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Abstract 
 

Most patients at advanced stages of cancer experience moderate to severe pain [1, 2]. Despite 

increased research and attempts on estimation and management, pain continues to be a 

predominant symptom in patients with cancer [1]. In general, cancer pain is treated with 

pharmacological agents, specifically using opioids alone or in combination with adjuvant 

analgesics [3]. Methadone is administered to patients with cancer pain not responsive to 

morphine or other strong opioids when intractable opioid adverse effects appear [4]. The 

inherent properties of methadone, including high oral bioavailability, rapid onset of analgesic 

effect, long half-life resulting in infrequent dosing regimens, lack of active metabolites, low 

rate of induction of tolerance, low cost, and perceived benefit in difficult pain control scenarios 

such as neuropathic pain, facilitates its use in in the management of pain in profoundly ill 

patients [5, 6]. Methadone is also considered as the first strong opioid analgesic in patients 

with renal impairment [4]. However, in clinical practice the use of methadone is highly 

restricted due to the narrow therapeutic window between efficacy and toxicity accompanied 

with large inter- and intra-individual variability in response [2]. Understanding the 

pharmacokinetics (PK) and pharmacodynamics (PD) of methadone could help determine 

appropriate opioid selection for individual patients with advanced cancer. 

 

In clinical practice, methadone is administered as a racemic mixture of l-and d-methadone and 

the analgesic properties are mostly attributed to the l-enantiomer. Clinical studies have also 

indicated the disposition of methadone to be enantioselective [7-9]. Evaluation of the PK 

profile of the methadone enantiomers requires accurate quantitation of each enantiomer. The 

use of saliva as a surrogate to plasma samples has been evidenced by strong correlations 

reported for analgesics such as paracetamol [10] and hydromorphone [11], with mixed results 

for methadone  [12-14]. Saliva sampling would prove to be useful in drug monitoring and PK 

studies, especially in patients with advanced cancer where ethical and medical reasons limit 

invasive procedures on this patient population with their persistent declining health condition. 

Quantitation of l- and d-methadone in biological samples requires an accurate, sensitive and 

robust analytical method. Unfortunately, the complex matrices used in the bioanalysis can 

cause interference, requiring estimation and minimisation of these effects to ensure accuracy 

and precision of results, especially when they are applied in PK studies [15]. An integrated 

population PK study of methadone enantiomers using NONMEM, provides a powerful and 

flexible means of obtaining estimates of both the inter- and intra-individual variability in PK 

parameters and identifies factors (covariates), such as patient characteristics, that influence 
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the PK behaviour of the drug and thus explain some of the inter-individual variability of 

methadone response. Further, investigation of the pharmacogenetic factors, such as genetic 

polymorphisms of the enzymes involved in PK characteristics and drug transporters/ receptors 

in PD aspects of methadone, may provide insight into the variability in efficacy and adverse 

events of methadone in clinical practice. 

 

This study commenced with an extensive review on suppression and enhancement of 

ionisation (SEI) which provided insight into the phenomenon of SEI in high performance liquid 

chromatography coupled to tandem mass spectrometry (HPLC-MS/MS), its minimisation and 

assessment. With heterogeneous sample matrices to be analysed, this review provided 

information on methods to assess and minimise the deleterious effect of SEI on the measured 

concentrations of the methadone enantiomers. In the next stage, a highly sensitive, accurate 

and precise analytical method to quantitate l-and d-methadone in total and unbound plasma 

and saliva samples was developed and validated over a wide concentration range of 0.05 - 

1000 ng/mL, using HPLC-MS/MS. A simple one-step extraction process was designed for 

sample preparation for both plasma and saliva, in comparison to complex extraction 

procedures generally employed. This method successfully addressed the low saliva sample 

volume available due to xerostomia in patients with advanced cancer, and the potential loss of 

methadone by adsorption on to the saliva collection device (Salivette®), with extraction 

efficiencies of 96% and 97% (0.5 ng/mL), and 99% and 98% (500 ng/mL) for l- and d-

methadone respectively. SEI was also investigated across a large number (n=60) of samples 

from different origins, with no presence of interference at the retention time of both l- and d-

methadone, thus demonstrating accuracy in the quantitation of the enantiomers. 

 

In the third stage of this study, 151 paired plasma and saliva samples provided by 50 adult 

patients being cared for at the oncology and palliative care service of the Mater Adults 

Hospital and St. Vincent’s Private Hospital, Brisbane, were evaluated for possible relationships 

between l- and d-methadone plasma (total and unbound) and saliva concentrations. The 

concentration of methadone enantiomers was found to be higher in saliva samples, suggesting 

the possibility of active transport into saliva. Statistical analysis to evaluate correlation of 

plasma and saliva concentrations did not reveal any significant relationships. While the 

saliva/plasma (S/P) ratio of the concentration of methadone enantiomers was quite stable 

across the dosing range, variability in individual S/P ratios indicated that saliva may not serve 

as a surrogate for plasma in PK studies of methadone in patients with advanced cancer.  
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In the fourth stage of this study, pharmacogenetic factors that could contribute to the inter-

individual variability in response to methadone were investigated by examining the potential 

influence of several polymorphisms associated with the genes ABCB1, OPRM1, ARRB2, BDNF 

and KCNJ6. No significant associations were found between the genotypes and the methadone 

dose requirement or the therapeutic response, as measured by pain scores. 

 

In the final stage, the population PK characteristics of the methadone enantiomers were 

analysed using NONMEM for the plasma concentrations of l-and d-methadone. Patient specific 

factors (covariates) which influenced the PK and explained the variability in methadone 

response were identified with the future aim of supporting dose individualisation of 

methadone. Being an acute phase protein that is elevated in patients with advanced cancer 

[16], the concentration of α1-acid glycoprotein (AAG) was included in model building to 

improve predictive performance. A one-compartment model with first-order elimination 

described the data. The population PK parameters for this one-compartment model were 365 

L and 279 L for volume of distribution for l-and d-methadone respectively, and clearance (CL) 

was 3.67 L/h/70 kg for both enantiomers. Since preliminary models resulted in very similar CL 

values for both enantiomers, CL was not estimated differently. Addition of weight of the 

patients as a covariate in model building resulted in a reduction in unexplained variability on 

CL from 71.4% to 66.7%. The AAG concentration in plasma was found to be significant and 

improved the predictive performance of the model. 

 

A multidisciplinary approach was used in this study to evaluate the PK/PD characteristics of 

methadone to explain the wide variability observed in therapeutic response in cancer 

populations. A highly sensitive, simple bioanalytical method to quantitate the enantiomers of 

methadone in plasma and saliva was developed, providing the basis for future PK/PD studies 

or for monitoring efficacy, toxicity and side effects. The prevalence of SEI in bioanalysis was 

reviewed with strategies provided to minimise the effect of SEI. Correlation analysis of plasma 

and saliva samples in the clinical study revealed higher saliva concentrations in comparison to 

plasma, which benefits sensitivity in instrumental analysis and showed the presence of an 

active transport system for the transfer of methadone into saliva. Pharmacogenetic analysis 

included studies on polymorphisms influencing the PK and PD characteristics of methadone in 

cancer patients when information on this patient population is sparse.  With very limited 

information on population PK studies of methadone in cancer patients, this study described 

methadone population PK using plasma concentrations of l-and d-methadone, and identified 

patient specific factors that influenced the PK, with the future aim of supporting dose 

individualisation of methadone for pain management in patients with advanced cancer.   
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Chapter 1. Introduction and thesis overview 

1.1 Significance 
While advances in treatment have increased, cancer remains the leading cause of death in 

Australia [17]. One of the most feared symptoms associated with cancer is pain [18]. As the 

prevalence of pain increases exponentially with the progression of disease, the need to 

optimise treatment strategies for safe and effective control of pain is essential [1]. Methadone 

is a synthetic analgesic drug that has traditionally been used as a maintenance treatment for 

opioid addicts and in the treatment of cancer pain not responsive to morphine or other strong 

opioids when intractable opioid adverse effects appear. Methadone possesses distinctive 

pharmacodynamic (PD) and pharmacokinetic (PK) properties in comparison to other opioids. 

The advantages of methadone include multimode analgesic activity, high oral bioavailability, 

long lasting analgesia, lack of active metabolites, faecal excretion (therefore useful in renal 

impairment), low cost and a weak immunosuppressive effect [2]. However, the long and highly 

variable plasma half-life, high rate of plasma binding, metabolism via the P450 system, 

numerous drug interactions, lack of clear equianalgesic dose ratio to other opioids, QT interval 

prolongation and local reactions when administered subcutaneously make methadone dosing 

challenging in clinical practice [4, 9, 19].  

 

Methadone is a chiral molecule that is available commercially as a racemic mixture that 

consists of equal amounts of the enantiomers, l- and d-methadone [20]. The enantioselective 

PK/PD characteristics of methadone necessitate a sensitive and accurate analytical technique 

to measure the concentration of both enantiomers of the drug in biological matrices. While 

high-performance liquid chromatography coupled with tandem mass spectrometry (HPLC-

MS/MS) is commonly used for quantitation of analytes in biological matrices due to the 

selectivity, sensitivity, and high throughput offered by this technique, the presence of both 

suppression and enhancement of ionisation (SEI) by components in the biological matrix is an 

increasingly recognised impediment to accurate results [15, 21]. The development of a highly 

sensitive, robust and precise method for simultaneous quantitation of methadone 

enantiomers in plasma and saliva is challenging due to the low saliva sample afforded by 

patients with advanced cancer who typically have xerostomia due to their pain medication. 

 

Methadone exhibits large inter- and intra-individual PK variability. Population PK analysis 

where the sources of variability are screened and quantified while preserving the individuality 

of each subject [22], combined with an investigation into pharmacogenetic factors [23] could 

assist in dose individualisation in clinical practice resulting in optimal patient care. 
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1.2 Aim, hypothesis and objectives 
1.2.1 Aim 

The primary aim of this research was to develop the optimal means to quantitate methadone 

enantiomer concentrations in plasma and saliva in cancer patients for subsequent use in 

pharmacogenetic and PK studies and/or PK/PD models to support dose optimisation and 

individualisation in clinical practice. Specific aims of the thesis were to:  

1. Develop and validate a HPLC-MS/MS method to quantitate l-and d-methadone in 

plasma (total and unbound) and saliva samples of patients with advanced cancer. 

2. Investigate the effects of ion suppression in the quantitative method developed to 

quantitate methadone enantiomers in plasma and saliva samples. 

3. Determine if saliva and plasma methadone concentrations could be used for 

enantioselective PK and PD studies in patients with advanced cancer.  

4. Perform a preliminary study to examine several polymorphisms in the ABCB1, OPRM1, 

ARRB2, BDNF and KCNJ6 genes to determine any association with methadone dosing. 

5. Evaluate the integrated population pharmacokinetic (POP-PK) disposition of 

methadone to obtain estimates of both the inter- and intra-individual variability in PK 

parameters and identify factors, such as patient characteristics, that influence the PK 

behaviour of the drug including inter-individual variability. 

 

1.2.2 Hypothesis 

1. The measurement of methadone l- and d-enantiomers in plasma and saliva provides a 

basis for studying its PK in patients with life-limiting illnesses and for monitoring 

efficacy, toxicity and/or side effects. 

2. Methadone exhibits large inter- and intra-individual PK variability, some of which can 

be explained by demographic, physiological and pharmacogenetic factors that could 

influence optimal dosing of methadone patients at advanced stages of cancer. 

 

1.3 Overview of the thesis 
Due to the interdisciplinary nature of this research study, each of the above aims is presented 

as an individual chapter, where each chapter will include the significance, background, 

methods, results, discussion and conclusion. The outline of the thesis is as follows: 

• Chapter 1 highlights the significance of the study and includes the hypotheses, aims 

and overview of the thesis. 

• Chapter 2 provides an overview of cancer pain and a detailed description of 

methadone including the drug’s PK, PD, and physicochemical properties. 
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• Chapter 3 provides a detailed literature review of ion suppression and enhancement in 

bioanalysis using HPLC-MS/MS instrumentation. 

• Chapter 4 entails the development and validation of an enantioselective HPLC-MS/MS 

method to quantitate the methadone enantiomers in total and unbound plasma and 

saliva samples, considering both SEI of the biological matrices and the low saliva 

sample volume available from cancer patients. 

• Chapter 5 presents a clinical study to evaluate the prospect of whether the saliva and 

plasma methadone concentrations obtained by the analytical assay could be used for 

enantioselective PK and PD studies of methadone in patients with advanced cancer. 

• Chapter 6 presents a preliminary study to examine several polymorphisms in the genes 

that may influence the pharmacokinetics, namely, ABCB1, or pharmacodynamics, 

namely, OPRM1, ARRB2, BDNF and KCNJ6, of methadone dosing in cancer patients. 

• Chapter 7 presents the development of a POP-PK model of methadone enantiomers to 

characterise the PK of methadone that may modify therapeutic and adverse responses 

to racemic methadone when administered in patients with advanced cancer.  

• Chapter 8 is the final chapter that provides a conclusion to the thesis with future 

directions.  
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Chapter 2. Methadone in cancer pain management 

2.1 Cancer pain 
2.1.1 Cancer 

“Cancer is a journey, but you walk the road alone. There are many places to stop along the way 

and get nourishment - you just have to be willing to take it” - Emily Hollenberg [24]. The 

exponential growth of cancer incidence globally is attributed to the increase in population 

aging and growth, oncogenic lifestyle choices and change in dietary patterns. There were 14.1 

million new cancer cases, 8.2 million cancer deaths and 32.6 million people living with cancer 

(within 5 years of diagnosis) in 2012 worldwide [25]. While advances in treatment have 

increased, cancer remains the leading cause of death in Australia where more than 43,200 

people died from cancer in 2011 with a higher number of diagnosis predicted by 2020 [17]. 

Cancer encompasses many diseases, with multifarious ailments and changing therapeutic 

terrain with progression of the disease. The burden of cancer-related illness is high for both 

patients and families, and the grief related to the symptoms contributes substantially to this 

burden. Chronic pain, related to the disease itself or related to the cancer treatment, remains 

the most important symptom in prevalence and potential consequences. 

 

Cancer pain is divergent. The prevalence of pain increases exponentially with the progression 

of disease. About 62-86% of patients with advanced cancer experience chronic pain. This 

emphasises the need to optimise treatment strategies for safe and effective control of pain 

[26]. Despite the knowledge and established means to mitigate pain in cancer patients, 

evidence from surveys and observational studies shows that pain relief is not adequately 

achieved in a large number of cancer patients. 

 

The cancer population is heterogeneous in many different aspects, including in the expression 

and effect. This heterogeneity and complexity represent challenges of how to classify cancer 

pain. Sources of cancer pain could be from the cancer itself, related to the disease, related to 

the treatment involved or concurrent medical conditions [27]. Patients at advance stages of 

cancer could experience pain from multiple causes making diagnosis and pharmacotherapy 

challenging.  

 

Regardless of the type of pain endured: acute, chronic, or the pain towards the end stages of a 

patient’s life, pain relief is essential in every stage of cancer. Although there are physiological 

and psychological aspects of pain, pharmacotherapy is the mainstay of pain management. The 

presence of pain, despite treatment, interferes with several aspects (physiological and 
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psychological) of the patients’ quality of life (QOL) [28]. Inadequate pain relief in the end 

stages of cancer could lead to depression and anxiety in cancer patients and discontent for the 

patient and their families. 

 

2.1.2 Incidence and prevalence of chronic pain in advanced cancer 

Being the most feared consequence of cancer, the incidence of pain varies across the patient 

population. However, in advanced stages of the disease, two thirds of patients experience 

severe pain [26]. The incidence of pain depends on the site of cancer as well as the stage of the 

disease. Studies on the prevalence of pain in patients with cancer showed figures that ranged 

from 24-60% in patients on active anticancer treatment [5, 27, 28] and 62-86% in patients with 

advanced cancer [29-31]. The World Health Organisation (WHO) introduced a pain ladder [27] 

in 1986 that has been accepted worldwide. A systematic review that included statistical 

pooling of the study results to evaluate the prevalence of pain in six different types of cancer 

confirmed that an average of 74% of patients experience pain, which illustrates that despite 

the knowledge of mechanisms of pain and the wider availability of antinociceptive therapies, 

such as opioids, co-analgesics and other interventions, the prevalence of pain needs to be 

addressed effectively [26]. A recent systematic review [1] including population studies 

between 2005 and 2014, reported pain prevalence rates to be 66.4% in advanced stages of 

cancer. A summary of studies indicating the prevalence of pain (mild, moderate and severe) in 

cancer populations is shown in Table 2.1. 

 

Table 2.1 Pain prevalence in cancer patients 

Study   Type of 
Cancer 

studied* 
Sample Size 

% Pain  
(mild, moderate and 

severe) 

Van den Beuken et al. [32] a 960 56 
Akin et al. [33] a 119 42 
Karabulu et al. [34] a 287 87.7 
Brant et al. [35] c 118 77 
Black et al. [36] a 71 78 
Jimenez et al. [37] a 406 80.5 
Kirkova et al. [38] a 941 84 
Mercadante et al. [39] a 385 30.8 
Kirchheiner et al. [40] a 1500 31 
Carlson et al. [41] a 570 23 
Boonstra et al. [42] b 57 65 
* a: all; b: breast; c: other. 
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2.1.3 Aetiology of cancer pain 

The majority of chronic pain syndromes result from a direct effect of the neoplasm, while the 

remaining is related to therapies used to manage the disease or comorbidities. In advanced 

cancer, multiple aetiologies could contribute to more than one type of pain syndrome [43]. 

Causes for various pain syndromes can be classified as shown in Figure 2.1. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Chronic cancer pain syndromes 

2.1.4 Impact of cancer pain 

QOL is multidimensional, encompassing all aspects of a patient’s well-being including physical, 

psychological, social, spiritual and economic aspects [28]. Morris et al. [44] describes QOL as 

the “prevention and alleviation of physical and psychological distress, maintenance of physical 

and mental functioning, and the presence of a supportive network of informal relationships”. It 

is cited that pain is one of the key factors that influences QOL. Of the various aspects of QOL, 

psychological distress is found to be the most exhibited construct followed by anxiety and 

other physiological aspects including mobility, fatigue and pain [45]. In a study to evaluate the 

impact of pain in two patient groups (with and without pain) with comparable disease 

progression and site of neoplasm (n=47), patients with active pain scored higher rates of 

depression, anxiety and reduced mobilisation which is consistent with previous studies [3]. The 

qualitative measurement of QOL has been included in research since 1977, and it serves as an 

outcome variable in cancer therapy not only to evaluate the effectiveness of therapy in pain 

intensity, but the overall impact on the cancer patient. 

 
2.1.5 Cancer pain management 

Pain management includes assessment of the type/extent of pain, which involves obtaining a 

history for the incidence of pain and consideration of the psychosocial status of the patient. 

Diagnostic procedures with appropriate pain relief offer assurance for the patients and 
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increase their confidence level to survive the interventions followed. Appropriate pain 

management is achieved by identifying the characteristics of pain and its physical basis. The 

changing expression of cancer pain requires repeated assessment during therapy to account 

for this change from various causes along the progression of disease. Patient questionnaires 

include the pain intensity, character, location, radiation and implications are used in practice 

to identify the pain syndrome. 

 

Guidelines for effective pain management have been published by a number of organisations, 

including the WHO and medical professionals [20]. The therapeutic opioid regimen remains 

the core of cancer pain management. Initiation followed by dose titration and vigilant 

monitoring is required to ensure effective pain relief. Incorporation of adjuvant therapies (for 

breakthrough pain) and integration of several other strategies are often required for patients 

at advanced stages of the disease. However, opioids elicit a wide range of responses among 

individuals concerning both toxicity and therapeutic effects. Conventional practices 

recommend initiation of opioids with the lowest dose and titration of the dose in response to 

efficacy and adverse effects. Previous studies do not emulate the ideal population in which 

opioids are generally used. The extreme complexity of the PK of these drugs and wide inter- 

and intra-individual variation in patient response emphasise pharmacogenomic and 

therapeutic drug monitoring (TDM) studies to help provide objective information to 

individualise treatment options. Inadequate analgesia is reported to have a detrimental effect 

in patients with metastatic disease and it is estimated that 36% of the population reports 

severe pain that compromised their daily activities [28]. Optimal pain management 

necessitates a systematic symptom assessment and appropriate management for optimal 

QOL. Although cancer pain or associated symptoms often are incurable, appropriate use of 

available therapies can effectively relieve pain in most patients. Pain management aims to 

improve QOL throughout all stages of the disease. Effective pain management involves: 

• Assessment of pain 

• Pharmacotherapy using opioids 

• Integration with other therapies 

 

2.1.5.1 Assessment of cancer pain 

It is estimated that 90-95% of cancer pain could be effectively managed by current health care 

management tools and pharmacotherapy. For effective management, accurate assessment of 

the symptoms including Intensity, location, radiation, implications and the effects of pain are 

to be communicated from the patient to the clinician. Several types of pain intensity scales 

have been developed, including verbal scales, visual analogue scales and numeric scales. In 
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progressive cancer, these assessment tools, combining self-assessment of pain interference 

with everyday functions such as activity, mood, and social interaction, could help titration of 

analgesics and improves overall wellness of the patient. The most common pain assessment 

tools are shown in Figure 2.2. 

 
(a) Visual Analog Scale 

 

No pain                                                           Worst pain 

 

 (b) Verbal scale 

 

 

 

 

 

 

(c) Numeric scale 

 
        0         1          2          3           4           5           6           7         8            9          10 

Severity of pain is indicated on the scale, with 10 being the worst case 

Figure 2.2 Validated and most commonly used pain assessment tools 

 

The Pain Research Group of the WHO Collaborating Centre for Symptom Evaluation in Cancer 

Care has developed the Brief Pain Inventory (BPI) [46], a pain assessment tool to measure both 

the intensity of pain (sensory dimension) and interference of pain in the patient’s life (reactive 

dimension). With progressing disease, repeated assessment and rescheduling of the treatment 

options are necessary to control pain. Assessment criteria should also elucidate medical or 

psychiatric comorbidities and also consider stress related to psychosocial or religious concerns 

and finally any problems related to poor level of communication [20].  

 

2.1.5.2 Pharmacotherapy using opioids 

The mainstay symptomatic treatment for cancer pain is opioid-based pharmacotherapy [47], 

with optimal effectiveness and minimal risks associated with the individual opioids used in 

therapy. The stigma of outcomes related to chemical dependency including misuse, addiction 

and diversion should be addressed in the use of opioids. In 1986, the WHO proposed a strategy 

• None                       1 
• Very mild                2 
• Mild                         3 
• Moderate               4 
• Severe                     5 
• Very severe            6 

http://europepmc.org/abstract/MED/8080219/?whatizit_url=http://europepmc.org/search/?page=1&query=%22Cancer%22
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for cancer pain treatment from weak to strong opioids according to pain intensity [27], which 

is depicted in Figure 2.3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.3 WHO three step analgesic ladder for adults 

 

In accordance with the accepted guidelines [27, 47], opioids remain the mainstay of analgesic 

therapy and are classified according to their ability to alleviate pain. The second step of the 

WHO analgesic ladder to control moderate pain includes codeine, dihydrocodeine, tramadol, 

dextropropoxyphene and the third step, to control moderate to severe pain includes 

morphine, methadone, oxycodone, buprenorphine, hydromorphone, fentanyl, heroin, 

levorphanol and oxymorphone [27]. Opioid analgesics are combined with non-opioid drugs 

such as paracetamol or with non-steroidal anti-inflammatory drugs (NSAIDs) [48] and with 

adjuvant drugs [49]. In mild pain (first step of WHO ladder), non-opioid drugs are mainly 

administered. 

 

Although morphine has been the prime focus, inter-individual variability in responses among 

patients necessitates the use of other opioids. Sequential opioid trials (opioid rotation) is often 

implemented to identify the most favourable therapy with maximum efficacy and minimal side 

effects [6]. Although clinical guidelines have been developed based on expert opinion originally 

3. Severe
• Strong opioid +/- non opioid +/- adjuvant
• Morphine
• Oxycodone
• Methadone
• Fentanyl

2. Moderate
• Weak opioid +/- non opioid +/- adjuvant
• Tramodol
• Codeine

1. Mild
• Non opioid +/- adjuvant
• Acetaminophen; non-steroidal anti-
inflammatory drug 

PAIN 
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described in the WHO approach, in practice the selection and mode of therapy is often 

selected based on clinical observations [27, 50, 51]. 

 

Clinical assessment of pain provides the basis for therapeutic intervention and helps clinicians 

to characterise and find the cause in order to develop a treatment plan. Selection of drugs is 

based on several factors including age, metabolic functions of the patient, comorbidities and 

potential drug interactions. The route of drug administration is often considered to be the 

most non-invasive and compliant, considering the frail status of the patients. Drug therapy is 

initiated with the lowest possible dose and titrated to achieve analgesia. On a numeric rating 

scale, a two point decrease in pain intensity is considered analgesia [52]. Opioids achieve 

analgesia by various mechanisms in peripheral, spinal or supraspinal sites. 

 

The European Association for Palliative Care (EAPC) formulated guidelines on the use of 

morphine and alternative opioids in cancer pain in 1996, followed by and update in 2012 [53]. 

These guidelines are based on the WHO recommendations for cancer pain relief. The WHO 

recommends addition of a step 2 or step 3 opioid in patients with mild to moderate pain 

where pain is not effectively controlled by acetaminophen or a NSAID. However, a recent 

review [53] suggests no affirmation for the overall improvement in patient care with initiation 

of opioid therapy in opioid-naïve patient groups. Morphine has been the prototype drug 

recommended by the WHO in the step 3 category and has remained the drug of choice. 

However, morphine, oxycodone and hydromorphone exhibit comparable efficacy and toxicity 

profiles [53-55]. 

 

Methadone is a synthetic opioid agonist that has been reported to have a number of unique 

characteristics including superior oral and rectal absorption, no known active metabolites, 

prolonged duration of action resulting in longer administration intervals, and lower cost than 

any other opioid [2]. Methadone has an average oral bioavailability of approximately 70-80% 

(range, 41-99%) [56-58]. Furthermore, methadone is the most considered drug in opioid 

switching. However, its specific PK characteristics and a very long and unpredictable half-life, 

often limits clinical use. In a recent Cochrane review [2, 59], randomised controlled trials 

(RCTs) [60-62] which compared the effects of methadone with another step 3 opioid, stated no 

difference in efficacy between patients who were treated with step 2 opioids or were opioid-

naive. However, a higher degree of sedation was reported in one study resulting in a high 

percentage of patients dropping out of the study [61]. However, with clinical expertise and 

knowledge of the PK/PD characteristics of methadone, it can be used effectively in pain relief 

in patients with advanced cancer. 
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2.1.5.3 Integration with other therapies 

Although opioid therapy is the mainstay of cancer pain treatment, diverse management 

strategies could be integrated together with opioid therapy to establish the most appropriate 

and effective pain management regimen [63]. The various aspects of these integrated 

therapies is summarised in Figure 2.4 below, adapted with modification from Cleary [63]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Integrated strategies for cancer pain management 

• modification in the route of drug administration 
• opioid rotation to acheive balance of therapeutic effects and side effects 

Pharmacological  strategies
Opioid rotation/change in route of administration

• recommended by WHO and Agency for Health Care Policy and Research
• adjuvant medications (NSAID, corticosteroids, antidepressents, 
antiepileptics) are proven to be useful by their own therapeutic effect in 
metastases and use of  low doses of opioids itself

Adjuvant strategies
NSAIDs, antidepressants, antiseizure medications

• interventions with direct effect on CNS (opioids administered epiduraly or 
intrathecally)

• chemical nerve blocking or neuroablation 

Interventional strategies
Blocks, epidurals

• patient education in pain and its managemnet
• psychotherapy, and developement of  skills to subsist pain

Psychological strategies
Cognitive and behavioural approaches

• pastoral care
• supportive groups

Supportive  therapies

• accupuncture
• nerve stimulation therapies

Physical therapies

• radiotherapy
• chemotherapy

Cancer treatment (based on potential benefits against 
related toxic effects)
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2.2 Methadone in cancer pain 
2.2.1 Introduction 

Methadone is a synthetic opioid that was initially introduced in the United States as an 

analgesic in the 1940’s [64, 65]. Methadone acts by binding to the µ-opioid receptor with some 

affinity for the N-methyl-D-aspartate (NMDA) ionotropic glutamate receptor. The dual 

targeting of the receptors results from the asymmetric carbon atom in methadone, resulting in 

two enantiomeric forms, namely the levo (l)- and dextro (d)- enantiomers. Initially, methadone 

was developed in 1937 in Germany to compensate for opium paucity. By 1947, the drug was 

approved as a painkiller in the United States. In the 1960’s methadone was found to have 

significant benefits in the rehabilitation of heroin addicts [66]. Although methadone treatment 

has been available in Australia since 1970, there was discontent with its effectiveness to cure 

drug addiction until 1985. Stringent regulations with the use of opioids created reluctance in 

prescribing among clinicians and heightened the burden of pain. Towards the end of the 20th 

century, opioid therapy was reinstated as an indispensable and accepted treatment for acute 

pain, cancer pain and pain caused by a terminal disease [67]. 

 

The average reported oral bioavailability of methadone is 70-80%. It has a rapid onset of 

analgesic effect, long half-life (resulting in infrequent dosing regimens), lack of active 

metabolites and low rate of induction of tolerance [56-58]. These characteristics including its 

low cost and perceived benefit in difficult pain control scenarios (especially in cases of 

neuropathic pain), result in methadone being very useful in the management of pain in 

profoundly ill patients [5]. However, the use of methadone in clinical practice is intricate 

requiring experienced clinicians and monitoring for individualised therapy. The highly 

prevalent inter- and intra-individual variability in response to methadone, together with 

concomitant medications and genomic variability necessitates integrated PK/PD/ 

pharmacogenetic studies. Methadone is administered in clinical practice as a racemic mixture 

of two enantiomers that have differing action and elimination profiles [9]. The oral l-

methadone enantiomer is more potent than the d-enantiomer by a factor of eight to 50 and is 

believed to be almost entirely responsible for the analgesic properties [5]. Clinical studies have 

indicated that methadone metabolism and disposition are enantioselective [7, 68]. This 

suggests that the l- and d- enantiomers of methadone have different PK profiles. The free 

fraction of l-methadone is greater and hence l-methadone has a slower clearance rate relative 

to d-methadone [68]. It may, therefore, be useful to quantify both enantiomers when 

investigating the PK of methadone [8]. Inadequate knowledge of PK/PD relationships and the 
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effects of genomic variability limit the successful development of guidelines for the use of 

methadone in chronic pain. 

 

2.2.2 Physicochemical properties 

Physicochemical properties, particularly lipid solubility and the unionised fraction, determine 

the distribution of a drug in the body and the availability to the biophase containing the drug 

receptors. Methadone has the chemical structure of 6-(dimethylamino)-4,4-diphenylheptan-3-

one (Figure 2.5) and is basic with a pKa of 9.2 [20]. With high lipid solubility, 98% of the drug 

reaches the central compartment and is rapidly distributed to tissues, with 1-2% remaining in 

the blood compartment at steady state [19]. Commercial formulations of methadone are 

supplied as a racemic mixture (i.e. equal amounts of l- and d-methadone). 

 

 

 

 

 
 
 
                           
Figure 2.5 Chemical structure of methadone enantiomers, (A) l-methadone and (B) d-methadone 

 

2.2.3 Pharmacokinetics 

Methadone is rapidly absorbed after oral administration, the maximum plasma concentration 

being reached after around 3 hours [58]. It is also highly bound to plasma proteins, in 

particular α1-acid glycoprotein (AAG) [16]. In humans, methadone is primarily eliminated by 

metabolism by hepatic cytochrome P (CYP) enzymes, CYP3A4 [69] and CYP2B6 [70] with 

evidence for first pass metabolism involving these enzymes. Hepatic N-demethylation results 

in a pharmacologically inactive primary metabolite, 2-ethyl-1,5-dimethyl-3,3-

diphenylpyrrolidine (EDDP) [71]. A summary of the PK characteristics is shown in Table 2.2. 

 

The free fraction of l-methadone is greater and hence l-methadone has a slower clearance rate 

relative to d-methadone [68]. The variable binding affinity of the enantiomers could be 

attributed to the genetic polymorphism prevalent with AAG, encoded by different genes [72]. 

AAG is an acute phase reactant with varying plasma levels in response to changes in 

pathological or physiological conditions. Stress conditions stimulate a significant increase in 

the AAG concentration resulting in low free fractions of methadone in plasma for cancer pain 

(A)     (B) 

http://europepmc.org/abstract/med/2882700/?whatizit_url_Chemicals=http://www.ebi.ac.uk/chebi/searchId.do?chebiId=CHEBI%3A18059
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patients and opioid addicts who are on methadone when compared to healthy volunteers [73]. 

Variations in the expression of specific CYP enzymes, the presence of genetic polymorphisms 

and differences in gene regulation accounts for the individual differences in metabolism of the 

drug.  

 

Table 2.2 Pharmacokinetic characteristics of methadone after oral administration 

Pharmacokinetic 
variable 

Value Description References 

Absorption Almost 100% Absorption is not 
enantioselective - passive 
diffusion process across 
biological membranes 

Garrido et al. [73] 
Kristensen et al. 
[74] 

Bioavailability 70-80% # Inter-individual response 
varies, bioavailability 
reported as 41-99% 

Dale et al. [56] 
Gourlay et al. [57] 
Meresaar et al. [58]  

Protein binding High (85-90%)# Primarily binds to α1-acid 
glycoprotein, however 
evidence for binding to 
albumin and globulin  

Lugo et al. [75] 

Distribution volume 3.6l/kg  Inturrisi et al. [76] 
Half-life (t1/2) 7-65hr# The rate of elimination is 

dependent on the extent of 
the pH-dependent tubular 
re-absorption in the 
kidney, and is increased by 
urine acidification 

Ferrari et al. [19] 

Tmax 1.5-2.8 hr#  Dale et al. [56] 
Nilsson et al. [77] 

Clearance 4-6 l/hr  Dale et al. [56] 
# mean values 
 
2.2.3.1 Absorption 

Methadone is entirely absorbed by the gastrointestinal tract following oral administration with 

quantifiable plasma concentrations achieved within 15 to 45 minutes post administration [19, 

78]. The absorption of methadone is influenced by factors including its physicochemical 

characteristics, gastric motility, the perfusion status and the pH [75]. The oral bioavailability of 

methadone is 70-80%, but published reports indicate marked variation and bioavailability of 

up to 99% [78]. The large differences in methadone bioavailability could be explained partially 

by the variation in CYP3A4 activity responsible for metabolism of the drug. Also, with saturated 
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concentrations of methadone auto induction of hepatic metabolism resulting in greater first 

pass metabolism could also contribute inter-individual variation in bioavailability. 

 

2.2.3.2 Distribution 

Methadone has a rapid and extensive initial distribution phase [78]. It is a basic and lipophilic 

drug and 98% of methadone that has been moved into the central compartment is rapidly 

transferred to tissues, particularly liver, kidneys, lungs and in small proportions to the brain 

[19]. This peripheral depot maintains plasma concentrations during chronic treatment [9]. 

Further, the tissue concentration is slowly released back into plasma during redistribution and 

elimination, thus contributing to its long elimination half-life. Methadone is predominantly 

bound to AAG, in part to Ɣ-globulins and albumin [79].  

 

There is a slight binding difference between the two enantiomers, and a mean free fraction of 

14% and 10% was found for l- and for d-methadone, respectively [16]. However, high 

variations are observed in protein binding between patients. AAG is an acute phase protein 

and may be elevated in the presence of illness especially in cancer patients and opioid 

dependent patients [80]. Higher concentrations of AAG results in lower free fraction of 

methadone and thereby reduces the pharmacologically active concentration in the circulation. 

The slight difference in the amount of free fraction of the enantiomers suggests a difference in 

plasma protein binding to AAG, emphasising the need to include demographic factors into 

future research. 

 

2.2.3.3 Metabolism and excretion 

Methadone follows hepatic metabolism where it is N-demethylated to EDDP, which is 

pharmacologically inactive and follows renal excretion [71]. The major enzymes involved in N-

demethylation of methadone is cytochrome P450 3A4 (CYP3A4) and CYP2B6 [70, 81]. Other 

studies have also suggested the involvement of CYP2C9, CYP2C19 [81, 82]. A fourfold 

difference in metabolic clearance of l-methadone by CYP3A4 was reported in an in vitro study 

conducted by Wang et al. [83] as compared to the d-enantiomer. While disposition of l-

methadone following a single dose of racemic methadone was partly explained by plasma AAG 

binding and CPY3A4 acitivity, d-methadone disposition was not explained by these factors [84]. 

The terminal elimination half-life of racemic methadone varies from 5 to 130 hours with 

varying results reporting a mean of approximately 20-35 hours [58, 85, 86]. Elimination of 

methadone is also found to be enantiospecific with l-methadone exhibiting a significantly 

longer elimination half-life than d-methadone (38 and 29 hours respectively) [74]. In long-term 

methadone treatment for opioid maintenance therapy with stable doses, auto induction of 
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methadone metabolism resulting in low serum concentrations has been reported [71, 87-89]. 

