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Abstract

Therapeutic drug monitoring (TDM) has shown to benefit patients treated with drugs

of many drug classes, among which is oncology. With an increasing demand for drug

monitoring, new assays have to be developed and validated. Guidelines for

bioanalytical validation issued by the European Medicines Agency and US Food and

Drug Administration are applicable for clinical trials and toxicokinetic studies and

demand fully validated bioanalytical methods to yield reliable results. However, for

TDM assays a limited validation approach is suggested based on the intended use

of these methods. This review presents an overview of publications that describe

method validation of assays specifically designed for TDM. In addition to evaluating

current practice, we provide recommendations that could serve as a guide for future

validations of TDM assays.
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1 | INTRODUCTION

Therapeutic drug monitoring (TDM) is the clinical practice of measuring

drug concentrations in biological fluids to individualize drug dosing. The

goal of this intervention is to prevent drug failure by achieving ade-

quate drug levels while also reducing toxicity by preventing overexpo-

sure. Some important requirements for drugs to be considered for TDM

are long‐term therapy, availability of a sensitive bioanalytical method,

high inter‐patient variability and low intra‐patient variability, a narrow

therapeutic window, an established dose–response and/or dose–

toxicity relationship and a feasible strategy for individualized dosing

(de Jonge, Huitema, Schellens, Rodenhuis, & Beijnen, 2005). Many anti-

cancer drugs fit the above described prerequisites, and therefore, TDM

of anticancer drugs is becoming an important tool in treatment of

patients with cancer, especially with increased use of oral anticancer

drugs with highly variable bioavailability (B. Gao et al., 2012; Herbrink

et al., 2018; Lankheet et al., 2014; Paci et al., 2014; Widmer et al.,

2014; Yu et al., 2014). Consequently, TDM has been shown to be a

valuable intervention to optimize dosing of anticancer drugs, resulting

in effective treatment (Groenland et al., 2019; Paci et al., 2014;

Verheijen et al., 2017; Widmer et al., 2014; Yu et al., 2014).
wileyonlinelibrary.co
A fundamental requirement for the implementation of TDM is the

availability of bioanalytical assays to reliably measure drug concentra-

tions, and concentrations of relevant metabolites. Different analytical

techniques can be used, such as immunoassays and liquid‐

chromatography methods with UV (LC–UV), fluorescence or mass

detection (LC–MS/MS) (Adaway & Keevil, 2012; Schellens, McLeod,

& Newell, 2005). Although all four are used in clinical practice, imple-

mentation of LC‐coupled techniques gained popularity for routine

measurements as immunoassays show lack of specificity and precision

and show high variability between manufacturers (Dasgupta, 2016).

Furthermore, immunoassays could be plagued by cross‐reactivity of

structural analogous and generally have a shorter linear calibration

range (Zhang & Zhang, 2018). LC–MS/MS methods, on the other

hand, can be applied for simultaneous quantification of drugs and their

metabolites with high sensitivity and selectivity and are therefore

superior to LC–UV (Adaway & Keevil, 2012; Miura & Takahashi,

2016). Bioanalytical assays for TDM are used for routine clinical care

and should therefore be fast and easy to implement, with high accu-

racy, precision and selectivity (Adaway & Keevil, 2012). LC–MS/MS

assays can offer this by short run times and fast pretreatment

procedures.
© 2019 John Wiley & Sons, Ltd.m/journal/bmc 1 of 22
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FIGURE 1 Flowchart that shows the step‐by‐step process of
inclusion to generate a final number of studies for analysis in the review
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The focus of TDM assays should be on developing and validating a

robust and high‐throughput method for routine measurements, while

the focus of assays for pharmacokinetic and toxicokinetic studies

(PK–TK studies) should be on generating quantitative concentration

data in a wider concentration range. Guidelines for bioanalytical

method validation, issued by the European Medicines Agency (EMA)

and US Food and Drug Administration (FDA), provide valuable assis-

tance for the purpose of assay validation in clinical PK–TK studies

(European Medicines Agency, 2011; US Food and Drug Administration

(FDA), 2018). These guidelines are, however, comprehensive for TDM

assays because drug concentrations determined for TDM purpose are

generally reported as being below or above a target concentration

and, therefore, not the exact concentration but target attainment is

of interest. Together with the increasing demand for TDM in oncol-

ogy, owing to the use of oral anticancer drugs with highly variable bio-

availability, assay validation ought to be simple and straightforward,

while still offering confidence in the data quality obtained with the val-

idated method. There is a need for more concise guidelines specifically

designed for the validation of TDM assays. In addition to more consise

validation procedures, the analysis of study samples should have a

rapid turnaround by implementation of a short analytical run. This

review aims to present an overview of publications that describe

LC–MS/MS assays which have been validated specifically for applica-

tion in TDM. In addition to evaluating current practices, we provide

recommendations that could serve as a guide for future validations

and analysis of study samples for TDM purposes.

2 | LITERATURE SEARCH

PubMed was searched on 12 February 2019 using the following terms:

“Therapeutic drugmonitoring AND validation”. We chose not to specify

oncology in the search, to evaluate the number of bioanalytical valida-

tion papers for therapeutic drug monitoring in other fields. In addition,

citation snow‐balling was used. Inclusion was limited to bioanalysis in

humans and full‐text articles available in the English language.

