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THERAPEUTIC DRUG MONITORING (TDM) IN TUBERCULOSIS (TB) 
TREATMENT

Current major issues that forestall the worldwide elimination of TB are the 
diagnostic gap - individuals with TB who currently go undiagnosed; poor access 
to bacterial susceptibility tests; poor availability of multidrug-resistant TB (MDR-
TB) treatment; and finally, the substantial funding gap for health services and 
research [1]. TDM may play an important role to reduce the emergence of acquired 
drug resistance and the improvement of TB treatment outcomes by detecting and 
preventing inadequate drug exposure, which has been identified as one of the 
major causes of the MDR-TB epidemic [2–7]. TDM may also be able to reduce the 
transmission of TB if it is performed early in treatment, because it can increase the 
efficacy of anti-TB drugs and hereby accelerate sputum conversion [8]. We realize 
that traditional TDM might be one bridge too far for high TB burdened countries 
with low resources and we emphasize that in these low-resourced settings, 
the focus should be on TB diagnosis, availability of treatment, and bacterial 
susceptibility testing first. For these countries a simple point-of-care test would 
be very helpful to provide rapid information about individual drug exposure. 
Nevertheless, implementation of TDM would be beneficial in low and medium TB 
endemic countries with sufficient resources for national TB programs to improve 
treatment outcomes and proceed towards a more individualized approach. TDM is 
already part of standard TB care in the Netherlands and has contributed to a high 
MDR-TB treatment success rate of 94% when compared to a worldwide success 
rate of 56% [9–12].

Although it has been shown many times that suboptimal drug exposure puts patients 
at risk of treatment failure and acquired drug resistance [2–7], straightforward 
evidence that TDM actually improves treatment outcomes is still scarce [13,14]. 
Efficacy of TDM has been retrospectively studied in patients with drug-susceptible 
TB (DS-TB) and showed more sputum culture conversion after two months of 
treatment in the group that received TDM versus the patients that did not receive 
TDM [15]. Similar studies have not been performed yet in patients with MDR-TB 
and we hypothesise that the potential gain is even larger in this population due to 
the current low treatment success rates. Therefore, we designed a study to evaluate 
the impact of TDM on treatment results of patients with MDR-TB (Chapter 5).

Presently, TB treatment is frequently started while drug susceptibility test 
results are lacking, due to slow mycobacterial culture test turn-around-time and 
unavailable rapid molecular tests or line-probe assays [8,16]. This increases the risk 
of inadequate treatment and stimulates development of acquired drug resistance. 
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Therefore, the development of an easy, rapid, and affordable method to determine 
bacterial susceptibility (e.g. microplate nitrate reductase assay [17]) is key. Whole 
genome sequencing could be the future [18], but is still difficult due to the need for 
sputum cultures, an incomplete database of mutations, and lack of validation [8].  
Similar issues with obtaining drug susceptibility information are encountered in 
the implementation of TDM. TDM of antibiotics is guided by the measured drug 
concentrations or drug exposure in relation to the bacterial susceptibility reflected 
by minimal inhibitory concentration (MIC), but presently time-consuming culture 
methods are required to determine the MIC of the Mycobacterium tuberculosis 
strain. Performing TDM without known MIC is not recommended, since it 
introduces additional uncertainty due to the broad range of MIC values prevalent 
in M. tuberculosis strains [19], and therefore could decrease the effect of TDM. For 
instance, the MIC is assumed to be 0.25 mg/L based on the regional population 
MIC distribution and after analysis of the plasma samples the drug dosage is 
considered adequate for the individual patient. However, if the actual MIC of the 
involved strain is 0.5 mg/L instead of 0.25 mg/L, AUC or Cmax needs to be twice as 
high to achieve the same AUC/MIC ratio or Cmax/MIC. If the actual MIC is 1 mg/L 
instead of 0.25 mg/L, it even requires a four times higher AUC or Cmax. Clearly, 
misassumptions like this could have a significant impact on the adequate dose for 
an individual patient. Another option is to use the worst case MIC, but that implies 
unnecessary high doses for most patients.