There is considerable variation in the time required to reach steady state concentrations 

depending of the terminal half-life in each individual and enantioselectivity has been 

demonstrated with l-methadone exhibiting significant longer mean elimination half-life than d-

methadone [90].  

 

Methadone is a basic drug with a pKa of 9.2 and at the physiological pH (pH = 7.4) most of the 

drug is ionised [20]. Methadone undergoes hepatic metabolism and renal excretion. Urinary 

pH influences the excretion of methadone and unchanged methadone excretion is facilitated 

by acidic urine conditions [91]. Renal elimination of unchanged methadone occurs at urinary 

pH above 6.0. However in anuric conditions, elimination of methadone and its metabolites is 

almost exclusively by the fecal route [92]. 

 

2.2.4 Factors influencing pharmacokinetics of methadone 

2.2.4.1 Gender 

Gender differences could influence the enantioselective disposition of methadone especially in 

the distribution phase. Enantioselectivity was observed in the volume of distribution (Vd) of 

methadone enantiomers which decreased with increasing AAG concentration and was found 

to be also lower in females in comparison to males [7] with the total clearance of either 

enantiomer remaining unaffected by gender differences. Female opiate users exhibited a 

higher Vd which was explained as directly related to the weight of the subject [93]. Individual 

variation in the expression of major drug metabolising enzymes, including CYP P450s is 

associated with substantial individual differences in the bioavailability and clearance of drugs 

[94]. Higher CYP2B6 activity has been observed in women [95]. 

 

2.2.4.2 Body size 

Studies have shown that body size can influence both clearance and Vd of methadone [7, 96]. It 

has been shown in opiate users that weight is positively related to Vd and explains 

approximately 34% of its variance [93, 97]. Although males have a greater mean body weight 

in general (i.e. a higher Vd), fat constitutes a greater proportion of body weight in females, 

which would result in a greater mean Vd per kg body weight. Body size descriptors such as 

body surface area (BSA) and lean body weight (LBW) or another descriptor that incorporates 

fat free mass are preferred for drugs that have high lipophilicity [98]. 
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2.2.4.3 Concomitant medications 

The CYP P450 3A subfamily proteins are vital drug metabolising enzymes in the liver. Changes 

in the metabolism and elimination of methadone are mainly caused by inhibition or induction 

of CYP P450 with a resultant increase or decrease of the drug concentration in plasma or 

tissues [19]. CYP3A4 occurs in the small intestine and in the liver and thereby affects the 

metabolism at intestinal and hepatic levels. The enzyme is is also highly inducible and inhibited 

by other drugs. Inter-individual variation in the expression of CYP3A4 enzyme is responsible for 

the differences in bioavailability of methadone. For example, the use of the drug rifampin, an 

enzyme inducer, is reported to reduce the methadone concentration up to 65% [99]. Other 

drugs including St John’s wort, efavirenz, nevirapine, amprenavir, phenytoin , carbamazepine 

and phenobarbital are enzyme inducers which could cause potential interactions with 

methadone metabolism. A POP-PK study reported that auto induction of CYP3A4 correlated to 

the clearance of methadone [93]. While CYP2B6 is not inducible, it is subject to genetic 

polymorphism, and occurrence of the poor metabolism phenotype alleles have been reported 

in different ethnic groups [7, 100]. Other drugs that are inhibitors of CYP3A4 and CYP2D6 could 

interact with methadone metabolism leading to toxic effects including mortality. Drugs such as 

fluconazole, fluvoxamine, fluoxetine, paroxetine, HIV-1 protease inhibitors, and likely 

erythromycin and ketoconazole could potentially increase methadone concentrations to lethal 

limits [69, 101]. Studies including the concurrent medications (classified as inhibitors and 

inducers) as a covariate in PK modelling of methadone, especially in advanced cancer patients, 

are limited.  

 

2.2.4.4  Plasma proteins 

As discussed in section 2.2.3, methadone is highly lipophilic with 60-90% protein binding 

especially to AAG [102]. Variations of the relative concentrations of AAG is found in conditions 

of stress and in diseases such as cancer [103]. There is evidence of the importance of 

considering AAG and its phenotype variants in methadone plasma protein binding [16] as well 

as the influence of AAG concentrations on methadone Vd. 

 

2.2.4.5 Enzyme activity 

Changes in the metabolism and elimination of methadone are mainly caused by inhibition or 

induction of CYP P450 and CYP2B6 with a resultant increase or decrease of the drug 

concentration in plasma or tissues. The inter-individual difference in the expression of CYP3A4 

enzyme could affect the disposition of the drug.  
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Methadone is a substrate for the P-glycoprotein transporter, encoded by the ABCB1 which 

exhibit genetic variability [104]. Significant variation in genotype frequencies were observed 

suggesting clinical implications on dosage of methadone [105]. Although ABCB1 genetic 

variability is shown to affect methadone dosing [106], other studies [105, 107] reported effect 

on the effective plasma concentration of methadone and no effect on therapeutic response. 

 

2.2.5 Adverse drug reactions 

The metabolic pathway mediated by CYP3A4 and CYP2B6 enzymes entities entails the 

possibility of various drug interactions, mediated by enzyme inhibition or induction. Drug 

interactions leading to respiratory depression and sedation could pose serious implications 

[108]. In advanced stages of cancer, most patients are prescribed multiple drugs including 

antineoplastic and psychoactive drugs. The most frequently observed adverse reactions in 

ambulatory patients include light-headedness, dizziness, sedation, nausea, vomiting and 

sweating. Methadone has been found to interact with the voltage-gated potassium channels 

of the myocardium. While cardiac arrhythmias in methadone users have been reported for 

several decades, specific reports of methadone-associated QT interval prolongation and 

Torsades de pointes did not appear in the literature until the early 21st century [109, 110]. 

However, recent studies have elucidated risk factors that predispose patients to this adverse 

effect, including gender, hypokalaemia, drug interactions, underlying cardiac conditions and 

predisposing deoxyribonucleic acid (DNA) polymorphisms [111, 112]. Table 2.3 represents 

some of the drug interactions of methadone. This list in not inclusive; Ferrari et al. [19] reports 

an extensive list. 

 

Table 2.3 Interactions of methadone with drugs prescribed in cancer patients 

CYP3A4 

Inducers 

CYP3A4 

Inhibitors 

CYP2B6  

Inhibitors 

QT interval 

prolonging drugs 

Phenytoin Fluconazole Chlorimipramine Amitriptyline 

Rifampin Ciprofloxacin Fluoxetine Disopyramide 

Risperidone Venlafaxine Haloperidol Chlorpromazine 

Barbiturates  Fluoxetine Paroxetine Haloperidol 

Carbamazepine Diltiazem Quinidine Venlafaxine 

Glucocorticoids  Cimetidine Sertraline Olanzapine 

Dexamethasone Grapefruit juice    

Efavirenz Clarithromycin 

Thiopenthal   

http://www.rxlist.com/script/main/art.asp?articlekey=6109
http://www.rxlist.com/script/main/art.asp?articlekey=9299
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The side effects of methadone are similar to other opioid agonists and include nausea, 

vomiting, dizziness, clouding of consciousness and pruritus (Table 2.3). They are most often 

receptor-mediated and unavoidable from its intended effects; the most severe being the 

respiratory depressant effect, which is widely influenced by factors such as pain and previous 

opioid exposure. Methadone is less sedating than morphine [75].  

 

Table 2.4 Reported adverse effects of methadone 

System Adverse effect 

Central nervous 

system 

Respiratory depression, cough suppression, psychological effects, 

rigidity, dysphoria, hallucination, headache, insomnia, sedation, seizure 

Cardiovascular  Arrhythmia, bradycardia, cardiac arrest, QT interval prolongation, 

flushing, heart failure, ventricular tachycardia, peripheral vasodilation  

Gastrointestinal  Xerostomia, constipation, nausea, vomiting, anorexia, weight gain, 

glossitis 

Dermatologic Haemorrhagic urticaria, pruritus, rash 

Genitourinary Impotence, urinary retention  

Endocrine Amenorrhea, hypokalaemia, hypomagnesaemia 

Hematologic  Thrombocytopenia 

Ocular Visual disturbances, miosis 

Other Physical and psychological dependence, rash, local inflammation at the 

site of injection 

 

 

2.2.6 Limitations of methadone therapy in cancer pain 

After its development 50 years ago, clinical use of methadone subsequently declined with 

numerous fatalities ascribed to respiratory depression in unintentional overdoses [113, 114]. 

However, methadone’s use in cancer pain management has gained momentum in recent years 

[64]. With a sparse number of RCTs for the use of methadone in cancer patients, empirically 

methadone appears to provide more effective analgesia with less risk of opioid 

neuropsychiatric toxicity than non-methadone opioids. Despite of advantages including 

multimode analgesic activity, high oral and rectal bioavailability, long half-life (resulting in 

infrequent dosing regimens), lack of active metabolites, low cost, minimal dependence on 

renal elimination and a weak immunosuppressive effect, methadone is a very difficult drug to 

use in clinical practice with a very narrow window between efficacy and toxicity [2]. 
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Limitations of the use of methadone for pain management in advanced cancer include: 

• unpredictable plasma half-life resulting in large inter-individual differences in 

methadone PK and efficacy in pain [19, 75] 

• enantioselective PK/PD characteristics (commercial formulations of methadone are 

supplied as a racemic mixture containing equal amounts of l- and d-methadone) [90] 

• high serum protein binding, especially to AAG, where levels of AAG or protein-binding 

are found to contribute the inter-individual variance observed in the response to 

methadone treatment [73] 

• metabolism via P450 system which is susceptible to numerous drug interactions 

• genetic variability between individuals in the rate of methadone metabolism by liver 

and intestinal enzymes [115] 

• no available equianalgesic dose ratio to other opioids [2] 

• QT interval prolongation [110] 

• subcutaneous route of administration causing local reactions 
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Chapter 3. Ion suppression and enhancement in bioanalysis using 

high performance liquid chromatography – tandem mass 

spectrometry instrumentation  
 

3.1 Significance of the study 
HPLC-MS/MS is commonly used for quantitation of analytes in biological matrices due to the 

selectivity, sensitivity, and high throughput offered by this technique. However, the presence 

of SEI by matrix components is an increasingly recognised impediment to accurate results [15, 

21]. The existence of SEI indicates that ionisation efficiency is a result of the chemical 

environment seen by both the analyte and internal standard (IS) during ion formation. SEI is 

influenced by the type and make of ion source used, mobile phase composition, extent of 

sample preparation and the ability to chromatographically separate other compounds that 

may influence ionisation of the analyte and/or IS. 

 

This chapter provides a review of the published literature to explore the phenomenon of SEI in 

HPLC-MS/MS, its minimisation and assessment. Suggestions have been provided for an 

approach to minimise, and in particular, assess SEI and its deleterious effect on accuracy and 

sensitivity, and hence address the validity of quantitative results. Consideration is given to a 

strategy to test for SEI and in particular, the number of samples from different sources that are 

required to adequately test for SEI is considered. 

 

3.2 Background 
3.2.1 High performance liquid chromatography – tandem mass spectrometry 

High performance liquid chromatography (HPLC), using conventional detectors such as 

ultraviolet (UV) absorption, has been challenged by its limited sensitivity and specificity. The 

range of compounds that could be analysed was also limited to those with suitable 

chromophores. Gas chromatography coupled to mass spectrometry has also been limited to 

the quantitation of thermally stable compounds. The development of suitable interfaces to 

allow translation of analytes in solution to ions in the gas phase, has allowed the coupling of 

HPLC to tandem mass spectrometers (i.e. HPLC-MS/MS) enabling the analysis of both polar 

and thermally unstable compounds with improved specificity and sensitivity. It has also 

allowed the more ready analysis of analytes containing neither chromophore nor fluorophore. 

 

Currently, HPLC-MS/MS is one of the most versatile analytical tools available, as evidenced by 

the rapid and diverse growth in applications [21] in the analysis of drugs and metabolites from 
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biological fluids, trace analysis in complex mixtures, TDM, PK and clinical studies, 

metabolomics and toxicology, that is, wherever the quantitation of small molecules is 

required. However, the advantages of the excellent selectivity, sensitivity and high throughput 

inherent in HPLC-MS/MS have been challenged by reports of inaccuracy and reduced 

sensitivity due to the matrix effect often known as ion suppression [21, 116]. Unlike 

fluorometric and UV detection, HPLC-MS/MS systems require ionisation of the analyte before 

it can be detected. That is, apart from removing the solvent, the mass spectrometer must first 

convert the analyte molecules to ions, to allow entry into the mass spectrometer. Suppression 

of ionisation in the ion source, relative to that occurring in the calibrators, is commonly known 

as ion suppression and results in a signal that is not proportional to that of the calibrators, 

causing errors in quantitation. “Ion enhancement” has also been reported, resulting in 

inaccurate quantitation. It has been correctly suggested that the terms “ionisation 

suppression” or “ionisation enhancement” should be used, as they arise from matrix 

dependent changes in the percentage of ions generated from the analyte in the ion source (ion 

efficiency) [117]. The potential errors caused by this phenomenon is so significant that 

suppression of ionisation has been described as the “Achilles Heel” of HPLC-MS/MS) [15] for 

quantitation of small molecules. 

 

HPLC-MS/MS instrumentation consists of what is largely a traditional HPLC instrument coupled 

to a tandem mass spectrometer, though many often now use ultra high performance liquid 

chromatography (UHPLC) which gives improved chromatographic separation by using higher 

pressures than traditional HPLC, but is otherwise the same. The tandem mass spectrometer 

consists of an ion source where the HPLC eluent is introduced, solvent evaporated and ions 

formed. The ions are then introduced to the tandem mass spectrometer via the orifice. As 

suggested by the name, the tandem mass spectrometer is the adjoining of two traditional 

mass spectrometers; the first mass spectrometer selecting for the molecular ion and the 

second selecting for the product ion/s, after passing the molecular ions through a collision cell 

to produce characteristic fragments. 

 

SEI may cause erroneous analytical results if the ionisation efficiency for the samples being 

analysed differs from that of the calibrators against which they are quantitated. The potential 

for error is doubled by the use of the traditional types of IS (i.e. analogue/s of the drug/s being 

assayed), which do not usually co-elute, as the IS under these circumstances provides a second 

opportunity for SEI to impact the assay. Despite the unrivalled potential offered by HPLC-

MS/MS, operation in single ion monitoring (SIM) or selected reaction monitoring (SRM) modes 

is unable to detect the matrix components other than those for which the mass-to-charge ratio 
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(m/z) is known and specifically monitored. These matrix components may therefore cause SEI 

without being detected themselves and undermine the fundamental assumption that signal 

response for the analyte in the unknown sample is the same as that in the calibrator, at the 

same concentration.  

 

Guidelines for method development and validation, issued by regulatory authorities including 

the Food and Drug Administration (FDA) [118], emphasise the need for the assessment of 

matrix effects during development and validation of HPLC-MS/MS methods “to ensure that 

precision, selectivity, and sensitivity will not be compromised”. The European Medicines 

Agency Guideline on Bioanalytical Method Validation [119] also details a recommended 

approach to evaluation of matrix effects (including suppression of ionisation). Several 

approaches have been adopted to minimise suppression of ionisation which require extensive 

understanding of a number of factors including the type of ion source, solvents utilised, the 

analyte and the sample matrices being analysed [120]. 

 

3.2.2 Ion sources 

Several different types of ion sources are currently in use but electrospray ionisation (ESI) is 

the most widely used. Atmospheric pressure chemical ionisation (APCI) is the next most widely 

used ion source, and reported to suffer less from SEI than does ESI, though not entirely 

without susceptibility [117, 121]. To understand SEI, an understanding of the primary ion 

sources used is necessary. A change in the relative quantitative output of ions compared to 

calibrators in the ion source in HPLC-MS/MS is considered as SEI. 

 

A review of suppression of ionisation in mass spectrometry by Annesley [122] emphasised the 

need for evaluation of suppression of ionisation for every mass spectrometric analysis at 

analyte concentrations expected for the purpose to which the assay is to be used. A series of 

experiments conducted by King et al. [117] suggest liquid phase processes are more likely 

involved in SEI than are gas phase processes. Therefore, the physical and chemical properties 

of the analyte and the matrix affect the ionisation efficiency and hence SEI.  

 

3.2.2.1 Electrospray ionisation  

Gas chromatography coupled to mass spectrometry has been in use for some time prior to the 

introduction of commercially available HPLC-MS/MS instrumentation. This delay was primarily 

due to the need to cope with the large volume of gas produced when the liquid mobile phase 

from the HPLC is vaporised. The development of suitable ion sources was critical to this step. It 
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was also necessary to have an ion source that produced gas-phase ions from the analyte 

molecule/s [117]. 

 

The ESI ion source involves three distinctive steps (Figure 3.1): (i) production of charged 

droplets at the capillary tip; (ii) generation of a progeny of highly charged droplets with 

successive solvent evaporation and repeated charge-induced droplet explosion caused by 

electrostatic repulsion, and (iii) ultimate solvent evaporation, causing the electrical charges on 

the droplet surface to exceed the Rayleigh limit (i.e. the maximum amount of charge that a 

liquid droplet can carry [123]) resulting in the electrostatic repulsive forces creating free 

charged ions in the atmosphere that are able to be drawn into the mass spectrometer via the 

orifice under the influence of an electrical field and a pressure gradient [117, 124]. This results 

in the total number of ions being limited by a concentration of around 10 -5 M. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic representation of ion production in electrospray ionisation 
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3.2.2.2 Atmospheric pressure chemical ionisation 

APCI is an ionisation technique using gas-phase ion-molecule reactions at atmospheric 

pressure, where primary ions are normally produced in a corona discharge formed around a 

charged needle [125]. APCI differs from ESI in that the charged molecules/droplets produced 

at the capillary are carried into the highly chemically reactive region of the corona discharge, 

where the ions are formed in the gas phase, after desolvation. This method of ionisation is able 

to handle higher HPLC eluent flow rates than ESI. Also, unlike ESI, production of ions is not 

restricted by the Rayleigh limit as ions form in the gas phase of the corona discharge. It does 

however compromise sensitivity for selected analytes [126, 127].  

 

As described by Mallet et al. [128] the majority of applications utilise the ESI interface 

compared to APCI, with several reasons presented explaining this trend, including that ESI is an 

interface that is relatively easy to use, exhibits low solvent consumption, has a wide polarity 

range and can be applied to thermally labile compounds, and can be used for large analytes 

(up to 100 kDa). 

 
3.2.3 Factors affecting ionisation efficiency 

SEI has largely been studied in ESI sources and several possibilities have been suggested for the 

occurrence of SEI. Within the ionisation source, competition between the analyte and matrix 

components to acquire the charge may result in a decrease or increase in concentration of the 

desired charged analyte ions. In addition, matrix components that alter the surface activity of 

the droplets will limit solvation and effectively decrease the number of ionised analyte 

molecules available to the mass detector [129, 130]. The mobile phase composition is also 

known to have a significant effect on ionisation efficiency. Although mobile phase additives 

such as formic acid may improve the sensitivity (i.e. ionisation efficiency) of the method, the 

extent of improvement depends on the nature of the additive, its concentration, and whether 

chromatographic separation occurs [131]. The presence of non-volatile solutes also alters the 

spray droplet characteristics and affects the production of further droplets, evaporation, and 

successive ion production. These non-volatile solutes include salts, ion paring agents, 

endogenous substances in the samples and drug metabolites [122]. Another possibility 

suggested for the cause of SEI is related to the individual mass and polarity of the analyte, 

where higher mass molecules tend to supress the response of smaller molecules [132] and 

polar analytes are more liable to SEI [133]. This also suggests the possibility of mutual SEI of 

multiple co-eluting analytes in the same sample. Matrices including serum/plasma (most 

widely used in HPLC-MS/MS analysis) and urine contain dissolved proteins, amino acids and 

phospholipids that may affect the ionisation efficiency of the analyte [134]. Phospholipids can 
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alter ionisation efficiency in both positive and negative ESI. Suppression of ionisation is 

markedly worse when the analyte co-elutes with phospholipids, most of which are late-eluting 

in reverse phase methods. Despite the increased concentration of later eluting phospholipids, 

in reversed-phase chromatography, the early eluting lysophospholipids are more likely to 

cause matrix effects [135]. Given the higher number and concentration of unwanted 

compounds nearer the solvent front, it is to be expected that SEI is greater for analytes eluting 

in this region. A study to investigate matrix effects from various endogenous lipids in biological 

samples using common sample preparation techniques, reported that none of the extraction 

procedures were efficient in removing all of the various lipid components [136]. 

 

Although SEI affects both principle modes of ionisation used in mass spectrometry, namely ESI 

and APCI, ESI is more susceptible [117, 121]. The inherent mechanisms involved in ion 

production in both ionisation techniques contributes to their susceptibility to SEI [137]. In ESI, 

ionisation occurs in the liquid phase of the analyte segregating the charges on the surface of 

the liquid droplets. As discussed above, the saturation of ionisation is dependent on the 

available surface area of the droplets and ionic concentrations beyond 10-5 M (Rayleigh limit) 

are unresponsive and sensitivity plateaus, and eventually decreases in response [138]. In the 

presence of interferences, co-eluting compounds and their liquid phase properties (including 

concentration), may override the surface activities of the analyte of interest, and reach the 

optimal ionic strength of 10-5 M and subsequent signal suppression of the analyte [116].  

 

In APCI, ionisation occurs in the gaseous phase and analyte ions are generated by the corona 

discharge allowing ionisation suppression to be apparent only at much higher concentrations 

of matrix components (or co-eluting substances) compared to ESI [138]. However APCI is not 

completely immune from the effects of SEI as the charge transfer at the corona discharge 

needle is dependent on the analyte/solvent composition [139].  

 

King et al. [117] reported minimal SEI with APCI compared to ESI in a post column infusion 

(PCI) experiment. Under otherwise similar extraction processes and chromatographic 

conditions, Matuszewski et al. [137] investigated new drug candidates and found that the 

relative matrix effect for compounds was small when APCI was employed, and very significant 

(up to 92% ionisation suppression) when the ESI interface was employed. The transformation 

into the gas phase is mediated by heating the gas stream in APCI and saturation of charged 

ions is less likely given the excess formation of ions [138]. However, APCI encounters ionisation 

suppression when charge transfer from the corona discharge needle is restricted by 
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precipitation of solid material on it. In this way the composition of the sample extract can 

influence the efficiency of charge transfer from the corona discharge needle [117]. 

 

3.2.4 Enhancement of ionisation 

Enhancement of ionisation in mass spectrometry originates from several factors which affect 

the ionisation yield of the analyte/s of interest, including sample constituents, and mobile 

phase composition. Mobile phase additives primarily contribute to the chromatographic 

resolution and serve as ion pairing agents. ESI signal intensity is compound-dependent. Mallet 

et al. [128] conducted mass spectral analysis of terfenadine using an ESI interface with two 

different mobile phase additives, namely ammonium hydroxide (NH4OH) and trifluoroacetic 

acid (TFA) and reported 75% increase in signal intensity and 75% decreased signal respectively 

compared to mass spectra of the analyte without any additives. Another enhancement of 

ionisation study by Liang et al. [140] reported nine drug/stable isotope labelled (SIL) pairs 

suppressed each other’s ionisation responses in ESI, and this mutual effect was dependant on 

the IS concentration [140]. However, in APCI, seven of the nine drug/SIL isotope pairs 

demonstrated enhancement of ionisation, suggesting it is more apparent when using APCI. 

 

3.2.5 Assessment of SEI  

The two most common approaches to evaluate SEI effects are post extraction addition and PCI 

methods. In post extraction addition, the following approach is followed: a standard addition 

of the drug to be analysed is made (1) into pure solution (e.g. mobile phase if the extracts are 

re-dissolved in mobile phase); (2) into blank matrix (e.g. plasma) before sample preparation, 

after which the samples are prepared according to the proposed protocol and; (3) in a second 

set of blank extracts after preparation. Comparison of the responses obtained from these 

three treatments allows determination of (a) matrix effect (3/1) (including SEI), (b) extraction 

recovery (2/3) and, (c) process efficiency (2/1) [141, 142]. The relative matrix effect, perhaps 

the most important parameter, can also be determined by taking the ratio of the response of 

the analyte divided by the response of the IS for treatments 3 and 1 and determining the ratio 

of 3/1. This parameter determines if the IS is/is not normalising for any SEI that may be 

occurring.  

 

The second approach, namely PCI, originally described by King et al. [117], requires the 

constant addition of the analyte in pure solution to the mobile phase, after the column, but 

before the ion source. This produces a stable (but elevated) baseline. Extracts of the 

matrix(ces) to be tested are then injected as per usual. Perturbations in the baseline of the 

resulting chromatogram indicate retention times at which matrix components impact on the 



 
 

28 
 

ionisation of the drug. This approach should be performed using infused concentrations of 

drug producing ion counts comparable to those at the higher end of the proposed assay 

method as SEI is also known to be concentration dependent [143]. As a point of balance 

however, analyte concentrations that are too high may inundate ion production and generate 

deceptive results [122]. 

 

Another approach to quantitating the impact of SEI on an assay has been reported in two 

recent studies with melatonin [144] and thymine [145]. This involves the comparison of the 

slopes of standard curves prepared identically in (1) pure solution, and (2) matrix typical of the 

material to be assayed. Comparison of the slopes using external standardisation indicates the 

extent of SEI occurring in the analyte and comparison of the responses of the IS indicate the 

extent of SEI occurring in the IS. Comparison of the slopes of the calibration curves using 

internal standardisation indicates the impact of SEI on the actual assay (assuming the assay 

includes an IS). 

 

3.2.6 Strategies to negate or minimise SEI 

Since the mobile phase composition is relatively constant, the impact of SEI due to sample 

composition is of primary importance, making effective sample extraction, preserving the 

analyte concentration and optimal chromatographic conditions of significant benefit. 

Strategies used to negate or minimise SEI are outlined below. 

 

3.2.6.1 Modified sample extraction 

The degree of SEI related to each of the traditional sample preparation methods has been 

reported. The most common methods employed in biological sample preparation are solid-

phase extraction (SPE), liquid-liquid extraction (LLE) and protein precipitation (PPT). Compared 

to solid phase or liquid-liquid extraction methods which are more labour intensive, protein 

precipitation is the simplest and easiest approach but has been shown to be the most subject 

to SEI [133].  

 

In LLE, the differential solubility of the analyte in two immiscible liquids, usually at a given pH, 

results in cleaner extracts, reducing the risk of co-eluting matrix components causing SEI. 

Although combination of these techniques reduces matrix interferences, a compromise in 

analytical recovery of the analytes is often experienced.  

 

SPE, being itself a chromatographic technique, affords the cleanest sample extracts and has 

been shown to demonstrate the least issues with SEI. However, extensive development 
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procedures are required for the optimisation of analyte recovery and effective extraction, 

based on the physicochemical properties of the analyte and the sample matrix. Sample 

preparation is therefore more complex, time consuming and expensive using this technique. 

Targeted removal of phospholipids and proteins could be achieved by using a hybrid SPE-

precipitation procedure [146]. Strong cation exchange solid-phase extraction methods are also 

described to minimize ionisation suppression from phospholipids [147].  

 

3.2.6.2 Chromatographic separation 

As previously indicated, SEI results from co-elution of matrix components with the drug of 

interest. Extension of the gradient duration, [148] improved efficiency of the chromatographic 

system by use of either a more suitable column design or use of UHPLC, can all reduce the 

impact of ionisation suppression[149]. Mobile phase pH adjustments [150], or the use of 

diverter valves to reduce entry of matrix components to the ion source, can also effectively 

reduce SEI and generate reproducible and accurate analytical results. The development of 

techniques including on-line two-dimensional chromatography offers improved sample clean-

up and minimises inferences in the sample matrix [151].  

 
3.2.6.3 Mobile phase modification/dilution of the sample 

A relatively simple approach to minimise SEI is to reduce the volume of the sample injected 

and/or dilution of the sample extracts. Accumulation of causative agents on columns, with the 

eventual “bleed” from the column will be reduced by this approach; however, the need to 

clean the column on a regular basis may still be required. Schuhmacher et al. [127] confirmed 

a decrease in suppression of ionisation by dilution of samples with mobile phase. This 

approach however is ultimately limited by instrument sensitivity. Ferrer et al. [143] also 

demonstrated that reduced concentration of analyte also reduces suppression of ionisation. 

Intuitively a reduction in the concentration (mass on column) of the analyte in the extract 

and/or the agent causing SEI will likely reduce the impact of SEI. It is best therefore, to perform 

validation for SEI at the highest analyte concentration (mass on column) expected in the assay. 

 

Although accumulation of matrix components in the analytical column could be controlled to 

some extent by employing a guard column or by reducing the injection volume, an organic 

flush after analyte elution could extend the life of the analytical column. Depending on the 

added concentration and the extent of chromatographic separation, mobile phase additives 

can improve the ionisation efficiency and minimise the suppression of ionisation [131]. This 

potential for a temporal delay in SEI until the column capacity for the agent causing SEI is 
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exceeded and “bleed” commences, should be considered during all stages of assay 

development and validation of methods, as well as after initiating routine use. 

 

3.2.6.4 Novel sample preparation methods 

While the above conventional sample preparation methods, namely protein precipitation, SPE, 

and LLE may be effective in minimising matrix effects, these techniques can be complex and 

time-consuming, and difficult for metabolites or biomarkers that are present at very low 

concentration [152]. In these cases, the method must be able to pre-concentrate the analyte/s 

while removing all other components of the matrix. Bylda et al. [152] provide a summary of 

the latest developments in sample preparation techniques to overcome common difficulties 

with complex biofluids. These new developments for sample preparation methods are directed 

towards simplification, automation, miniaturisation and specificity enhancements of the clean-

up process [152]. 

  
3.2.7 Strategies to normalise for SEI 

3.2.7.1 Use of stable isotope internal standards 

Most traditional analytical methods used in bioanalysis rely on the use of an IS, usually an 

analogue of the drug being quantitated. In the case of HPLC-MS/MS however, as previously 

mentioned the potential for drug and IS to see differential SEI suggests that the use of an 

analogue may well simply increase errors introduced by SEI in any given sample. The use of 

stable isotope labelled internal standards (SIL-IS) has several benefits. It not only normalises 

for sample-to-sample recovery differences but it also allows for sample to sample (and sample 

to calibrator) differences in SEI. This however does not compensate for sensitivity losses that 

may occur. This is the most widely used approach to normalise for SEI impacts on a 

quantitative assay [153]. SIL internal standards have been proven to deliver superior analytical 

results for quantitative HPLC-MS/MS assays compared to other IS [154]. Availability and cost 

concerns critically limit the extent to which SIL-internal standards are used in bioanalytical 

methods [127].  

 

While the use of SIL internal standards has solved many of the issues with SEI, reports since 

2003, such as the study by Jemal et al. [155], have indicated circumstances in which the use of 

a stable isotope is not sufficient to guarantee correcting for SEI using signal normalisation. In 

2006, Wang et al. [156] highlighted this issue in an HPLC-MS/MS assay for the enantiomers of 

carvedilol. In this paper, they described variation in the slopes of calibration curves prepared in 

different sources of matrix, an indicator of SEI. This occurred despite using a SIL-IS. On 

investigation using PCI, they identified a minor difference in retention times between the 
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analyte and its stable isotope for one of the enantiomers. The retention time of this 

enantiomer was shown by PCI to fall where the concentration of an unidentified agent causing 

suppression of ionisation from the matrix was rapidly changing. This small reduction in 

retention time (approximately 1.2 seconds), known as the deuterium (or isotopic) effect, was 

sufficient to result in differing matrix composition in the ion source for the analyte and its 

stable isotope. This same phenomenon has been reported by other authors [154, 157]. Further 

investigation of the literature indicates that this phenomenon has been known since 1938 at 

least [158], when it was described as a means of separating stable isotopes using ion exchange 

chromatography. In 1999, Filer [159] reviewed “isotopic fractionation of organic compounds in 

chromatography” and reported over 300 references. Given the high efficiency HPLC columns 

used today, the appearance of this phenomenon is not so surprising. The data in Table 3.1 

demonstrate the differences in physicochemical properties of water when deuterium replaces 

hydrogen in the molecule, demonstrating the basis of the isotope effect.  

 

Table 3.1 Differences in physicochemical properties of water when containing deuterium 

Property Heavy water 

(D2O) 

Semi-heavy water 

(HDO) 

Light water 

(H2O) 

Freezing point 3.82 °C 2.04 °C 0.0 °C 

Boiling point 101.4 °C 100.7 °C 100.0 °C 

Density at standard temperature 

and pressure) 

1.1056 1.054 0.9982 

 

The isotopes of 13C, 15N and 18O are reported to mimic the analyte to a greater extent 

compared to deuterated isotopes in chromatographic separation. An UHPLC-MS/MS method 

[160] for determination of amphetamine and methamphetamine compared the use of 13C and 
2H SIL to study SEI, and reported better control of SEI with the use of the 13C labelled isotope. 

Reverse phase and HILIC chromatographic separations were studied with evidence of 

deuterium effect with the use of 2H IS when reverse phase chromatography was employed 

[161]. Table 3.2 highlights the percentage mass changes in common stable isotope atoms, 

these data are consistent with the different behaviour seen between isotopes reported above. 

On this basis, isotopes other than deuterium may be preferable. Unfortunately, the 

commercial availability of isotopes other than the deuterated form is limited. 
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Table 3.2 Percent mass changes in common stable isotope atoms used in stable isotope internal 
standards 

Change in stable isotope Percentage increase in mass 

1H > 2H  100% increase in mass 

12C >13C 1/12 X 100 = 8% increase in mass 

14N > 15N 1/14 x 100 = 7% increase in mass 

  

Variable extraction recoveries (between the analyte and its SIL-internal standard) and 

instability of SIL-internal standards can also, on rare occasions, contribute to varying results 

and compromised accuracy [162]. The consistency of the analyte/IS ratio, imperative for a 

robust bioanalytical method, is therefore not always satisfied with the use of SIL-internal 

standards. It is therefore necessary to validate for SEI even when using SIL-IS.  

 

3.3 Methods  
A comprehensive review of HPLC-MS/MS methods addressing ion suppression in biological 

matrices was conducted. The review typically focussed on those drug assay methods 

supporting TDM.  

 

3.3.1 Identification and selection of studies 

Studies eligible for this review were any articles reporting on drug assay methods using HPLC-

MS/MS and/or matrix effects with no limits placed on the date of publication. PubMed, Google 

Scholar, EMBASE and MEDLINE databases were searched. Search terms included “ion 

suppression”, “ion enhancement”, “ionisation suppression”, “Ionisation enhancement”, 

“bioanalytical analysis” and “matrix effects”, with relation to tandem mass spectrometry or 

HPLC-MS/MS. Searches were current as of July 2016. 

 

3.3.2 Inclusion and exclusion criteria 

Only human biological matrices were included; studies investigating water and waste 

treatment, plant material or animal studies were excluded unless seen as demonstrating a 

relevant point for TDM assay development/ validation not covered by the TDM literature.  

 

3.3.3  Assessment of characteristics of studies 

The following characteristics were recorded for each of the studies: 

• Drug or analyte 

• Biological matrix 
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• Chromatographic conditions, including mobile phase, analytical column and HPLC-

MS/MS instrumentation 

• IS (if any used)  

• Sample preparation 

• Assessment of SEI, including any strategies to negate or minimise SEI 

Methods for assessing SEI and strategies to negate or minimise SEI were coded as shown in 

Table 3.3. 

 

Table 3.3 Coding for assessment and minimisation of SEI 

Code Assessment of SEI Code Strategies to negate or minimise SEI 

1a Comparison of response in pure 

solution to that in matrix 

2a Modified sample extraction 

1b Post extraction addition 2b Mobile phase modification or dilution of the 

sample 

1c Post column infusion 2c Calibration using a similar matrix  

1d No details provided 2d Use of a stable isotope or other IS 

1e None performed 2e Other instrument modification 

  2f None performed 

  2g Not applicable since the study considered 

that SEI was negligible or not observed at 

the retention time of analytes/entire run 

 

 

3.4 Results 
Eighty six studies were identified as reporting on all major aspects of SEI in a variety of 

biological matrices of human origin, including whole blood, plasma, serum, urine, saliva, 

cerebrospinal fluid, placental perfusate, brain tissue, liver samples and tissue extracts. Table 

3.4 is presented in alphabetical order of first author for each of the studies. The analyte, 

matrix, chromatographic conditions and sample preparation are reported, including any IS 

used. Methods for assessing SEI were reported including the methods for minimising the 

impact of SEI. These were grouped and coded as described in the methods. 

