T)
46 The deceased has a history of self-harm N-desmethylmirtazapine
6 | (F) | and drug overdose. 70 Citalopram-(T)
Zopiclone-1.30
Found deceased at home with empty bottles Mirtazapine-3.40
67 of medication at scene. Had been considering Citalopram-3.80
7 | (F) | taking her life. Suicide note left. 62 Ethanol-137 mg%
Morphine-0.99
Out of hospital cardiac arrest. History of Mirtazapine-(T)
epilepsy, depression and ‘'accidental Cyclizine-(T)
53 overdose' on prescribed drugs (morphine Carbamazepine-(T)
8| (F) | capsules) 57 Sodium valproate-(T)

212




Limon K. Nahar

Anmitriptyline-5.01
Nortriptyline-<0.25
Tramadol-(T)

72 Found deceased at home. Large amounts of O-desmethyltramadol-(T)
9 | (M) | medication at scene. Suicide note left. 55 Ethanol-63 mg%
Oxycodone-3.55
Tramadol-6.14
O-desmethyltramadol-<0.2
Found deceased at home with medication Baclofen-14.0
scattered on floor. Personality disorder Pregabalin-6
31 with  depression. Previous suicidal Amitriptyline-1.27
10| (B attempts. 53 Nortriptyline-<0.2
Found deceased at home. She takes high Oxycodone-1.20
dosage of pain killers for chronic back pain. Mirtazapine-(T)
57 Suffers from chronic obstructive pulmonary Anmitriptyline-(T)
11| (F) | disease 49 Ethanol-88 mg%
Oxycodone-0.58
Diazepam-0.75
Suffers from depression and panic attacks. Desmethyldiazepam-0.96
62 Found dead at home. Aspiration of gastric Duloxetine-(T)
12 (F) contents. History of previous overdose. 32 Diphenhydramine-(T)
Codeine-2.33
Sertraline-5.26
Deceased was an anorexic. Found dead at Desmethylsertraline-3.31
home with numerous empty medication Paracetamol-61
52 | packets at scene. Had taken an overdose a few Chlorpromazine-(T)
13| (F) | days earlier. 31 Beta-hydroxybutyrate-537
Found deceased at home. Known history of
58 alcoholism, ‘accidental overdose' and self- Paracetamol-289
14| (M) | harm. 31 Ethanol-33 mg%
Fentanyl-26.8 ng/mL
Nor-fentanyl-2.0 ng/mL
Dipipanone
Diazepam-(T)
Found deceased at home with a fentanyl Desmethyldiazepam-(T)
patch on leg (prescribed). Suffers from Amitriptyline-1.00
45 chronic back pain. Pulmonary oedema seen at Nortriptyline-0.46
15| (M) | autopsy. 24 Cyclizine-(T)
Tramadol-1.76
Depressed and in poor health (lupus, O-desmethyltramadol-0.20
swelling of heart) with carers attending Dihydrocodeine-0.15
49 daily. Found deceased on floor with Amitriptyline-(T)
16 | (F) | frothing from mouth. 23 Nortriptyline
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Appendix IV: List of oral presentations

1) LTG/UKIAFT meeting, 18™ March 2018: The prevalence and concentration of
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LTG: London Toxicology Group
UKIAFT: United Kingdoms and Ireland Association of Forensic Toxicologists

TIAFT: The International Association of Forensic Toxicologists
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