The search identified 941 papers, of which 36 were found to be

eligible for inclusion. Figure 1 shows a flow‐chart of the inclusion

process. Validation papers for therapeutic drug monitoring were

identified by studying full‐length articles for the aim of the study:

assays that were developed specifically for implementation in thera-

peutic drug monitoring were included, while assays developed for

the bioanalytical support of clinical studies and a potential applica-

tion to TDM were excluded. Furthermore, only full validation articles

were included in this review. This review focuses on the 36 pub-

lished validation papers in the field of oncology; however, recom-

mendations may be applicable to other fields. Results of the

literature survey are summarized in Table 1.

3 | BIOANALYTICAL METHOD VALIDATION
GUIDELINES

Guidelines on bioanalytical method validation are provided by the

FDA and EMA (European Medicines Agency, 2011; US Food and Drug

Administration, 2018). Although there is an overlap in experiments
and acceptance criteria for all validation parameters, some differences

are apparent when these guidelines are compared. Table 2 gives a

brief overview of the validation experiments and acceptance criteria

as described by the FDA and EMA guidelines. Of the 36 included

papers, 27 articles refer to EMA and FDA guidelines for validation pro-

cedures. Other guidelines are occasionally used for recommendations

on specific validation parameters, such as the Clinical & Laboratory

Standards Institute (CLSI) guidelines (Clinical and Laboratory Stan-

dards Institute, 2003, 2006). Furthermore, matrix effect and recovery

were investigated by a variety of methods described in the literature

(Bonfiglio et al., 1999; King et al., 2000; Marchi et al., 2010;

Matuszewski et al., 2003; Taylor, 2005).

In this review we will discuss the following aspects of method

validation: calibration model, accuracy and precision, lower limit of

quantification (LLOQ), carryover, selectivity (endogenous and exoge-

nous), dilution integrity, matrix effect, recovery and stability. Further-

more, aspects on the analysis of study samples will be evaluated. For

each parameter, recommendations from relevant guidelines for

assays supporting PK–TK studies will be summarized, followed by

results from the literature search and recommendations specifically

for TDM assays. We aim to provide guidance and criteria for TDM

method validation and on the application of these validated methods

in the routine analysis of study samples.

4 | CALIBRATION MODEL

The calibration model shows the relationship between instrument

response and nominal analyte concentrations. For assays in clinical
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PK–TK studies, FDA and EMA guidelines have reached consensus on

the experiments and acceptance criteria for the calibration model. The

matrix of the calibration standards should, if possible, represent the

matrix in study samples and fresh calibration standards should be pre-

pared prior to each validation run. The number of calibration standards

should be anticipated on the validation range with a minimum of six

standards, including an LLOQ sample. Additionally, each set of calibra-

tion standards should include a blank sample (processed matrix sample

without analyte and without internal standard) and a zero sample (proc-

essedmatrix samplewithout analyte). These samples are not included in

the calculation of the regression line. The EMA recommends the analy-

sis of calibration standards on three occasions in duplicate (total n = 6) to

evaluate linearity of the calibration model. Acceptance criteria for cali-

bration standards are 85–115% of the nominal concentration, and

80–120% for the LLOQ. At least 75% of calibration standards should

meet these criteria, including the LLOQ (and the upper limit of quantifi-

cation (ULOQ) in EMA guidelines).

4.1 | Calibration standards

Included analytical assays all used a matrix similar to study samples for

preparation of calibration standards. Most papers do not describe

whether calibration standards were produced freshly before each val-

idation run. The number of calibration standards ranged from four to

nine, with a median number of seven and a median calibration range

of 100‐fold. The median number of calibration standards is in line with

the recommended guidelines. However, nine articles use fewer than

six calibration standards for the calibration model. When dividing the

calibration range by the number of calibration standards, a median of

24 nominal concentration units per standard is calculated. Based on

this median, a 100‐fold calibration range would only need four calibra-

tion standards. Reducing the analysis time by using fewer calibration

standards (n = 3) was previously demonstrated by Lankheet et al. in

a method comparison of LC–MS/MS assays for the quantification of

sunitinib (Lankheet, Hillebrand, et al., 2013; Lankheet, Steeghs, et al.,

2013). Reducing the number of calibration standards from six to three

increased the turnaround while preserving accuracy and precision. To

further investigate this concept, we performed a similar experiment in

our laboratory using data from previously published TDM assays for
FIGURE 2 Scatter plots of method comparison showing plasma concent
original method (eight calibration standards) and the adjusted method (fou
regression line and the dotted line represents the line of identity
quantification of pazopanib, trametinib and dasatinib (Nijenhuis et al.,

2016; Verheijen et al., 2018). QC samples at LLOQ, low, mid and high

level (n = 15) were analyzed using both the original method with eight

calibration standards and an adjusted method with four calibration

standards. The results of the method comparison are shown in

Figure 2. A regression test was performed for all three analytes and

showed no significant constant error (y‐axis intercept 95% confidence

intervals contained zero: −0.0719–0.0607 for pazopanib, −0.0599–

0.0433 for trametinib and −5.55–9.03 for dabrafenib). Furthermore,

the slopes of the regression lines were not significantly different from

1 for pazopanib and dabrafenib (95% confidence interval: 0.996–1.00

and 0.997–1.00, respectively). Although the regression line for

trametinib was found to be significantly different from 1 by reducing

the number of calibration standards, with a slope of 1.01 (95%

confidence interval: 1.01–1.02), the accuracy and precision improved

compared with the original method from ±4.3 to ±3.8% and from

≤5.6 to ≤3.0%, respectively. These data suggest that reducing

the number of calibration standards from eight to four when using

calibration ranges of 100‐fold or less does not affect the accuracy

and precision of the method.