 

Of the studies reviewed, several approaches were described to negate or minimise SEI. The 

methods used to evaluate SEI included PCI (n=44), post extraction addition (n=42), and 
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comparison of response in pure solution to that in matrix (n=23), with four studies not 

specifying the method used. Methods used to minimise or negate SEI included the use of a SIL-

IS (n=21), modified sample extraction (n=6), mobile phase modified/ sample dilution (n=5), and 

other instrument modification (n=5), with 24 studies considering SEI to be negligible. Of 

concern, was that 33 studies did not report any investigation of potential SEI. 
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Table 3.4 Characteristics of studies reporting on SEI in a variety of biological matrices 

Reference Analyte and 
matrix 

Mobile phase Analytical column 
and Instrumentation 

Internal standard Sample 
preparation 

Evaluation 
of SEI 

Extent of SEI Method 
adopted 

for 
control/ 
negation 

of SEI 

Annesley et 
al. [163] 

Iohexol in serum Solvent A (water w/ 
0.1% formic acid) 
and Solvent B 
(acetonitrile w/ 0.1% 
formic acid) 

Waters Oasis HLB 
column (20 ×2.1mm). 
Waters TQD tandem 
quadrupole MS. Positive 
ion ESI MS/MS in MRM 
mode 

Loversol  
Analog 

PPT 1c None observed 2g 

Antonelli et 
al. [164] 

Cortisol and 
cortisone in 
urine 

Solvent A (methanol 
w/ 0.1% formic acid) 
and Solvent B (water 
w/ 0.1% formic acid) 

Zorbax Eclipse XDB-C18 
column (50 × 4.6mm). 
Agilent 6430 triple 
quadrupole MS. Positive 
ion ESI MS/MS in MRM 
mode 

Cortisol-9,11,12,12-
d4 and Cortisone-
2,2,4,6,6,12,12-d7 
Stable isotopes 

 SPE 1c None observed 2g 

Berg et al. 
[160] 

Amphetamine 
and 
methamphetami
ne in urine 

Solvent A 
(ammonium formate 
buffer (5mM, 
pH=10.2 ) and 
Solvent B (methanol) 

Acquity UHPLC BEH C18 
(50 × 2.1mm) column. 
Waters Quattro 
Premiere Xe MS/MS, 
Positive ion ESI in MRM 
mode 

2H11-amphetamine, 
2H11-
methamphetamine, 
13C6-amphetamine 
and 13C6-
methamphetamine 
Stable isotopes 

Dilution 1b Enhancement 
32-48%  

2d 

B’Hymer et 
al. [165] 

S-benzyl 
mercapturic acid 
(S-BMA) and S-
phenyl 
mercapturic acid 
(S-PMA) in urine 

Acetonitrile-water-
acetic acid: Solvent A 
(5:95:0.1%) and 
Solvent B 
(75:25:0.1%) 

Agilent Zorbax Rx C18 
(250 × 3.0mm).  
Agilent Model 6410A, 
Negative ion ESI in MRM 
mode 

S-benzyl-d5 
mercapturic acid 
and S-phenyl-d5 
mercapturic acid 
Stable isotopes 

SPE followed by 
acetone wash 

1a Suppression 
(urine) 30%, 
(uriSub) 40% 

2a, 2b 
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Bista et al. 
[166] 

Fentanyl and 
nor-fentanyl 

Solvent A (0.1% 
formic acid in water) 
and Solvent B (15% 
methanol in 
acetonitrile w/ 0.1% 
formic acid)  

Alltima C18 (50 × 2.1 
mm). Applied 
Biosystems API 3200 
LC/MS/MS. Positive ion 
ESI in MRM mode 

d5 fentanyl and d5 
nor-fentanyl 
Stable isotopes 

PPT 1c Suppression up 
to 50% 

2d 

Bjork et al. 
[167] 

Multiple illicit 
and medicinal 
drugs in whole 
blood 

Solvent A (0.1% 
aqueous ammonia 
(25%) in water) and 
Solvent B (0.1% 
aqueous ammonia 
(25%) in methanol) 

Waters Acquity UHPLC 
CSH C18 (100 × 2.1mm). 
Waters Quattro Premier 
XE triple quadrupole 
mass spectrometer. 
Positive ion ESI in MRM 
mode 

Various dependent 
on compound used 
Stable isotopes 

SPE 1b, 1c Suppression   
most analytes 
20-30%, 6-
acetyl 
morphine, 
morphine 75%  

2d 

Bouchet et 
al. [168] 

Various tyrosine 
kinase inhibitors 
in plasma 

Solvent A 
(ammonium formate 
(4mM, pH =3.2) and 
Solvent B (90% 
acetonitrile/10% 
Solvent A) 

Waters Acquity UHPLC 
BEH C18 (50 × 2.1mm). 
Waters Acquity TQD 
mass spectrometer. 
Positive ion ESI in MRM 
mode 

Various DIS and SIL-
IS 

SPE 1b, 1c Suppression up 
to 4%, 
enhancement 
up to 17% at 
lower 
concentration  

2f 

Bruins et al. 
[138] 

Clenbuterol in 
urine 

Solvent A 
(ammonium 
acetate(25mM, pH 
=8)) and Solvent B 
(methanol) 

No analytical column 
used. Nermag R 3010 
triple quadrupole mass 
spectrometer. Positive 
ion mode ESI, APCI in 
SRM mode 

External 
standardisation 

SPE 1a Suppression 
in ESI 40%, APCI 
10% 

2f 

Bunch et al. 
[169] 

25-
hydroxyvitamin 
D3 and 25-
hydroxyvitamin 
D2 in serum 

Solvent A (water) 
and Solvent B 
(methanol) 

Hypersil GOLD aQ C18 
column (50 × 2.1mm). 
Positive ion APCI in MRM 
mode 

25OHD3-d6 and 
25OHD2-d6 
Stable Isotopes 

PPT 1c None observed 2g 

Buhrman et 
al. [141] 

SR 27417(2-[ N-
(2-
dimethylaminoe
thyl)-N-(3- 
pyridinylmethyl) 
amino]-4-(2,3,6 
tri-

Solvent A 
(ammonium 
acetate(2Mm): 0.2% 
formic acid) Solvent 
B (ammonium 
acetate(2mM): 0.2% 
formic acid in 

Keystone BDS Hypersyl 
C18 (100 × 2mm) Sciex 
API III Plus, Positive ion 
ESI in MRM mode 

2H4-SR 27417 
Stable Isotope 

Hexane LLE,  
LL back 
extraction, 
mixed mode 
SPE 

1a, 1b, 1c Suppression 
26-41% 

2f 
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isopropylphenylt
hiazole) in 
plasma 

acetonitrile) 

Carducci et 
al. [170] 

Guanidinoacetat
e and creatine in 
dried blood spot 

methanol/ 
water(80:20) 

Sciex API 2000 triple 
quadrupole mass 
spectrometer. Positive 
ion mode ESI in MRM 
mode 

N-methyl-d3-
creatine (d3-Cr) 
Stable Isotope 

Organic 
extraction and 
derivatisation 

1b, 1c Suppression: 
creatinine 8-
18%, 
guanidinoacetat
e 2-14% 

2d 

Chen et al. 
[171] 

SCH211803 in 
plasma 

Solvent A (formic 
acid(0.2%) in water) 
Solvent B (formic 
acid(0.2%) in 50:50 
methanol 
:acetonitrile) 

Betasil (100 × 2mm) C18 
column 
API 3000 triple 
quadrupole mass 
spectrometer. Positive 
ion mode ESI in MRM 
mode 

d4-SCH 211803 
Stable Isotope 

PPT (for LCMS) 
PPT + SPE (for 
nanoelectrospra
y infusion) 

1b Suppression 
nanoelectrospra
y infusion 15%, 
FIA 60% 

2f 

Chin et al. 
[172] 

Olanzapine and 
desmethyl 
olanzapine in 
plasma and 
serum 

Solvent A 
(acetonitrile: 
ammonium acetate 
(20 mM) (52:48 v/v)) 
Solvent B (formic 
acid :acetonitrile 
(0.1:100 v/v)). 

Phenomenex LUNA 
phenyl hexyl (150 × 
2mm). PE Sciex API 3000 
mass spectrometer. 
Positive ion mode ESI in 
MRM mode 

Olanzapine-d3 and 
desmethyl 
olanzapine-d8 
Stable isotopes 

SPE 1c Suppression 
20-95% 

2f 

Clark et al. 
[173] 

Metanephrine 
and 
normetanephrin
e in urine 

formic acid 0.2% in 
methanol 5% 

Ultra II PFP propyl 
column (50 × 2.1mm). 
API 3200 triple 
quadrupole mass 
spectrometer. Positive 
ion mode ESI in MRM 
mode 

Rac-metanephrine-
d3·HCl, rac-
normetanephrine-
d3·HCl 
Stable isotopes 

SPE 1b, 1c None observed 2g 

Clavijo et al. 
[174] 

Biolimus A9 in 
blood 

acetonitrile (90%) 
with 0.01% formic 
acid (10%) 

Zorbax XDB-C8 column 
(150 × 4.6mm). Positive 
ion ESI MS/MS in MRM 
mode 

Zotarolimus 
Analog 

PPT and online 
column 
extraction 

1c None observed 2g 
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Crum et al. 
[175] 

Oxymorphone in 
blood and liver 
samples 

Solvent A (water / 
formic acid (0.1%)) 
and Solvent B 
(acetonitrile / formic 
acid (0.1%) 

Acquity UHPLC HSS T3 
(100 ×2.1mm) column. 
Waters Tetra Q MS/MS, 
Positive ion ESI in MRM 
mode 

Oxymorphone-d3 
Stable isotope 

SPE 1b, 1c Suppression  
(blood) up to 
19.7%, (liver) up 
to 68% 

2d, 2f 

Deventer et 
al. [176] 

Diuretics and 
multiple others 
in urine 

Solvent A (water) 
and Solvent B 
(methanol) with 
1mM ammonium 
acetate/0.001% 
acetic acid 

Sunfire C18 (50 × 
2.1mm). Quantum 
Discovery MS/MS in SRM 
mode 

Mefruside  
Analog 

LLE or dilution 1a, 1b, 1c LLE: suppression 
48%, 
enhancement 
7% 
Dilution: 
suppression 
15%, 
enhancement 
24% 

2f 

Dodds et al. 
[177] 
 

Cortisol and 
metabolites in 
placental 
perfusate 

Ammonium formate 
buffer (10mM pH 
=4.0) :methanol 
47:53 (v/v) 

Novapak C18 column (2 
× 150mm). 
PE-SCIEX API III triple 
quadrupole MS. Positive 
and negative ion ESI in 
MRM mode 

6α-methyl-
prednisolone 
Analog 

SPE 1e n/a 2g 

Esposito et 
al. [178] 

Desmopressin in 
urine 

90% acetonitrile with 
preferred 
concentrations of 
acetic acid (0.1%) 
and trifluoroacetic 
acid (0.01%) 

C18 column. Positive ion 
ESI MS/MS (unspecified) 
in MRM mode 

Deamino-Cys1,Val4 
D-Arg8]-vasopressin 
Analog 

Delipidation and 
SPE 

1b Suppression 
42.7% 

2f 

Fauland et 
al. [179] 

Various lipid 
species in lipid 
droplets 

Solvent A 
(ammonium acetate 
(10mM)/ formic 
acid(0.1%)) and 
Solvent B 
(acetonitrile:2-
propanol 5:2 (v/v) in 
Solvent A) 

C18 column (100 × 
1mm). LTQ-FT ion 
cyclotron resonance 
mass spectrometer. 
Positive and negative ion 
ESI Q-Trap MS/MS in 
MRM mode 

Various LM internal 
standards (see 
identification and 
quantification) 
 

LLE 1c Unspecified 2f 
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Figurski et 
al. [180] 

Mycophenolic 
acid and its 
metabolites, in 
plasma, urine 
and tissue 
extract 

Four solvent gradient 
system: Solvent A 
(0.5% aqueous 
formic acid), Solvent 
B (methanol), 
Solvent C 
(acetonitrile), 
Solvent D (purified 
water) 

Agilent 1100 HPLC w/ 
Zorbax Eclipse XDB-C18 
(150 × 4.6mm). API 2000 
MS/MS positive ion ESI 
in MRM mode 

Carboxy-butoxy 
ether of MPAC 
Analog 

PPT and dilution 1a, 1c Total 
concentration: 
suppression 
negligible 
Free 
concentration: 
suppression 9%, 
enhancement 
14% 

2f 

Fong et al. 
[181] 

Tetrodotoxin in 
urine and 
plasma 

ammonium formate 
(10mM): formic acid 
(95:5, v/v) with 5mM 
heptafluorobutyric 
acid and 2% 
acetonitrile 

Agilent 1200 HPLC with 
Atlantics dC18 column 
(150 × 2.1mm). Applied 
Biosystems 3200QTRAP 
MS/MS positive ion ESI 

External 
Standardisation 

Dual SPE 1b, 1c Urine: 
suppression 3%,  
enhancement 
3% 
Plasma: 
suppression  
5%, 
enhancement 
4% 

2a 

Fong et al. 
[182] 

Acylglycines in 
urine 

Solvent A (20 mM 
formic 
acid:ammonium 
formate [1:4; v/v]) 
Solvent B 
(acetonitrile) 

Atlantis dC18 (150 × 
2.1mm). Applied 
Biosystems 3200QTRAP 
MS/MS positive ion ESI 
in MRM mode 

Deuterated 
acylglycines 
Stable isotopes 

SPE and 
derivatisation 

1b, 1c Unspecified 2a 

Fung et al. 
[183] 

Teicoplanin in 
serum 

Solvent A 
(ammonium acetate 
(1%); formic acid 
(0.1%) in water)  
Solvent B 
(ammonium 
acetate(1%); formic 
acid(0.1%) in 
methanol)  

Waters Acquity UHPLC 
BEH C18 column (50 
×2.1mm). Waters 
Premier MS/MS. 
Positive ion ESI. 

Ristocetin 
Analog 

PPT 1a, 1b, 1c Suppression 
average 7.9% 

2f 
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George et 
al. [184] 

Methadone in 
plasma and 
saliva 

20mM ammonium 
acetate buffer 
(pH=7.4): isopropyl 
alcohol: acetonitrile 
(85:10:5% v/v) 

ChromTech chiral α-acid 
glycoprotein column 
(100×4.0 mm). Positive 
ion ESI in MRM mode 

Deuterated l- and 
d-methadone 
Stable isotopes 

PPT 1c Negligible 2d 

Guo et al. 
[185] 

Steroid 
hormones in 
human 
follicular fluid 

Solvent A (formic 
acid 0.1% in water) 
Solvent B (formic 
acid 0.1% in 
acetonitrile) 

Shimadzu LC-30AD HPLC 
system Shimpack ODS 
Column 
(75×2.0mm).Shimadzu 
MS-8040. Positive ion ESI 
in MRM mode 

Girard reagent –d5 
used to label 
steroid hormones 
Stable isotope 

PPT 1b Suppression 
28%,  
enhancement 
18% 
 

2d 

Gupta et al. 
[186] 

Darunavir in 
plasma 

Solvent A (formic 
acid 0.5% in water) 
 Solvent B ( formic 
acid 0.5% in 
acetonitrile: 
methanol (70:30) 

Acquity UHPLC system 
BEH C18 column (50 × 
2.1mm). Waters Premier 
XE MS/MS. Positive ion 
ESI in MRM mode 

Darunavir-d9 
Stable isotope 

LLE 1b, 1c Suppression less 
than 4% 

2d 

Haage et al. 
[187] 

Tramadol and 
metabolites in 
human whole 
blood 

Solvent A ( 99.2% 
20mM ammonium 
acetate buffer (pH 
=7.2)) 
Solvent B (0.8% 
acetonitrile) 

Agilent AT 1290 Infinity 
system AGP column (100 
× 3.0 mm). Agilent 
Technologies 6490 MS. 
Positive ion ESI in MRM 
mode 

Tramadol-13C-d3 

and O-desmethyl-
cis-tramadol-d6 
Stable isotopes 

LLE 1a, 1b, 1c Negligible 2d 

Hasselstrom 
[188] 

Antidepressants 
and 
antipsychotics in 
serum 

Solvent A (water / 
formic acid (0.1%)), 
Solvent B (methanol 
/ formic acid (0.1%)) 

Zorbax SB-C8 column (50 
× 2.0mm). Agilent 
G6410B MS/MS. Positive 
ion ESI in MRM mode 

Various SIL-IS   PPT 1b, 1c Suppression  
varied from 5-
52% for 
different 
analytes 

2b 

 Hetu et al. 
[189] 

Tacrolimus, 
sirolimus and 
cyclosporin in 
blood 

Solvent A (water / 
sodium acetate 
(100µM), Solvent B 
(methanol / sodium 
acetate (100µM) 

Security Guard C18 pre-
column (4 × 3mm). 
Agilent 6410 MS/MS. 
Positive ion ESI in MRM 
mode 

Ascomycin and 
Cyclosporine- D 
Analogs 

 PPT 1b Suppression  
tacrolimus and 
cyclosporin 
<10% 
sirolimus up to 
20% 

2a 
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Hinchcliffe 
et al. [190] 

Aldosterone in 
plasma 

Solvent A (deionized 
water), Solvent B 
(methanol) 

Kinetex PFP column (100 
× 2.1mm). Waters Xevo 
TQS MS/MS. Negative 
ion ESI in MRM mode 

Aldosterone-d7 
Stable Isotope 

SPE 1c Negligible 2g 

Hinchcliffe 
et al. [191] 

Cyclosporin A 
and tacrolimus 
in dry blood 
spots 

Solvent A ((water 
/ammonium acetate 
(2mM)and formic 
acid (0.1% v/v)) and 
Solvent B (methanol 
/ ammonium acetate 
(2mM)and formic 
acid (0.1% v/v)) 

Waters Acquity BEH C18 
column (50 × 2.1mm). 
Waters Quattro  
Premier XE. Positive ion 
ESI MS/MS in MRM 
mode 

Cyclosporin A-d12 
and Ascomycin 
Stable isotope and 
analog 

Hot solvent 
extraction with 
ultrasonication 

1c Negligible 2g 

Hooff et al. 
[192] 

FFP and GGPP in 
brain tissue 

Solvent A 
(acetonitrile (40%) 
w/ (20mM) 
ammonium acetate 
), Solvent B 
(acetonitrile (90%) 
w/ (40mM) 
ammonium acetate ) 

Ascentis Express C18 
column (100 × 2.1mm). 
API 4000 Qtrap MS/MS. 
Positive ion ESI in MRM 
mode 

5-(dimethylamino) 
naphthalene-1-(4-
nonylphenol)-
sulfonic acid ester 
Analog 

SPE, protein 
precipitation, 
derivatisation 

1c None observed 
at relevant 
retention times 

2g 

Ismaiel et 
al. [193] 

Hydrocodone 
and 
pseudoephedrin
e in plasma 

Solvent A 
(ammonium formate 
(2mM) in methanol)) 
Solvent B 
(acetonitrile) 

Betasil Diol-100 (50 × 
2.1mm). Micromass 
Quattro API Micro. 
Positive ion ESI in MRM 
mode 

Hydrocodone-d3, 
and 
pseudoephedrine-
d3 
Stable isotopes 

LLE 1b, 1c Suppression 
(hydrocodone) 
45%, (pseudo-
ephedrine) 41% 

2e 

Ismaiel et 
al. [134] 

Chlorpheniramin
e in plasma 

ammonium formate 
(2mM) in methanol 
(20:80)-for ESI 
Acetonitrile/water/f
ormic acid(70:30:1)-
for APCI 

Betasil Diol-100 (50 × 
2.1mm)-for ESI. Zorbax 
SB C18 (4.6x50mm)-for 
APCI. Micromass Quattro 
API Micro. Positive ion 
ESI and APCI in MRM 
mode.  

Chlorpheniramine-
d6, 
Diphenhydramine 
hydrochloride 
Stable isotope and 
analog 

LLE 1b, 1c Suppression  
ESI 65%, APCI 
15% 

2d, 2e 
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Josefsson et 
al. [194] 

Beta-agonists 
and beta-
antagonists in 
whole blood 

ammonium acetate 
(20mM) pH= 3, in 
methanol 

Zorbax SB-Ph (150 × 
2.0mm). Sciex API 2000 
triple quadrupole MS. 
Positive ion ESI in MRM 
mode 

External 
standardisation 

PPT, SPE 1c Suppression  2a, 2e 

Kintz et al. 
[195] 

Benzodiazepines 
and hypnotics in 
oral fluid 

acetonitrile 5%,  
(0.1%) formic acid 
95% 

XTerra MS C18 (100 × 
2.1mm). Micromass 
Quattro Micro tandem. 
Positive ion ESI MS/MS 
in MRM mode 

Diazepam-d5 
Stable isotope (of 
analog) 

LLE 1a Suppression < 
10%, except 
zopiclone 93% 

2f 

Klawitter et 
al. [196] 

Imatinib in 
blood and 
leukemia cell 
culture (K562) 

methanol / 
ammonium acetate 
(5mM) pH=3.2 and 
trifluoroacetic acid 
(0.01%) 

Luna C18 column (50 × 
4.6 mm). Sciex API 4000 
MS/MS. Positive ion ESI 
in MRM mode 

Trazodone 
Analog 

PPT 1c None observed 
at relevant 
retention times 

2g 

Klepacki et 
al. [197] 

Mycophenolic 
acid and its 
metabolites in 
plasma and 
urine 

Solvent A (water / 
formic acid (0.1%)), 
Solvent B (methanol 
/ formic acid (0.1%)) 

Waters UHPLC-BEH C18 
column (5 × 2.1mm). 
Waters Acquity TQD 
MS/MS Positive ion ESI 
in MRM mode 

MPA-d3 and MPAG-
d3 
Stable isotopes 

PPT 1b None observed 2g 

Ko et al. 
[198] 

[13C6]-galactose 
1-phosphate, 
UDP-[13C2]-
galactose and 
UDP-galactose 
in blood 

Solvent A 
(triethylamine buffer 
(20mM) at pH =5.6), 
Solvent B (distilled 
water) 

Waters Acquity HSS-T3 
column (100 ×2.1mm). 
Waters Quattro Premier 
XE MS/MS. Negative ion 
ESI in MRM mode 

[13C] galactose-1-
phosphate and 
UDP-N-
acetylglucosamine 
Stable isotope and 
analogue 

 Enzyme assay 1a Suppression 
0.1% -2.5% 

2f 

König et al. 
[199] 

Amiodarone in 
serum 

Methanol :water 
(containing 0.1% 
formic acid) 90:10 

Waters Xbridge C8 
column (100 × 3.5mm). 
Waters Quattro Micro 
MS/MS. Positive ion ESI 

Amiodarone-d4 
Stable isotope 

SPE 1b, 1c Suppression 9% 2f 

König et al. 
[200] 

Vancomycin in 
serum 

Solvent A (water / 
Formic acid (0.1%)), 
Solvent B (methanol 
/ formic acid (0.1%)) 

Fortis C8 column (100 × 
2.1mm). Waters Quattro 
Micro MS/MS. Positive 
ion ESI in MRM mode 

Vancomycin-glycine 
Analog 

PPT 1b, 1c Suppression 9% 2f 
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Korecka et 
al. [201] 

8-iso-PGF2α and 
8,12-iso-iPF2α in 
cerebrospinal 
fluid and brain 
tissue 

Solvent A (water w/ 
formic acid (0.1%)) 
and Solvent B 
(acetonitrile and 
methanol (20:80)  

Phenomenex Synergi 
Hydro RP C18 column 
(250 × 3.0 mm). API 5000 
MS/MS. Negative ion 
APCI in MRM mode 

d4-8-iso-PGF2α and 
8,12-iso-IPF2α-VI-
d11 
Stable isotopes 

PPT 
(cerebrospinal 
fluid), SPE (brain 
tissue) 

1b, 1c Negligible 2g 

Kuhn et al. 
[202] 

Amiodarone and 
desethylamiodar
one in plasma 
and serum 

methanol/water 
containing 0.1% 
formic acid and 2 
mmol/L ammonium 
acetate 

Phenomenex Hydro-RP 
(20× 2.0mm). VB-Qmicro 
Quattro Micro Tandem 
MS/MS. Positive ion ESI 
in MRM mode 

Amiodarone-d4 and 
Desethylamiodaron
e-d4 
Stable isotopes 

SPE 1c Negligible 2d 

Leung et al. 
[203] 

Myo-inositol in 
urine, blood and 
nutritional 
supplements 

Solvent A (water 
95%), Solvent B 
(acetonitrile 5%) 

Supelcogel Pb column 
(300 × 7.8 mm). Waters 
MicroMass Quattro 
MS/MS. Negative ion in 
MRM mode 

[2H6]-myo-inositol 
(MI-d6) 
Stable isotope 

Filtration + 
dilution 
(supplements), 
centrifugation 
+PPT 
(urine/blood) 

1d Unspecified 2f 

Li et al. 
[204] 

Pantoprazole 
enantiomers in 
human plasma 

Solvent A 
(ammonium 
acetate(10 mM) in 
methanol: 
acetonitrile (1:1,v/v)) 
Solvent B 
(ammonium acetate 
(20 mM) in water) 

CHIRALCEL OJ-RH 
column (150 × 4.6mm) 
Applied Biosystems 
API 4000 triple 
quadrupole mass 
spectrometer. Negative 
ion ESI in MRM mode 

pantoprazole-d7 
Stable isotope 

LLE 1b Negligible 2d 

Lindner et 
al. [205] 
 

Erufosine in 
human plasma 

Water : methanol 
(30:70 (v/v)) 

ReproSil-Pur CN (20mm 
× 4mm) 
Waters Quattro Ultima 
Pt tandem mass 
spectrometer. Positive 
ion ESI in MRM mode 

Deuterated ErPC3- 
d9 
Stable isotope 

PPT 1a Negligible 2g 
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Majumdar 
et al. [206] 

CGS 26214 in 
plasma 

methanol in water (5 
M) ammonium 
hydroxide (60:55:5) 

Asahipak ODP microbore 
column (50 × 1mm). 
TSQ-700 triple 
quadrupole MS. 
Negative ion ESI in MRM 
mode 

[13C,d4 ]CGS 26214 
Stable isotope 

SPE 1d Unspecified 2f 

Mak et al. 
[207] 

Voriconazole in 
human serum 

Solvent A (2 mM 
ammonium acetate, 
0.1% formicacid in 
water) Solvent B (2 
mM ammonium 
acetate, 0.1% formic 
acid in acetonitrile) 

Shimadzu Prominence 
UFLC system, 
Kinetex®C18, (100 × 3.0 
mm). AB Sciex QTrap 
5500 MS/MS. Positive 
ion ESI in MRM mode 

Voriconazole-d3 
Stable isotope 

PPT 1a,1b Suppression 
<14% 

2b,2d 

Marney et 
al. [208] 

Metanephrine 
and 
normetanephrin
e in plasma  

Solvent A 
(acetonitrile, 
methanol, 
ammonium formate 
(2mM) (95%:3%:to 
pH =3)), Solvent B 
(acetonitrile , 
ammonium formate 
(20mM) (80%: pH to 
3) 

Atlantis HILIC silica 
column (30× 2.1 mm). 
Waters Quattro Micro 
MS/MS. MRM mode 

Metanephrine-d3 

and 
normetanephrine-
d3 
Stable isotopes 

PPT 1c None observed 2g 

Maurer et 
al. [209] 

Oxcarbazepine 
and 
10 
hydroxycarbaze
pine in 
plasma 

Solvent A (aqueous 
ammonium formate 
(5 mM, pH =3.0) with 
formic acid) 
Solvent B 
(acetonitrile) 

Merck LiChroCART 
column (125 × 2 mm) 
Agilent AT 1100 Mass 
spectrometer. 
Positive ion APCI in SRM 
mode 

Trimipramine-d3 
Stable isotope 

LLE 1d Unspecified 2f 

Miliotis et 
al. [210] 

Desmosines in 
plasma and 
urine 

Solvent A (water/ 
formic acid (0.1%), 
Solvent B 
(acetonitrile/ formic 
acid (1%) 

HyperCarb column (100 
× 2.0mm).  
Sciex Triple Quad 5500 
MS/MS. Positive ion ESI 
in SRM mode 

Isodesmosine-d9 
Stable isotope 

SPE and 
centrifugation  

1d Unspecified 2f 
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Miller et al. 
[211] 

5-Hydroxyindole 
acetic acid in 
plasma 

Solvent A 
(ammonium 
acetate(10mM) and 
formic acid (0.1%) in 
water), Solvent B 
(ammonium acetate 
(2mM) and formic 
acid (0.1%) in 
methanol) 

Waters Acquity UHPLC 
C18 Primesep B column 
(50 × 3.2mm). Waters 
Quattro Premier XE 
MS/MS. Positive ion ESI 
in MRM mode 

5-Hydroxyindole-3-
acetic-2,2,-d2 
Stable isotope 

PPT and 
centrifugation 

1c Negligible 2g 

Mortier et 
al. [121] 

Paclitaxel in 
plasma 

Method A: 
methanol:water 
(70:30, v/v) with 
acetic acid (0.5mM)  
Method B (85:15, 
v/v) 

Phenomenex Synergi 
Max RP (75 × 2.0mm). 
API 2000 triple 
quadrupole MS. Positive 
ion APCI in MRM mode 

Docetaxel 
Analog 

LLE 1a Suppression 2b 

Moser et al. 
[212]  

Levonorgestrel 
in serum 

Solvent A 
(90%aqueos medium 
with ammonium 
acetate(1M) in 
methanol and acetic 
acid)  
Solvent B (95% 
Methanol with 
ammonium acetate 
and acetic acid) 
 

Zorbax Eclipse XDB-C18, 
(3 × 100mm) column. AB 
Sciex API 4000 mass 
spectrometer. Positive 
ion ESI in SRM mode 
 

Norgestrel-d6 
Stable isotope 

SPE 1b, 1c Enhancement 
13-24% 

2g 

Moser et al. 
[213] 

Gestodene, 
dienogest, 
drospirenone, 
etonogestrel, 
cyproterone 
acetate, and 
levonorgestrel in 
human 
plasma 

Solvent A 
(90%aqueos medium 
with ammonium 
acetate(1M) in 
methanol and acetic 
acid)  
Solvent B (95% 
Methanol with 
ammonium acetate 
and acetic acid) 
 

Zorbax Eclipse XDB-C18, 
(3 × 100mm) column. AB 
Sciex API 4000, mass 
spectrometer. 
Positive ion ESI in SRM 
mode 
 

Drospirenone-13C3 
Norgestrel-d6 
Gestodene-d6 
Dienogest-d5 
Etonogestrel-d7 
Stable isotopes 

SPE 1b, 1c Enhancement 2g 
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Muller et al. 
[214] 

Codeine and 
glafenin in 
serum 

Solvent A 
(ammonium formate 
(1mM)/ formic acid 
0.1% (pH= 3.1), 
Solvent B 
(acetonitrile) 

Synergy polar-RP phenyl-
propyl column (150 × 
2.0mm). API 365 triple-
quadrupole MS. Positive 
and negative ion ESI in 
MRM mode 

 n/a LLE, SPE and 
PPT with SPE 

1c Suppression 
with LLE, SPE 
and PPT with 
SPE 

2f 

Ngougni 
Pokem et 
al. [215] 

Temocillin in 
serum 

Solvent A (0.1% 
formic acid in water), 
Solvent B (0.1% 
formic acid in 
acetonitrile) 

Alliance HPLC system 
XBridge®phenyl,(50 × 
2.1mm). Quattro micro 
tandem MS. Positive ion 
ESI in MRM mode 

Ticarcillin 
Analog 

PPT and 
ultrafiltration 

1a,1b Suppression 17-
36% 

2f 

O'Halloran 
et al. [216] 

Sirolimus in 
whole blood 
and extraction-
matrix samples 

Solvent A (formic 
acid (0.1%) and 
ammonium 
acetate(2mM) in 
water), Solvent B 
(formic acid (0.1%) 
and ammonium 
acetate (2mM) in 
methanol) 

Waters 2795/Quattro 
Premier XE MS. Positive 
ion ESI in MRM mode 

Desmethoxyrapam
ycin and sirolimus-
d3 
Stable isotope and 
analog 

PPT 1b Suppression 2f 

Pian et al. 
[217] 

Zileuton in 
plasma 

Solvent A (formic 
acid (0.1%) in water), 
Solvent B (formic 
acid (0.1%) in 
acetonitrile) 

Phenomenex Kinetex 
PFP column (100 × 
4.6mm). AB Sciex API 
5000 MS/MS. Positive 
ion ESI in MRM mode 

Zileuton-d4 
Stable isotope 

PPT  1b Suppression 3-
6% 

2f 

Remane et 
al. [218] 

14 analytes from 
different 
drug classes in 
human blood 
plasma-effect on 
SIL-ISs 

Solvent A (aqueous 
ammonium formate 
(10mM), pH =3.4 
with 0.1% 
formic acid 
Solvent B 
(acetonitrile with 
0.1% formic acid) 

TF Hypersil GOLD 
Phenyl column (100 × 
2.1mm) 
TSQ Quantum Access 
ThermoFisher Scientific 
Mass spectrometer. 
Positive ion APCI and ESI 
in MRM mode. 

Deuterated internal 
standards 
Stable isotopes 

LLE 1a,1b ESI-suppression  
APCI-
predominantly 
enhancement 

2f 
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Remane et 
al. [219] 

140 analytes 
from different 
drug classes in 
human blood 
plasma-effect of 
coeluting drugs 
from the same 
and different 
classes 

Solvent A (aqueous 
ammonium formate 
(10mM), pH =3.4 
with 0.1% 
formic acid 
Solvent B 
(acetonitrile with 
0.1% formic acid) 

TF Hypersil GOLD 
Phenyl column (100 × 
2.1mm) 
TSQ Quantum Access 
ThermoFisher Scientific 
Mass spectrometer. 
Positive ion APCI and ESI 
in MRM mode. 