Plasma or serum samples are the gold standards for TDM and efficacy targets 
are also based on the drug concentrations and drug exposure in the central 
compartment. However, the antimicrobial effect is most closely related to the 
amount of drug present at the site of action. The plasma samples only serve as proxy 
for infection site concentrations because of the invasive nature of tissue sampling 
methods. Still, low plasma concentrations have been associated with unfavourable 
outcomes and can therefore be used in TDM [20,21]. Ideally, pharmacokinetic/
pharmacodynamic parameters at the site of infection will be easier to determine or 
predict in the future, as, together with data about drug penetration into infection 
sites, this would increase the quality of TDM.

Despite the previously mentioned challenges that come with performing TDM, we 
feel that it is a suitable clinical service that is able to make a significant improvement 
in treatment success while reducing the emergence of drug resistance. This thesis 
focused on alternative methods, such as saliva sampling, LSS, and centralized TDM, 
that may be able to decrease the organisational and financial burden of TDM and 
evaluated their feasibility in TB care.
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TDM USING SALIVA SAMPLES

Using saliva samples for TDM of anti-TB drugs would be interesting, because it is 
an easy, non-invasive, patient friendly sampling method and it has the potential for 
home-based sampling in remote areas [22]. Therefore, it might as well be cheaper 
than blood-based TDM as trained medical staff is not required to collect saliva 
samples [23]. However, although there are exceptions [24,25], in general salivary 
drug concentrations not always correlate well with plasma concentrations [26]. 
The major challenge of salivary TDM is that the penetration of drugs from blood 
into saliva is influenced by many factors. Firstly, the chemical properties of the drug 
play an important role and determine whether a drug is likely to passively diffuse 
across the membranes in the salivary gland (e.g. protein binding, pKa, molecular 
mass, lipid solubility) [27,28]. Physiological elements that have an influence on 
drug penetration into saliva are salivary flow, salivary pH, composition of saliva, 
involvement of drug transporters, and presence of oral cavity diseases [27–29]. 
Other contributing factors are drug stability in saliva, sample storage conditions, 
sampling methods, used materials, and assay variation. All these aspects contribute 
to differences in saliva-blood concentration ratios between drugs, between studies, 
between patients, and even within one patient.

Several studies on salivary versus blood concentrations of anti-TB drugs have been 
performed already and showed a substantial variation of saliva-plasma or saliva-
serum ratios between these studies (Chapter 2). Numerous dissimilarities, for 
instance in sampling procedure or study population, were observed between the 
studies and these could partially explain the wide range of saliva-blood ratios 
found in the systematic review. Only a small number of studies included patients 
with TB and even fewer evaluated the feasibility of salivary TDM in TB treatment.  
Therefore, a prospective observational study in TB patients was designed and set up 
to fill this knowledge gap (Chapters 3a, 3b, 3c). A strength of this study is that the 
patients already received TDM using blood samples as part of standard care and only 
non-invasive saliva samples had to be additionally collected. Moreover, all TB drugs 
being part of the individualized treatment regimens were studied and therefore 
data was mainly collected for frequently used preferential anti-TB drugs (rifampicin, 
isoniazid, moxifloxacin, linezolid). In preparation for this study, a safe sampling 
method was used to process saliva samples of sputum culture positive patients 
without infection hazard of TB bacteria present in their oral cavity (Chapter 3d). 
This sampling method utilizes membrane filtration to successfully sterilize saliva, 
but on the other hand is expected to introduce additional costs and more variability 
due to different sampling methods.
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The results of this study were mostly in line with the theoretical background and 
chemical properties of the drug. Rifampicin is known to have a high protein binding 
of 80-90% [30] and demonstrated very low saliva-serum ratios in our study, while 
isoniazid saliva-serum ratios were significantly higher due to a low protein binding 
of 10-15% [31]. Amikacin did not penetrate into saliva at all, likely due to ionization 
and polarity of the molecule. Saliva-plasma ratios of moxifloxacin were very high and 
this corresponds with a large volume of distribution [32–34]. Interestingly, in some 
patients moxifloxacin salivary concentrations were greater than the simultaneously 
collected plasma concentrations, but the underlying mechanism remains unknown. 
Theoretically, a drug can be unionized in plasma, but becomes ionized after it transfers 
to saliva due to differences in pH between these two matrices. Because ionized 
molecules cannot easily diffuse across membranes, the drug could get trapped in 
saliva and this results in saliva-blood ratios above 1. However, we did not detect any 
association between salivary pH value and the saliva-plasma or saliva-serum ratio. 
Therefore other mechanisms that could cause a high salivary concentration are more 
likely, such as the involvement of active transporters in addition to passive diffusion 
[29].