From a clinical point of view, target attainment is the final objec-

tive for decision making in TDM. Therefore, a one‐level calibration

could be considered with a calibration point being the target concen-

tration. In a previous study, bias and precision of multiple‐point and

one‐point calibration were compared. One‐point calibration with a cal-

ibration close to the center of the complete calibration range (e.g. pro-

posed target) shows bias and precision within the acceptance criteria

for the majority of drugs (Peters & Maurer, 2007). However, dose

adjustments following TDM may depend on the quantitative determi-

nation of the concentration of an anticancer agent; patients with a

concentration around the target could receive minimal or no dose

adaptations, while large deviations from the target may ask for other

interventions. Therefore a concentration range should be chosen per

analyte depending on the decision making in TDM. A calibration range

that spans two orders of magnitude using four calibration standards is

in most cases sufficient for these purposes and this reduction in the

number of calibrations standards increases the turnaround time of

TDM assays and has no impact on the quality of the reported data,

as demonstrated in Figure 2. Furthermore a one‐level calibration
rations of four quality control (QC) levels (n = 15) measured with the
r calibration standards). The black line represents the linear
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assumes a linear model and a variance independent of the analyte con-

centration (no weighting factor is applied). This assumption is in most

MS methods not justified. Therefore the calibration model should be

established in each analytical run by analyzing four calibration stan-

dards in the chosen, validated range.
4.2 | Regression line

All but one paper (Cardoso et al., 2018) used a weighted linear regres-

sion (1/x or 1/x2) for the calibration model. A linear relationship is the

simplest mathematical relationship with a constant accuracy over the

complete range in contrast to quadratic fitting (Clinical and Laboratory

Standards Institute, 2003). Therefore, linear regression is the preferred

mathematical method for calibration of analytical methods (Gu, Liu,

Wang, Aubry, & Arnold, 2014). A weighting factor of 1, 1/x or 1/x2 is

selected if the standard deviation of the instrument response is propor-

tional to x (Gu et al., 2014). Weighted regression of 1/x or 1/x2 should

be used when the absolute variance is not constant for all observations,

which is generally the case with a calibration range covering over one

order of magnitude (Gu et al., 2014). Therefore, 1/x or 1/x2 weighting

may be used to improve the accuracy at lower concentrations. If a qua-

dratic fit is chosen to compensate for saturation of the ion detector, the

method could be de‐optimized to reduce saturation, or the MRM chan-

nel could be modified (+1 or + 2) to monitor the m/z values of isotopes

and thereby avoid signal saturation (Liu, Lam, & Dasgupta, 2011). All

but five articles report a determination coefficient (R2) and a minimum

of 0.99 is generally strived for. However, deviations from the nominal

concentrations provide more information about linearity of the calibra-

tion model. Therefore, back‐calculated concentrations should be

reported instead of R2. Acceptance criteria for the back‐calculated cal-

ibration standards are provided by 24 papers, being 85–115% of the

nominal concentration (80–120% for the LLOQ).
4.3 | Quantitation range

The quantitation range of bioanalytical assays should be chosen on the

basis of concentrations expected in clinical samples. TDM assays are

developed to determine whether individual concentrations are above

or below a certain target and, therefore, the concentration range should

be built around this target concentration. A median calibration range of

100‐foldwas used in included assays for TDMpurpose. The calibrations

range should be as narrow as possible for high accuracy and precision,

covering the concentration of the majority of samples as seen in the

clinic, from the minimum reported concentration to the maximum

reported concentration after drug intake. Accordingly, the range will

depend on inter‐patient variability of anticipated concentrations. In

our experience, a range of 20‐ to 100‐fold is in most cases sufficient.
4.4 | Accuracy and precision

Accuracy of the LC–MS/MS method describes the closeness of mean

measured concentrations to the nominal concentrations of the analyte
and is expressed as a percentage, while the precision of the method

describes the closeness of repeated measurements of an analyte. For

PK–TK assays, both parameters should be assessed using quality con-

trol (QC) samples, i.e. spiked samples at known concentrations. QC

samples are generally produced at LLOQ, low (within 3 times the

LLOQ), mid (in the midrange) and high (approaching the top end,

>75% of ULOQ, of the calibration range) level. Accuracy and precision

can be further subdivided into within‐assay and between‐assay accu-

racy and precision. According to the EMA and FDA, within‐assay accu-

racy and precision should be determined by measuring a minimum of

five samples at a minimum of four concentration levels (LLOQ, low,

mid, high). Furthermore, between‐assay accuracy and precision should

be assessed by measuring four concentration levels in at least three

runs or batches on at least two different days. Mean concentrations

should be 85–115% of the nominal values for QC samples, except

for the LLOQ for which 80–120% is considered acceptable. It is rec-

ommended by the EMA to demonstrate accuracy and precision over

at least one of the runs in a size equivalent to a prospective analytical

run containing study samples.