Limited number of 
deuterated internal 
standards 
Stable isotopes 

LLE 1a,1b ESI-suppression 
up to 73% 
APCI-
enhancement 
up to 190%, 
suppression up 
to 71% 

2f 

Rodda et al. 
[220] 

Iso-α-acids in 
blood 

Solvent A 
(ammonium formate 
(50mM), pH= 2.8 and 
acetonitrile 90:10)), 
Solvent B (formic 
acid (0.1%) in 
acetonitrile) 

Phenomenex Kinetex 
C18 column (150 × 3.0 
mm). Shimadzu 8030 
MS/MS. Negative ion ESI 
in MRM mode 

Nimodipine-d7 
Stable isotope and 
analogs 

PPT 1b Suppression and 
enhancement 

2f 

Rosano et 
al. [221] 

Multiple illicit 
and medicinal 
drugs in whole 
blood 

Solvent A 
(ammonium 
formate(5mM) 
pH=3), Solvent B 
(0.1% formic acid in 
acetonitrile) 

Waters HSS C18 column 
(150 × 2.1mm). Waters 
Xevo G2QTOF MS/MS. 
Positive ion ESI in MRM 
mode 

Methapyrilene 
Analog 

SPE 1b Suppression up 
to 80%, 
enhancement 
up to 20% 

2f 

Salm et al. 
[153] 

Cyclosporin in 
whole blood 

methanol and 
ammonium acetate 
(40mM) buffer pH= 
5.1 (80:20) 

Zorbax Bonus C18 
column (50 × 2.1mm). 
Agilent 1100 API III triple 
Quadruple MS. Positive 
ion ES in MRM mode 

Cyclosporin-d12 
Stable isotope 

PPT and SPE 1b Suppression 
6.3% 

2f 

Salm et al. 
[222] 
 

Everolimus in 
whole blood 

Ammonium 
acetate(40Mm, 
pH=5.1) buffer: 
Methanol 80:20( v/v) 

Novapak C18 column 
(150 × 2.1mm) 
PE SCIEX API III 
quadrupole MS. 
Positive ion ESI in MRM 
mode 
 

SDZ 223-756 (40-O-
(3’Hydroxy) propyl 
rapamycin) 
Analog 

PPT and SPE 1e n/a 2f 
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Salm et al. 
[223] 
 

Tacrolimus 
and cyclosporin 
in whole blood 

Solvent A (100% 
deionised water) 
(B) 
100% methanol 

Phenomenex C18 
SecurityGuard cartridge 
column (4.0 × 3.0mm) 
Applied Biosystems/MDS 
Sciex  
4000 QTrap Tandem MS. 
Negative ion APCI in 
SRM mode 

Ascomycin and  
cyclosporin D 
 
Analogs 

PPT 1c ESI +ve mode- 
suppression up 
to 60% both 
analytes 
APCI –ive mode: 
no suppression 
for either 
analyte 

2e 

Salm et al. 
[224] 
 

FTY720 in whole 
blood 

Ammonium acetate 
(40mM,pH=5.1 ) in 
water:  
Methanol 30:70 (v/v) 

Allure TM 
Pentafluorophenylpropyl 
RP column (50 × 2.1mm) 
Applied Biosystems 4000 
QTrap Tandem MS. 
Positive ion APCI in SRM 
mode 

Y-32919 
Analog 

LLE 1c Negligible 2g 

Sardela et 
al. [225] 

Formoterol in 
urine 

Solvent A 
(ammonium acetate 
(1mM) with acetic 
acid (0.1%) in water), 
Solvent B 
(ammonium 
acetate(1mM) with 
acetic acid (0.1%)in 
methanol) 

Zorbax SB-C8 column (50 
× 2.1mm). Quantum 
Vantage MS/MS. Positive 
ion ESI in SRM mode 

Formoterol-d6 
Stable isotope 

Centrifugation 1a Suppression 
1.7- 7% 

2d 

Saudan et 
al. [226] 

Testosterone 
and 
epitestosterone 
conjugates in 
urine  

Solvent A 
(methanol), 
Solvent B (acetic acid 
in water (0.5%)) 

Uptisphere 120 A ODB 
(150 × 3.0mm). 
Linear ion trap mass 
spectrometer. Negative 
ion ESI 

16,16,17-2H3-
testosterone 
glucuronide (d3-TG) 
and 16,16,17-2H3-
testosterone 
sulfate (d3-TS) 
Stable isotopes 

SPE 1b Suppression 
32% and 
enhancement 
<25% 

2d 

Shu et al. 
[227] 

Nicotine, 
cotinine and 
trans-3'-
hydroxycotinine 
in serum 

Solvent A 
(ammonium formate 
(50mM) pH=4.5), 
Solvent B 
(acetonitrile) 

Agilent Eclipse XDB-C8 
column (50 × 2.1mm). 
Waters Quattro Micro 
MS/MS. Positive ion ESI 
in MRM mode 

Nicotine-d4 and 
cotinine-d3 
Stable isotopes 

SPE and 
centrifugation  

1b Suppression 
(hydroxycotinin
e)16%, cotinine 
(22%), 
enhancement 
(nicotine) 10% 

2f 
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Stocker et 
al. [228] 

Oxypurinol in 
urine 

Acetonitrile/methan
ol/50mM 
ammonium acetate 
with 0.2% formic 
acid (95/2/3, v/v) 

Atlantis HILIC Silica 
column (100 × 2.1mm) 
Waters Quattro Premier 
triple quadrupole MS. 
Negative ion ESI in SRM 
mode 
 

8-methylxanthine 
Analog 

Dilution and 
centrifugation 

1a Suppression 
Oxypurinol-8%, 
 IS-20% 

2g 

Tarcomnicu 
et al. [229] 

Ibandronate in 
plasma 

Solvent A (formic 
acid(0.1%) in water), 
Solvent B (formic 
acid (0.1%) in 
acetonitrile) 

Supelco Discovery HSC18 
column (100 × 2.1mm). 
API 4000 Qtrap MS/MS. 
Positive ion ESI in MRM 
mode 

Ibandronate 
Sodium-d3 
Stable isotope 

LLE and 
centrifugation 

1a Suppression 
46%  

2d 

Taylor et al. 
[230] 
 

Tacrolimus in 
whole blood 

 Ammonium acetate 
(2 mM) with formic 
acid (0.1%) in water 
for Solvent A and in 
Methanol for Solvent 
B  

Waters TDM C18 
cartridge column (10 
mm × 2.1 mm). Waters 
Quattro Micro tandem 
mass spectrometer. 
Positive ion ESI in SRM 
mode 

Ascomycin 
Analog 

PPT 1c Suppression 2d 

Taylor et al. 
[231] 
 

Everolimus in 
whole blood 

Solvent A (2 mM 
ammonium acetate 
with 0.1% formic 
acid in water 
Solvent B (2 mM 
ammonium acetate 
with 0.1% formic 
acid in methanol) 

Waters TDM C18 column 
(10mm × 2.1mm) 
Waters Quattro micro 
tandem MS. Positive ion 
ESI in SRM mode 
 

40-O-(3’hydroxy) 
propyl-rapamycin 
Analog 

PPT 1c Suppression 2g 

Taylor et al. 
[232] 

Nicotine in 
human plasma 

Ammonium formate 
(10 mM, pH=3.3) and 
acetonitrile (50:50, 
v/v)  

Phenyl Novapak® 
 (150 × 2.1mm) column. 
PE-SCIEX API III triple 
quadrupole MS. Positive 
ion ESI in SRM mode 
 

d3-nicotine 
Stable isotope 

LLE 1e 
 

n/a 2g 
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Tudela et 
al. [233] 

Glucocorticoids 
and diuretics in 
urine 

Solvent A 
(ammonium 
acetate(1mM)), 
Solvent B 
(acetonitrile) 

Poroshell 120 EC-C18 
column (50 × 2.1mm). 
API 4000 MS/MS. 
Negative ion Turboion 
ESI in MRM mode 

1-dehydro-
cortexolone and 
budesonide-d8 
Stable isotope and 
analog 

Centrifugation, 
hydrolysis and 
SPE, LLE 

1a Suppression and 
enhancement 

2a, 2d 

Virus et al. 
[234] 

Doping 
substances in 
urine 

Solvent A 
(ammonium 
Hydroxide (3mM)), 
Solvent B (methanol/ 
water 90:10 with 
3mM ammonium 
hydroxide (3mM)) 

Waters Acquity BEH C18 
column (50 × 2.1mm) 
HESI-II LTQ Orbitrap 
MS/MS. Positive ion 
mode 

Methyltestosterone 
Analog 

Centrifugation 
LLE 

1b Suppression 4%-
85.0% 

2f 

Vogeser et 
al. [235]  

Sirolimus in 
whole blood 

Methanol/2 mM 
ammonium acetate 
(90:10 v/v) 

Reprosil pur C18- 
AQ (125 × 2 mm) 
column. Waters 
Micromass Quattro LC-
tandem MS. Positive ion 
ESI in MRM mode 

32-desmethoxy-
rapamycin 
Analog 

PPT followed by 
SPE 

1a None observed 2g 

Vogeser et 
al. [236] 

Voriconazole in 
plasma 

Water:methanol 
(95:5 (v/v)) 

LiCrospher® 100 RP-18 
column (125 × 4mm). 
Waters Micromass 
Quattro LC Ultima 
tandem MS. 
Positive ion ESI in MRM 
mode 

Fenbuconazole 
Analog 

PPT followed by 
SPE 

1a None observed 2g 

Wang et al. 
[237] 

Illicit drugs in 
oral fluid 

Solvent A 
(acetonitrile)  
Solvent B 
(ammonium 
acetate(10mM) 
pH=6.25 in water) 

Acquity Waters HSS-T3 
column (100 × 2.1mm). 
Waters Quattro Premier 
XE Triple Quadrupole 
MS/MS. Positive ion 
APCI/APPI/ESI in SRM 
mode 

SIL-IS were 
obtained for all 
sample drugs 
except for 
norcocaine 
Stable isotopes 

Centrifugation 1a ESI (suppression 
28-78%, 
enhancement 
5.1- 28%) 
APCI 
(suppression 
45-89%) 
APPI 
(suppression 
74-96%) 

2e 
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Wang et al. 
[156] 

Carvedilol 
enantiomers in 
plasma 

Solvent A 
(ammonium formate 
(2mM) ,pH =3 and 
Solvent B 
(acetonitrile)  

Ace 3 C18 column (50 × 
2.1mm). API-4000 Triple 
Quadrupole MS/MS. 
Positive ion ESI in SRM 
mode 

[2H5]-carvedilol 
Stable isotope 

PPT and 
derivatisation 

1c Suppression 2b, 2d 

Willis et al. 
[238]  

Free 
mycophenolic 
acid in plasma 

Ammonium formate 
(2Mm, pH=3.8): 
methanol 45:55 (v/v) 

Novapak C18 
column (150 × 2.1mm) 
PE-Sciex API III triple 
quadrupole MS. 
Negative ion APCI in 
SRM mode 
 

Indomethacin 
Analog 

Ultrafiltration 
and SPE 

1e n/a 2g 

Wood et al. 
[239] 

Multiple illicit 
drugs in 
preserved oral 
fluid 

Solvent A 
(ammonium 
bicarbonate(10mM, 
pH= 10), Solvent B 
(methanol) 

XTerra MS C18 column 
(150 × 2.1mm). 
Quattro Ultima tandem 
mass spectrometer. 
Positive ion ESI in MRM 
mode 

Deuterated analogs 
for all of the 
analytes 
Stable isotopes 

SPE 1b, 1c Suppression- 2-
13%, ion 
enhancement 3-
12% 

2f 

Xia et al. 
[240] 

Ursolic acid in 
plasma 

Solvent A 
(acetonitrile) and 
Solvent B 
(ammonium formate 
(10mM), 90:10, v/v)) 

Acquity UHPLC BEH C8 
column (100 × 2.1mm). 
Waters Acquity TQDTM 
triple quadrupole MS. 
Negative ion ESI MS/MS 
in MRM mode 

Glycyrrhetinic acid 
Analog 

LLE 1b Suppression 6-
10% 

2f 

Zhang et al. 
[241] 

Vancomycin in 
serum 

Solvent A (formic 
acid (0.1%) in water, 
Solvent B 
(acetonitrile),90:10 
v/v 

ACE-3-C8 column (50 × 
3.0mm). LTQ-Orbitrap 
hybrid mass 
spectrometer. Positive 
ion ESI 

Atenolol 
Analog 

SPE 1a, 1b Negligible 2d 

 

APCI: Atmospheric pressure chemical ionisation; DIS: deuterated internal standards; ESI: electrospray ionisation; FIA: flow injection analysis; HPLC: 
high performance liquid chromatography; LLE: liquid-liquid extraction; LM: LIPID MAPS; MRM: multiple reaction monitoring; MS/MS: tandem mass 
spectrometry; PPT: protein precipitation; SIL-IS: stable isotope labelled internal standard; SPE: solvent phase extraction; SRM: selected reaction 
monitoring; UHPLC: ultra high performance liquid chromatography  
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3.5 Discussion 
 

While the chemistry involved in ion formation within the ion sources, especially in the widely 

used ESI source, is not completely understood, the knowledge of ion formation and the factors 

affecting it is growing rapidly. Bioanalytical method development and validation requires 

complex testing procedures. The increasing sensitivity of emerging tandem mass 

spectrometers is addressing at least one source of this problem where the decreasing mass 

“on-column” reduces issues with perturbation of ionisation in the ion source. It is likely that 

source design will also reduce the impact of perturbation of ion efficiency in the future. In the 

meantime, method development and validation will need to include adequate means of 

minimising and assessing for SEI. If better understood, enhancement of ionisation has the 

potential to be used in a beneficial manner, improving sensitivity and further study in this area 

is warranted. Several approaches could be used including investigation using PCI using several 

sample matrices, monitoring of interfering matrix components (i.e. phospholipid) transitions 

along the entire chromatographic run, and monitoring the stability of IS when the IS is a SIL-

internal standard. 

 

The origin of various sources of co-eluting compounds that may cause SEI may be either 

endogenous or exogenous. Endogenous sources can reasonably be expected to be present in 

all samples. If present in consistent amounts, endogenous compounds would likely affect the 

sensitivity of a given assay with limited impact on the accuracy, when quantitated against 

calibrators prepared in a similar matrix. If the concentration of the agent causing SEI varies 

significantly between matrices obtained from different subjects however, the impact on 

accuracy may be substantial, resulting in erroneous results. The other sources of co-eluting 

agents that may cause disturbances in ion efficiency are exogenous compounds either in the 

form of concomitant medications, complementary medicines or dietary sources [242]. 

  

Of the current draft guidelines by the FDA [118] and the European Medicines Agency [119], the 

maximum number of different sources of matrix that should be assessed for SEI is ten. When 

considering that an occurrence rate of SEI of 1 in 20 samples is 5% (i.e. an acceptable limit), the 

probability of not selecting a sample containing the suppressing/enhancing agent can be 

estimated as p = (0.95)n
 where n = number of randomly selected samples from the population 

for assessment. Based on this simple statistical equation, a selection of ten samples from the 

population would result in a probability of 60% omission of samples containing the 

suppressing/enhancing agent. This would necessitate in testing of a minimum of 59 samples to 

reduce the probability to 5% occurrence of SEI. Unfortunately, the availability of sample 
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matrices could limit the practical application of this recommendation. The current 

recommendations therefore are likely to be substantially underestimating the number of 

different sources of matrix that should be tested when assessing for SEI. Of further concern is 

that of the published methods reviewed, none assessed plasma from more than 10 sources for 

SEI, in line with the guideline recommendations.  

 

The impact of SEI on individual samples in an assay can also be monitored (in cases where 

there is minimal SEI) by simple use of a plot of the responses obtained for the IS (e.g. Levy 

Jennings plot). Approaches such as re-injection of the sample after dilution can be used to 

investigate outliers. This approach is only useful where minimal SEI is occurring as the 

presence of significant SEI will cause difficulty in identifying outliers, however normalisation 

for the SEI could reasonably be expected to be occurring. The simple plot of the responses of 

the IS can also be used to identify samples where there may be sensitivity issues due to greater 

than usual ion suppression. 

 

3.6 Conclusion 
This chapter entails an elaborate literature review on the impact of SEI on HPLC-MS/MS 

methods using human biological samples, emphasising the need to address these criteria in 

assay development and validation procedures. The development and validation of a robust, 

reproducible and accurate analytical method for analysis of biological samples is always 

challenging given the diversity and complexity of sample matrices. The significance of 

understanding and mitigating SEI has been a concern since the earliest publications. This 

review entails various sources that may lead to SEI and the various tests that could be carried 

out to minimise the deleterious effect of interferents on the efficiency of ionisation. The 

necessity to test multiple matrix samples representing the sample heterogeneity is also 

emphasised. Although the issue of SEI has rather tarnished the reputation of HPLC-MS/MS, 

understanding and careful mitigation of SEI could permit all of the other benefits of HPLC-

MS/MS including sensitivity, precision and rapid turnaround times.  
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Chapter 4. Development and validation of a high performance 

liquid chromatography – tandem mass spectrometry method for 

enantioselective quantitation of methadone in plasma and saliva 
 

4.1 Significance of the study 
Selectivity and flexibility of HPLC-MS/MS analysis presents advantages over immunoassays and 

this technology is now considered as the leading edge in chemical analysis, especially for 

clinical applications. The potent analgesic properties of methadone are underutilised in clinical 

practice owing to its narrow therapeutic window and large inter- and intra-individual variability 

in therapeutic response. Quantitation of the enantiomers l- and d-methadone in plasma and 

saliva provides a basis for studying its PK in patients with cancer and for monitoring efficacy, 

toxicity and side effects. Liquid chromatography methods have been developed for 

conventional and enantioselective determination of methadone [74, 243-248]. Methadone has 

been analysed in various biological fluids including plasma [248-251] and saliva [252, 253]. 

Saliva has several advantages over blood as a biological sample matrix with respect to 

convenience, non-invasive mode of collection, minimal infection risk and its applicability in an 

extremely frail patient population. The use of saliva as a sampling tool for TDM of methadone, 

mostly in methadone maintenance treatment (MMT) patients, exhibits contradictory results 

[13, 254]. The saliva sampling device, Salivette®, is reported to retain 40% of methadone when 

used as a sampling tool [13]. Despite the evidence for loss of the analyte during sample 

collection, to date no validated analytical method has been reported to account for this factor. 

 

This chapter reports the development and validation of a robust HPLC-MS/MS method for 

quantitating the enantiomers of methadone in human plasma and saliva. Optimal 

enantioselective separations were achieved in chromatography and this method is validated 

for a wide concentration range (0.05 - 1000 ng/mL) for both enantiomers, with impeccable 

precision and accuracy even at the lower limit of quantitation (LLOQ) of 0.1 ng/mL. This 

method requires a minimal sample volume of saliva and involves direct extraction of the 

analyte from the Salivette® saliva collection device, thereby showing clinical application in 

cancer populations who typically have xerostomia. A simple one-step sample preparation 

procedure resulted in recoveries ≥95% for both analytes. 

 

4.2 Background 
Quantitation of methadone l- and d-enantiomers in plasma and saliva provides a basis for 

studying its PK in patients with life-limiting illnesses and for monitoring efficacy, toxicity and/or 
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side effects. Evaluation of saliva/plasma (S/P) ratios of methadone enantiomers could provide 

better knowledge into the PK of methadone as metabolic enantioselectivity has been 

previously reported. Methadone, being a lipophilic drug, is adsorbed to the cotton dental bud 

(CDB) in the Salivette® and its recovery by centrifugation accounts for only ˂60% of the total 

methadone concentration [13, 255, 256]. A validated simple, accurate and novel method for 

extraction of methadone from the CDB of the Salivette®, strengthened with evidence of nil 

matrix effects, needs to be established. To date no method is reported addressing the 

adsorption of methadone from saliva samples collected using a Salivette®. 

 

 

 

 

 

 

 

 

 

Figure 4.1 Components of the Salivette® 

 

4.2.1 High performance liquid chromatography 

HPLC is one of the most popular and validated analytical techniques used in separation 

analysis (Figure 4.1) [21]. The liquid driven mobile phase, rendering reliability and adaptability 

due to the combination of the mobile and stationary phases, is responsible for the ongoing 

popularity of this mode of analysis [21]. The mode of separation is attributed to the physical/ 

chemical interaction of the mobile phase, stationary phase and the analyte.  

 

 

 

 

 

 

 

 

 

 

 Figure 4.2 Schematic representation of a high performance liquid chromatography system 
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Enantiomeric separation of methadone requires a specific stationary phase for optimal 

separation and accurate analysis [257]. The clinical relevance of enantioselectivity lies in the 

pharmacology of the racemic drug (Figure 4.2) with a narrow therapeutic index, which controls 

the individual response to therapy [21, 124]. Evaluation of the disposition of methadone 

requires a selective method of analysis, particularly when the analytical results are intended to 

correlate to pharmacological effect or therapeutic benefit. An AAG chiral stationary phase, 

operated in reverse phase mode, achieves optimal separation for methadone enantiomers in 

conjunction with other factors including pH, buffer (nature and concentration) and uncharged 

modifier (nature and concentration) [257]. While the high pressure pump delivers mobile 

phase at a constant rate to the column, the sample to be separated is introduced into the 

mobile phase by injection device, manual or automatic, prior to the column and separation of 

the components results from the difference in the relative distribution ratios of the solutes 

between the two phases. This process provides the degree of retention (based on the 

retention time) and the abundance (based on the relative response of detector) of the analyte 

[21].  

 

 

 

 

 

   (*) denotes chiral centre 

Figure 4.3 Chiral centre of methadone 

 

4.2.2 Mass spectrometry 

Incomparable sensitivity, detection limits, speed and diversity of its application has rendered 

mass spectrometry an exceptional standard among analytical techniques [258]. A mass 

spectrometer generates multiple ions from the analyte and separates them according to their 

specific m/z, and records the relative abundance of each ion type. By electron ionisation, gas 

phase ions of the analyte are generated, which undergo fragmentation to give either a radical 

or an ion with an even number of electrons, or a molecule and a new radical cation [117, 258]. 

Depending on their mass-to-charge ratio, these ions are separated and detected in proportion 

to their abundance. A tandem mass spectrometer has more than one analyser separated by a 

collision cell. An inert gas (e.g. argon, xenon or nitrogen) admitted to this collision cell brings 

about the fragmentation. The first analyser selects the ions arising from the particular 

compound i.e. (M+H) + or (M-H) - ions [124, 258]. If the analyte has a functional group which 

readily accepts a proton (H+), positive ion detection mode is used in the assay, whereas, if the 
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analyte functional group loses a proton, negative ion detection mode is used. These ions when 

passed through the collision cell get fragmented by the gas to form the fragment ions [259]. 

Samples can be introduced by:  

• Continuous infusion, where a medium concentration of the analyte is infused into the 

ion source using a syringe at a low flow rate. 

• Flow injection analysis, resulting in high throughput and source optimisation [124, 

258]. 

A tandem mass spectrometer allows fragmentation of a molecule producing a parent ion 

transition and a fragment ion transition, which serves to identify the compound of interest. For 

quantitative analysis, the scan mode employed is multiple reaction monitoring (MRM) mode 

[124, 258]. In this mode of analysis, the precursor ion (based on the molecular mass of the 

compound and the ionisation) Q1, passes through Q2 where the ion molecules gets 

fragmented by high energy gas or collision-induced dissociation (CID) gas and undergoes 

fragmentation (Figure 4.3). The product ions as a result of the collision get scanned in the Q3 

compartment of the analyser and the ion transition with maximum intensity passes through 

Q3 to produce the product ion transition [124, 258]. A pictorial representation is shown in 

Figure 4.3. 

 

 

 

 

 

 

 

 
 

Figure 4.4 Multiple reactions monitoring mode of ion scan in mass spectrometer 

 

This mode of ion scan offers a unique transition detectable for each analyte. The two 

ionisation modes used in HPLC-MS/MS are: 

• Electrospray ionisation   

• Atmospheric pressure chemical ionisation 

 

ESI is the most widely used mode of ionisation [260] and could be used for analysis of a wide 

range of samples. However this form of ionisation could be influenced by the composition of 
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the mobile phase, and most importantly this technique is more susceptible to ion-suppression 

effects which is a major challenge while handling biological matrices [133].  

     

4.2.3 HPLC-MS/MS 

Mass spectrometric analysis coupled with liquid chromatography combines the outstanding 

separation resolution of liquid chromatography with the outstanding qualitative capabilities of 

mass spectrometry [258, 261]. This method of analysis has been adopted across drug 

development, analysis and assists in evaluating the metabolic fate of drugs. HPLC-MS/MS has 

led to major breakthroughs in the field of quantitative bioanalysis since the 1990s due to its 

inherent specificity, sensitivity, the capability of analysing multiple analytes in the same 

analytical run and speed [21]. This method of analysis is widely accepted for quantitating small 

molecule drugs, metabolites, and other biomolecules in biological matrices as like plasma, 

blood, urine, and saliva [262]. 

 
4.2.4 Suppression and enhancement of ionisation 

Matrix-dependent signal suppression or enhancement represents a major pitfall in 

quantitative analysis using liquid chromatography coupled to mass spectrometry [15]. The 

intuitive understanding that HPLC-MS/MS guarantees selectivity has been questioned by 

reports of lack of selectivity due to ion suppression or enhancement caused by the sample 

matrix [137, 263, 264]. Matrix effects arise when molecules coelute with the analyte of 

interest, thereby altering the ionisation efficiency of the electrospray interface. This may 

enhance or suppress the signal abundance. As described in Chapter 3, the possibility of this 

interference emphasises the need for adequate chromatographic separation of analytes from 

endogenous biological components in quantitative bioanalysis using HPLC-MS/MS.  

 

4.3 Methods 
4.3.1 Materials and reagents 

Racemic methadone (l.d-methadone) and deuterated methadone (l.d-methadone-D3) were 

obtained from Cerilliant®, Round Rock, Texas, USA. HPLC grade acetonitrile, dichloromethane, 

isopropyl alcohol, were obtained from Merck, New Jersey, USA. CH3C00NH4 and NH40Hwere 

obtained from Scharlau Chemie, Spain and Sigma Aldrich Cheme, Germany. The saliva 

collection devices (Salivette®) were obtained from Sarstedt, Nümbrecht, Germany. 18 MΩ 

water was obtained from a Labmate® water purification system (Aquacure, Brisbane, 

Australia). 
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4.3.2 HPLC-MS/MS instrumentation and conditions 

Samples were analysed using a Shimadzu HPLC system (DGU-20A3 Degasser; LC-20 AD Liquid 

Chromatography; CBM-20A Communication Module; SIL-20AC Autosampler) (Nakagyo-Ku, 

Koyoto, Japan) coupled to an API 3200 tandem mass spectrometer (AB Sciex, Mount Waverly, 

Victoria, Australia). Analyst software version 1.4.2 from AB Sciex was used for data acquisition 

and analysis. The mass spectrometer was operated on ESI mode with the parameters as per 

Table 4.1. For the enantioselective analysis of methadone, a chiral AAG 5 µ, 100 x 4.0 mm 

column (Cromlech, Hägersten, Sweden) and a 10 x 4.0 mm precolumn containing the same 

stationary phase were used. The mobile phase comprised of 85:10:5% v/v of 20 Mm 

ammonium acetate buffer (pH adjusted to 7.4), isopropyl alcohol and acetonitrile respectively. 

An isocratic flow of 0.9 mL/min, maintained at room temperature, resulted in adequate 

separation of the l- and d-enantiomers at 8.4 min and 11.8 min respectively with a total run 

time of 20 minutes. 

 

Table 4.1 Optimal MRM parameters used for the development of the method for quantitation of l- 
and d-methadone in plasma and saliva samples 

Analyte Transition 

monitored 

(Q1/Q3) 

DP 

(v) 

EP 

(v) 

CE 

(v) 

CXP 

(v) 

Gas parameters  

l-methadone 310.3/265.1 31 3.5 23 6 Curtain gas 

Collision gas 

Ion spray voltage 

Temperature 

Ion source gas 1 

Ion source gas 2 

15 psi 

5 psi 

5500 V 

750°C 

20 psi 

20 psi 

d-methadone 310.3/265.1 31 3.5 23 6 

D3-l-methadone 313.3/268.4 31 3.5 23 6 

D3-d-methadone 313.3/268.4 31 3.5 23 6 

 

 

Declustering potential (DP), collision energy (CE), collision cell exit potential (CXP), entrance 
potential (EP) 
 

4.3.3 Preparation of calibration standards, internal standard and seeded controls 

The racemic mixture of methadone (100 µg/mL) was stored at -70°C. Standards were prepared 

in both blank plasma and saliva from the storage solution in concentrations range of 0.05 - 

1000 ng/mL and stored at 20°C. From the IS stock solution of 100 µg/mL, working solution was 

prepared in acetonitrile at 125 ng/mL and stored at -70°C. Quality control samples were 

prepared at concentrations of 0.1, 10, 500 and 900 ng/mL for each analyte in plasma and saliva 

and stored at -20°C. 
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4.3.4 Sample preparation 

4.3.4.1 Extraction of methadone from plasma samples 

Sample preparation involved simple protein precipitation. To a 200 µL of sample (standard, 

control or unknown), 600 µL of IS working solution (125 ng/mL in acetonitrile) was added and 

vortex mixed for 30 seconds and centrifuged at 12000 rpm for 8 minutes. Supernatants were 

transferred to respective 12 mL glass culture tubes and evaporated to dryness at 40°C under a 

stream of nitrogen gas. Samples were reconstituted in 100 µL of mobile phase, vortex mixed 

for 30 seconds and 10 µL was injected into the HPLC-MS/MS. 

 

4.3.4.2 Extraction of methadone from saliva samples 

A direct extraction procedure was developed for saliva samples. As this method is intended to 

assay the saliva samples collected using the Salivette® system, direct extraction of analytes 

from the CDB was employed to mimic the actual patient samples, which also minimises errors 

and loss of analytes by using multiple steps in the extraction procedure. 400 µL of sample 

(standard, control or unknown) was added to the CDB of the Salivette® followed by 400 µL of 

IS working solution (125 ng/mL in acetonitrile). Each Salivette® was allowed to stand for 

approximately 5 minutes after which 1.0 mL of dichloromethane was pipetted onto the CDB, 

and allowed to stand for further 5 minutes. The addition of dichloromethane was repeated 

and after 5 minutes, the Salivette® was centrifuged at 12500 rpm for 15 minutes. The extract 

was decanted into 12 mL glass culture tubes and evaporated to dryness at 40°C under a stream 

of nitrogen gas. Samples were reconstituted in 200 µL of mobile phase and vortex mixed for 30 

seconds. The samples were then transferred to respective 1.5 mL Eppendorf tubes and 

centrifuged at 2000 × g for 10 minutes. 10 µL of supernatant was transferred into autosampler 

vials and 10 µL was injected into the HPLC-MS/MS. For the actual patient samples, the weight 

of the sample (i.e. difference between pre- and post-sampling) was used to normalise the 

concentrations to the standards used (refer to Equation 4.1 below). 

 
4.3.4.3 Recovery of methadone from CDB 

The recoveries of l- and d-methadone from saliva samples collected using a Salivette® was 

investigated using a seeded control sample. Salivettes® were fortified with a seeded control 

sample (500 ng/mL) and extracted in quadruplicate as per the method described in section 

4.3.4.1. The peak area of l- and d-methadone, analysed in duplicate injections, were compared 

to the peak area of the enantiomers in the same control sample following the same extraction 

method without the CDB within Salivette®. Application of this method in a clinical study 

involves collection of patient saliva samples in a Salivette®, therefore the calculation of drug 

concentration normalised to the volume of sample is required for accurate and reliable results. 
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The weight difference method was used to calculate the amount of drug in saliva from 

unknown samples based upon the weight normalised with standard known volume. Equation 

4.1 was used to calculate the normalised concentration of analyte from unknown or adjusted 

volume of saliva samples. 

 

𝑪𝑪𝑪𝑪 =
(𝐂𝐂𝐂𝐂 𝐱𝐱 𝐖𝐖𝐖𝐖)

𝐖𝐖𝐂𝐂
                                                                                                     4.1 

 
Where, 

Cn = Normalised concentration of analyte in unknown volume of saliva present in CDB  

Cu = Concentration of analyte in unknown volume of saliva present in CDB 

Ws = Weight of standard sample (difference of initial and final weight of Salivette®) 

Wu = Weight of unknown sample (difference of initial and final weight of Salivette®) 

 

4.3.5 Bioanalytical method validation 

The measurement of drug concentrations in biological matrices (such as serum, plasma, blood, 

urine, and saliva) is an important aspect of studies requiring PK evaluation. Method validation 

demonstrates the reliability of the analytical method for quantitation of the analyte/s in a 

specific biological matrix, such as blood, serum, plasma, urine or saliva. To ensure the 

acceptability of a bioanalytical method’s performance and the reliability of analytical results, 

the selectivity, LLOQ, linearity, accuracy, precision, matrix effects, stability of the analyte/s in 

the biological matrix, stability of the analyte/s of the IS in the stock and working solutions, and 

stability in extracts for the entire period of storage and processing conditions were 

determined. The European Medicine Agency guidelines were adopted with minor adaptations 

[265].  

 

4.3.5.1 Specificity 

The capability of the analytical method to differentiate the analyte/s of interest and IS from 

endogenous components in the matrix or other components in the sample was evaluated by 

extraction of blank plasma samples as per 4.3.4.1, and subsequent instrumental analysis. 

Retention times, namely the characteristic specific to the analytes base on their affinity to the 

stationary phase and solvent flow, were used as a marker for any interference. The inbound 

selectivity offered by HPLC-MS/MS techniques accentuates the specific analysis of analytes 

based on the molecular structure of the respective analytes. 
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4.3.5.2  Calibration, linearity and detection limits 

An appropriate concentration range that permits adequate elucidation of the PK of methadone 

was selected and the response of the instrument with regard to the concentration of the 

analyte was analysed. To demonstrate linearity, calibrators were prepared in a concentration 

range of 0.05 - 1000 ng/mL for both enantiomers of methadone in plasma and saliva. The 

curves were fit by a least-square 1/x2-weighted linear regression method. 

 

4.3.5.3 Inaccuracy and imprecision 

The proximity of the sample concentration obtained by the method to the nominal 

concentration of the analyte/s, expressed as a percentage was obtained by seeding blank 

samples with known amounts of the analyte. These quality control samples were analysed 

against the calibration curve. The calculated concentrations were compared with the nominal 

value and reported as percent of the nominal value. Each analytical run included calibration 

standards with six different concentrations; namely low, medium and high quality control 

samples, in replicates of four, over four days (n=16) and the data subjected to analysis of 

variance (ANOVA) to estimate the inter-day, intra-day and total imprecision, estimated as the 

relative standard deviation co-efficient of variation (CV) %. 

 

4.3.5.4 Carry over effects 

Carry over was assessed by injecting blank samples after the high concentration standard 

(1000 ng/mL) in both matrices in three sequences.  

 

4.3.5.5 Stability  

Conditions applied to the stability tests were selected to emulate analytical conditions 

comparable to conditions used for storage/analysis of actual study samples.  

 

Stability tests were performed for the following conditions using the seeded control sample of 

500 ng/mL. 

• Autosampler stability at 4°C: This was performed by extracting controls and storing 

them in the autosampler for 48 hours prior to analysis against samples stored at -70°C. 

• Bench-top stability: The sample was allowed to stand at the ambient temperature of 

the laboratory on the bench for 24 hours before being extracted and analysed against 

samples stored at -70°C.  

• Long-term stability: Samples stored for 120 days at -20°C were analysed against 

samples prepared from stock on the day of analysis. 
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• Freeze/thaw 3 cycles: This was performed by freezing and thawing the controls 

prepared in plasma on each of three days respectively and then analysing them against 

standards stored at -70°C. 

• Stability of saliva samples in the Salivette®: Quality control samples seeded into the 

CDB were stored at -70°C for 60 days prior to analysis against fresh samples extracted 

from the Salivette® on the day of analysis. 

The stability of stock solutions of analytes and IS stored at -70°C was also performed. 

 

4.3.6 Recovery from Salivette® collection device for saliva samples 

Although analyte recovery is not considered among the validation parameters as essential for 

method validation, the inherent property of methadone is to adsorb to the collection device 

used for saliva sample collection in clinical practice settings. Evaluation of the extent of 

adsorption and the methadone recovery method from the saliva collection device needs to be 

validated for accurate and reliable analytical results. The extraction method of methadone 

from the CDB of the Salivette® was as per section 4.3.4.2. The recovery of analytes from the 

CDB in the Salivette® was determined by comparing the absolute peak areas of extracts 

obtained as per section 4.3.4.1. Saliva samples fortified with analytes (500 ng/mL and 0.5 

ng/mL) were extracted from the Salivette® with CDB in quadruplicate, and analysed against 

the saliva samples extracted from Salivette® without the CDB.  

 

4.3.7 Assessment of SEI 

Assessment for SEI in the method was evaluated using PCI and post extraction addition. 

Plasma samples of adult patients were obtained from Mater Pathology services. 

 

4.3.7.1 Post column infusion 

The presence of ion suppression or other deleterious effects from plasma was evaluated by 

using the PCI approach. Plasma samples (n=6) from different sources were extracted as per 

section 4.3.4.1 and injected using HPLC instrumentation. A syringe pump was connected via a 

“tee” to the column effluent and a test solution of the racemic methadone (125 ng/mL) was 

introduced into the mass spectrometer at a constant rate, 2 µL/min and a constant elevated 

response was observed.  

 

4.3.7.2 Post extraction addition 

Plasma samples (n=60) from different sources were extracted as per section 4.3.4.1 and 

injected using HPLC instrumentation. 
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• Sample preparation for pre-extraction addition: To 200 µL of sample (standard, 

control or seeded plasma (n=60)), 600 µL of IS working solution (125 ng/mL in 

acetonitrile) was added and vortex mixed for 30 seconds and centrifuged at 12000 rpm 

for 8 minutes. Supernatants were transferred to respective 12 mL glass culture tubes 

and evaporated to dryness at 40°C under a stream of nitrogen gas. Samples were 

reconstituted in 100 µL of mobile phase vortex mixed for 30 seconds and 10 µL was 

injected into the HPLC-MS/MS.  

• Sample preparation for post-extraction addition: To 200 µL of sample (standard, 

control or unseeded plasma (n=60)), 600 µL of IS working solution (125 ng/mL in 

acetonitrile) was added and vortex mixed for 30 seconds and centrifuged at 12000 rpm 

for 8 minutes. Supernatants were transferred to respective 12 mL glass culture tubes 

and evaporated to dryness at 40°C under a stream of nitrogen gas. Samples were 

reconstituted in 100 µL of mobile phase (standards and controls) and 100 µL of mobile 

phase with analyte (unseeded plasma) to result in a final sample concentration of 100 

ng/mL of l- and d-methadone in plasma extracts. The samples were vortex mixed for 

30 seconds and 10 µL was injected into the HPLC-MS/MS.  

 

4.4 Results 
4.4.1 Bioanalytical method validation 

4.4.1.1 Specificity 

Assay selectivity is demonstrated by the absence of interfering peaks at the retention times of 

l- and d-methadone and their deuterated internal standards, l- and d-methadone-D3, in 

extracted blank plasma and saliva samples. Figure 4.4 and Figure 4.5 depict chromatograms of 

blank plasma and saliva, fortified with IS and extracted as described. These chromatograms 

demonstrate the absence of any chromatographic and/or mass spectrometric interference. 

The retention times for l- and d-methadone were 8.4 minutes and 11.8 minutes respectively. 
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Figure 4.5 Chromatogram of blank plasma extract with IS showing specificity in plasma for (a) l-
methadone-D3, (b) d-methadone-D3, (c) l-methadone, (d) d-methadone 
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Figure 4.6 Chromatogram of blank saliva extract with IS showing specificity in saliva for (a) l-
methadone-D3, (b) d-methadone-D3, (c) l-methadone, (d) d-methadone   

 

4.4.1.2 Calibration, linearity and detection limits 

Calibration curves for both enantiomers were generated by weighted (1/x2) least squares 

linear regression with standards prepared in the concentration range of 0.05 - 1000 ng/mL in 

plasma. The degree of linear correlation was calculated as a co-efficient of determination (r2) 

better than 0.998 for standard curves based on four replicates on a 6-point calibration curve. 

The limit of detection (LOD) value for methadone was 0.10 ng/mL for both enantiomers. 

Evidence to demonstrate linearity within the concentration range 0.05 - 1000 ng/mL for l- and 

d-methadone is shown in Figure 4.6 and Figure 4.7 for plasma, and Figure 4.8 and Figure 4.9 

for saliva. 
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Figure 4.7 Calibration curve for l-methadone in human plasma 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Calibration curve for d-methadone in human plasma 
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Figure 4.9 Calibration curve for l-methadone in human saliva 

 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 4.10 Calibration curve for d-methadone in human saliva 

 

4.4.1.3 Inaccuracy and imprecision 

In plasma, the low, medium and high controls were assayed in quadruplicate each of 4 days (n 

= 16), and the data subjected to ANOVA analysis to estimate the inter-day, intra-day, and total 

imprecision, estimated as the relative standard deviation %CV. Inaccuracy was estimated as 

the mean assayed concentration expressed as a percentage of the seeded concentration. 

Intra- and inter-day inaccuracy and imprecision data are presented in Table 4.2 and Table 4.3. 

The inaccuracy for l- and d-methadone in plasma was within 100 - 103% and imprecision 

expressed as %CV was less than 3.5%. 
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Table 4.2 Intra- and inter-day inaccuracy and imprecision of l- and d-methadone in plasma 

 Nominal 

conc  

(ng/mL) 

Accuracy (%) 

(n=16) 

Intra-day  

precision 

(%CV) 

Inter-day  

precision 

(%CV) 

Total 

precision 

(%CV) 

l-methadone 0.1 103 1.6 2.9 3.4 

10 104 1.8 1.1 2.1 

500 102 0.8 0.8 1.1 

900 100 1.1 0.4 1.2 

d-methadone 0.1 103 1.6 1.6 2.2 

10 103 2.2 1.4 2.7 

500 103 0.3 0.6 0.7 

900 100 0.3 0.3 0.5 

 

 

Table 4.3 Intra- and inter-day inaccuracy and imprecision of l- and d-methadone in saliva samples 
extracted from the Salivette® 

 Nominal 

conc  

(ng/mL) 

Accuracy (%) 

(n=16) 

Intra-day  

precision 

(%CV) 

Inter-day  

precision 

(%CV) 

Total 

precision 

(%CV) 

l-methadone 0.1 106 4.1 1.5 4.4 

10 102 2.3 0.5 2.3 

500 100 0.7 0.4 0.8 

900 100 0.3 0.1 0.3 

d-methadone 0.1 103 2.9 0.7 2.9 

10 100 1.4 1.7 2.1 

500 100 0.6 0.5 0.8 

900 100 0.2 0.2 0.3 

 

 

4.4.1.4 Carry over effects  

Injection of blank sample following the high concentration standards resulted in blank 

chromatograms assuring accuracy and precision of analysis with no carry over effects. 
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4.4.1.5 Stability 

The stability study with plasma samples was performed under various laboratory conditions as 

stated in section 4.3.5.5. The stability of l- and d-methadone is shown in Table 4.4 for plasma 

and Table 4.5 for saliva. 

 

Table 4.4 Stability of l- and d-methadone in plasma 

Analyte Stability condition  Nominal 

conc 

(ng/mL) 

Precision  

(%CV) 

(n=3) 

Accuracy 

 (%) 

l-methadone Autosampler (4°C) for 72 h 0.5 4.36 95 

500 0.20 99 

Bench-top (24°C) for 12 h 0.5 2.42 95 

500 0.20 100 

Freezer (-70°C) for 120 days 0.5 3.50 98 

500 0.23 101 

Freeze/thaw 3 cycles 0.5 1.19 97 

500 1.33 100 

d-methadone Autosampler (4°C) for 72 h 0.5 2.13 94 

500 0.12 100 

Bench-top (24°C) for 12 h 0.5 1.17 99 

500 0.23 100 

Freezer (-70°C) for 120 days 0.5 1.21 95 

500 0.35 100 

Freeze/thaw 3 cycles 0.5 1.21 95 

500 0.31 99 
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Table 4.5 Stability of l- and d-methadone in saliva 

Analyte Stability condition  Nominal 

conc 

(ng/mL) 

Precision  

(%CV) 

(n=3) 

Accuracy 

 (%) 

l-methadone Autosampler (4°C) for 72 h 0.5 0.57 100 

500 0.81 100 

Bench-top (24°C) for 12 h 0.5 0.92 100 

500 1.04 100 

Freezer (-70°C) for 120 days 0.5 1.78 100 

500 0.87 100 

Freeze/thaw 3 cycles 0.5 1.65 102 

500 2.24 104 

Stability in Salivette® 0.5 1.10 100 

500 2.46 102 

d-methadone Autosampler (4°C) for 72 h 0.5 0.96 103 

500 0.12 100 

Bench-top (24°C) for 12 h 0.5 0.92 100 

500 0.12 100 

Freezer (-70°C) for 120 days 0.5 0.60 100 

500 1.83 99 

Freeze/thaw 3 cycles 0.5 1.03 100 

500 0.92 101 

Stability in Salivette® 0.5 0.69 101 

500 0.12 100 

 

 

No significant loss or degradation of analytes or IS was observed. Stability within the 

autosampler for 72 hours, at 4°C, and at bench top for 12 hours at 22 ± 2°C was well 

maintained. The integrity of the samples was intact after long-term storage at -70°C. The 

results achieved suggest sustainability of the sample preparation, sample analysis and storage. 

 

 

4.4.2 Recovery from Salivette® collection device for saliva samples 

The recoveries of l- and d-methadone from saliva samples collected using the Salivette® was 

investigated. The peak area of enantiomers following extraction (n=4) and duplicate analysis 
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were compared to the peak area of the enantiomers in the same control sample following the 

same extraction method but without the CDB. The recoveries for l- and d-methadone at 0.5 

ng/mL were 96% and 97%, and at 500 ng/mL were 99% and 98% respectively as shown in 

Table 4.6. 

 

Table 4.6. Recovery of l- and d-methadone from cotton dental bud using dichloromethane extraction 

Nominal concentration 

(ng/mL) 

 Recovery (% of Total#) 

  l-methadone d-methadone 

0.5 1 100.0 99.5 

2 91.5 90.7 

3 98.6 96.3 

4 98.1 96.7 

average 95.8 97.0 

500  

 

1 97.6 98.5 

2 101.0 99.0 

3 94.7 99.9 

4 99.6 98.6 

average 98.2 99.0 
#Fortified saliva sample (at concentrations of 0.5 ng/mL and 500 ng/mL) extracted from 

Salivette® as per method without the CDB in the Salivette® 

 

4.4.3 Assessment of SEI 

4.4.3.1 Post column infusion 

Ion suppression using the PCI approach was performed in plasma and saliva samples (n=6) 

from different origins in accordance to the accepted standard guidelines [265, 266]. No 

significant changes in responses were observed in the chromatographic run at the expected 

retention time of the analytes. These results confirm the validity of the extraction procedures 

for sample preparation prior to chromatography to obtain reproducible and reliable 

quantitative results for l- and d-enantiomers of methadone without interference of matrix 

components. 

 

The effect of concentration of the analyte (matrix/analyte ratio) was also evaluated by 

increasing the infusion rate of the analytes to 10 µL/min and then injecting extracts of the 

matrices. Suppression of the signal was observed for both analytes emphasising the need to 
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perform ion suppression studies, using an analyte concentration, which reflects the actual 

range, used in the method. The following figures depict absence of any interference (at the 

retention times of the analytes) through the entire analytical run even with matrices from 

multiple origins.  

 

Racemic methadone solution was infused post column into the HPLC effluent while blank 

extracts of plasma were injected into the HPLC-MS/MS system under analytical conditions as 

described above. The vertical dotted lines in Figure 4.10 and Figure 4.11 represent the 

retention times of l- (left) and d- (right) methadone respectively. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Post column infusion of l-methadone (blue) and d-methadone (black) for plasma samples 
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Figure 4.12 Post column infusion of l-methadone (blue) and d-methadone (black) for saliva samples 

 

4.4.3.2 Post extraction addition 

In plasma, the test for SEI by pre-extraction addition and post-extraction addition was carried 

out with plasma samples from 60 different origins and the data was used to estimate the total 

imprecision, estimated as the relative standard deviation %CV. Inaccuracy was estimated as 

the mean assayed concentration expressed as a percentage of the seeded concentration. The 

results are presented in Table 4.7. Intra- and inter-day inaccuracy and imprecision data are 

presented in Table 4.2 and Table 4.3 above. The inaccuracy for l- and d-methadone in plasma 

was within 96 - 102% and imprecision, expressed as %CV, was less than 10%. 

 

Table 4.7 Results for test of SEI on inaccuracy and imprecision of l- and d-methadone using plasma 
samples 

 Analyte Accuracy (%) Total precision (%CV) 

 Pre-extraction 

addition 

Post-extraction 

addition 

Pre-extraction 

addition 

Post-extraction 

addition 

l-methadone 96.1 99.7 7.8 2 

d-methadone 96.8 101.4 6.9 1.9 
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4.5 Discussion 
While enantioselective HPLC-MS/MS assays for the quantitation of methadone enantiomers in 

plasma and saliva have been previously explored [267-269], simultaneous analysis of l- and d-

methadone in plasma and saliva using deuterated internal standards is sparse. This assay 

describes the validation of a highly sensitive, accurate and simplified method for the 

quantitation of methadone enantiomers in human plasma and saliva. This assay reports 

improved sensitivity over any of the previously reported methods [270-272] with a LLOQ of 0.1 

ng/mL per enantiomer in both matrices and LOD of 0.05 ng/mL per enantiomer. Compared to 

the most recent report [272], optimal chromatographic separation of the enantiomers with 

distinctive baseline separation was achieved. Deuterated internal standards for each 

enantiomer were used in quantitation. The method is reproducible and accurate and was 

successfully used in the analysis of real patient samples.  

 

A review of the relationship of S/P drug concentrations of methadone suggests that saliva 

concentrations may relate better to efficacy and/or toxicity than plasma levels [273]. A study 

of 60 MMT patients [12] report a significant, but weak S/P correlation [12]. With the variability 

owing to pH variation in saliva samples and correction for plasma binding, the variation in S/P 

ratios is still unexplained [12]. Increased saliva concentration suggests the possibility of an 

active transport mechanism which is influenced by several factors including the 

physicochemical properties of the analyte [274] and genetic variation between individuals. 

Protein binding of methadone to AAG significantly determines the unbound fraction of 

methadone [85]. The inter-individual variation in the relative expression of the genetic variant 

of AAG [85] could contribute to variation in protein binding and subsequent bound/free 

concentrations of methadone.  

 

PK modelling with saliva or plasma concentrations would represent a major breakthrough in 

the use of methadone in cancer pain. This assay will allow for assessment of the concentration 

relationship of paired plasma and saliva samples since it addresses the limitations encountered 

with saliva sampling, namely; (i) low sample volume due to xerostomia, by normalising the 

actual concentration in relation to the actual weight of the sample and (ii) adsorption of 

methadone to Salivettes®, by developing a validated, simple and accurate extraction method.  

 

Ion suppression studies using PCI demonstrated the absence SEI due to endogenous 

substances at the relevant retention times of the analyte/s of interest. The use of a SIL-IS will 

also guarantee that any SEI in individual samples is normalised, allowing for accurate 

quantitation, even in these unlikely circumstances. 
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This method demonstrates a validated assay to quantitate methadone enantiomers in plasma 

and saliva at concentrations as low as 0.1 ng/mL in each enantiomer in both matrices. The 

single step protein precipitation with plasma and an uncomplicated extraction procedure using 

dichloromethane for saliva samples provides an assay sample that is independent of matrix 

effects and subsequent SEI. Centrifugation of saliva samples collected in the Salivette® was 

inadequate for analysis owing to the low concentration of analyte estimated to be present in 

the matrix. Significant adsorption of the analyte (>40%) to CDB used for saliva sample 

collection was investigated and a novel extraction procedure is presented with recoveries 

equivalent to 100%. Matrix effects resulting from complex sample matrices interfering with 

efficiency of ionisation in mass spectrometry is attained by using a low injection volume (10 

µL), efficient sample preparation, chromatographic separation of the enantiomers, and use of 

a SIL-IS for each analyte. With the complexity of analysing enantiomers of the same compound 

in two different biological matrices, this method demonstrates excellent accuracy (100-103%) 

even at the LLOQ. Total imprecision expressed as the CV was between 0.2% and 4.4% for both 

analytes in plasma and saliva. The issue of low sample volume prevalent in the intended 

clinical study population was resolved by developing a direct extraction of sample regardless of 

its volume by use of a concentration calculation based on the sample weight normalised with a 

standard known volume. This method provides a basis for any PK/PD studies of methadone in 

patients with life-limiting illnesses and for monitoring efficacy, toxicity and/or side effects. 

 

4.6 Conclusion 
A highly sensitive, robust and precise HPLC-MS/MS method for simultaneous quantitation of 

methadone enantiomers in plasma and saliva without SEI was developed and validated. 

Further, this method validates the use of Salivettes® for saliva collection in studies of 

methadone, especially in cancer patients, where low sample volumes due to xerostomia are 

challenging in sample analysis. This method describes accurate measurement of the 

enantiomers in both plasma and saliva, and could be used in the analysis of methadone in 

cancer patients for personalising therapy with improved efficacy and maximum safety. 
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Chapter 5. Methadone in cancer pain management 

5.1 Significance of the study 
Methadone has proven effects in achieving optimal analgesia especially in cancer pain [2]. The 

therapeutic efficiency of methadone could be optimised by the use of laboratory 

measurement of methadone concentration in biological matrices. In comparison to blood 

sampling, saliva sampling may be beneficial in a frail patient population. However, the 

interpretation of non-invasive saliva results requires expert analysis with consideration of the 

highly variable PK properties of methadone. The S/P ratio depends on the mechanism involved 

in the transfer of drug from the intravasal compartment through the salivary cells into saliva. 

Being a weak base, methadone transfer into saliva depends on the salivary secretion rate and 

the pH of saliva [13]. This study was carried out in a population of patients with advanced 

cancer (n=50), to evaluate possible relationships between saliva concentrations with either 

free, or total plasma concentrations of both enantiomers of methadone. With the validation of 

saliva samples for therapeutic monitoring of methadone, a non-invasive and economical 

sampling method could be used to study the PK/PD of relationship of methadone to achieve an 

optimal dose regimen for an individual. 

 

5.2 Background 
5.2.1 Saliva as non-invasive monitoring tool of drugs 

The use of saliva as a substitute for plasma in TDM, or in PK studies in general is based on the 

observation that drug concentrations in saliva are often proportional to the concentrations in 

plasma. In addition to the advantages of non-invasive collection with minimal discomfort to 

the patient, clinically significant relationships are known to exist between the saliva and blood 

concentrations for drugs including anticonvulsants [275]. The patient preference [276], 

possibility of multiple samples and ease of collection, also adds to the advantages offered by 

saliva sampling. Other drugs in which saliva was found to be a substitute for plasma analysis, 

both for monitoring therapeutic drug concentrations and for PK and clinical studies in adults, 

children, and animals include nicotinamide [277] and fluconazole [278]. Also there is evidence 

that salivary TDM could be usefully applied so as to optimize the treatment of epilepsy with 

carbamazepine, clobazam, ethosuximide, gabapentin, lacosamide, lamotrigine, levetiracetam, 

oxcarbazepine, phenobarbital, phenytoin, primidone, topiramate, and zonisamide [279]. 
 

Saliva acts as natural ultrafiltrate of plasma and drug concentration reported in saliva could 

represent the amount of free drug that is responsible for the therapeutic action in the target 

tissue [274]. In a study of anticonvulsants [280], phenytoin saliva concentrations were found to 

be a better predictor for cerebrospinal fluid concentrations compared to serum 
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concentrations. A S/P relationship in MMT patients indicated that saliva concentrations may 

correlate better to efficacy and/or toxicity than plasma levels [273]. 

 

The amount of saliva produced in adults per day varies and the composition of saliva mostly 

used in drug analysis consists mainly of the secretions of submandibular (65%), parotid (23%), 

and sublingual (4%) glands, with the remaining 8% contributed by the minor salivary glands 

[281], the proportion being variable with type, magnitude and the span of stimulation. Figure 

5.1 indicates the mechanisms involved in the transport of drugs from plasma to saliva. The 

clearance of drugs from plasma to saliva may involve various mechanisms including: 

 

• Passive transcellular diffusion: where lipid layers of epithelial cell wall act as the rate 

limiting barrier, and highly lipid-soluble drugs cross the capillary wall, basement 

membrane and acinar cell of the secretory mechanism. The majority of drugs appear 

to enter saliva by this process, characterised by the transfer of drug molecules down a 

concentration gradient with no expenditure of energy. The rate of diffusion of a drug is 

a function of the concentration gradient, the surface area over which the transfer 

occurs, the thickness of the membrane, and a diffusion constant that depends on the 

physicochemical properties of the drug molecule [281, 282]. 

• Ultrafiltration: involves the percolation of molecules through the space between 

acinus and ductal cells and the tight junctions between cells of secretory cells. 

However, only relatively small molecules (up to 2 kDa) are able to be transported via 

this pathway [282].  

• Active transport: an active process where the drug molecules are carried against a 

concentration gradient and mediated by a carrier [282]. 
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Figure 5.1 Mechanisms involved in the transport of drugs from plasma to saliva 

 
Secretion of drugs into saliva mainly occurs via passive diffusion [282]. The average pH of 

mixed saliva is approximately 6.5 which is nearly one unit less than blood pH and the unbound 

concentration of basic drugs is higher in saliva than in plasma [283]. The concentration of 

proteins in saliva is generally considered insignificant. The S/P equilibrium ratio is explained by 

the Henderson-Hasselbach equation [284] and the calculation for the S/P equilibrium ratio is 

described using Equation 5.1. 

 

𝐒𝐒/𝐏𝐏 = 𝟏𝟏+𝟏𝟏𝟏𝟏(𝒑𝒑𝒑𝒑𝒑𝒑−𝒑𝒑𝒑𝒑𝒔𝒔)∗𝒇𝒇𝒑𝒑
𝟏𝟏+𝟏𝟏𝟏𝟏(𝒑𝒑𝒑𝒑𝒑𝒑−𝒑𝒑𝒑𝒑𝒑𝒑)∗𝒇𝒇𝒔𝒔

                                                                                                  𝟓𝟓.𝟏𝟏         

 

Where, S/P = saliva/plasma ratio, pHs = saliva pH, pHp = plasma pH, fp = unbound drug 

concentration in plasma, and fs = unbound drug concentration in saliva. 

 

In this study, the above equation was not used as the saliva collection method employed 

unstimulated saliva to resemble closely the physiological pH of saliva and the amount of 

sample obtained from the study group was too small to determine the unbound fraction of the 

analyte in saliva. 

 

Transcellular Passive diffusion 

Paracellular Ultrafiltration 

Active transport 
 

Blood (pH=7.4)        Interstitial space           Acinus cells (pH=7.0)      Saliva (pH=6.2-7.6) 
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5.2.2 Saliva analysis in opioids 

Following the administration of the same dose of medication in the same formulation, the 

qualitative and quantitative responses in patients can vary very widely owing to the inter-

individual differences in drug concentrations achieved in each patient. Strong correlations 

between plasma and saliva concentrations have been described for intravenous cocaine [285]. 

After oral codeine administration, saliva codeine concentration was proven useful for the 

estimation of plasma concentration from the S/P ratio [286]. The study to evaluate the 

absolute bioavailability of hydromorphone [11] reports successful use of S/P ratio analysis. 

Other studies were also reported analysing the utility of S/P ratio in opioids including 

morphine [287], diamorphine [288] and dihydrocodeine [289]. However, studies involving 

oxycodone [276] and fentanyl [290] in cancer patients reported no predictive correlation 

between plasma and saliva concentration. 

 

5.2.2.1 Saliva in methadone analysis 

A study by El-Guebaly  et al. [291] reported methadone saliva concentrations as high as a 

fourfold difference from plasma concentrations suggesting possible active transport facilitating 

the movement from plasma to saliva. The presence of active transport is however not 

established or studied to date. Contradictory results have been reported for the S/P ratio of 

methadone [253, 291]. Wolff et al. [252] describes the correlation of saliva and plasma 

concentration of methadone in 21 patients in a MMT program with a S/P ratio of 1.3 and r2 = 

0.64. Another study carried out in 10 MMT patients however did not find correlation (r2 = 

0.288) between saliva and plasma samples [13]. Further, another study [12] to determine the 

relationship between saliva and plasma l- and d-methadone concentrations and the influence 

of variability in saliva pH reported insignificant correlation with saliva pH and was unable to 

explain the variability found in the results. Correlation analysis was also performed on the PD 

responses of patients calculated as per the BPI [46]. In this study, 151 paired plasma and saliva 

samples were obtained from 50 cancer patients for correlation analysis to validate the 

possibility of saliva as a surrogate for plasma samples. Pain scores were also obtained from the 

patients at the time of sampling. A moderate correlation between plasma and saliva 

concentration of the enantiomers of methadone was observed in this study. The 

comparatively higher concentration found in saliva samples with reasonable correlation to 

dose, provides easy detection and supports the validity of saliva samples as a surrogate to 

plasma in PK/PD studies of methadone in patients with cancer. 
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5.3 Methods 
5.3.1 Research plan 

5.3.1.1 Study site 

Adult patients with cancer related pain being cared for at the in-patient or outpatient oncology 

and palliative care service of the Mater Adults Hospital and St. Vincent’s Private Hospital 

between 2013 and 2016 were eligible for recruitment to the study. The bioanalytical assay (as 

detailed in Chapter 4) was developed and subsequent participant sample analyses were 

performed at Mater Pathology, Mater Health Services. Ethics approval for the study was 

obtained from Mater Human Research Ethics Committee (HREC), St. Vincent’s Health and Aged 

Care HREC and Griffith University HREC (Appendix 1, 2 and 3 respectively). 

 

5.3.1.2 Sample size 

A proposed sample size of 50 participants had been stipulated. Previous population modelling 

studies have indicated that sampling design of 50 subjects contributing 4 to 6 samples over the 

dosing period is the minimum number necessary to generate satisfactory estimates of the 

structural parameters (e.g. clearance, Vd) and the variance parameters (e.g. inter-individual 

and inter-occasion variability).  

 

5.3.1.3 Recruitment 

Research staff/clinical research nurses reviewed drug prescriptions within normal clinical 

practice and discussed the eligibility of each patient to participate in this study. Identified 

patients were requested for their willingness to participate in the study and if willing to 

participate, informed consent was obtained (Appendix 4).   

 

5.3.1.4 Inclusion criteria 

Patients meeting the following criteria were included in the study: 

• ≥ 18 years 

• have cancer related pain 

• are receiving methadone at any dose via the oral route, and methadone will not be 

given as breakthrough medication 

• are willing and able to provide saliva and blood samples  

• are able to read and understand the patient information sheet, and provide written 

consent 

5.3.1.5 Exclusion criteria 

Patients meeting the following criteria were excluded from the study:  
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• have oral mucositis, infection and/or xerostomia, such that it is painful/not possible to 

collect a saliva sample. 

 

5.3.1.6 Participant withdrawal 

All participants were eligible to withdraw from the study at any time. If the participant were to 

withdraw consent during the study, the study doctor and relevant study staff were not to 

collect further blood or saliva or personal information from the participants. The participants 

were also free to withdraw the results from the blood and saliva tests and the personal 

information already collected. 

 

5.3.1.7 Participant safety considerations 

For participants, the risks of being involved in this study were comparable to those involved in 

their normal treatment. The usual small risk of haematoma, infection and/or slight pain was 

explained for blood collection procedure and blood sampling was undertaken by a trained 

phlebotomist. 

 

5.3.2 Assessments 

5.3.2.1 Baseline documentation 

Participant demographics including age, height, weight, renal and liver function tests were 

recorded at baseline. Data relating to dosing, including the dosing history of methadone was 

also recorded. Body mass index (BMI) and BSA were determined at baseline. Information on 

concomitant medications was also obtained. 

 

5.3.2.2 Pain scores 

At the time of sampling, the BPI (Appendix 5) was used and participants asked to complete a 

numerical rating scale for “pain right now” ranging from ‘0’ (no pain) to ‘10’ (worst possible 

pain); “average pain” for the last 24 hours ranging from ‘0’ to ‘10’; and “pain at its worst in the 

last 24 hours” ranging from ‘0’ to ‘10’. 

 
5.3.2.3 Toxicity 

Adverse events commonly associated with opioids (e.g. nausea, somnolence, hallucinations, 

itch) were assessed at the time of sampling using the Common Terminology Criteria for 

Adverse Events (CTCAE) and recorded together with the time of appearance and the length.  
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5.3.3 Sampling and instrumental analysis 

5.3.3.1 Sample collection and storage 

Sampling was performed at the convenience of the participants. No specific time point was 

specified for sampling after each methadone dose. Blood samples (3-4 mL) were collected in 

standard 5 mL ethylenediaminetetraacaetic acid (EDTA) tubes without a serum separator plug. 

Following centrifugation, the plasma samples were stored at -70 °C until analysis. Saliva 

samples were obtained at the same time of plasma sampling using the Salivette® saliva 

collection device. Participants were requested to chew the cotton bud (non-citrated) within 

the Salivette®. The cotton bud along with the device was then labelled and stored at -70 °C 

until analysis. Participants were asked to rinse their mouth before saliva sampling to exclude 

interference from food or other medication remnants. Steady state conditions were not 

required for sample collection.  

 

5.3.3.2 High performance liquid chromatography – tandem mass spectrometry  

The enantiomers of methadone, l- and d-methadone were quantified using a validated HPLC-

MS/MS method [184] for both plasma and saliva (Chapter 4). The total concentration of both l- 

and d-methadone were analysed in paired plasma and saliva samples. Unbound 

concentrations were determined in the plasma samples after ultrafiltration, using a 

Centrifree© ultrafiltration device (Merck Millipore, Bayswater VIC, Australia). This method has 

been validated for reproducibility, precision and accuracy over a wide range of analyte 

concentration [184].  

 

5.3.4 Data analysis  

5.3.4.1 Correlation analyses 

Statistical analyses were carried out using Stata® version 14.1 (StataCorp 2015). Non-normally 

distributed data were summarised as median and interquartile range (IQR). Case frequency 

and percentage were reported for categorical variables. The relationship between the 

following variables was investigated: 

i. concentrations of the two methadone enantiomers in total plasma and unbound 

plasma versus saliva; 

ii. l-methadone concentration versus d-methadone concentration in plasma and saliva; 

iii. S/P ratio versus dose administered;  

iv. S/P ratio versus time after dosing;  

v. methadone enantiomer concentration in total plasma, unbound plasma, and saliva 

versus pain score.  
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For (i), the relationship was determined by calculating r2 indicating the proportion of variance 

between the variables as described above. A line of identity (i.e. line of equality, where y = x) 

was included as a visual representation to describe the scatter of data. For (ii), (iii) and (iv), 

plots were generated describing the possible relationship between the variables and the 

average S/P ratio across dose and time after dose was generated. For (v), scores for “current 

pain” and “average pain” were grouped into good pain control (pain scores ≤ 3) and poor pain 

control (pain scores of 4 to 10) and Mann-Whitney U test was performed to assess significant 

differences in concentration of the enantiomers on pain scores. The significance level was set 

to p < 0.05 for all tests. 

 

5.3.4.2 Data management 

Information collected from the participants was recorded in a case report form (CRF) 

(Appendix 5). Participants were assigned a unique study number that was used to identify 

them on all CRF’s. Paper records that included identifiers were stored under secure, locked 

conditions with access limited to principal investigators and electronic data was stored 

securely in a password encrypted electronic file according to the research ethics guidelines of 

the local ethics committees. 

 

5.4 Results 
5.4.1 Participant demographics 

One hundred and fifty one paired plasma and saliva samples were collected from 50 

participants over a 24-month study period. The number of samples obtained from each 

participant varied with a median of three samples. With sample collection, considering the 

number of days on methadone prior to sampling resulted in 85% of the samples being at 

steady state concentration. Methadone (racemic) was administered twice daily with a total 

daily dose which ranged from 2.5 - 50 mg per day.  

 

The median [IQR] age of the participants was 61 [53 - 71] years. The median [IQR] for weight 

and BSA were 73 [59 - 88] kg and 1.8 [1.6 - 1.9] m2 respectively. Further participant 

demographic data is shown in Table 5.1. 
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Table 5.1 Participant characteristics, including methadone dose, total and unbound plasma and saliva 
concentrations of l- and d-methadone 

Population characteristic  

Number of participants 50 

Number of observations 151 

Sex (male/ female) n 23/ 27 

Number of observations by sex (male/ female) (%) 51/ 49 

 median, [IQR] 

Number of observations/ participant 3 [1 –2] 

Age (years) 61 [53 – 71] 

Weight (kg) 73 [59 – 88] 

Body mass index (kg/m2) 26.0 [23.0 – 28.0] 

Body surface area (m 2) 1.8 [1.6 – 1.9] 

Total daily dose racemic methadone (mg) 7.5 [5.0 – 15.0] 

 

5.4.2 Correlation analysis of plasma and saliva samples  

The median [IQR] total plasma concentration for all samples collected for l-methadone was 

50.7 [30.6 - 113.0] ng/ml and for d-methadone was 62.0 [28.7 - 116.0] ng/ml (Table 5.2). The 

median [IQR] unbound plasma concentration for all samples collected for l-methadone was 

0.67 [0.3 - 1.8] ng/ml and for d-methadone was 0.61 [0.3 - 1.6] ng/ml. The median [IQR] saliva 

concentrations for l-methadone was 81.5 [28.0 - 203.2] ng/ml and for d-methadone was 44.2 

[16.2 - 149.7] ng/ml. Out of the 151 paired samples, 102 (68%) saliva concentrations were 

higher compared to the total concentration for l-methadone and 68 (45%) saliva samples 

concentrations for d-methadone were higher compared to their respective total plasma 

concentration. 
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Table 5.2 Total and unbound plasma and saliva concentrations of l- and d-methadone 

Methadone concentration Median [IQR] 

Plasma concentration (ng/ml)  

l-methadone 50.7 [30.6 – 113.0] 

d-methadone 62.0 [28.7 – 116.0) 

l-methadone (unbound) 0.67 [0.3 – 1.8] 

d-methadone (unbound) 0.61 [0.3 – 1.6] 

Saliva concentration (ng/ml)  

l-methadone 81.5 [28.0 – 203.2] 

d-methadone 44.2 [16.2 – 149.7] 

 

 

5.4.2.1 Concentrations of the methadone enantiomers in total plasma and unbound 

plasma versus saliva 

Correlation between total plasma concentrations and saliva concentrations for l-methadone 

was r2 = 0.348. As shown in Figure 5.2, correlation between total plasma concentrations and 

saliva concentrations for d-methadone was r2 = 0.251. Correlation between unbound plasma 

and saliva concentrations was r2 = 0.372 for l-methadone and r2 0.270 for d-methadone. The 

line of identity as shown in Figure 5.2 indicated that the saliva concentrations of l-methadone 

were on average higher compared to plasma.  
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   (A)      (B) 
 

 

   (C)      (D) 

 
Figure 5.2 Relationship between saliva and plasma unbound drug concentrations in 50 participants 
undergoing oral methadone treatment for cancer pain management. (A) plasma l-methadone vs saliva 
l-methadone; (B) plasma d-methadone vs saliva d-methadone; (C) unbound plasma l-methadone vs 
saliva concentration; (D) unbound plasma d-methadone vs saliva concentration. The black dotted line 
represents the line of identity. 

 

The free (unbound) fraction in plasma (%) ranged from 0.13 to 17 (mean 2.2) for l-methadone 

and 0.1 to 14.5 (mean 1.8) for d-methadone. There was no significant difference between the 

l-/d- ratio of unbound methadone in plasma and that in saliva (p = 0.7). However, the l-/d- 

ratios in saliva were significantly higher than that for total methadone in plasma. The latter 
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finding is possibly explained by the significant difference in unbound concentration of l- and d-

methadone. The correlation results between the l-/d- saliva ratio and both total and unbound 

plasma l-/d- ratios were r2 = 0.375 and r2 = 0.233 as shown in Figure 5.3.  

 
   (A)      (B) 

Figure 5.3 Relationships between l-/d-methadone ratios in (A) saliva and plasma (total) and (B) saliva 
and plasma (unbound) 

 
5.4.2.2 l-methadone versus d-methadone concentration in plasma and saliva 

The enantiomer concentrations plotted in plasma and saliva samples exhibited strong linear 

correlation in both the matrices with r2 better than 0.97 (Figure 5.4) indicating optimal 

separation in the analytical method employed. 

 

                                                                               
   (A)      (B) 

Figure 5.4 Relationship between l-methadone concentration and d-methadone concentration in (A) 
plasma and (B) saliva 
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5.4.2.3 Saliva/plasma ratio versus dose administered  

Comparison of the S/P enantiomer concentrations versus dose is shown in Figure 5.5. The 

moving average with a bin size of 5 mg of methadone showed that the S/P concentration ratio 

was quite stable across the dosing range. Unfortunately, due to the variability in individual S/P 

ratios, saliva concentration may not serve as a surrogate for plasma concentration.  

 

 
   (A)      (B) 
 
Figure 5.5 Relationship between saliva/plasma ratio and (A) l-methadone and (B) d-methadone dose. 
The red line represents the moving average with a bin size of 5 mg of methadone. 

 

5.4.2.4 Saliva/plasma ratio versus time after dosing 

Compared to plasma concentration, there was no apparent delay in the saliva concentration 

and the response in saliva appears similar to the response in plasma concentrations over time, 

as shown in Figure 5.6.  
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   (A)      (B) 
 
Figure 5.6 Relationship between saliva/plasma concentration and time after dose for (A) l-methadone 
and (B) d-methadone. The red line represents the moving average with variable bin sizes with each 
bin containing an equal number of 50 samples. 

 

5.4.2.5 Methadone enantiomer concentration in total plasma, unbound plasma, and 

saliva versus pain score 

Methadone enantiomer concentration in total plasma, unbound plasma, and saliva versus pain 

score analysis results are shown in in Table 5.3 and Table 5.4. The median, [IQR] pain scores 

were 4 [2-6], 4 [3-5] and 7 [6-8] for “current pain”, “average pain” and “worst pain” 

respectively. Results of Mann-Whitney U test comparing the various methadone 

concentrations against “average pain” scores ≤3 out of 10 and score 4-10 and “current pain” 

scores ≤3 out of 10 and score 4-10 are shown in Table 5.3 and Table 5.4 respectively.  

 

There was no significant difference found in total and unbound plasma l- or d-methadone or 

saliva l- and d-methadone concentrations on “pain right now”, “average pain”, or “worst pain” 

score categories (p > 0.05). The median score for “current pain” and “average pain” (over the 

last 24 hours prior sampling) across all participants was four out of 10 on the numerical rating 

scale. With pain scores recommended for the treatment threshold of opioids [292] being up to 

three or four out of a numerical scale of 10, the median scores of ‘4’ in this study population 

for current and average pain indicate adequate pain relief from treatment with methadone. 
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Table 5.3 Data for ‘average pain’ scores showing comparison of concentrations for participants with 
pain score ≤3 versus those with pain scores from 4 to 10 at the time of paired blood/saliva sampling 

Pain score ≤ 3 of 10 4 to 10  

Participant samples 64 (42.4) 87 (57.6)  

Assayed concentration (ng/mL) median, [IQR]  median, [IQR]  p 

Total plasma l-methadone 45.30 [30.8 – 100.05 ] 54.7 [30.10 – 115.0] 0.463 

Unbound plasma l-methadone 0.596 [0.301 – 1.61] 1.0 [0.38 – 2.23] 0.505 

Total plasma d-methadone 47.5 [23.7 – 107.65] 66.3 [30.3 – 122.0] 0.429 

Unbound plasma d-methadone 0.487 (0.197 – 1.19] 0.75 [0.32 – 1.79] 0.431 

Saliva l-methadone 66.56 [21.06 – 158.76] 86.7 [32.57 – 246.77] 0.459 

Saliva d-methadone 32.98 [11.24 – 100.71] 55.20 [20.26 – 155.29] 0.583 

 

Table 5.4 Data for ‘current pain’ scores showing comparison of concentrations for participants with 
pain score ≤3 versus those with pain scores from 4 to 10 at the time of paired blood/saliva sampling 

Pain score ≤ 3 of 10 4 to 10  

Participant samples 73 (48.3) 78 (51.7)  

Assayed concentration(ng/mL) median, [IQR] median, [IQR] p 

Total plasma l-methadone 45.6[33.4 – 114.0 ] 53.9 [31.00 – 110.0] 0.787 

Unbound plasma l-methadone 0.626 [0.334 – 1.491] 0.682 [0.35 – 1.75] 0.624 

Total plasma d-methadone 55.4 [29.6 – 121.0] 63.1[27.0 – 103.5] 0.881 

Unbound plasma d-methadone 0.5197 (0.276 – 1.219] 0.61 [0.247 – 1.14] 0.624 

Saliva l-methadone 83.4 [35.7 – 177.0] 70.0 [21.27 – 174.04 0.764 

Saliva d-methadone 48.6 [18.9 – 144.7] 39.2 [15.3 – 134.3] 0.749 

 

 

5.5 Discussion 
The feasibility of using opioid concentrations measured in saliva for use in TDM and dose 

adjustment has previously been attempted for codeine [286], diamorphine [288], morphine 

[287], oxycodone [276] and dihydrocodeine [289]. In this study, the relationship between 

methadone enantiomer concentrations in plasma and saliva samples of patients with 

advanced cancer was investigated. The active enantiomer, l-methadone, is reported to be 

more potent and μ-opioid receptor selective compared to d-methadone [5]. The NMDA 

receptor antagonist property of d-methadone could reverse opioid tolerance and benefit in 

difficult pain control scenarios [293]. The enantiomer concentrations in plasma and saliva were 

obtained after the administration of racemic methadone. The correlation analysis for plasma 

https://en.wikipedia.org/wiki/%CE%9C-opioid_receptor
https://en.wikipedia.org/wiki/Binding_selectivity
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versus saliva concentration resulted in r2 < 0.5 for both enantiomers. Previous studies of saliva 

sampling of opioids to investigate S/P ratios of drug concentration have shown marked 

variability in results. A linear relationship between saliva and total plasma concentrations of 

racemic methadone was reported by Wolff et al. [252] in 21 MMT patients (r2 = 0.64, p = 

0.001), but conflicting results were observed in other studies [13, 254]. The variability in this 

relationship from previous studies could partly be associated to the variable ion trapping of 

methadone (pKa 8.3) [253, 294] in saliva because of inter-individual variation in saliva pH. 