Included analytical papers for TDMpurpose determine accuracy and

precision,with aminimumof three concentration levels. Although a var-

iable number of QC samples was used for determining accuracy and

precision, all papers included at least five samples to determine

within‐assay accuracy and precision and a minimum of three runs were

performed for between‐assay accuracy and precision. Only seven

papers did not give acceptance criteria for accuracy and precision, while

other papers reported acceptance criteria in line with FDA and EMA

guidelines. These results suggest that recommendations in FDA and

EMA guidelines are generally acceptable for determining accuracy and

precision of TDM assays. Regarding the short calibration range of

TDM assays and the aim for a fast turnaround, we believe that a mini-

mum of three concentration levels (LLOQ, medium or target concentra-

tion an ULOQ) is sufficient. As most papers do not provide information

on how accuracy and precision were calculated, we recommend using

the following equations (Rosing, Man, Doyle, Bult, & Beijnen, 2000):

Within − assay accuracy %ð Þ ¼
100% mean measured concentration per run − nominal concentrationð Þ

= nomimal concentrationð Þ
(1)

Between − assay accuracy %ð Þ ¼
100% overall mean measured concentration − nominal concentrationð Þ

= nominal concentrationð Þ
(2)

Within − assay precision %ð Þ ¼
100% SD of the measured concentration per runð Þ

= mean measured concentration per runð Þ
(3)

Between − assay precision %ð Þ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2overall= n1 þ…þ na − 1ð Þ − n1 − 1ð Þs21 þ…þ na − 1ð Þs2a
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a − 1
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−
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n1 þ :::þ na − a

� �

n
a
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Mean of runs

× 100%

(4)
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where SD= standard deviation, s2overall = overall SD2, S2x = variance

(SD2) of mean of replicates on a concentration level for run x, a = num-

ber of runs and n = number of replicates.
5 | LOWER LIMIT OF QUANTIFICATION

For assays for PK–TK studies, the LLOQ is the lowest level of the cal-

ibration standards which can determined with an accuracy and preci-

sion of ≤20% of the nominal concentration. Both EMA and FDA

guidelines state that the LLOQ should be at least 5 times the signal

of a blank sample.

The LLOQ inTDM assays is the lowest level of the calibration stan-

dards; however, it is generally not the lowest concentration of an ana-

lyte which can be quantified reliably as the concentration range is

higher. Therefore, the LLOQ in TDM assays is rather a lower limit of

the measuring interval (LLMI). In 34 of 36 papers of TDM assays, the

LLOQ was defined as the lowest level of the calibration range, with

an acceptance criterion of 80–120% of the nominal concentration.

Based on these results, a maximum of ±20% deviation from the nom-

inal concentration seems to be accepted inTDM assays. The signal‐to‐

noise (S/N) ratio was provided in 19 papers, being at least 5 (n = 12) or

10 (n = 7). Furthermore, the limit of detection was determined in 10

papers, with a S/N ratio of at least 3 (n = 8), five (n = 1) or 6 (n = 1).

To set an example, in our laboratory, we perform weekly TDM mea-

surements of Z‐endoxifen with a validated LC–MS/MS assay (de Krou

et al., 2017), and we have recorded the S/N ratio of the LLOQ (1 ng/

mL) for 49weeks. Figure 3 displays the S/N ratio of the LLOQ to

range from 20 to 200 in this time period, demonstrating a factor 10

interoccasion variability when the method is applied for a longer

period. Although the EMA and FDA recommend a S/N ratio of at least

5 for the LLOQ, we believe this limit should be increased for TDM

assays regarding the between‐assay variability of the LC–MS/MS sig-

nal over a long time period. Therefore, we aim for a S/N ratio of at

least 10 instead of 5. Increasing the S/N ratio is supported by the CLSI

guidelines, in which a S/N ratio of at least 20 is recommended (Lynch,

2016). Moreover, TDM assays are developed to measure steady‐state

drug concentrations and while choosing calibration standards to cover

concentrations in a 20‐ to 100‐fold range, the LLOQ will generally
FIGURE 3 Z‐Endoxifen signal‐to‐noise (S/N) ratios of the LLOQ (1 ng/
49weeks
exceed an S/N ratio of 10. For example, enzalutamide is known to

have a mean trough concentration at steady state (at a 160mg dose)

of 11.4mg/L (Gibbons et al., 2015). A validated method in our labora-

tory showed a S/N ratio of over 200 for the LLOQ of 5 ng/mL (van

Nuland et al., 2017). Taken the variability in account over time and

the intended use of TDM methods, we strongly advise increasing

the S/N ratio at the LLOQ to increase the robustness of the validated

method.
6 | SELECTIVITY

The selectivity of the analytical method is investigated during valida-

tion to assess whether the method is able to differentiate the analyte

of interest from endogenous and exogenous components within the

sample. EMA and FDA guidelines state that selectivity should be

proven in at least six independently prepared and analyzed batches

of the used biomatrix for PK–TK assays. The interference in these

should be ±20 and 5% of the LLOQ for the analyte and the internal

standard, respectively. According to the FDA, selectivity should also

be ensured at the LLMI. These experiments focus on interference

from endogenous source, while it may also be necessary to investigate

potential interference from exogenous components, such as metabo-

lites, co‐medication, degradation products, excipients of the formula-

tion and other xenobiotics. The FDA specifically adds that “if the

method is intended to quantify more than one analyte, each analyte

should be tested to ensure that there is no interference”.
6.1 | Endogenous selectivity

In 26 of 36 articles for TDM assays, endogenous selectivity was tested

in accordance with the guidelines, in at least six different batches of

blank matrix. One paper included 10 different batches and two papers

investigated endogenous interference in one batch of plasma. Testing

for selectivity is important, as it shows that the substance quantified is

indeed the analyte. Therefore, selectivity experiments should be per-

formed in different batches of plasma, also for TDM assays. Selectivity

at LLOQ was ensured in 14 papers, all analyzing LLOQ samples in six

different batches. Although the EMA does not recommend performing
mL) as measured by LC–MS/MS for therapeutic drug monitoring for
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such an experiment, we believe it is important to investigate the effect

of different matrices and endogenous interference on quantification

of the analyte. Endogenous components may cause suppression or

enhancement of the MS signal and thereby influence quantification

of the analyte. This can only be characterized if selectivity has been

investigated in biological samples spiked with the analyte of interest.