Unstimulated saliva has a pH range of 6.2 - 7.6 with 6.7 being the average pH [295]. Previous 

work on oxycodone [276] and fentanyl [290] has shown saliva concentrations to exceed 

plasma concentrations, suggesting the possibility of active transport into saliva. Another study 

of methadone in rats reported enantioselective secretion of methadone in lung tissues against 

the concentration gradient at lower concentrations [296]. Accumulation of methadone in 

unstimulated salivary conditions has previously been reported [13]. The variability in plasma 

and saliva concentrations as reported in the literature could be attributed to blood-

gastrointestinal cycling occurring at different times during the day [14]. The transport of 

methadone has been shown to be mediated by glycoproteins in vitro [297] and wide intra-

individual variability exists in the amount of glycoprotein in the gastrointestinal tract, 

suggesting active transport, however this is not to say that passive diffusion is not occurring, 

since more than one mechanism may be occurring simultaneously. Measurement of saliva pH 

was not performed in this study as the saliva sample volumes obtained from the study 

population were very low and the mode of extraction was specific to the analytical method 

used to quantitate the methadone enantiomers [184]. However, the influence of saliva pH on 

methadone saliva concentrations was able to partially account for the total variability 

observed in an extensive study [12] involving the measurement of the pH of saliva samples 

along with correction for plasma binding and reported low correlation between plasma and 

saliva, and comparatively higher saliva than plasma concentrations. In this study, while the 

average S/P ratio is similar across the dosing range, larger ratios are observed at lower doses 

of methadone, which may indicate the presence of an active transport system that saturates at 

higher doses. However, this result is not conclusive owing to small sample size and the sparse 

sampling data at higher doses of methadone. Saliva sampling is an easy and non-invasive 

method for methadone concentration analysis and has been shown to be preferred by the 

majority patients [276, 290], except those patients with indwelling central lines from which 

blood samples can be taken without any additional discomfort [290]. While the S/P ratio of the 

concentration of methadone enantiomers was quite stable across the dosing range, due to the 

variability in individual S/P ratios, saliva sampling may not serve as a valid substitute for 

plasma concentration. The median score for “current pain” and “average pain” (over the last 
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24 hours prior sampling) across all participants was four out of 10 on the numerical rating 

scale. However, the subjective response of the study participants and presence of comorbidity 

could influence the pain scores reported. No significant relationship was shown for “pain right 

now”, “average pain”, and “worst pain” scores against total and unbound plasma or saliva l- 

and d-methadone concentrations. The impact of patient demographics and organ function will 

be the focus of a subsequent POP-PK study (Chapter 7) using these samples. 

 

5.6 Conclusion 
This clinical study could not establish any meaningful relationship between plasma and saliva 

concentrations for l- and d-methadone. The S/P ratio and dose analysis showed that higher 

saliva concentrations were achieved at lower doses of methadone. No significant relationship 

was shown for pain scores against total and unbound plasma or saliva l- and d-methadone 

concentrations. While the S/P ratio of the concentration of methadone enantiomers was quite 

stable across the dosing range, due to the variability in individual S/P ratios, saliva 

concentration may not serve as a surrogate for plasma concentration in PK studies of 

methadone in patients with advanced cancer.  
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Chapter 6. Pharmacogenetics of methadone in patients with 

advanced cancer 
 

6.1 Significance of the study 
The majority of drugs administered at therapeutic doses evoke a partial therapeutical 

response, no response or result in adverse drug reactions (ADRs) [298]. Various factors 

including age, gender, environmental factors, such as diseases state, concomitant drugs, 

nutritional status, lifestyle modification and genetic factors potentially influence both the 

efficacy of a drug and the likelihood of ADRs. Several composite pharmacogenetic factors 

contribute to the efficacy and adverse events of opioids. Since methadone metabolism exhibits 

inter-individual variability, certain genetic polymorphisms may be responsible for the varying 

PK and subsequent PD responses between individuals. As yet, the relevance of these factors in 

clinical practice is unclear [299]. Arrestin-beta 2, encoded by ARRB2, is a component of mu-

opioid and dopamine D2 receptor signalling that has been implicated in methadone response 

[300], as have polymorphisms in the D2 dopamine receptor (DRD2) itself [301]. With regard to 

metabolism, polymorphisms of the CYP loci have been the focus of attention. CYP2B6 has been 

proposed as a major genetic locus affecting metabolism of racemic methadone [302]. It has 

been suggested that the CYP2B6*6 polymorphism, with a frequency of around 25%, affects 

plasma concentrations, especially for the d-enantiomer of methadone. In maintenance 

patients, methadone dosage is affected by the A118G polymorphism (frequency ~15%) of the 

mu-opioid receptor gene OPRM1 while a 5-variant haplotype of ABCB1 (previously MDR1: 

bases 61, 1199, 1236, 2677 and 3435) which encodes the multi-drug transporter p-

glycoprotein (P-gp), also affects methadone response in an opposite and dose-dependent 

manner [303].  

 

Pharmacogenetic research to associate specific polymorphisms with pharmacologic effects of 

methadone could serve as a prediction based tool for subsequent therapeutic/ toxic effects 

and aid clinicians in the initial dose decision and optimal efficiency of this potent opioid, 

especially in advancer cancer patients.  

 

6.2 Background 
6.2.1 Pharmacogenetics 

Pharmacogenetic studies of a drug comprise the genetic variables that can affect absorption, 

transport, activation of receptors, metabolism, interaction with other medications and 

excretion. Although genetic factors account for 15 to 30% of the inter-individual variability in 
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drug disposition for the majority of drugs, for certain drugs the effect of genetic factors could 

explain up to 95% of the variability [298]. The drug course in the body comprises absorption, 

distribution (interaction with target receptors and enzymes), metabolism and excretion, with 

the possibility of clinically relevant genetic variation in any of these steps [304]. With an early 

establishment in the 1950’s, the area of pharmacogenetics has recently gained clinical 

relevance, partly due to the requirements of the FDA to include pharmacogenetic information 

for selected drugs [305]. Unfortunately the incorporation of pharmacogenetic study results 

into clinical practice is currently restricted given multidimensional nature of these tests, and 

absence of a precise definition for acceptance criteria [306]. 

 

6.2.2 Pharmacogenetics of opioids 

Opioids are generally used in acute and chronic pain and are characterised by a narrow 

therapeutic index and large inter-individual variability in response [307]. Genetic factors 

contribute to variations in response to opioids by regulating their PK, involving metabolising 

enzymes and drug transporters, and PD, namely receptors and signal transduction [308]. 

Genetic factors that possibly contribute to the variability in response to opioids and pain 

perception need to be assessed in pharmacogenetic studies [307]. Genetic polymorphisms in 

CYP account for numerous inter-individual variations in opioid metabolism, leading to various 

outcomes, such as therapeutic failure, adverse effects and toxicity. Polymorphisms in CYP1A2, 

2C9 and 2C19 have been previously studied for their effect on methadone metabolism in vivo, 

reporting no significant correlation [309]. Genetic polymorphisms are observed in multi-drug 

resistant proteins involved in the transport of opioids. The gene ABCB1 codes for the 

transporter P-gp [310], which is expressed in the blood brain barrier, small intestine, liver and 

kidney. Although no correlation was determined the ABCB1 variant in dose requirements of 

morphine in post-operative patients, a diplotype analysis reports better prediction of 

morphine side effects [311]. Methadone dose requirements were found to be associated with 

ABCB1 pharmacogenetics [104]. Polymorphisms of the gene at the μ opioid receptor, OPRM1, 

are potential reasons for genetic influences on opioid effects, where A118G is the most studied 

polymorphism. The role of this variant has been studied in morphine dose requirements, 

reporting the need for higher doses in cancer patients homozygous for the 118G allele [312]. In 

another study assessing the central nervous effects of l-methadone by measuring pupil size in 

51 healthy volunteers, the OPRM1 118A>G polymorphism was found to be significant [313]. 

 

Pharmacogenetics provides a novel perspective on patient response to drugs and offers insight 

into the variable response of a population of patients to the same dose of the same drug. 

Rather than considering certain patients as ‘outliers’ in the population, pharmacogenetic 
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studies offer the opportunity to individualise pharmacotherapy, especially in drugs with a 

narrow therapeutic window, to obtain maximum efficacy and minimal toxic effects.  

 

6.2.3 Single nucleotide polymorphisms 

The sequence of amino acids in a protein molecule is determined by the sequence of 

nucleotides in the genetic DNA encoding it. Single-nucleotide polymorphisms (SNPs) are single 

point changes occurring at a known position along the DNA structure. These alternate 

nucleotide pairings are known as alleles of the SNP. SNPs represent a change in the 

nitrogenous base building the nucleotide; namely adenine (A), guanine (G), thymine (T) or 

cytosine (C) [314]. Although in most cases, there are only two possible alleles (alternative DNA 

sequence at that particular DNA position ie T to A or C to G), however, tri-allelic SNPs do also 

occur. SNPs are capable of changing the clinical outcome through a change in the amino acid 

sequence produced by the gene, thus altering the structure or function of the enzyme/ 

receptor/ protein coded for by that gene by expression of the SNP in a region of the gene 

(known as an exon) that is translated into the respective protein [314]. SNPs can also occur in 

the non-coding regions of the gene resulting in varying clinical outcomes in the patient 

population. Further, SNPs could arise in the area of the gene that changes the process and 

result of transcription in gene expression [23].  

 

6.2.4 Methadone pharmacokinetics 

Following oral administration, methadone achieves peak plasma concentration in 2.5-4 hours 

[76]. Metabolism is mediated by CYP enzymes at the hepatic level and in the intestines and 

results in the primary pharmacologically inactive metabolite, EDDP [71]. In clinical practice, 

methadone is administered as a racemic mixture of l- and d-methadone, with the l-enantiomer 

accounting for the majority of the opioid effect. In MMT patients, the large variation in 

individual response resulting from the varied systemic concentration of the enantiomers has 

been attributed to the inter-individual variability of cytochrome P450 enzyme activity [85]. 

Methadone is a substrate for P-gp, a transmembrane efflux transporter belonging to the 

adenosine triphosphate (ATP) binding cassette (ABC) family of proteins encoded by the gene 

ABCB1 [315]. SNPS of this gene may have an effect on membrane transporters which are 

determinants of the PK of drugs. Studies investigating SNPs in the clinically relevant CYP 

enzymes and ABCB1 gene that affect methadone PK are detailed below. 

 

6.2.4.1 CYP 3A4/5 

CYP3A4 plays a role in the metabolism of 40-60% of all drugs classes [316]. Various CYPs are 

involved in methadone metabolism. CYP3A4 has been shown to be the major contributor for 
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methadone metabolism [69, 82, 83, 317], with some involvement of CYP2D6 [85, 318, 319]. 

Other possible CYPs include CYP2C8, CYP2C9, CYP2C19 and CYP1A2 [69, 70, 81, 85], although 

the clinical importance has not been affirmed by in vivo analysis. Involvement of CYP2B6 in 

methadone metabolism has been studied [70, 81] with reports of metabolite formation being 

entirely from CYP2B6 [81]. This enzyme has also been reported to exhibit enantioselective 

metabolism in comparison to CYP3A4. An important characteristic of CYP3A is the large inter-

individual variability in drug response, which reflects a genetic effect combined with variation 

by environmental factors [320]. Genetic variability is thought to account for 60-90% of the 

inter-individual differences in hepatic CYP3A activity [321, 322]. The role of CYP3A5 in 

methadone PK has been reported to be very minimal [106, 107]. SNP genotyping of the 

CYP3A4 gene could help predict the drug-metabolising phenotype of this CYP3A4 [322]. 

CYP2B6 has been proposed as a major genetic locus affecting metabolism of racemic 

methadone [302]. 

 

The most frequent and common CYP3A4 SNP is 392A>G (3A4*1B) [323]. An in vivo study of 

racemic methadone with carriers of this variant has shown this SNP to be associated with low 

doses of methadone [107]. In another study to evaluate the role of CYP3A4 genetic 

polymorphisms in methadone related fatalities, out of the seven SNPs analysed, rs2242480 

and rs2740574 proved an apparent correlation to methadone fatalities when compared to the 

control group [324]. Investigation of the effect of SNPs of enzymes involved reports 

CYP3A4*12 exhibiting significantly higher binding affinity to l-methadone, and CYP3A4*3, 

CYP3A4*11, and CYP3A4*12 exhibiting preferential binding to d-methadone [325] suggesting 

increased dose requirements for individuals with high binding of l-methadone. Further, 

another study to test CYP3A4 as biomarker for the prediction of methadone treatment 

response, allele types rs4646440 and rs2242480 were found to be significantly correlated to 

severe withdrawal symptoms and side effects [326].  

 

6.2.4.2 CYP2B6 

In vitro studies have shown the importance of CYP2B6 in methadone metabolism [70, 81] with 

the study by Gerber et al. [81] reporting the formation of the methadone metabolite EDDP 

attributed to CYP2B6. CYP2B6 is mainly expressed in the human liver and comprises 10% of the 

total hepatic P450 enzymes exhibiting polymorphisms. It is affected by several of the inhibitor 

and inducer drugs that may affect CYP3A4 [101]. Analysis of the SNPs 785 A>G (CYP2B6*4, *6, 

or *7), 516 G>T (CYP2B6*9, *6, or *7), and 1459C>T (CYP2B6*5 or *7) showed inconclusive 

results for their association to the formation rate of the metabolite of methadone [101]. A 

study of ten CYP2B6 SNPs on treatment outcomes and ADRs in MMT patients showed the 
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majority of SNPs to be related to mean d-methadone concentrations [327]. Another recent 

genotype analysis of CYP2B6 516G>T (rs3745274), 785A>G (rs2279343), 983T>C (rs28399499) 

and 1459C>T (rs3211371) SNPs reported stereoselective disposition, with greater initial 

exposure to d-methadone and an increase in the plasma methadone l/d concentration ratio 

over time [328]. CYP2B6*6 carriers showed higher plasma methadone concentrations and 

reduced metabolism and clearance.  

 

6.2.4.3 ABCB1 

Membrane transporters are proteins and major determinants of the pharmacokinetic, safety 

and efficacy profiles of drugs. Drug efflux transporters of ABC-containing family of proteins 

have a major impact on the pharmacological behaviour of most of the drugs in use today. 

Pharmacological effects influenced by ABC transporters include the oral bioavailability, 

hepatobiliary, intestinal and urinary excretion of drugs and metabolites/ conjugates [329]. 

Drug disposition into target tissues can be extensively limited by ABC transporters. Potential 

interactions of transporters and the variability in the expression of these genes could 

determine the clinical usefulness, side effects and toxicity risks of drugs. 

 

Methadone has been shown in in vitro animal studies to be a substrate for P-gp [330, 331]. P-

gp is a transmembrane efflux transporter belonging to the ABC family, and encoded by the 

multi-drug resistance 1 gene ABCB1 [315]. P-gp comprises two homologous sequences, each 

with six transmembrane domains along with an ATP binding domain. Investigations of the 

enantioselectivity of P-gp transport suggests a 10% higher transport of d-methadone in 

comparison to l-methadone [297]. The expression of this protein in the intestine and blood 

brain barrier is reported to have a minor effect on the determination of systemic methadone 

concentration [8].  

 

Genetic variations in P-gp (3435C>T) is correlated to decreased pain relief [332]. A study to 

determine the effect of ABCB1 genetic variability on dose requirements of methadone in MMT 

patients reported no significant correlation to dose for any of the SNPs (A61G, G1199A, 

C1236T, G2677T and C3435T) evaluated in the study [303]. In another opioid dependence 

study, statistical analysis showed significant (p = 0.0325) alteration in genotype frequencies of 

SNP 1236C>T (rs1128503) between patients requiring higher (> 150 mg/day) and lower (≤ 150 

mg/day) doses of methadone [105].  
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6.2.5 Methadone pharmacodynamics 

SNPs associated with bioavailability have been shown to have an effect on the PD response to 

opioids [333]. The clinically relevant SNPs associated with methadone PD are detailed below.  

 

6.2.5.1 OPRM1 

The opioid receptor mu 1 (OPRM1) gene encodes for the mu opioid receptor, the primary 

pharmacologic target for methadone. The most common SNP associated with this gene, 

118A>G, has shown correlation to a decrease in potency of opioids [312, 334, 335] including 

methadone [311]. A study to identify variants of OPRM1 in MMT patients reported a 

significant correlation with methadone dose (p < 0.05) [336]. Enantioselective miotic potency 

induced by l-methadone in the presence of the 118A>G allele, suggesting decrease in opioid 

effects, was reported in another study involving healthy volunteers [311]. Controversial results 

have been reported on the study of this variant [337, 338], whereas significant frequency 

differences of the OPRM1 rs9479757 have been reported with high prevalence in opioid 

dependant populations in comparison to controls [339]. 

 

6.2.5.2 ARRB2 

Mainly expressed in the brain, the arrestin beta 2 (ARRB2) gene regulates opioid signal 

transduction through promotion of receptor desensitisation [340]. It is a component of the G-

protein-coupled receptor complex and is involved in the mu opioid receptor and dopamine 

receptor D2 signalling processes. Correlation of the SNPs rs3786047, rs1045280, rs2271167 and 

rs2036657 in ARRB2 to clinical response of morphine, a μ-opioid receptor agonist similar to 

methadone, was reported in cancer patients [341]. A study in opioid dependant patients by 

Oneda et al. [300] reported significant correlation of the SNPs rs3786047, rs1045280 and 

rs2036657 to response of treatment (p < 0.02). On the contrary, in another study by Doehring 

et al. [342], the AARB2 genetic variation was reported to have no influence on methadone 

dose.  

 

6.2.5.3 BDNF 

Brain-derived neurotrophic factor (BDNF) is one of the most studied and characterised 

neurotrophin in the CNS and has gained clinical relevance owing to its importance in the 

development and maintenance of normal brain functions [343]. One of the SNPs that has been 

identified in the human BDNF gene (BDNF Val66Met) is associated with decreased BDNF 

resulting in learning impairments in human [344]. An investigation on the effects of BDNF 

polymorphisms reported an association of BDNF rs6265 (Val66Met) and opioid use [345]. 

While strong evidence has been reported on the role of Val66Met in substance abuse [346-
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348], results in another study did not derive any evidence of support of this SNP in in terms of 

response to MMT [337]. 

 

6.2.5.4 DRD2 

The DRD2 gene encodes the D2 subtype of the dopamine receptor. This G-protein coupled 

receptor inhibits adenylyl cyclase activity. Studies have investigated the relation between 

DRD2 SNPs and response to MMT [349, 350], with reports of significant correlation of the 

DRD2 TaqI A1 allele to opioid dependence, in comparison to the control population, and 

association between the unresponsive MMT population and higher prior heroin usage. 

Exploration of the integrative effect of genes encoding methadone PK and PD pathways on 

methadone maintenance doses in Han Chinese patients showed that the carriers of the variant 

DRD2 -214A>G or 939C>T allele had a twofold incidence requiring a lower methadone dose 

than non-carriers (p = 0.001) [351]. A higher incidence of decrease in response of methadone 

was observed in an MMT population with carriers of DRD2 rs6277C>T SNP [301].  

 

6.2.5.5 KCNJ6 

The KCNJ6 gene encodes a member of the G protein-coupled inwardly-rectifying potassium 

channel family of inward rectifier potassium channels. It is associated with altered opioid 

antinociception. This channel is found to have an influence on opioid receptor transmission 

[352], has G protein coupled channel postsynaptic inhibition [352] and mediates a significant 

element of analgesia [353, 354]. A study in postoperative patients analysing nine SNPs of 

KCNJ6, identified that the A1032G SNP and G-1250A/A1032G SNPs were associated with 

increased analgesic requirements [355]. Another study reported association of the KCNJ6 

variant rs2070995G>A with increased opioid requirements needed to generate an analgesic 

effect [356]. In a study analysing 69 SNPs of KCNJ6, a correlation was shown for eight of the 

SNPs and the amount of medication ordered after knee arthroplasty [357]. Further, Langford 

et al. [358] reported association of rs2836050>T with increased reports of pre-operative pain, 

and rs2835914>C, rs8129919>G with decreased pre-operative breast pain.  

 

6.3 Methods 
6.3.1 Patients, sample size and data analysis 

Patient demographics, exclusion and inclusion criteria, ethics and documentation are 

described in Chapter 5. Patients were recruited and blood samples (3-4 mL) collected in 

standard 5 ml EDTA tubes without a serum separator plug. The present results are based on 50 

included patients, 27 women and 23 men. Methadone (racemic) was administered twice daily 

with a total daily dose that ranged from 2.5 - 50 mg per day. The median [IQR] age of the 

http://www.painresearchforum.org/papers/41673-variations-potassium-channel-genes-are-associated-breast-pain-women-prior-breast-cancer
http://www.painresearchforum.org/papers/41673-variations-potassium-channel-genes-are-associated-breast-pain-women-prior-breast-cancer
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patients was 61 [53 - 71] years and the median [IQR] for weight was 73 [59 - 88] kg. At the time 

of sampling, according to the BPI, participants asked to complete a numerical rating scale for 

“average pain” for the last 24 hours ranging from ‘0’ to ‘10’. 

 

6.3.2 Quantification of enantiomers of methadone 

The plasma concentrations of l- and d-methadone were measured by HPLC-MS/MS as 

previously described in Chapter 4. Samples were centrifuged within one hour of collection. 

Supernatant (plasma) was pipetted in an appropriately labelled 5 mL plastic tube. Similarly, a 

single 3 mL EDTA sample was taken from the remaining matrix for the pharmacogenetic 

studies and stored at -70°C until analysis.  

 

6.3.3 Statistical analysis 

Three different outcomes of methadone treatment in this patient population were tested 

using the Kruskal-Wallis H test (one-way ANOVA on ranks) to determine if there are 

statistically significant differences between the genotypes studied in this preliminary study. 

i. Mean racemic methadone dose requirement for each genotype type group was tested 

and p < 0.05 was considered to indicate statistical significance 

ii. Pain scores recorded for each genotype type group was tested and p < 0.05 was 

considered to indicate statistical significance  

iii. For each genotype, the dose normalised concentrations for l-and d-methadone were 

tested to determine enantioselectivity   

The minor allele frequency (MAF) for each SNP was obtained from the dbSNP database 

compiled by the National Centre for Biotechnology Information (NCBI), for Caucasian 

populations. MAF refers to the frequency at which the second most common allele occurs in a 

given population. In other words it is the ratio of chromosomes in the population carrying the 

less common variant to those with the more common variant. The MAF from the NCBI was 

compared with the genotype frequency obtained from our study.  

 

6.3.4 DNA extraction and genotyping 

DNA was extracted from whole blood collected in EDTA collection tubes (BD, Australia) using 

Qiagen Midi DNA extraction kits (Qiagen Science, Germantown, MD, USA) as described by 

Sutherland et al. [359]. The choice of candidate SNPs was based on those previously described 

in the literature with evidence for causing variation in methadone metabolism and hence 

response. Genotyping was performed using restriction fragment length polymorphism (RFLP) 

analysis, pyrosequencing or Taqman assays. 
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 Pyrosequencing is a method of DNA sequencing to determine the order of nucleotides in DNA 

based on the “sequencing by synthesis” principle. It involves taking a single strand of the DNA 

to be sequenced and then synthesising its complementary strand enzymatically [360]. 

Pyrosequencing involves amplification of the region of interest with primers, one of which is 

biotinylated for attachment to the Streptavidin-magnetic beads, and subsequent sequencing 

from a primer with the two alternative nucleotides offered at the polymorphic site. Analysis of 

peak heights then allows determination of the genotype. Pyrosequencing was performed on a 

QSeq platform (Biomolecular Systems, QIAGEN) using Pyromark Gold Q24 reagents (QIAGEN) 

and data analysed to identify genotypes using QSeq software version 2.1.3 (Biomolecular 

Systems, QIAGEN). Pyrosequencing was used to genotype SNPs in BDNF, KCJN6 and OPRM1. 

Further detail regarding the primers for each method is detailed below. 

 

Genotyping Taqman assays, specifically designed for amplification and genotyping of particular 

SNPs (ThermoFisher Scientific, Life Technologies), were used for genotyping polymorphisms in 

ARRB2. RFLP analysis was used for genotyping ABCB1. Further detail for each method is 

detailed below. 

 

6.3.5 Genotyping for methadone pharmacokinetics 

6.3.5.1 ABCB1 

The ABCB1 C3435T polymorphism was genotyped by RFLP analysis. A 248 bp amplicon was 

generated using the primers ABCB1 C3435T F: 5’ GGAAGTGTGGCCAGATGCTT and ABCB1 

C3435T R: 5’ TGCCTATGGAGACAACAGCC. Digestion with the DNA methylation restriction 

enzyme, DpnI resulted in fragments of 207 and 41 bp in the case of the major C-allele and no 

digestion of the A-allele, and products were distinguished on 3% agarose gels.  

 

6.3.6 Genotyping for methadone pharmacodynamics 

6.3.6.1 OPRM1 

The most common SNP associated with OPRM1 is  118A>G, which has shown correlation to a 

decrease in potency of opioids [312, 334, 335] including methadone [311]. The OPRM1 A118G 

polymorphism was genotyped by pyrosequencing using primers designed using Pyromark 

Assay Design software (Table 6.1).  

 

 

 

 

 



 

103 
 

Table 6.1 Primers for pyrosequencing OPRM1 

SNP Primer Sequence 

OPRM1 

A118G 

OPRM1 A118G F 5’ CACTGATGCCTTGGCGTAC 

bio-OPRM1 A118G R 5’ GGGCACAGGCTGTCTCTC-biotinylated 

OPRM1 A118G seq 5’ dCAACTTGTCCCACTTAGAT 

 

6.3.6.2 ARRB2 

To select the SNPs in the ARRB2 gene, the study performed by Oneda et al. [300] was followed, 

where four SNPs (rs34230287 in the promoter, rs3786047 in intron 1, rs1045280 in exon 11 

and rs2036657 in the 30 UTR) were selected on the basis of high heterozygosity (MAF > 0.14). 

The four SNPs were genotyped using Taqman assays specifically designed for amplification and 

genotype identification of each SNP (rs34230287: C_60483877_10, rs3786047: 

C_27500850_10, rs1045280_20: C_8718195_20, rs2036657: C_11954713_10). Briefly, 2.5 µL 

of 2x Taqman® Master Mix, 0.25 µL 20x Assay Working Stock (Taqman primer/probe mix), 1 µL 

of DNA (20 ng/ µL concentration) and 1.25 of nuclease free water was added in each 5 µL 

reaction sample with the samples assayed and analysed in triplicate. The cycling conditions are 

shown in Table 6.2. The ARRB2 SNPs, with their corresponding MAFs from the NCBI are shown 

in Table 6.3. 

 

Table 6.2 Cycling conditions for Taqman assay for ARRB2 

Step Temperature Duration Cycles 

AmpliTaq Gold, UP, Enzyme Activation 95°C 10 mins Hold 

Denaturation 95°C 15 seconds 40 

Annealing/Extension 60°C 1 minute 40 

 

Table 6.3 ARRB2 SNPs included in the study and minor allele frequencies 

SNP Alleles MAF (NCBI) 

rs34230287 159C>T 0.14 

rs3786047 1082G>A 0.29 

rs1045280 8622C>T 0.42 

rs2036657 11436A>G 0.3 

 

6.3.6.3 BDNF 

BDNF SNPs were selected on the basis of a study conducted by Levran et al. [361], where three 

SNPs in the BDNF gene (rs10835210, rs1491850, rs7934165) were shown to be associated with 
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methadone dose. The primers used for pyrosequencing the three BDNF SNPs are shown in 

Table 6.4. Pyrosequencing assays were designed using Pyromark Assay Design software. The 

BDNF SNPs, with their corresponding MAFs from the NCBI are shown in Table 6.5. 

 

Table 6.4 Primers for pyrosequencing BDNF 

SNP Primer Sequence 

BDNF 

rs1491850 

BDNF rs1491850 T_C L CGCATATGAGACCTCAACATCTTC 

bio-BDNF rs1491850 T_C R biotin-TTTCAGTTTCCCGAAAGCAT 

BDNF rs1491850 T_C seq AATCATACAGATTTTACGTG 

BDNF 

rs7934165 

BDNF rs7934165 G_A R GGGAGCATGCCAGGAATTG 

bio-BDNF rs7934165 G_A L biotin-GGAAGATGCCCAAGTAGATATGC 

BDNF rs7934165 G_A seq TTTGTGTCTTTGCACC 

BDNF 

rs10835210 

BDNF rs10835210 C_A L TTGTCCTTCGGGTTATTTTTGCAT 

bio-BDNF rs10835210 C_A R biotin-TGCCTTACTCGTGCTGTTGAAAT 

BDNF rs10835210 C_A seq TGTAAAGCACAGGAAAGT 

 
Table 6.5 BDNF SNPs included in the study and minor allele frequencies 

SNP Alleles MAF (NCBI) 

rs7934165 G/A 0.14 

rs10835210 C/A 0.29 

rs1491850 T/C 0.42 

 
6.3.6.4 KCNJ6 

KCNJ6 was selected based on a study by Lotsch et al. [356], where the studied SNP (rs2070995 

AA genotype) was shown to be associated with increased opioid dose requirements. 

Pyrosequencing assays were designed using Pyromark Assay Design software. The primers 

used for pyrosequencing the KCNJ6 SNP are shown in Table 6.6.   

 

Table 6.6 Primers for pyrosequencing KCNJ6 

SNP Primer Sequence 

KCNJ6 

rs2070995 

KCNJ6 rs2070995 G_A L TTGACAATGGACCCCAACA 

bio-KCNJ6 rs2070995 G_A R biotin-TGGTTATGGCTACCGGGTCA 

KCNJ6 rs2070995 G_A seq TTAAGAGAAGAATAATTCCC 
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6.4 Results 
6.4.1 Methadone pharmacokinetics 

This preliminary study presents genotyping results of ABCB1, which may influence the PK 

characteristics of methadone.  

 

6.4.1.1 ABCB1 

The frequencies of the different genotypes are presented in Table 6.7. A previous study by 

Levran et al. [105] has shown that 3435C>T associated with a higher dose requirement in 

comparison to the other two genotypes studied. The MAF from the NCBI for this genotype was 

0.18. However, in this study the frequency of minor allele was 0.34 and in comparison to the 

CC and CT allele, TT was found have highest frequency in this study population requiring higher 

doses. ABCB1 3435CC and 3435CT carriers presented decreased l-methadone plasma levels. 

No significant difference was found between the genotypes and the methadone doses 

required or the pain scores recorded (p = 0.16, and p = 0.43).  

 

Table 6.7 Mean racemic methadone dose and pain score by genotype for ABCB1 

SNP n Frequency Pain score 

≤3  

n (%) 

Pain score  

4-10 

 n (%) 

p < 0.05 Dose 

Mean ± SD 

p < 0.05 

C3435T        

CC 10 0.20 5 (50.0) 5 (50.0) 0.43 6.6 ± 3.6 0.16 

CT 17 0.34 7 (41.2) 10 (58.8) 8.9 ± 6.6 

TT 23 0.46 9 (39.1) 14 (60.9) 15.2 ± 25.0 

 

Table 6.8 shows the results for the test of selectivity of the enantiomers, where the genotypes 

of the SNPs assessed did not show significant difference (p > 0.2) between dose normalised 

plasma concentrations for l- and d-methadone. These results did not indicate the presence of 

enantioselectivity in methadone transport by P-gp. 
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Table 6.8 Influence of ABCB1 3435C>T genotype on methadone plasma levels 

SNP n l-methadone  

Dose normalised plasma 

concentration (ng/mL) 

d-methadone  

Dose normalised plasma 

concentration (ng/mL) 

p < 0.05 

C3435T     

CC 10 16.7 (3.3 - 27.3) 19.0 (2.9 - 29.1) 0.32 

CT 17 16.3 (2.6 - 49.2) 18.2 (1.8 - 46.4) 0.45 

TT 23 14.3 (0.1 - 34.9) 15.6 (0.2 - 38.1) 0.56 

 

6.4.2 Methadone pharmacodynamics 

In this preliminary study, genotype analysis of OPRM1, ARRB2, BDNF and KCNJ6 are presented, 

which may influence the PD effects of methadone in patients with advanced cancer. 

 

6.4.2.1 OPRM1 

The frequencies of the different genotypes are presented in Table 6.9. Genotype frequencies 

of the AA, AG and GG genotypes were 0.72, 0.26 and 0.02 respectively, in this population. The 

apparent pain control was found to be better (61.5%) for the carriers of the variant AG. The 

MAF from the NCBI for this genotype was 0.18. No significant difference was found between 

the genotypes for the pain scores recorded (p = 0.38), whereas a significant difference (p = 

0.03) in the dose requirements for the different genotypes was found in this study. The 

carriers of the AA variant were seen to be associated with higher doses of methadone.  

 

Table 6.9 Mean racemic methadone dose and pain score by genotype for OPRM1 

SNP n Frequency Pain score 

≤3 

n (%) 

Pain score 

4-10 

 n (%) 

p < 0.05 Dose 

Mean ± SD 

p < 0.05 

A118G        

AA 36 0.72 13 (46.4) 23 (63.9) 0.382 12.7 ± 20.3 0.03 

AG 13 0.26 8 (61.5) 5 (38.5) 6.8 ± 3.7 

GG 1 0.02 1 (100.0) - - 

 

Table 6.10 shows the results for the test of selectivity of the enantiomers, where the 

genotypes of the SNPs assessed did not show a significant difference (p > 0.2) between dose 

normalised plasma concentrations of l- and d-methadone. 
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Table 6.10 Influence of A118G genotype on methadone plasma levels 

SNP n l-methadone  

Dose normalised plasma 

concentration (ng/mL) 

d-methadone  

Dose normalised plasma 

concentration (ng/mL) 

p < 0.05 

A118G     

AA 36 14.9 (0.1 – 49.1) 16.7 (0.2 – 46.4) 0.26 

AG 13 17.8 (3.2 – 34.42) 19.5 (4.3 – 38.1) 0.55 

GG 1 3.9 4.0 0.32 

 

6.4.2.2 ARRB2 

The frequencies of the different genotypes are presented in Table 6.11. The frequency of 

carriers of rs34230287CC (0.68), rs3786047GG (0.54), rs1045280TT (1.54) and rs2036657AA 

(0.54) were found to be higher in comparison to other variants analysed. The NCBI MAFs for 

these genotypes were 0.33, 0.34, 0.08 and 0.33 respectively. There were no carriers of 

rs34230287TT identified in the study population. No significant difference was found between 

the genotypes for the pain scores recorded (p > 0.05) for rs34230287, rs3786047 and 

rs1045280, whereas the rs2036657 SNP genotypes presented a significant difference in 

recorded pain scores (p = 0.008). Table 6.12 shows the results for the test of selectivity of the 

enantiomers. Apart from the SNP rs34230287CC variant (p = 0.04), no other genotypes of the 

SNPs assessed showed significant difference (p > 0.2) between dose normalised plasma 

concentrations of l- and d-methadone.  
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Table 6.11 Mean racemic methadone dose and pain score by genotype for ARRB2 

SNP n Frequency Pain score  

≤3  

n (%) 

Pain score  

4-10 

 n (%) 

p < 0.05 Dose 

Mean ± SD 

p < 0.05 

rs34230287        

CC 34 0.68 18 (52.9) 16 (47.1) 0.06 13.3 ± 20.9 0.97 

 CT 16 0.32 4 (25.0) 12 (75.0) 9.9 ± 6.5 

TT 0 - - - -  

rs3786047        

AA 2 0.04 0 (0.0) 2 (100.0) 0.06 20.5± 7.7 0.10 

AG 21 0.42 7 (33.3) 14 (66.7) 8.3 ± 5.4 

GG 27 0.54 15 (55.5) 12 (44.5) 14.7 ± 23.1 

rs1045280        

CC 14 0.28 5 (35.7) 9 (64.3) 0.07 10.9 ± 7.8 0.44 

CT 9 0.18 3 (33.3 6 (66.7) 6.9 ± 2.2 

TT 27 0.54 15 (55.5) 12 (44.5) 14.7 ± 23.1 

rs2036657        

AA 27 0.54 15 (55.5) 12 (44.5) 0.008 14.7 ± 23.1 0.22 

AG 21 0.42 7 (33.3) 14 (66.7) 8.3 ± 5.4 

GG 2 0.04 0 (0.0) 2 (100.03) 20.5 ± 7.8 
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Table 6.12 Influence of ARRB2 genotype on methadone plasma levels 

SNP n l-methadone 

Dose normalised plasma 

concentration (ng/mL) 

d-methadone 

Dose normalised plasma 

concentration (ng/mL) 

p < 0.05 

rs34230287     

CC 34 16.8 (0.1 – 49.2) 18.0 (0.2 – 46.4) 0.04 

CT 16 12.6 (3.2 – 22.4) 15.5 (3.9 – 29.5) 0.25 

TT 0 - - - 

rs3786047     

AA 2 17.7 (12.9 – 22.4) 22.2 (14.9 - 29.5) 0.43 

AG 21 14.1 (3.2 – 27.3) 16.0 (3.9 – 29.1) 0.32 

GG 27 16.43 (0.1 – 49.2) 17.7 (0.2 – 46.4) 0.45 

rs1045280     

CC 14 16.5 (4.5 - 27.3) 17.9 (7.0 – 29.5) 0.67 

CT 9 11.2 (3.2 – 19.9) 14.4 (3.9 – 24.8) 0.25 

TT 27 16.4 (0.1 – 49.2) 17.7 (0.2 – 46.4) 0.45 

rs2036657     

AA 27 16.4 (0.1– 49.2) 17.7 (0.2 – 46.4) 0.45 

AG 21 14.1 (3.2 – 27.3) 16.0 (3.9 – 29.1) 0.32 

GG 2 17.7 (12.9 – 22.4) 22.2 (14.9 – 29.5) 0.43 

 

 

6.4.2.3 BDNF 

Table 6.13 shows the mean racemic methadone dose for each of the genotypes for the three 

SNPs examined in the BDNF gene. The abundance of carriers of rs7934165AG, rs10835210AC 

and s1491850CT was found to be higher (evidence by higher frequency) in the study 

population. The NCBI MAFs for these genotypes were 0.14, 0.29 and 0.42 respectively. No 

significant difference was found between the genotypes for pain score (p > 0.1) or methadone 

dose administered (p > 0.5). There was also no significant difference seen in the concentration 

of enantiomers of methadone for the genotypes (p > 0.2) indicating absence of 

enantioselectivity in methadone response mediated by BDNF (Table 6.14).   
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Table 6.13 Mean racemic methadone dose and pain score by genotype for BDNF  

SNP n Frequency Pain score  

≤3 

n (%) 

Pain score  

4-10 

 n (%) 

p < 0.05 Dose 

Mean ± SD 

p < 0.05 

rs7934165        

GG 13 0.3 6 (46.2) 7 (53.8) 0.81 9.7 ± 5.3 0.50 

 AG 32 0.6 12 (37.5) 20 (62.5) 13.1 ± 21.4 

AA 5 0.1 3 (60.0) 2 (40.0) 15.5 ± 9.4 

rs10835210        

AA 4 0.1 3 (75.0) 1 (25.0) 0.33 15.6 ± 10.9 0.58 

 AC 31 0.6 10 (32.3) 21 (67.7) 13.7 ± 21.7 

CC 15 0.3 8 (53.3) 7 (46.7) 6.6 ± 2.8 

rs1491850        

CC 6 0.1 3 (50.0) 3 (50.0) 0.15 8.5 ± 4.7 0.85 

 CT 26 0.5 8 (30.8) 18 (69.8) 14.5 ± 24.0 

TT 18 0.4 10 (55.5) 8 (44.5) 11.0 ± 7.5 

 

 

Table 6.14 Influence of BDNF genotype on methadone plasma levels 

SNP n l-methadone 

Dose normalised plasma 

concentration (ng/mL) 

d-methadone 

Dose normalised plasma 

concentration (ng/mL) 

p < 0.05 

rs7934165     

CC 13 15.9 (3.3 – 26.0) 17.7 (3.9 – 26.3) 0.34 

CT 32 14.0 (0.1 – 34.9) 16.1 (0.2 – 38.1) 0.30 

TT 5 23.8 (12.9 – 42.9) 22.4 (14.9 – 46.4) 0.38 

rs10835210     

AA 4 24.5 (12.9 – 49.2) 24.1 (14.9 – 46.4) 1.0 

AC 31 13.7 (0.1 – 34.9) 15.7 (0.2 – 38.1) 0.34 

CC 15 16.6 (3.3 – 27.3) 18.3 (3.9 – 29.1) 0.35 

rs1491850     

CC 6 14.3 (3.3 – 26.0) 16.5 (3.9 – 26.3) 0.63 

CT 26 14.8 (2.6 – 27.3) 16.6 (1.8 – 29.1) 0.20 

TT 18 16.9 (0.1 – 49.2) 18.1 (0.2 – 46.4) 0.72 
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6.4.2.4 KCNJ6 

The frequencies of the different genotypes are presented in Table 6.15. The frequency of 

carriers of rs2070995GG and rs2070995AG was 0.6 and 0.4, respectively. The MAF from the 

NCBI for the rs2070995AG SNP is 0.18. However, there were no carriers of rs2070995AA in this 

study population. None of the variants were associated with control of cancer pain followed by 

methadone administration. No significant difference was found between the genotypes for 

pain score (p > 0.5) or methadone dose administered (p > 0.5). No significant difference was 

observed for the concentration of the enantiomers of methadone and the genotypes (p > 0.4) 

indicating absence of enantioselectivity in methadone response mediated by KCNJ6 (Table 

6.16).   

   

Table 6.15 Mean racemic methadone dose and pain score by genotype for KCNJ6  

SNP n Frequency Pain score 

≤3  

n (%) 

Pain score  

4-10 

 n (%) 

p < 0.05 Dose 

Mean ± SD 

p < 0.05 

rs2070995        

GG 28 0.6 13 (46.4) 15 (53.6) 0.53 12.2 ± 24.2 0.57 

AG 22 0.4 8 (36.4) 14 (63.6) 9.3 ± 6.2 

AA 0 0 - -  -  

 

 

Table 6.16 Influence of KCNJ6 genotype on methadone plasma levels 

SNP n l-methadone  

Dose normalised plasma 

concentration (ng/mL) 

d-methadone  

Dose normalised plasma 

concentration (ng/mL) 

p < 0.05 

rs2070995     

GG 28 16.9 (2.6 – 49.2) 18.5 (1.8 – 46.4) 0.41 

AG 22 13.7 (0.1 – 27.3) 15.4 (0.2 – 29.1) 0.90 

AA 0 - - - 

 
6.5 Discussion 
The measured plasma concentrations corrected by methadone daily dose presented a very 

wide inter-individual variability for both l- and d- methadone. These variations are common in 

drugs which are metabolised or transported by polymorphic proteins. In addition, with cancer 
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patients at an advanced disease state, concomitant medications that may modify the PK of 

methadone could also contribute to inter-individual variability.  

 

The association of methadone and P-gp has been studied with the use of different in vitro 

models [315, 362], reporting that methadone is a P-gp substrate. In this study, the ABCB1 

3435C>T polymorphism was found to have an influence on the measured plasma 

concentrations of the enantiomers of methadone with higher concentrations exhibited for d-

methadone. The 3435TT genotype has been previously reported to have low P-gp expression, 

which could result in higher plasma concentrations [363]. In this study, the concentrations of 

both enantiomers were lower for carriers of the 3435TT genotype when compared to the 

other genotypes. Another study which analysed enantioselectivity of methadone transport in 

mice, suggested selectivity in the activity of mouse P-gp [330]. Genetic variations in P-

glycoprotein (3435C>T) have been correlated with decreased pain relief [332], which is 

consistent with results in this study which showed an increased frequency of patients 

reporting pain scores above 4 as per the numerical scale of pain measurement. In this study, 

the 3435TT genotype was also shown to be associated with higher dose requirements and low 

plasma concentration for both enantiomers of methadone. Genotyping analysis of the SNPs 

did not show a significant difference (p > 0.2) between dose normalised plasma concentrations 

of l- and d-methadone, with the difference in plasma concentration of the enantiomers 

suggesting that P-gp polymorphisms may not have an effect on methadone intestinal 

absorption.  

 

Studies in MMT patients to determine the association of genes coding for dopamine receptors 

and treatment response have reported inconsistent results [349, 350]. There has been a report 

of association of this SNP with a decreased potency of methadone [313]. In this study, no 

significant difference was found between the genotypes for OPRM1 and the pain scores 

recorded (p = 0.38), whereas a significant difference (p = 0.03) in dose requirement dependant 

on genotype was found. Even with comparatively high doses of methadone, AA genotype 

carriers in this population had poor pain control. However, this may in part be due to the 

higher proportion of 118A>A carriers within the cohort. Mura et al. [364] has reported that 

patients with this variant show a lower pain threshold and higher drug consumption, which 

was not consistent with the results of this preliminary study. The significant difference found in 

methadone dose requirements suggests a positive influence of OPRM1 SNPs and methadone 

response in this patient population. 
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A significant association of the ARRB2 (rs3786047, rs1045280 and rs2036657) SNPs and 

treatment response in 238 MMT patients has been reported by Oneda et al. [300]. In addition, 

analysis of various genes including ARRB2 has been previously reviewed [365], with no 

explanation to the varied dose requirements of opioids. This study was unable to find any 

correlation of the ARRB2 SNPs studied with methadone response.  However, the pain scores 

recorded are subjective and multiple ailments associated with the progressive disease state in 

this patient population could skew the actual response to methadone. 

 

Results of a study by de Cid et al. suggest the influence of BDNF SNPs on treatment response in 

MMT patients [346]. Another study by Levran et al. [361] stated that three SNPs in the BDNF 

gene were associated with methadone dose required for treatment response (n = 227). The 

genotypes tested by Levran et al. demonstrated varied response with the CC genotype in the 

rs1491850 SNP associated with lower dose, and the TT genotype in rs7934165 and CC 

genotype in rs10835210 carriers requiring higher doses of methadone. The results of this study 

coincide with the dose requirement for rs7934165 carriers. This preliminary study found no 

significant association for any of the genotypes in the three SNPs investigated and methadone 

dose. However, the MAF for the BDNF SNPs showed consistency with a previous study [361] 

where the TC genotype for rs1491850 and rs7934165 and the AC genotype for rs10835210 

showed the highest frequency in the studied population. 

 

Variations in the KCNJ6 gene have been reported to influence both acute and chronic pain 

partly due to its influence on opioid receptor function [357]. Although animal studies have 

proven the relevance of both KCNJ3 and KCNJ6 genes to pain outcomes, studies in human 

populations are sparse. In a previous study on opioids with more than 400 subjects, the KCNJ6 

AA genotype of the rs2070995 SNP has been shown to be associated with increased opioid 

doses required for pain [357]. This study however did not find any correlation of rs2070995 AA 

genotype carriers to high doses of methadone as none of the cohort was identified to be the 

AA genotype. In this study, no significant difference was found between the genotypes for pain 

score or methadone dose administered and no significant difference was observed for the 

concentration of the enantiomers of methadone and the genotypes indicating absence of 

enantioselectivity in methadone response mediated by KCNJ6. 

 

6.6 Conclusion 
This preliminary study was conducted to examine the potential influence of several 

polymorphisms associated with the genes ABCB1, OPRM1, ARRB2, BDNF and KCNJ6 and the PK 

or PD characteristics of methadone. The subsequent effects on the dosage requirements of 
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methadone were also analysed in this study. The results of this study were unable to establish 

any correlations. With evidence available for possible association of polymorphisms in CYP 

3A4/5 and CYP2B6 at the enzymatic level, and DRD2 at the receptor level on PK and PD of 

methadone respectively, future studies should focus on the SNPs within these genes.  Future 

studies should also include a larger population cohort to better evaluate these effects along 

with the association of these variants to methadone dose and subsequent response. Clinical 

application of these findings could facilitate optimised dosing and minimal incidence of ADRs 

for methadone, especially in cancer patients. Multiple studies in different population groups 

backed with strong statistical evidence are required to establish the potential of this type of 

analysis.  
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Chapter 7. Population pharmacokinetic model for methadone 

enantiomers in patients with advanced cancer 
 

7.1 Significane of the study 
Methadone (racemic mix of l- and d-methadone) is a potent lipophilic synthetic opioid widely 

used in the treatment of cancer pain [4]. As there is a narrow therapeutic window [8] between 

pain control and toxicity, with substantial potential for side effects, in clinical practice therapy 

commences patients on a low dose and then titrates the dose in response to pain and 

presence of toxic effects. Understanding the PK of this drug in patients with advanced cancer 

and the variability in this population may help provide improved dosing in the future. While 

several studies have studied the PK of methadone, studies that describe the PK of the 

methadone enantiomers using nonlinear mixed effects modelling in cancer patients is sparse. 

This chapter describes the methadone population PK of cancer patients using plasma 

concentrations of l-and d-methadone to determine the PK in this patient population, and to 

identify patient specific factors (covariates) which influence the PK with the future aim of 

supporting dose individualisation.  

 

7.2 Background 
7.2.1 Methadone  

Methadone is a potent lipophilic synthetic opioid developed approximately 50 years ago and is 

widely used in the treatment of cancer pain. It has proven useful as a second line drug in 

opioid switching when other opioids are proven to be ineffective [2]. Methadone’s unique 

properties of high oral bioavailability, rapid onset of analgesic effect, long half-life (resulting in 

less frequent dosing regimens), absence of active metabolites, low rate of induction of 

tolerance, comparatively low cost qualifies its usage in pain management especially in critically 

ill patients [5, 366]. Methadone acts by binding to the µ-opioid receptor with some affinity for 

the N-methyl-D-aspartate (NMDA) ionotropic glutamate receptor. The dual targeting of the 

receptors results from the property of methadone with an asymmetric carbon atom resulting 

in two enantiomeric forms resulting in l - and d-enantiomers (Chapter 2, Figure 2.5). 

Methadone used in clinical practice is a synthetic racemic mixture with equal proportions of l- 

and d-enantiomers. While both enantiomers possess NDMA antagonist properties, l-

methadone is considered more potent than d-methadone by a factor of eight to 50 and is 

believed to be almost entirely responsible for the analgesic properties [5]. As no universal 

opioid conversion protocol has been established, there is the possibility of drug accumulation 

leading to delayed toxicity and concerns over dose titration in the cancer population. 
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Mercadante et al. [367] has reported on the lack of reliable experimental data to support 

dosing guidelines for clinicians.  

 

The two enantiomers have inherent differences in the mechanism of action and their PK 

profiles. Previous clinical studies [7, 68] suggest enantioselectivity in the metabolism and 

disposition of methadone. Changes in plasma protein binding is clinically relevant since 

methadone is highly lipophilic with plasma protein binding of 60% to 90% [19]. Methadone is 

predominantly bound to AAG, and in part to Ɣ-globulins and albumin [79]. This extensive 

protein binding and extensive tissue distribution is predominantly responsible for the long 

plasma half-life of methadone. It is therefore important to quantify both enantiomers when 

investigating the PK of methadone [8]. 

 

There is a slight binding difference between the two enantiomers, and a mean free fraction of 

14% and 10% has been reported for l- and for d-methadone, respectively [16]. However, high 

variations are observed in protein binding between patients. AAG is an acute phase protein, 

which is found to have increased concentration in plasma in response to situations like tissue 

injury, acute infections, burns, or chronic inflammation. It may be elevated in the presence of 

illness especially in cancer patients and in opioid dependent patients [80]. Higher 

concentration of AAG results in lower free fraction of methadone and thereby reduces the 

pharmacologically active concentration in the circulation. A slight difference in the amount of 

free fraction of the enantiomers suggests a difference in plasma protein binding to AAG. 

Determination of drug binding in plasma and factors affecting this process will provide crucial 

mechanistic insights into drug disposition interactions or specific PK characteristics of 

methadone.  

 

Methadone is N-demethylated to EDDP, which is pharmacologically inactive and follows renal 

excretion [71]. The major enzymes involved in N-demethylation of methadone is CYP3A4 and 

CYP2B6 [70, 81]. Other studies have also suggested the involvement of CYP2C9, CYP2C19 [81, 

82]. A four-fold difference in metabolic clearance of l-methadone by CYP3A4 was reported in 

the in vitro study conducted by Wang et al. [83] as compared to the d-enantiomer. While 

disposition of l-methadone following single dose of racemic methadone was partly explained 

by the plasma AAG binding and CYP3A4 activity, d-methadone disposition was not elucidated 

with these factors [84]. Inter-individual variation of up to 17 fold of methadone blood 

concentration for a given dose has been previously reported [85].  
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A population analysis estimates the PK parameters, identifies the sources of variability that 

influence PK, estimates the extent of inter-individual variability, also known as between 

subject variability (BSV), as well as intra-individual variability, also known as between occasion 

variability (BOV), and allows for the estimate of random residual variability, also referred to as 

random effects [368].  

 

The individuality of each subject is preserved such that empirical Bayesian parameter 

estimates, calculated in NONMEM, of an individual’s set of parameters can also be obtained. 

Such an approach is well suited to clinical situations, such as in palliative care, where the data 

is sparse and where the dosing and sampling protocols may be unbalanced and unstructured. 

A second and very important aspect of population modelling is that the sources of variability 

can be screened and quantified. Variability in the PK may be due to any of a number of patient 

characteristics including body size, age, sex, other medications and disease state. Neglecting 

this variability reduces the power of the population model as a descriptor and predictor of the 

biological fate of the drug. Within NONMEM, the influence of these factors can be tested. Any 

significant factor/s can be incorporated into a more sophisticated covariate model.  

 

The development of a bioanalytical assay method to quantitate the enantiomer concentrations 

in cancer patient samples to evaluate the time course of each enantiomer would provide 

insight into the variable PK characteristics. Results from the bioanalytical assay could be used 

to develop a POP-PK model which could provide powerful and flexible means of obtaining 

estimates of both BSV and BOV in PK parameters and identify factors, such as patient 

characteristics, that influence the PK behaviour of the drug and explain some of the BSV. 

 

7.2.2 Pharmacokinetics 

PK is referred to as “the study of drug movement into, around, and out of the body” over time, 

by extension, it involves the study of drug absorption, distribution and elimination, namely 

metabolism and excretion [369, 370]. The primary PK parameters estimated are drug clearance 

(CL) and drug Vd [371], where CL defines the efficiency of drug elimination from the body 

which is mostly dependant on the functional ability of the elimination system specific for the 

drug. At steady state (SS) the rate of drug administration equals the rate of drug elimination 

and drug concentrations at a given time after the dose remains constant [371]. CL of a drug is 

calculated based on the dose rate and average SS concentration achieved using Equation 7.1 

[371].  
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𝐂𝐂𝐂𝐂 (𝐂𝐂 𝐡𝐡⁄ ) =  𝐝𝐝𝐝𝐝𝐖𝐖𝐝𝐝 𝐫𝐫𝐫𝐫𝐫𝐫𝐝𝐝 (𝐦𝐦𝐦𝐦 𝐡𝐡⁄ )
𝐫𝐫𝐚𝐚𝐝𝐝𝐫𝐫𝐫𝐫𝐦𝐦𝐝𝐝 𝐖𝐖𝐫𝐫𝐝𝐝𝐫𝐫𝐝𝐝𝐬𝐬 𝐖𝐖𝐫𝐫𝐫𝐫𝐫𝐫𝐝𝐝 𝐩𝐩𝐩𝐩𝐫𝐫𝐖𝐖𝐦𝐦𝐫𝐫 𝐜𝐜𝐝𝐝𝐜𝐜𝐜𝐜𝐝𝐝𝐜𝐜𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐜𝐜𝐝𝐝𝐜𝐜 (𝐂𝐂𝐖𝐖𝐖𝐖)(𝐦𝐦𝐦𝐦 𝐂𝐂⁄ )

                                                                    7. 1                     

Estimation of drug CL is used to calculate the maintenance drug dose required to achieve a 

pre-defined target concentration, which has been linked to clinical successful outcomes. 

Knowing a drug’s CL, the maintenance dose rate required to achieve a given target plasma 

concentration at SS (Css) (Equation 1.2). An increase in unbound drug concentration due to a 

reduced plasma protein binding will enable higher tissue distribution and higher CL with no 

apparent effect on half-life of the drug. However, the half-life of a drug is directly proportional 

to the distribution volume and inversely proportional to CL, there is no net effect on the half-

life. Consequently using half-life as a PK parameter can be treacherous.   

 

𝐌𝐌𝐫𝐫𝐜𝐜𝐜𝐜𝐫𝐫𝐝𝐝𝐜𝐜𝐫𝐫𝐜𝐜𝐜𝐜𝐝𝐝 𝐝𝐝𝐝𝐝𝐖𝐖𝐝𝐝 𝐫𝐫𝐫𝐫𝐫𝐫𝐝𝐝 = 𝐂𝐂𝐂𝐂 (𝐂𝐂 𝐡𝐡⁄ ) × 𝐂𝐂𝐖𝐖𝐖𝐖(𝐦𝐦𝐦𝐦 𝐂𝐂⁄ )                                                                              7. 2        

 

Vd is an apparent volume that relates the concentration of a drug in the plasma to the total 

amount of drug in the body (Equation 7.3). Vd explains the binding processes of the drug to 

plasma proteins or tissue components. Vd is directly proportional to free fraction of drug in 

plasma which is dependent on the degree of protein binding of the drug. So, a large Vd may 

indicate that the drug is lipophilic and is greatly distributed in tissue [371]. Estimation of Vd 

facilitates the calculation of the loading dose of a drug (Equation 7.4).  

 

𝐕𝐕𝐝𝐝(𝐂𝐂) =
𝐫𝐫𝐝𝐝𝐫𝐫𝐫𝐫𝐩𝐩 𝐫𝐫𝐦𝐦𝐝𝐝𝐂𝐂𝐜𝐜𝐫𝐫 𝐝𝐝𝐨𝐨 𝐝𝐝𝐫𝐫𝐂𝐂𝐦𝐦 𝐜𝐜𝐜𝐜 𝐛𝐛𝐝𝐝𝐝𝐝𝐬𝐬 (𝐦𝐦𝐦𝐦)
𝐩𝐩𝐩𝐩𝐫𝐫𝐖𝐖𝐦𝐦𝐫𝐫 𝐝𝐝𝐫𝐫𝐂𝐂𝐦𝐦 𝐜𝐜𝐝𝐝𝐜𝐜𝐜𝐜𝐝𝐝𝐜𝐜𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐜𝐜𝐝𝐝𝐜𝐜 (𝐦𝐦𝐦𝐦 𝐂𝐂⁄ )                                                                                      7. 3 

     

𝐂𝐂𝐝𝐝𝐫𝐫𝐝𝐝𝐜𝐜𝐜𝐜𝐦𝐦 𝐝𝐝𝐝𝐝𝐖𝐖𝐝𝐝 (𝐦𝐦𝐦𝐦) = 𝐕𝐕𝐝𝐝(𝐂𝐂)  × 𝐫𝐫𝐫𝐫𝐫𝐫𝐦𝐦𝐝𝐝𝐫𝐫 𝐩𝐩𝐩𝐩𝐫𝐫𝐖𝐖𝐦𝐦𝐫𝐫 𝐜𝐜𝐝𝐝𝐜𝐜𝐜𝐜𝐝𝐝𝐜𝐜𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐫𝐜𝐜𝐝𝐝𝐜𝐜 (𝐦𝐦𝐦𝐦 𝐂𝐂⁄ )                                     7. 4 

 

Changes in plasma protein binding of a drug are mostly clinically relevant if the drug is >98% 

bound to plasma proteins, has high hepatic extraction and exhibits a narrow therapeutic 

window [372].  

 

7.2.3 Pharmacokinetic models 

PK models are defined as mathematical models that are used to describe the fate of a drug, 

using mathematical equations when a certain dosage form administered via a certain route 

[373]. Disposition of a drug is often characterized by a one or multi-compartmental model. A 

model based compartmental approach is performed to characterise the PK of a drug. A one-

compartmental model is the simplest model and assumes a single exponential decline in drug 

concentration as a function of time. The PK parameters used to describe a one-compartmental 
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model for an orally administered drug are CL, Vd and Ka. Drug concentrations can be calculated 

at any time post-dose (C(t)) after a single intravascular administration based on the drug’s 

concentration at zero time (C0), the actual time post-dose (t) and the drug’s CL and Vd. as 

shown in Equation 7.5. 

 

𝐂𝐂𝐫𝐫 =  𝐂𝐂𝟏𝟏  ×  𝐝𝐝−
𝑪𝑪𝑪𝑪
𝑽𝑽𝑽𝑽×𝐫𝐫                                                                                                                                           7. 5                     

 

PK models describing concentration-time profiles after oral drug administration must consider 

systemic drug absorption from the site of administration into the plasma. Extravascular drug 

administration, such as oral is further complicated by variables at the absorption site, including 

possible drug degradation and significant inter- and intra-individual variations in the rate and 

extent of absorption. Figure 7.1 provides a schematic description of a one-compartment model 

after oral drug administration. 

 

 
Figure 7.1 One-compartmental model after oral drug administration 

A two-compartmental model, as shown in Figure 7.2, the drug distribution is described for a  

central compartment, which would include plasma and well perfused tissues of the body 

including liver, kidney and lungs, as well as disposition into less perfused tissues which 

encompass the peripheral compartment. PK parameters used to describe a two-compartment 

model include CL (clearance of the drug from the central compartment), V1 (volume of 

distribution of the central compartment, V2 (volume of distribution of the peripheral 

compartment), and inter-compartmental clearance between the central and peripheral 

compartments). For drugs that are distributed to tissues or eliminated by different processes 

at different rates, multi-compartment models are required to describe the data. 
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Figure 7.2 Two-compartmental model after oral drug administration 

 

7.2.4 Population pharmacokinetics 

POP-PK is an approach to quantitate the determinants of drug concentration in a patient 

population receiving clinically relevant doses of the drug and identify sources of variability in 

plasma drug concentrations among individuals [374]. These studies aim to identify how the 

dose-concentration relationship is altered due to various factors including patient 

demographics, pathophysiological condition of the patient and other therapeutic 

interventions, such as concomitant medications. Relationships between patient characteristics 

and differences in PK parameters can then be used to personalise doses, to achieve optimum 

efficacy whilst maintaining minimal toxic effects. 

 

7.2.5 Pharmacokinetic models 

PK models uses mathematical equations to describe drug concentrations measured in the body 

as a function of time. Compartmental models describe the concentration-time profiles 

between interconnected hypothetical compartments, representing drug absorption, 

distribution and elimination.  

 

POP-PK modelling helps to define the sources and relation of PK variability in target patient 

populations and their impact upon drug disposition and estimation of typical values of PK 

parameters, such as CL and Vd. Sources of PK variability may be evaluated by investigating how 

different factors, such as demographic and pathophysiological factors, influence the drug’s PK 

[375]. There are different methods of POP-PK modelling, including naïve pooling, the standard 

two-stage approach and a nonlinear mixed-effect approach.  
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7.2.5.1 Naive pooling 

This method of modelling combines the data from all participants presuming to have been 

obtained from a single subject. Therefore, inter-individual PK variability is not estimated and 

the sources of BSV and BOV cannot be identified, resulting in biased parameter estimates.  

 

7.2.5.2 Two stage approach 

This approach involves estimation of PK parameters using individual data. In the second stage, 

the descriptive statistics, mean, geometric mean and standard deviation for parameters are 

obtained assuming the same underlying PK model for all individuals.  

 

This traditional study is unable to analyse sparse data and cannot explain PK variability. The 

first stage involves estimation of individual PK parameters and the associations between them, 

using a method such as weighted nonlinear least squares. In the second stage the individual 

measurements are used to calculate the population mean and SD. This approach requires a 

minimum of one concentration data point for each parameter to be estimated and is unable to 

estimate the uncertainty of the PK parameters [376].  

 

7.2.6 Nonlinear mixed effects modelling  

In this method of analysis, the fixed and random effect PK parameters are characterised 

concurrently [377]. Nonlinear denotes that the dependent variable, for example plasma 

concentration, is nonlinearly linked to the model parameters and independent variable/s, 

whereas “mixed effects” refers to the parameterisation. “Fixed effect” parameters are 

structural model parameters and “random effect” parameters describe the variability on the 

parameter values across individuals within the study population. Fixed effect parameter 

denotes the typical population value of a PK parameter, such as CL or Vd, in the studied patient 

population. Random effect parameters include BSV and BOV associated with the PK 

parameters. BSV denotes the variance across all individuals parameter values and the typical 

population value and BOV describes the variance across an individual’s parameter values, if 

the same individual was observed on multiple occasions. Further, residual unexplained 

variability (RUV), which represents the difference between model predictions and observations 

quantified, arises from error in data collection, error in sample handling and storage, error 

induced by analytical methods and model misspecification can be estimated with this 

approach. A model is fitted to the observed concentration-time data to describe the biological 

fate of the drug in the body.  
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Data from all individuals are analysed as a cohort, preserving the individuality of the 

information supplied by each patient to the population analysis. This is particularly useful in 

studies involving small patient populations where patient numbers are limited due to the 

disease status, such as advanced cancer.  

 

Advantages of POP-PK models based on nonlinear mixed modelling over other modelling 

methods have been described by Dufful et al. [378]. These advantages include providing a 

descriptive analysis of the current data and generate models that describe the study data at 

the best and ability of simulations from a nonlinear mixed effect model to answer “what if” 

questions including “dose required to achieve therapeutic effect” [379]. Several statistical 

software programs are used to develop a POP-PK model based on the nonlinear mixed effect 

approach, including NONMEM [380]. NONMEM considers the population as a unit for analysis 

and generally requires less data points per individual than are normally required for PK analysis 

resulting in a much more representative sample of the target population. Also the quantitative 

relationships between PK parameters and patient covariates can be investigated in a single 

step. 

 

Population models consists of several components including structural model describing the 

plasma drug concentration over time, stochastic models describing the variability or random 

effects in the observed data and covariate models describing the influence of factors such as 

demographics or disease on the individual time course of the drug [381]. Several steps are 

involved in developing a PK model that describes the data, and could be listed as: 

• structural model development 

• stochastic model development  

– estimation of BSV 

– estimation of BOV 

– determination of RUV 

• covariate model-building 

• model evaluation and diagnostic tests  

• model validation 

 

7.2.7 Structural model 

The structural model is developed based on the underlying PK relationship between known 

quantities, such as dose and time, and drug plasma concentration by incorporating certain PK 

parameters. To describe the course of a drug from the absorption site to the systemic 

circulation, distribution within, and elimination from, the body, single or multi-compartment 
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systems can be utilised. The fixed effects represent the typical population PK parameters, 

including unknown constants such as CL, Vd and ka, and their relationship to covariates such as 

weight, age and plasma protein concentration. The model selection plays critical role to 

describe the PK relationships of the drug as accurately as possible for further estimations and 

predictions. NONMEM provides a flexible library of pre-written models which provides 

subroutines to use. This library is called PREDD (PREDictions for Population Pharmacokinetics), 

where different models are automatically selected using model subroutines. For example, 

selecting ADVAN 2, TRANS 2 from the library builds a one-compartment distribution model 

after oral dosing parametrizing CL and Vd. At the same time a user can specify any model 

without the use of the model library using models written in differential equations or 

analytical solutions.  

 

7.2.8 Stochastic model 

The statistical model describes variabilities associated with the structural model. The primary 

sources of variability in any POP-PK model includes BSV, which is the variance of a parameter 

across individuals and BOV which is the variance related to two or more occasions of drug 

administration and RUV, which accounts for other sources of variability from multiple sources, 

including assay variability, errors in sample time collection and model misspecification. 

 

7.2.8.1 Between subject variability 

Estimates of BSV can be described according to Equation 7.6. PK parameter estimates were 

assumed to be log-normally distributed and BSV is modelled using an exponential model. 

 

𝑷𝑷𝒊𝒊   =   𝑻𝑻𝑽𝑽𝑷𝑷 × 𝒆𝒆η𝒊𝒊,𝑷𝑷                                                                                                                      7.6       

Here, TVP is the typical population parameter value and 𝑃𝑃𝑖𝑖  is the parameter for individual i, ηi,P 

(ETA) is a symmetrically distributed random variable with mean zero and variance ω2 BSV, 

where the square root of the variance represents BSV. 

 

7.2.8.2 Between occasion variability 

The individual PK parameters may change randomly between different occasions. Karlsson et 

al. [382] suggests that exclusion of BOV could bias the variance and structural parameters. 

Parameterisation of BOV can be accomplished as shown in Equation 7.7. 

 

𝑃𝑃𝑖𝑖   =  𝑇𝑇𝑇𝑇𝑃𝑃 × 𝑒𝑒(η𝑖𝑖,𝑃𝑃 + К𝑖𝑖,𝑃𝑃)                                                                                                                7. 7 
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Here, TVP is the typical population parameter value and 𝑃𝑃𝑖𝑖  is the individual parameters on the 

jth occasion, ki,P is the within patient random effect. 

 

“Occasion” is defined by the study design and the research question and varies across studies. 

  

7.2.8.3 Residual unexplained variability 

Residual errors represent the variance of the difference between observed and predicted 

concentrations and it arises from multiple sources as mentioned before. An observed 

concentration (Cobs,ij) may vary from a predicted concentration (Cpred,ij) in the same patient (i) 

and selection of the RUV model is usually dependent on the type of population data being 

studied. Common functions used to describe RUV are additive (Equation 7.8), proportional 

(Equation 7.9) or a combined model of (Equation 7.10) additive and proportional models are 

combined. 

 

𝑪𝑪𝒊𝒊𝒊𝒊   =   𝑪𝑪𝒑𝒑𝒑𝒑𝒆𝒆𝑽𝑽,𝒊𝒊𝒊𝒊 × �𝟏𝟏 + 𝜺𝜺𝒊𝒊𝒊𝒊�                                                                                                    7. 8                                                                                                                    

𝒀𝒀𝒊𝒊𝒊𝒊   =   𝑪𝑪𝒑𝒑𝒑𝒑𝒆𝒆𝑽𝑽,𝒊𝒊𝒊𝒊 + 𝜺𝜺𝒊𝒊𝒊𝒊                                                                                                                7. 9                                                                                                                            

𝒀𝒀𝒊𝒊𝒊𝒊   =   𝑪𝑪𝒑𝒑𝒑𝒑𝒆𝒆𝑽𝑽,𝒊𝒊𝒊𝒊 × �𝟏𝟏 + 𝜺𝜺𝟏𝟏𝒊𝒊𝒊𝒊� + 𝜺𝜺𝟐𝟐𝒊𝒊𝒊𝒊                                                                                     7. 10                        

 

7.2.8.4 Covariate model building 

Identification of covariates that are predictive of PK variability is an important component of 

the POP-PK model development process. Incorporation of covariates should improve the 

statistical fit of the data to the model and provide information of the clinical relevance of the 

covariate in the study [383]. Common covariates are included into models to study influence 

on the exposure variability in a population, include body weight, age, renal or liver function, 

route of administration, concomitant medications which are of enzyme inducer/inhibitor and 

plasma protein concentration. A standard approach is the step-wise approach, where each 

covariate is incorporated into the structural model separately. The trend in residuals and 

changes in the BSV, RUV and the objective function value (OFV) is monitored. Testing of clinical 

relevance (change of at least 20% in the parameter value at the extremes of the covariate 

range) for covariate inclusion is reported to result in few covariates in the final model and 

minimal loss of predictive power [384]. Covariates can be divided into two categories: 

continuous (e.g. age, weight, renal function) and categorical (e.g. sex, use of concomitant 

medications that induce/inhibit drug metabolism). 
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Common functions, including linear, exponential, power and relationships for categorical 

covariates, used to describe covariate relationships are shown in Equations 7.11-7.14 

respectively. 

 

𝑷𝑷𝒊𝒊 =  𝑻𝑻𝑽𝑽𝑷𝑷 × �𝟏𝟏 + 𝜽𝜽𝟐𝟐  × (𝑪𝑪𝑪𝑪𝑽𝑽 − 𝑪𝑪𝑪𝑪𝑽𝑽𝒎𝒎𝒆𝒆𝑽𝑽𝒊𝒊𝒑𝒑𝑪𝑪)�                                                                     7. 11                                                                                                          

𝑷𝑷𝒊𝒊 =  𝑻𝑻𝑽𝑽𝑷𝑷 × 𝒆𝒆𝜽𝜽𝟐𝟐×(𝑪𝑪𝑪𝑪𝑽𝑽−𝑪𝑪𝑪𝑪𝑽𝑽𝒎𝒎𝒆𝒆𝑽𝑽𝒊𝒊𝒑𝒑𝑪𝑪)                                                                                               7. 12                                                                                                                                                     

𝑷𝑷𝒊𝒊 =  𝑻𝑻𝑽𝑽𝑷𝑷 × � 𝑪𝑪𝑪𝑪𝑽𝑽
𝑪𝑪𝑪𝑪𝑽𝑽𝒎𝒎𝒆𝒆𝑽𝑽𝒊𝒊𝒑𝒑𝑪𝑪

�
𝜽𝜽𝟐𝟐

                                                                                                          7. 13                                                                                                                    

𝑷𝑷𝒊𝒊 =  𝑻𝑻𝑽𝑽𝑷𝑷 × �𝟏𝟏 + 𝜽𝜽𝟐𝟐  × (𝑰𝑰𝑰𝑰𝑰𝑰)�                                                                                                7. 14                

 

Here Pi is the individual’s estimate of the parameter; TVP represents typical value of 

parameter; θ2 represents the effect of the covariate on the TVP; COV represents the value of 

covariate for that individual at this time point. The COVmedian is the median value for all values 

ofcovariate and IND represents an indicator variable to classify variables when categorical 

covariates are used.  

 

7.2.9 Model evaluation and diagnostic tests 

Evaluation of the model is performed at multiple stages of model building process to 

determine the fitness of the data to the model. Model selection is based on pre-defined 

criteria depending on the purpose of the model, the data, and the population the data intend 

to describe. The most common criteria used to assess a model is the OFV by NONMEM. Other 

model diagnostics and evaluation criteria include reduction of RUV, including covariate 

relationships explaining BSV and exploratory goodness-of-fit plots and predictive performance 

from internal or external validation of the model.  