Therefore, we advise assessing endogenous selectivity in control

matrix spiked at the LLOQ in six different batches of plasma. One of

the papers included in this review investigated the selectivity in hemo-

lyzed, lipidemic and icteric plasma and showed that the assay was not

affected. If samples from a special population are included in TDM,

such as renally or hepatically impaired populations, it is recommended

to study the selectivity in such related samples (European Medicines

Agency, 2011).
6.2 | Exogenous selectivity

Potential interferences from nonendogenous sources were investi-

gated in 23 articles for TDM assays; six papers assessed interference

of co‐medication, 14 papers investigated cross‐analyte interferences,

two papers studied metabolite interference and one paper analyzed

potential interference of photodegradation products of the analyte.

Commonly investigated co‐medication are over‐the‐counter drugs,

drugs of abuse, immunosuppressants, antibiotics, antiretroviral

therapy and antifungal therapy. Testing for potential interference of

co‐medication and cross‐analyte interference is advised if these are

structural analogs of the analyte of interest (de Zwart et al., 2016).

Otherwise, no further testing is required. For some analytes, such as

endoxifen and abiraterone, one needs to be aware of the presence

of isomers (Jager, Rosing, Linn, Schellens, & Beijnen, 2012; van Nuland

et al., 2017). To preserve selectivity, isomers should be separated at

baseline from the analyte. In addition to testing for interferences of

other drugs, the EMA recommends to investigate potential interfer-

ence of excipients in the drug formulation, such as polyethylene glycol

or polysorbate. This may be important for intravenously administered

drugs; however, TDM will mainly be applied to orally administered

drugs, and therefore it is of less relevance.
7 | CARRYOVER

Sample carryover can be a major problem, which influences accuracy

and precision of the method. Carryover is caused by residual analyte

from a sample analyzed earlier in the analytical run or batch (Hughes,

Wong, Fan, & Bajaj, 2007). Both EMA and FDA guidelines recommend

monitoring the carryover during validation of PK–TK assays by injecting

blank samples after the ULOQ. These blanks should contain ≤20% of

the LLOQ response and≤5% of the internal standard response.

Surprisingly, carryover was investigated in only 20 papers of TDM

assays. This simple experiment is important for TDM assays, as high

concentrations may occur in patient samples and it should be ensured

that these levels do not influence quantification in the next injected

sample. In 17 papers, carryover was determined by injecting matrix
blanks after the ULOQ. Two papers assessed carryover by injecting

QC low samples before and after QC high samples (French et al.,

2014; Heideloff et al., 2013). The carryover was defined as the mean

difference of QC low samples injected prior to QC high samples and

QC low samples injected after QC high samples. Only one article pro-

vided acceptance criteria for this experiment, with the mean differ-

ence between the low samples before and after the high samples

being ≤20% (Heideloff et al., 2013). The carryover in such experi-

ments is difficult to observe, because it involves an additive effect

rather than the absence/presence of a peak. Furthermore, the carry-

over was determined after injection of a QC high sample instead of

the ULOQ. One article assessed carryover by injecting an organic sol-

vent sample after the ULOQ instead of a matrix blank (Rezende et al.,

2013). Matrix blanks have a similar composition and ion strength as

study samples and should therefore be used to determine carryover,

while organic blank samples generally do not show carryover. Deter-

mining carryover according to EMA and FDA guidelines is rapid and

easy to perform and interpret; therefore we recommend using these

guidelines for the evaluation of carryover during the validation and

for routine assessment in each analytical run because carryover may

vary from run to run. It is, however, important to be aware of the dif-

ference between carryover and memory effect as these problems may

be resolved differently. A memory effect is observed as a downward‐

drifting baseline in a blank sample that is analyzed after a high‐

concentration sample and suggests that the analyte was still eluting

off the column from the previous injection (Hughes et al., 2007).

Both carryover and memory effect may affect quantification of low

concentrations by a residual analyte peak or by an increased baseline,

respectively, and should therefore be minimized. A procedure to eval-

uate the carryover during the application phase of the validated assay

is described under Section 11.
8 | DILUTION INTEGRITY

Dilution integrity is evaluated with the purpose of measuring samples

above the ULOQ. The dilution of samples should not affect the accu-

racy and precision of the measurement. According to EMA and FDA,

dilution integrity should be demonstrated by spiking a sample at a con-

centration above the ULOQ and consequently diluting this sample to a

concentration within the calibration range. The accuracy and precision

of a sample set (n = 5) should be ±15% of the nominal concentration.

Dilution integrity was evaluated in 16 papers for TDM assays. Only

10 papers provided acceptance criteria for the conducted experiments

and more than one dilution step was investigated in seven of 15

papers. Dilution of samples is not common practice for TDM as it is

time consuming and therefore decreases the throughput. Further-

more, exceeding the ULOQ in general means that the target was

attained. Therefore, samples exceeding the calibration range can be

reported as above the ULOQ without further analysis. However, we

would prefer to minimize the number of samples exceeding the ULOQ

by choosing a calibration range that covers clinically observed concen-

trations. TDM can also be used for monitoring toxicities in which
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quantification of high concentrations could be important for the clini-

cal perspective and treatment strategy. When a TDM assay is devel-

oped for this purpose, dilution integrity should be demonstrated to

cover a larger calibration range and we would recommend incorporat-

ing the EMA/FDA experiments.
9 | MATRIX EFFECT AND RECOVERY

Matrix effect can be assessed using a variety of methods described

in the literature, for example post‐column infusion and post‐

extraction techniques (Bergeron & Garofolo, 2013). Post‐column

infusion was first described by Bonfiglio et al.,( 1999) and consists

of injecting a blank pretreated biological sample during continuous

post‐column infusion of the analyte of interest. A matrix effect

may be observed by comparing changes from baseline across the

chromatographic run. For post‐extraction techniques a set of sam-

ples with and without biomatrix is used. The matrix effect can be

calculated by comparison of the analyte response in presence and

in absence of biomatrix. The latter method is recommended by the

EMA for PK–TK assays, using at least six different batches of blank

matrix. For each analyte, the matrix factor (MF) and internal standard

(IS)‐normalized MF should be calculated and the coefficient of varia-

tion (CV) is acceptable when it is ≤15%. A version of the post‐

extraction spike method has also been described by Matuszewski

et al. (2003). Peak areas are compared in three sets of five samples:

set one consists of samples in neat solution (mobile phase), set two

of matrix blanks spiked with the analyte after sample preparation

and set three of processed samples spiked before sample prepara-

tion. Sets two and three should be constructed in five different

batches of blank matrix. The matrix factor is then calculated by the

ratio of sets one and three, while the recovery is calculated by the

ratio of sets two and three. FDA guidelines state that matrix effect

should be evaluated for PK–TK assays, but do not describe how to

achieve this. However, the FDA does describe recovery experiments

by comparing the area of extracted samples with unextracted sam-

ples at three concentrations (low, mid, high).

Two papers of TDM assays performed matrix effect experiments

according the post‐column infusion method of Bonfiglio et al.

(Bonfiglio et al., 1999; King et al., 2000). The effect of a blank matrix

can be monitored with this method; however, the effect on quanti-

fication of the analyte is not investigated. Therefore, post‐extraction

is the preferred method for determination of the matrix effect

(Marchi et al., 2010; Matuszewski et al., 2003; Taylor, 2005). This

is also reflected by the results of the literature search, as 26 papers

investigated the matrix effect with this technique. Whether and how

the matrix effect should be examined is still a matter of debate,

especially since no acceptance criteria are given by guidelines as to

what extent the matrix effect is thought to be acceptable. Poor

reproducibility owing to matrix effects will be reflected by a low

accuracy and precision. This is already investigated in six different

batches at LLOQ in the endogenous selectivity experiments. Fur-

thermore, the use of isotopically labeled internal standards can
compensate for matrix effects regarding reproducible quantification

of the target analyte, and therefore, it is not necessary to determine

the matrix factor in different batches (Viswanathan et al., 2007). In

27 papers, a stable isotopically labeled internal standard was

included in the assay; 16 papers used a 13C‐ or 15N‐labeled internal

standard, and 11 papers used a deuterated internal standard. Other

articles used structural analogs as internal standard. As isotopically

labeled internal standards are structurally similar to the analyte of

interest, they will have a similar matrix effect and are therefore able

to correct for matrix‐related variability (Annesley, 2003). However,

deuterated internal standards may have a slightly different retention

time than the analyte, caused by deuterium isotope effects, which is

not observed for 13C‐ or 15N‐labeled internal standard (Wang,

Cyronak, & Yang, 2007). Wang et al. demonstrated that a deuterated

internal standard had a different degree of ion suppression owing to

a slight difference in retention time, causing a significant matrix

effect (Wang et al., 2007). Therefore, 13C‐ or 15N‐labeled internal

standards should, if available, be first choice rather than deuterated

internal standards. Furthermore, since a compound and its internal

standard will theoretically co‐elute, it is important to have a mass

difference between those compounds to be able to separate them

in the mass spectrometer to prevent cross talk. For small molecules

a mass difference of at least 3 mass units is in most cases sufficient

(Stokvis, Rosing, & Beijnen, 2005).

Recovery was studied in 27 TDM assays according to the post‐

extraction method. These experiments show the degree of analyte

that is extracted during sample preparation. Recovery might be of

interest if the extraction is low and the sensitivity is not sufficient

for the purpose of the method. Such problems should already be

addressed during method development to optimize the assay before

method validation. Inconsistent and irreproducible recoveries have

not been described in the selected TDM assays. Taking the above into

account, determining matrix effect and recovery is not mandatory for

validation of TDM methods when an isotopically labeled internal

standard is used co‐eluting with the analyte of interest.
10 | STABILITY

Stability should be evaluated to ensure that storage conditions do not

affect the concentration of the analyte. Therefore, stability needs to

be established at every step of the analytical method. EMA and FDA

guidelines recommend testing stock stability and the EMA advises also

testing the stability of working solutions for PK–TK assays. Further-

more, the following stability conditions should be evaluated: freeze–

thaw (F/T) stability of at least three cycles, short‐term stability at room

temperature, long‐term stability under the same conditions as study

samples are kept and, if applicable, other stability experiments, such

as dry extract stability and the stability of processed samples. Stability

experiments should be executed at low and high concentrations.