 

7.2.9.1 Objective function value  

There are several different mathematical ways of evaluating the best fit of the predictions to the 

actual data. NONMEM uses a Least Squares type criterion and expresses it as the OFV which is 

minus twice the log likelihood [385]. Since the computation of the OFV depends on the differences 

between observations and model predictions, the lower the OFV value, the better the fit to the 

data. For a model to be considered a significant improvement at p<0.05 or 0.01 with one 

degree of freedom (one parameter difference), the ΔOFV needs to be at least 3.84 or 6.63, 

respectively [386]. 
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7.2.9.2 Goodness-of-fit plots 

Goodness of fit (GOF) plots give a basic internal evaluation of a model detecting potential bias 

or problems in the structural model and/or the random effects models, comparing prediction 

and observations and trends in the residuals.  

 

7.2.9.3 Visual predictive check 

The visual predictive check (VPC) is a model diagnostic that allows comparison of alternative 

models, suggest model improvements, and support the suitability of a model while assessing 

its predictive performance [387]. It is based on simulations of model predictions including 

random effects, especially BSV. In a VPC, based on the original design of the study, the model 

is used to simulate (n ≥ 1000) observation and the results of these simulations are summarised 

as percentiles and plotted against the observed data or percentiles. The typical summary 

measures the median and the interval defined by the lower 5% and upper 5% of the values.  

 

7.2.9.4 Model validation and simulation  

There are two types of model validation, external validation and internal validation. In external 

validation, the developed model is applied to a new data set (validation data set) from another 

study. External validation provides the most rigorous method for testing a developed model. 

Internal validation includes data splitting and resampling techniques (cross-validation and 

bootstrapping respectively). Data-splitting is a useful internal validation technique in creating a 

validation data where it is not feasible to collect new data to be used as a validation data set. 

However the predictive accuracy of the model is a function of the sample size and might 

require a higher number of samples [388]. Another technique of internal validation is re-

sampling by cross-validation, using repeated data-splitting, and bootstrapping.  

Bootstrapping is beneficial especially in performance evaluation of a population model if there 

is no test data set in study population with limited sample size including paediatrics and 

critically ill patient populations [389]. Standard errors for model parameters are computed 

from the simulated parameter values to serve as true standard errors of estimates. Bootstrap 

approach uses replicate data sets from the simulated data and analysed with NONMEM [390]. 

 

7.2.9.5 Methadone population pharmacokinetics 

This chapter describes the methadone POP-PK of cancer patients in plasma in order to determine 

the average PK behaviour of l-and d-methadone, determination of the BSV and BOV and identify 

any covariates that are influential on the PK of methadone enantiomers with the subsequent aim 

to provide support on dose individualisation. As discussed previously methadone exhibits a narrow 

therapeutic window between pain control and toxicity and exhibits large inter individual variation 
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in therapeutic response and ADRs. Most POP-PK studies performed do not reflect cancer patient 

population and there is sparse information of influence of factors such as weight or age of the 

patient on the PK of l-and d-methadone. 

 

7.2.10 Population pharmacokinetic studies of methadone 

The overall parameter estimates for studies on the PK characteristics of methadone identified 

in the literature are summarised in Table 7.1. While most studies describe the PK with a two-

compartment distribution models [7, 97, 110, 391], others described the data with a one-

compartment model for both the enantiomers of methadone. Only one study has described 

methadone PK in oncology population previously [96].  
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Table 7.1 Population pharmacokinetic studies of methadone (administered via oral route) in adults 

Reference Study characteristics Units of measurement Results 

Wolff et al. 
1997 [97] 

Population type and number of patients  (a) Healthy volunteers (n=13), (b) opiate users (n=17) 

Methadone dose (mg)  Median (range) (a) 13, (8-15), (b)39, (15-80) 
Study design :analysis method/ software used  P-Pharm 
Demographics  Age (yrs) -median (range)  24 (24-45) 

Weight (kg) -median (range)  69 (54-81) 
Number of samples or sampling details  (a) 8, (b) 5 
Structural model  (a) monoexponential, (b) biexponential 
Typical parameters CL (L/h) – mean ±SD (a) 8.0±2.5, (b) 6.9±1.5 

Vd (L) – mean ±SD (a) 285±39, (b) 212±27 
Covariate/s identified  Weight 
RUV % n/c  
BSV % n/c  

Wolff et al. 
2000 [391] 

Population type and number of patients  MMT (n=35) 

Methadone dose (mg) Median (range) 40 (5-80) 
Study design :analysis method/ software used  P-Pharm 
Demographics  Age (yrs) -median (range)  35 (21-45) 

Weight (kg)- median (range)  74 (60-94) 
Number of samples or sampling details  4-37 samples 
Structural model   
Typical parameters CL (L/h) - mean  10.25 

Vd (L) - mean  123 
Covariate/s identified  Time after dose 
RUV % n/c  
BSV % n/c  

Foster et al. 
2000 [68] 

Population type and number of patients  MMT (n=18) 
Methadone dose (mg)  Range 7.5-130  
Study design :analysis method/ software used  Regression analysis 
Demographics  Age (yrs) -median (range)  35 (21-45) 

Weight (kg)- median (range)  74 (60-94) 
Number of samples or sampling details  13 
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Structural model  Biexponential 
Typical parameters CL (L/h)- mean  l-methadone- 9.6, d-methadone 9.5 

Vd (L)  
Covariate/s identified  None identified 
RUV % n/c  
BSV % n/c  

Foster et al. 
2004 [7] 

Population type and number of patients  MMT (n=59) 
Methadone dose (mg)  Range 7.5-160 
Study design :analysis method/ software used  P-Pharm 
Demographics  Age (yrs) - median (range)  34 (20-48) 

Weight (kg) - median (range)  72 (45-110) 
Number of samples or sampling details  8-13 samples 
Structural model  2 CMT first order absorption and lag time 
Typical parameters CL (L/h) - mean  l-methadone- 8.7, d-methadone 8.3 

Vd (L) - mean  l-methadone- 597, d-methadone 345 
Covariate/s identified  Age, Weight, AAG, Sex 
RUV % n/c  
BSV % n/c  

Auret et al. 
2006 [96] 

Population type and number of patients  Cancer patients (n=13) 
Methadone dose (mg)  Median (range) 13 (5-30) 
Study design :analysis method/ software used  Kinetica 4.3 
Demographics Age (yrs) - range 43-89 

BMI - range 19.6-32.3 
Number of samples or sampling details  3-11 samples 
Structural model  1 CMT first order absorption 
Typical parameters CL (L/h) Cancer patients (n=13) 

Vd (L)  l-methadone- 455, d-methadone 338 
Covariate/s identified  Age, Weight, AAG, ALP, AST, CLCR, unbound methadone 
RUV % n/c  
BSV % n/c  

Bart et al. 
2014 [392] 

Population type and number of patients  MMT (n=206) 
Methadone dose  Mean Hmong patients: 54, Non-Hmong patients:82.4 
Study design :analysis method/ software used  NONMEM 
Demographics Age (yrs) mean Hmong patients: 57, Non-Hmong patients:42 
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Weight (Kg)  
Number of samples or sampling details  Pre and 2-4hr post dose 
Structural model  1 CMT first absorption and elimination 
Typical parameters CL (L/h)  l-methadone- 8.6, d-methadone 10.6 

Vd (L)  l-methadone- 345, d-methadone 252 
Covariate/s identified  Ethnicity, Genetic SNPs 
RUV % Proportional error   l-methadone- 18.7, d-methadone 21.4 
BSV % n/c  

Csajka et al. 
2016 [110] 

Population type and number of patients  MMT (n=206) 
Methadone dose  Median (range) 123(3-400) 
Study design :analysis method/ software used  NONMEM 
Demographics  Age (yrs) – median ±SD 36.4 ± 8 

Weight (kg) – median ±SD 77 ± 17 
Number of samples or sampling details  4 and 24hr post dose 
Structural model  2 CMT first order absorption 
Typical parameters CL (L/h)  l-methadone- 7.7, d-methadone 7.3 

Vd (L)  l-methadone- 105, d-methadone 126 
Covariate/s identified  Genetic SNPs 
RUV % n/c  
BSV % CL  l-methadone- 41, d-methadone 51 

Vd  l-methadone- 62, d-methadone 71 
 

AAG: alpha-1acid glycoprotein; BSV: between-subject variability; CL: clearance; CMT: compartment; fu: unbound; MMT: methadone maintenance 

treatment; RUV: residual unexplained variability; SNPs: single nucleotide polymorphisms; Vd: volume of distribution; WT: total body weight
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7.3 Methods 
7.3.1 Patients, sampling and data 

Adult patients (≥ 18 years) with cancer related pain being cared for at the in-patient or 

outpatient oncology and palliative care service of the Mater Adults Hospital and St Vincent’s 

Private Hospital, Brisbane, Australia between 2013 and 2016 were eligible for recruitment to 

the study. The patients had to have oral methadone prescribed as part of their treatment, not 

as breakthrough medication. Blood sampling was performed at any time convenient to the 

patients. Further information regarding ethics approval, patient considerations and 

recruitment is detailed in Chapter 5.  

 

Patient demographic and clinical characteristics such as age, sex, total body weight (WT), 

height, body mass index and body surface area, aspartate aminotransferase (AST), alkaline 

phosphatase, alanine transaminase, and serum creatinine concentrations were obtained from 

the patient medical records. AAG concentration was measured using reagent kit (Part Number 

447780; Beckman Coulter Australia Pty Ltd, Gladesville, Australia). Methadone dose, duration 

of treatment and dosing history were collected for each participant. Information on 

concomitant medications that either inhibits or induces CYP3A4/5 enzymes were collected. 

Specifically, fluconazole and verapamil were identified as enzyme inhibitors, dexamethasone, 

and carbamazepine as enzyme inducers. At the time of sampling, the BPI [393] was used and 

participants asked to complete a numerical rating scale for “pain right now” ranging from ‘0’, 

indicating no pain to ‘10’ indicating worst possible pain; “average pain” over the last 24 hours 

ranging from ‘0’ to ‘10’; and “pain at its worst during the last 24 hours” ranging from ‘0’ to ‘10’. 

 

7.3.2 Pharmacokinetic data set 

The raw data was analysed by generating plots of enantiomer concentration versus time after 

dose to identify obvious outliers and to rectify data entry errors. One patient was excluded 

from the PK data set as they were later identified as a methadone maintenance patient with 

cancer and their total daily methadone dose was 800% higher than the average total dose in 

the study population.  

 

7.3.3 Sample collection and analysis 

Samples were collected from the patients, processed and stored until analysis. The l- and d-

enantiomers of methadone were quantified separately using the validated high performance 

liquid chromatography coupled with tandem mass spectrometry method [184] detailed in 

Chapter 4. 

https://en.wikipedia.org/wiki/Alkaline_phosphatase
https://en.wikipedia.org/wiki/Alkaline_phosphatase
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7.3.4 Pharmacokinetic model 

7.3.4.1 Software 

Population modelling was performed using NONMEM® software v.7.3 (Icon Development 

Solutions, Ellicott City, MD, USA) [394] with an Intel® FORTRAN compiler and PsN (Perl-speaks-

NONMEM®) version 3.76 [395]. Typical population PK parameters of methadone enantiomers, 

BSV, BOV and RUV were estimated using the first-order conditional estimation method with 

interaction (FOCE+I). Xpose© (version 4.6.0; http://xpose.sourceforge.net) and R© studio 

software (version 3.3; http://www.r-project.org./) were used for data exploration and 

visualization. 

 

7.3.4.2 Model development 

The base model for l- and d-methadone was developed by testing a one- and two- 

compartment structural disposition models with first-order elimination. The total dose of 

methadone given was halved, as equal proportions of l and d-methadone in the dose were 

assumed, and separate administration was assumed as per Figure 7.3.  

 

No interconversion between the two enantiomers, as demonstrated by the bioanalytical 

method in Chapter 4, was assumed. Two separate compartmental models were built in 

parallel. The absorption rate constant, Ka [396] was fixed to 1.5 hr-1 from previous literature 

reports [397] for both and evaluated in the final model using a sensitivity analysis. A sensitivity 

analysis evaluating the influence of the fixed value for Ka on other estimated parameter values 

and model fit was carried out, with Ka values ranging from 0.5 to 4.5L hr-1 being tested. 

  

http://xpose.sourceforge.net/
http://www.r-project.org./
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Figure 7.3 Schematic representation of compartments described by the PK model for methadone 
enantiomers 

 

After the structural base model was established, stochastic model was developed. BSV was 

modelled using an exponential model (Equation 1.6), and initially applied to each of the PK 

parameters separately and retained if considered significant. Occasion in this study was 

defined as an observation for every dose of methadone. BOV was modelled using an additional 

random effects parameter (Equation 1.7) and tested one by one on CL and Vd. Proportional, 

additive and combined models were tested and compared during model building to describe 

RUV.  

 

Afterwards, different estimates for CL and Vd were evaluated for each of the enantiomers were 

evaluated. Then, patient’s clinical factors that potentially influence PK parameters were 

identified via graphical exploration. Continuous covariates examined included patient’s weight, 

and AAG plasma concentration. Categorical covariates examined included patient’s sex and 

whether or not the patient had received other medications with metabolizing enzyme 

inducing/inhibitory action during the treatment with methadone. 

 

After graphical exploration, covariates were added to the model in a stepwise manner. The 

influence of patient’s body weight on l- and d-methadone PK was examined first using  
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allometric scaling theory, with a fixed exponent of 0.75 for CL and a fixed exponent of 1 for all 

volumes of distributions [398] as shown in Equation 7.15. 

 

𝑷𝑷𝒊𝒊 =  𝑻𝑻𝑽𝑽𝑷𝑷 × �𝒘𝒘𝒆𝒆𝒊𝒊𝒘𝒘𝒘𝒘𝒘𝒘𝒊𝒊 
𝟕𝟕𝟏𝟏

�
𝒆𝒆𝒆𝒆𝒑𝒑𝒆𝒆𝑪𝑪𝒆𝒆𝑪𝑪𝒘𝒘

                                                                                          7. 15                                                                                                                                 

Where Pi is the parameter analysed, TVP is the typical population parameter value, weighti 

represents the total body weight of the individual i, which was standardised to 70 kg.  

 

Further, continuous covariates tested in the model using Equation 1.11 for a linear (a), 

Equation 1.12 for exponential, Equation 1.13 for power model and the categorical covariates 

were tested as per Equation 1.14, where COV is equal to either 0 or 1 for the categories of the 

covariate, namely sex and concomitant use of enzyme inducers or inhibitors.  

 

7.3.5 Model evaluation and diagnostic tests 

Model evaluation was performed as detailed in section 7.2.9. Model predictive performance 

was assessed by generating prediction and variability corrected VPCs based on 500 

simulations. The stability and robustness of the final model was assessed by internal 

evaluation method that involved bootstrapping to assess how accurately the value of the 

population parameters of a sampled distribution can be estimated in the wider population and 

to know stability and predictive performance of the pharmacokinetic model. Five hundred 

bootstrap replicates were performed to obtain parameter estimates with 90 % CI. Precision of 

model parameters were calculated from the relative standard errors and finalised using a non-

parametric bootstrap of the final model was performed with 500 replicates.  

 

7.4 Results 
7.4.1 Patients and data  

A total of 50 cancer patients were included in the development of PK model. Patient’s median 

[range] age was 61 [53-71] years, weight was 73.0 kg [59 -88 kg]. The l- and d-methadone 

concentration ranged from 30.6 to 113.0 ng/mL and 28.7 to 116.0 ng/mL, respectively. Key 

patient demographic characteristics are summarised in Table 7.2. 
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Table 7.2 Summary of participant characteristics, methadone doses, total and unbound plasma and 
saliva concentrations of l- and d-methadone 

Population characteristic  

Number of patients 50 

Sex (male/ female) 23/ 27 

 median, [IQR] 

Number of observations/patient 3 [1 –2] 

Age (years) 61 [53 – 71] 

Weight (kg) 73 [59 – 88] 

Body mass index (BMI) (kg/m2) 26.0 [23.0 – 28.0] 

Body surface area (BSA) (m 2) 1.8 [1.6 – 1.9] 

AAG concentration(mg/mL) 2.6 [2.1 – 3.9] 

Total daily dose (mg) racemic methadone 7.5 [5.0 – 15.0] 

Sampling time since last dose (hr)  2.5 [5.25 – 12.0] 

Plasma concentration (ng/ml)  

l-methadone 50.7 [30.6 – 113.0] 

d-methadone 62.0 [28.7 – 116.0) 

 
 
7.4.2 Sample collection and analysis 

Blood samples (3-4 mL) were collected in standard 5 mL EDTA tubes without a serum separator 

plug. Following centrifugation, the plasma samples were stored at -70°C until analysis. The l- 

and d-enantiomers of methadone were quantified using a validated high performance liquid 

chromatography coupled with tandem mass spectrometry method [184]. This method has 

been validated for reproducibility, precision and accuracy over a wide range of analyte 

concentration [184]. The LLOQ was 0.1ng/mL in plasma for l- and d-methadone with total 

precision, expressed as the coefficient of variation, between 0.2 and 4.4% for both analytes. 

 

7.4.3 Pharmacokinetic model 

A one-compartment model with first-order elimination better described the data. The best 

base model allowed estimation of BSV associated with CL, V2 and V4 (Table 7.3). The typical CL 

values for the enantiomers were very similar and hence, in this study it was not estimated 

separately. Including covariance between Ka and V. Addition of BOV on CL improved the model 

fit (OFV drop=7.4). The sensitivity analysis evaluating the influence of the fixed value for Ka on 

OFV over a range of Ka values from 0.5 to 4.5L hr-1 revealed that a model with the fixed Ka 
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value of 1.5 hr-1 provided the best fit, shown by the lowest OFV (Figure 7.4). The sequence of 

covariate inclusion, OFV, BSV, BOV for each covariate addition into the model is shown in Table 

7.3. 

 

 
Figure 7.4 Sensitivity analysis test of Ka 

 

The graphical exploration of parameters versus covariates to be tested to identify significant 

relationships to influence the PK of methadone enantiomers identified WT, BSA, effect of 

enzyme inducers or inhibitors and plasma AAG concentration as potential covariates. A 

significant drop in OFV was obtained with the inclusion of WT as a covariate (OFV drop=7.4) on 

CL. Similar trends were observed with the inclusion of other body size descriptors including 

BSA, BMI and fat free mass (FFM). However, with no further improvement of model than WT 

or no influence at all, and were therefore not retained in the model. Addition of WT resulted in 

a reduction in unexplained BSV (%) on CL from 71.4% to 66.7% . The addition of categorical 

covariate; presence or absence of enzyme inducers and enzyme inhibitors did not result in a 

significant drop in OFV. The influence of AAG concentration Vd of both enantiomers were 

described by a linear model and resulted in a drop in OFV of 5.81 points. All covariates 

remained significant in the backward elimination tests. The final PK parameter estimates 

obtained from the base model are shown in Table 7.4. 
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Table 7.3 Covariate inclusion, OFV, BSV, BOV on CL used in sequential model building 

Model Covariates added  Number of 

parameters 

OFV BSV on CL 

(L/h) 

CV% 

BOV on CL 

(L/h) 

CV% 

1 Base model  10 2454.2 71.4 21.1 

2 Model 1 + WT on CL, V2, V4  10 2447.7 66.7 21.5 

3 Model 1 + FFM on, CL,V2, V4  10 2446.7 68.2 21.7 

4 Model 1 + IND on CL 11 2453.9 71.6 8.4 

5 Model 1 + INH on CL 11 2453.6 70.8 10.1 

6 Model 2 + AAG on V2 11 2445.7 65.6 20.1 

7 Model 2 + AAG on V4 11 2447.3 66.2 21.2 

8* Model 2 + AAG on V2, V4  12 2441.8 66.8 19.8 

* final model used in Table 7.4.  

AAG: alpha-1acid glycoprotein; BOV: between occasion variability; BSV: between-subject 

variability; CL: clearance; FFM: fat free mass; IND: enzyme inducer; INH: enzyme inhibitor; V2: 

volume of distribution l-methadone; V4: volume of distribution d-methadone; WT: total body 

weight 
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Table 7.4 Population pharmacokinetic parameter estimates of the base and the final model and bootstrap results from the final model 

Parameter Base model Final model Bootstrap (n=500) [mean (90% CI)] 

 Estimate RSE% BSV  
CV% 
[Shrin 
kage] 

RSE 
% 

BOV 
CV% 

RSE
% 

Estimate  RSE% BSV 
CV% 
[Shrin
kage] 

RSE% BOV 
CV% 

RSE
% 

Estimate BSV 
CV% 

BOV  
CV% 

Number of 
parameters  

10      11      11 - - 

OFV 2454      2442      2541  
(2013-3196) 

- - 

CL (L/h/70kg)  3.45  16.4 71.4  
[18.9] 

40.5 23.0 - 3.67  18.9 66.6 
[18.9] 

13.5 19.8  3.65  
(3.07-4.55) 

68.2  
(54.6-86.0) 

20.6 
(9.70-30.1) 

ka (hr-1) 1.5  - - - - - 1.5  - - - - - 1.5 - - 

(Vd l-
methadone)V2 
(L/70kg)  

357  17.9 77.8 
[19.2] 

40.7 - - 365  20.1 77.0 
[22.6] 

33.1 - - 362  
(292-446) 

79.1 
(55.0-96.3) 

- 

(Vd d-
methadone)V4 
(L/70kg)  

273  22.6 - - - - 279  23.2 - - - - 286  
(220-377) 

- - 

Covariate model 

ΘAAG - - - - - - -0.129 31.5 - - - - –0.322 
(–0.516 - –0.095) 

- - 

Residual error model (%) 
Proportional  
(l-methadone) 

34 0.15 15.2 - - - 32 13.9 - - - - 32 (24-45) - - 

Proportional  
(d-methadone) 

36  0.17 17.1 - - - 37 15.1 - - - - 36 (27-49) - - 

 
AAG: alpha-1 acid glycoprotein concentration; BOV: between occasion variability; BSV: between-subject variability; CL:clearance; WT: total body weight; OFV: 
objective function value; RSE: relative standard error; V2: Vd l-methadone; V4: Vd d-methadone 
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The final model is described by Equations 7.16-7.19.  

 

𝐂𝐂𝐂𝐂 �𝐂𝐂
𝐡𝐡
� = 𝟑𝟑.𝟔𝟔𝟕𝟕 × �𝐖𝐖𝐖𝐖 

𝟕𝟕𝟏𝟏
�
𝟏𝟏.𝟕𝟕𝟓𝟓

                                                                                                                  7. 16                   

𝐕𝐕𝟐𝟐(𝐂𝐂) = 𝟑𝟑𝟔𝟔𝟓𝟓 ×
𝐖𝐖𝐖𝐖
𝟕𝟕𝟏𝟏

× (𝟏𝟏 + −𝟏𝟏.𝟏𝟏𝟑𝟑) × 𝑨𝑨𝑨𝑨𝑨𝑨 − 𝟑𝟑.𝟏𝟏𝟏𝟏))                                                                7. 17 

𝐕𝐕𝟒𝟒(𝐂𝐂) = 𝟐𝟐𝟕𝟕𝟐𝟐 ×
𝐖𝐖𝐖𝐖
𝟕𝟕𝟏𝟏

× (𝟏𝟏 + −𝟏𝟏.𝟏𝟏𝟑𝟑) × 𝑨𝑨𝑨𝑨𝑨𝑨 − 𝟑𝟑.𝟏𝟏𝟏𝟏))                                                                7. 18     

𝒑𝒑𝒑𝒑 = 𝟏𝟏.𝟓𝟓 (𝒇𝒇𝒊𝒊𝒆𝒆𝒆𝒆𝑽𝑽)                                                                                                                 7. 19 

 

Where WT: total body weight (kg), AAG: alpha1 acid glycoprotein concentration (mg/mL), V2: 

Volume of distribution of l-methadone, V4: Volume of distribution of d-methadone.  

 

The estimates (high and low) of Ka were tested and there was minimal difference in parameter 

estimates obtained.  

 

7.4.4 Model evaluation 

The diagnostic scatter plots for the final pharmacokinetic model are shown in Figure 7.5. 

Individual and population prediction against observed concentration gives an overall 

impression of how well the model can predict the data. 

 

The VPC generated from the final PK model is shown in Figure 7.6 and is in agreement with 

median observed data results. The 10th, 50th (median), and 90th percentile l-methadone 

concentrations obtained from bootstrap simulations are also shown in Figure 7.6. The results 

indicate that greater than 90% of the observed enantiomer concentrations fit within the 10th 

and 90th percentiles of the model predicted concentration and are symmetrically distributed 

around the median. Mean values obtained from non-parametric bootstrap tests are 

comparable to PK parameters of the final model with narrow 95% confidence intervals. The 

nonparametric bootstrap results for each of the parameter estimates are described in Table 

7.4. 
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Figure 7.5 Diagnostic scatter plots (‘goodness-of-fit’ plots) for the final pharmacokinetic model, FLAG 
2: l-methadone and FLAG 5: d-methadone 
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Figure 7.6 Visual predictive check plots of l-methadone and d-methadone with prediction and 
variability corrected based on 500 simulations 
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7.5 Discussion 
Although several studies have addressed methadone PK, only a few studies using a nonlinear 

mixed-effect modelling methods have been conducted, especially in cancer populations. This 

study developed a population pharmacokinetic model of l- and d-methadone in patients with 

advanced cancer and evaluated the influence of patient characteristics on CL in these patients. 

Patient WT was found to influence methadone CL in this study, whereas plasma AAG 

concentration influenced Vd of both enantiomers.  

 

The overall parameter estimates from other studies on the PK characteristics of methadone 

were described in patients with end stage cancer. While most studies describe the PK with 

two-compartment distribution models [7, 97, 110, 391], this study described the data with a 

one-compartment model for both enantiomers of methadone. Only one study has described 

methadone PK in an oncology population [96]. The paucity of time points obtained post dosing 

in this study, owing to the special study population, restricted the development of a 

biexponential model. The typical CL value (3.65 L/h/70 kg) as estimated in this study was lower 

compared to previous reported CL values for l- and d-methadone, particularly with MMT 

patients. This could indicate higher bioavailability in this study population. The study by Foster 

et al. [68] also found that despite correction for protein binding, there was no significant 

difference in CL between l-and d-methadone. The Vd of l-and d-methadone in this study varied 

as reported in previous studies [7, 96, 392]. The protein binding differences between the 

enantiomers with l-methadone less bound to protein in comparison to d-methadone, results in 

a greater Vd for l-methadone, as has been previously reported [90].  

 

Different size descriptors were evaluated in the process of model building (WT, BSA and FFM) 

in all parameters. It was found that WT explained more variability in these patients compared 

to other body size descriptors. Although WT has been reported to have no influence on the 

apparent oral clearance and Vd of methadone, and its individual enantiomers [7, 96], in this 

study inclusion of WT (allometrically scaled) resulted in a decrease in OFV of 6.5 points, which 

is statistically significant.  

 

While CYP3A4 has conventionally been thought of as the main isoform responsible for 

methadone metabolism, recent studies [70, 101] report the involvement of CYP2B6 in 

methadone metabolism, supported by in vitro studies. However, in vivo studies have been 

considered challenging with several of the medications known to interact with CYP2B6 also 

interacting with CYP3A4. The influence of concomitant medications (enzyme inducers and 
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inhibitors) was tested in this study in covariate analysis with no significant effect on the 

variability.  

 

Plasma AAG concentration was a significant covariate for apparent Vd for l- and d-methadone, 

consistent with its known role in determining the plasma unbound fraction of methadone. The 

average AAG concentration in this population cohort (3.01 mg/mL) was higher than the upper 

limit of the normal range (0.6 - 1.2 mg/mL) and hence AAG was considered as a potential 

covariate on Vd which resulted in further significant decrease in OFV of 5.81 points. This 

reasoning was also supported by graphical exploration of the covariate versus parameter 

graphics.  

 

Since methadone is administered as racemic mixture, evaluation of stereoselective 

metabolism or PK between the l- and d-enantiomer has been previously attempted [7]. Lack of 

stereoselectivity in metabolism involving CYP3A [82] and reports of selective metabolism by 

CYP2B6 [399] resulting in rapid metabolism of d-methadone in comparison to l-methadone has 

been previously described. This study did not identify a difference in clearance between the 

enantiomers but the apparent Vd was significantly lower for d-methadone consistent with the 

study by Foster et al. [7]. 

 

7.6 Conclusion 
In conclusion, this study used a population modelling approach to describe the POP-PK of 

methadone enantiomers in adult cancer patients who were prescribed methadone via the oral 

route. Patient characteristics, namely total body weight and plasma protein (i.e. AAG), were 

identified to have an influence on the PK of methadone enantiomers in a predictive manner. 

The factors leading to variability in exposure of the drug remains unexplained. 
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Chapter 8. Conclusion and future directions 

8.1 Conclusion of the thesis 
Cancer pain continues to be a prevalent symptom in patients with cancer and a recent 

systematic review to analyse its prevalence still urges the need to overcome the barriers in 

effective pain management [1]. Methadone possesses various properties that are unique 

among the opioid class of drugs including improved efficacy in neuropathic pain states [400]. 

Further, it also provides beneficial PK properties of no active metabolites and minimal 

accumulation in patients with renal disease [9]. However, the clinical use is restricted with a 

very narrow window between efficacy and toxicity [401]. The probability for accumulation 

leading to delayed toxicity also exists and concerns over dose titration and conversion from 

other opioids restricts its utilisation in pain scenarios. This study presents extensive 

multidisciplinary research of methadone characteristics in the management of pain at 

advanced stages of cancer. 

 

An overview of the research achievement for each of the major research domains is portrayed 

in Figure 8.1 
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 Figure 8.1 Research thesis major domains and study flow 

 

The first stage of this research involved a literature review of the use of methadone in 

advanced cancer. Despite being a potent opioid with analgesic effects comparable to morphine 

which is the most widely used opioid, wide inter- and intra-individual variation in PK/PD 

responses restricts the use of methadone in clinical practice. It has been suggested that 

investigation into the PK/PD characteristics of methadone in this population may explain the 

variability in PK and PD. One reason for this is the lack of knowledge of the effect of various 

factors on the PK/PD of opioid analgesics. This study has specifically addressed some of the 

knowledge gaps and could thus prove helpful in understanding the PK/PD of the drug.  

Methadone is the most inexpensive opioid available to date. There is great variability in 
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regards to the optimum approach to dosing protocols when changing other opioids to 

methadone.  If dose individualisation without the need for titration was feasible, based on PK 

modelling with saliva or plasma concentrations, it would represent a major breakthrough in 

the use of methadone in cancer pain. In clinical practice, methadone is administered as a 

racemic mixture consisting of equal proportions of l- and d-methadone. The metabolism and 

disposition are reported to be enantioselective suggesting a difference in PK profile of these 

enantiomers. With reported selectivity on analgesic potency, quantification of the individual 

enantiomer concentrations to analyse the PK was suggested.  

 

The measurement of methadone enantiomer concentrations required an appropriate 

analytical method. HPLC-MS/MS methodology is reported to offer incomparable sensitivity, 

detection limits, speed and diversity in application of the results. One of the major limitations 

of this analytical technique is the presence of matrix effects arising from sample preparation, 

inherent characteristics of the biological sample and instrumentation leading to SEI and 

affecting the precision and accuracy of the analytical results. An extensive review of the 

literature has been carried out emphasising the significance of ion suppression studies in 

bioanalytical method development. Systematic approaches to minimise, and in particular, 

assess SEI and its deleterious effects on accuracy and sensitivity, and hence address the validity 

of quantitative results, have been presented. The second stage of research included the 

development and validation of a HPLC-MS/MS method to quantitate l- and d-methadone in 

human plasma and saliva. Optimal enantioselective separations were achieved using an AAG 

chiral stationary phase and triple quadrupole tandem mass spectrometer. Linearity was 

demonstrated over 0.05 - 1000 ng/mL for both enantiomers in plasma and in saliva with 

correlation coefficients greater than 0.998. The LLOQ was determined to be 0.1 ng/mL in 

plasma and saliva for both l- and d-methadone. Accuracy of the method ranged from 100% to 

106% even at the LLOQ and total precision, expressed as the CV, was between 0.2 and 4.4% for 

both analytes in both matrices. A simple one-step extraction procedure resulted in recoveries 

better than 95% for both analytes even at a concentration of 0.5 ng/mL from the Salivette® 

saliva collection device, which is essential in cancer patients, where low sample volumes are 

available due to xerostomia. Further, the method provides an assay sample that is 

independent of matrix effects and subsequent SEI. 

 

For the third stage of this thesis, a clinical study was carried out in a population of patients 

with advanced cancer (n=50), to evaluate possible relationships between saliva concentrations 

with either free, or total plasma concentrations of both enantiomers of methadone. This was 

performed to determine if saliva could be a substitute for plasma in PK/PD studies. Fifty 
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patients receiving a mean dose of 11 mg/day of methadone provided 151 paired plasma and 

saliva samples. Median [IQR] total plasma concentrations for l- and d-methadone were 50.78 

[30.6 - 113.0] ng/ml and 62.0 [28.7 - 116.0] ng/ml, respectively. Median [IQR] saliva 

concentrations for l- and d-methadone were 81.5 [28.0 - 203.2] ng/ml and 44.2 [16.2 - 149.7] 

ng/ml, respectively. No relationship could be established between plasma and saliva 

concentrations for l- and d-methadone (r2 = 0.35 and 0.25, respectively). The saliva to plasma 

concentration analysed with methadone dose, showed higher saliva concentrations at lower 

doses, which may indicate the presence of an active transport system that saturates at higher 

doses. Dose normalised saliva concentrations followed a similar pattern over time compared 

to plasma concentrations.  No correlation was found between l-methadone plasma, d-

methadone plasma, l-methadone saliva, d-methadone saliva concentrations and pain score, 

implying saliva sampling may not be a valid substitute in PK studies of methadone in cancer. 

 

Several composite pharmacogenetic factors contributing to the efficacy and adverse events of 

methadone were analysed in the fourth stage of research. Single nucleotide polymorphisms 

associated with metabolism, drug transporting proteins and drug receptor genes were studied 

in detail. Genetic polymorphism of ABCB1, which may influence PK characteristics, and 

OPRM1, ARRB2, BDNF and KCNJ6, which may influence the PD response of methadone were 

studied. Statistical analyses to determine the significance of the association of the SNPs to 

methadone dose and response, as measured by pain score, were unable to establish any 

significant correlation. 

 

In the final stage of research, the population PK of methadone enantiomers in cancer patients 

using plasma concentrations was carried out using NONMEM analysis to characterise the PK 

parameters of l- and d-methadone. Since pharmacogenetic studies did not reveal significant 

association of genetic SNPs to PK or PD of methadone, they were not included as covariates in 

modelling. However, this population PK study identified patient specific factors (covariates) 

which influence the PK with the future aim of supporting dose individualisation. A one-

compartment model with first-order elimination estimated BSV associated with CL and Vd. The 

population PK parameters for this one-compartment model were 365 L and 279 L for Vd for l- 

and d-methadone and CL was 3.67 L/h/70 kg for both enantiomers, since preliminary models 

resulted in very similar CL values for both enantiomers. Addition of weight as a covariate 

resulted in a reduction in unexplained BSV (%) on CL from 71.4% to 66.7%. The addition of a 

categorical covariate, namely the presence or absence of enzyme inducers and enzyme 

inhibitors, did not result in a significant drop in OFV. The influence of AAG concentration on Vd 

of both enantiomers was described by a linear model and resulted in a drop in OFV of 5.81 
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points. Patient characteristics including total body weight and plasma protein, namely AAG, 

were identified to have an influence on the PK of methadone enantiomers in a predictive 

manner. However, the factors leading to variability in exposure of the drug remains 

unexplained. 

 

8.2 Future directions 
Significant insights into the PK and PD of methadone enantiomers in an advanced cancer 

population were achieved in this study. This study also provides sound evidence that 

therapeutic drug monitoring is feasible for methadone, as the BOV is significantly less than the 

BSV estimated in the current model. A predictive PK database could thus be developed for 

individualised therapy achieving optimal effect of methadone with minimal side effects 

especially in patients with advanced cancer. However, further studies to explicate the inter- 

and inter-individual variability of methadone response to improve the effective use of 

methadone in clinical practice and optimise dosing regimen should consider:  

 

• Clinical study with an increased patient population to validate the use of saliva 

samples in methadone monitoring as saliva sampling would be preferable mode of 

sampling in cancer patients owing to medical and ethical reasons and would be proven 

novel. 

• Pharmacogenetic studies involving genetic SNPs of CYP 3A4/5 and CYP2B6 at the 

enzymatic level, and DRD2 at the receptor level. With evidence available for possible 

association of polymorphisms in these genes, clinical trials should be aimed to include 

a larger population to evaluate the effects and their association to methadone dose 

and subsequent response. 

• Population PK modelling using saliva concentrations of methadone enantiomers. 

• Population PK modelling of unbound concentrations of methadone enantiomers in 

plasma. As unbound drug accounts for pharmacological response, modelling 

incorporating the unbound concentrations could provide insights into inter- and intra-

individual variability observed in methadone response.  
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