Although stability in stock and working solutions was described in

only 14 papers for TDM assays, all papers reported stability in

biomatrix, either experimental or from the literature. Stability
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experiments were performed at least at low and high concentrations.

Most papers did not describe how many replicates were used.

Freeze–thaw stability was assessed in 24 papers, of which four tested

more than three F/T cycles. For TDM, F/T stability of three cycles

should be sufficient, as samples are frozen after withdrawal and gener-

ally measured after the first thaw cycle. Additional F/T stability of up

to three cycles is important for potential reanalysis of samples.

Short‐term stability at room temperature was tested in 28 papers,

varying from 4 h up to 28 days. Stability at room temperature is pivotal

for transporting samples to the laboratory and during sample prepara-

tion. TDM assays are not always available in the hospital where blood

withdrawal takes place. Therefore, it should be investigated whether

samples can be transported at room temperature or should be

transported on dry‐ice. Furthermore, it is relevant to investigate the

stability when exposed to light as blood collection tubes are generally

transparent. Nonetheless, stability at room temperature while exposed

to light and in the dark was examined in only five papers (de Krou

et al., 2017; Escudero‐Ortiz et al., 2013; Herbrink et al., 2018;

Nijenhuis et al., 2016; van Nuland et al., 2019). The stability of proc-

essed samples was examined in 23 papers, either as re‐injection

reproduciblity or as final extract stability. EMA and FDA guidelines

state that stability of processed samples should be measured if appli-

cable, which is certainly the case for TDM to safeguard the possibility

of re‐analysis after system failure. When investigating the stability in

processed samples, final extract stability is recommended instead of

re‐injection stability to facilitate re‐analysis of samples with fresh cal-

ibration standards. Long‐term stability (>1month) was described in

nine studies. Although long‐term stability is not per se important for

TDM measurements, because results are reported directly for routine

clinical care, it might be useful for determining the shelf‐life of calibra-

tion standards and quality control samples.
11 | ANALYSIS OF STUDY SAMPLES

EMA and FDA guidelines on bioanalytical validation also provide rec-

ommendations for application of the validated method for PK–TK

assays. Before starting analysis of study samples, the performance

of the bioanalytical method should be verified. Similar to validation

runs, the analytical run should consist of a blank sample, a zero

sample and at least six calibration standards. At least one set of

calibration standards should be analyzed and≥75% of the standards

should be within 85–115% of their nominal concentration (80–120%

for the LLOQ). If the LLOQ or ULOQ should be rejected in one

analytical run, then the second lowest sample will become the LLOQ

and the second highest sample the ULOQ. A minimum of three

QC concentration levels in duplicate should be interspersed with

study samples. The FDA and EMA recommend a minimum number

of QC samples of at least 5% of the number of the clinical

study samples or a total of six samples, whichever is greater. The

accuracy at each concentration level should be ±15% of the nominal

concentration and at least two out of three QC samples (one at

each level) should be within the acceptance criteria. According to
the FDA, the carryover should be assessed and monitored during

sample analysis.

Literature reporting analysis of study samples in TDM are sparse.

Only one paper described the use of a system suitability test (SST)

to prime the system (Rezende et al., 2013) and two papers specified

routine sample analysis (Dennison et al., 2008; Lankheet, Hillebrand,

et al., 2013 ; Lankheet, Steeghs, et al., 2013). An SST is an integral

part of the analytical procedure to ensure the performance of the

analytical system. Critical elements of the analytical system should

be included in the SST, such as the check for chromatographic sep-

aration of isomers. Methods for routine TDM should aim for a rapid

turnaround by implementation of a short analytical run. Therefore, a

method with fewer calibration standards and QC samples is pro-

posed, consisting of a blank sample, a zero sample and four calibra-

tion standards, and three QC mid samples (or at least 5% of the

study samples whichever is higher). The calibration standards should

be injected at the beginning of each analytical run and at least three

out of four (75%) calibration standards should be within 85–115% of

their nominal concentration (80–120% for the LLOQ), including the

LLOQ and the ULOQ to maintain the anticipated range. QC mid

samples are injected after the calibration standards and at the end

of the sequence to ensure adequate accuracy and precision for the

whole analytical run. A similar strategy with only three calibration

standards and one QC mid sample proved accurate and robust for

the quantification of sunitinib (Lankheet, Hillebrand, et al., 2013;

Lankheet, Steeghs, et al., 2013). The concentration of the QC mid

should have a similar concentration to the TDM target, which is

the concentration at which dose adjustments are recommended. This

concentration is the most critical value to be quantified accurately as

results will be reported as being below or above this target. There-

fore, we recommend the concentration of QC mid samples to be

similar to the target. Furthermore, carryover should be assessed

and monitored in each analytical run by injection two blanks samples

after the ULOQ. If the carryover exceeds ±20% of the LLOQ

response, the integrity of the bioanalytical data should be assessed

by calculation the carryover matrix factor for all samples with the

following equation:

Carry − over factor ¼
Responsex·Mean responseCB

Mean responseULOQ

� �

Responsexþ1
× 100%

in which x = sample x, CB = carryover in the blank, ULOQ= upper

limit of quantification and x + 1 = the sample injected after sample x.

If the CF is >5%, there is a significant carryover effect of sample x

on sample x + 1 and therefore, sample x + 1 should be reanalyzed.

However, if the CF is ≤5%, there is no significant effect of sample x

on samples x + 1 and the result of sample x + 1 can be accepted. This

carryover protocol gives the opportunity to determine the impact of

the carryover on each sample and to accept those results that are

not affected by it. In contrast to the analysis of multiple samples of

one subject in PK studies, TDM sample concentrations may vary in

concentration from sample to sample. It is important to establish that
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the carryover has no impact on the quality of the generated data in

each study run.
12 | OVERVIEW OF RECOMMENDATIONS

In this review, method validation of TDM assays is described as com-

paredwithmethod validation of assays for PK–TK studies. For each val-

idation parameter, recommendations of FDA and EMA guidelines for

validation of PK–TK studies were described, followed by recommenda-

tions that could serve as a guide for future validations and analysis of

study samples of TDM assays. A summary of recommendations specif-

ically for validation of TDM assays is included inTable 2. The literature

search showed that TDM assays are generally validated based on FDA

and EMA guidelines; however, most articles do not fully comply with

recommendations given in these guidelines, which is in line with what

we recommend in this review. Calibration model and accuracy and pre-

cision were investigated in all included assays, which suggests that

these parameters are regarded as pivotal for validation of TDM assays.

Furthermore, the majority of included articles describe stability and

selectivity experiments, stressing the importance of these procedures.

Although validation procedures differ among these assays, all articles

based their experiments and criteria upon accepted bioanalytical

method validation guidelines. In order to harmonize method validation

of TDM assays, we aim to provide guidance for future assay validation

of TDM methods. Differences with regard to FDA and EMA guidelines

are proposed for the calibration model, LLOQ, selectivity, dilution fac-

tor, matrix effect and recovery. All proposed adjustments aremade con-

sidering the importance of high‐throughput assays and to simplify

validation and implementation of such assays, keeping confidence in

the fit‐for‐use purpose of the bioanalytical method. At least four calibra-

tion standards instead of six to eightwill be sufficient for TDMmethods,

as a short calibration range is recommended. Furthermore, a S/N ratio

of at least 10 for the LLOQwill increase robustness of the assay regard-

ing large between‐assay variability of the MS signal. Endogenous selec-

tivity experiments are of high importance during method validation of

TDMmethods, in which it is recommended to include blanks and LLOQ

samples in six different batches of plasma. Interference of co‐

medications, degradation products or other xenobiotics only needs to

be examined for structural analogous or when there is reason to believe

that an interferencemay occur. Determining the dilution factor is gener-

ally not necessary for TDMassays, as concentrations aboveULOQ indi-

cate that the target was attained. Matrix effect and recovery

experiments are of no additional value inTDMmethods, if stable isoto-

pically labeled internal standards are used co‐eluting with the analytes

of interest. Therefore, we propose to not include matrix effect and

recovery in validation procedures. Accuracy and precision, carryover

and stability experiments should be assessed according to FDA and

EMA guidelines at three levels (Table 2). Analysis of study samples

should be focussed on rapid turnaround. This can be achieved by ana-

lyzing only four calibration standards and at least three QC mids at

TDM target level.
13 | CONCLUSIONS

A wide diversity of assays, for the purpose of TDM in oncology, have

been developed and validated. This review presents an overview of

publications in which LC–MS/MS assays have been validated for appli-

cation inTDM. The focus of TDMassays is on developing and validating

routine assays in which target attainment is strived for, rather than

generating data for PK–TK studies. This is a different type of analytical

procedure and, therefore, recommendations from FDA and EMA

guidelines on bioanalytical method validation are comprehensive for

LC–MS/MS assays specifically designed for TDM purposes. In addition

to evaluating current practice, we recommend a minimal validation pro-

tocol for TDM assays while preserving a bioanalytical validation

approach resulting in reliable bioanalytical results.
14 | FUTURE PERSPECTIVES

The first validation paper of an LC–MS/MS assay specifically designed

for TDM in oncology was published in 2003. Since then, many TDM

assays have been developed and validated, also in other fields

(Figure 1). With individualized drug dosing gaining popularity, imple-

mentation of TDM will further increase. Moreover, the class of oral

anticancer therapies is rapidly growing and these drugs have a high

interpatient variable bioavailability and narrow therapeutic window.

The TDM of anticancer drugs is becoming an important tool in treat-

ment of patients with cancer, especially with increased use of oral

anticancer drugs with highly variable bioavailability (B. Gao et al.,

2012; Herbrink et al., 2018; Lankheet et al., 2014; Paci et al., 2014;

Widmer et al., 2014; Yu et al., 2014). TDM has been shown to be a

valuable intervention to optimize dosing of some anticancer drugs

(Groenland et al., 2019; Paci et al., 2014; Verheijen et al., 2017;

Widmer et al., 2014; Yu et al., 2014); however, prospective research

is needed to further confirm these TDM targets. With the growing

class of oral anticancer therapies, there is an increasing demand for

TDM for which new assays have to be developed and validated.

Shortened validation protocols could help to provide in this demand,

while still offering sufficient confidence in the fit‐for‐purpose of the

bioanalytical method. Simplifying the validation of TDM methods will

shorten the time needed for validation and will increase the clinical

implementation of such assays. In this review we focussed on TDM

assays in oncology; however, recommendations can be applied to

other fields and we advise bioanalytical laboratories to consider inte-

grating our recommendations into standard validation of TDM assays.
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