The main conclusion of the study was that salivary TDM is not an equal alternative 
to traditional blood-based TDM, since it is not feasible for all TB drugs nor is it as 
precise as TDM using blood samples (Chapters 3a, 3b, 3c). In the light of the practical 
advantages of salivary TDM, we feel that a larger variability can be accepted for saliva 
screening methods to identify patients with low drug exposure, to monitor adherence, 
to determine isoniazid acetylator phenotype or to select other individuals who 
could benefit from blood-based TDM. Future studies could particularly focus on the 
development of convenient semi-quantitative methods using saliva samples [22]. A 
clinically relevant example is a screening method for low levofloxacin drug exposure 
using salivary trough concentrations [25]. Furthermore, a proof of concept study on 
salivary TDM of new anti-TB drugs (e.g. bedaquiline) could be valuable once more 
efficacy data and PK/PD targets are available for these drugs [35].

Nevertheless, only a saliva-blood ratio established and validated in clinical research is 
not sufficient for implementation of salivary TDM in daily TB care. Firstly, new analytical 
methods need to be developed for drug analysis in saliva or current methods need to 
be cross validated in saliva. LC-MS/MS was used to analyse the patient samples in our 
study, but we realize this technique is expensive and not always available in high TB 
burdened countries with limited resources. Therefore, it would be helpful to develop 
other analytical methods (e.g. using HPLC-UV) that are able to analyse anti-TB drugs 
in saliva or centralize drug analysis in reference laboratories [22]. Other elementary 
lab experiments that have to be performed beforehand are recovery testing of the 
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sampling materials as well as determination of drug stability in saliva (especially 
in case of home-based sampling). Last but not least, logistics as well as training of 
personnel and patients should be organized. Clearly, whereas collecting saliva samples 
is straightforward, the overall concept of salivary TDM is not.

LIMITED SAMPLING STRATEGIES (LSS)

This thesis also focused on using LSS as method to decrease the burden of TDM for 
patients as well as health care personnel and to reduce costs. A LSS is able to estimate 
individual drug exposure using a small number, usually one to three, of appropriately 
timed plasma or serum samples [36–38]. After analysis of the blood samples, the 
individual AUC can be assessed using the drug concentration results together with 
either a population pharmacokinetic model or equation established by multiple linear 
regression [39]. Each approach has its own advantages and disadvantages. Multiple 
linear regression is simple and readily available, yet timing of samples is rigid and 
it can only be used in a patient with comparable characteristics to the population 
included in the development dataset. In contrast, a population pharmacokinetic model 
is more flexible in terms of timing of samples and patient characteristics, but requires 
modeling software. A strength of the LSS developed in this thesis (Chapters 4a, 4b) is 
that both approaches were used to develop separate LSS. One of the validated LSS can 
be chosen based on availability of modeling software, patient characteristics, and the 
preferences of the clinician.

By minimizing the number of samples, the accuracy of the AUC estimation will also be 
reduced. LSS are all about finding the minimal number and optimal timing of samples 
that is required for acceptable estimation of drug exposure. Slight deviations between 
estimated and actual AUC are accepted (RMSE<15%, MPE<5%, r2>0.95) [36,37,40]. 
For target AUC/MIC of anti-TB drugs, there usually is a cut-off value instead of a narrow 
range of target exposure [41–45]. Therefore it is unlikely that minor bias or a slightly 
decreased precision will have a significant effect on dosing decisions after TDM with 
LSS. For instance, our multiple linear regression LSS for levofloxacin using t=0 h and 
t=4 h samples (Chapter 4b) would have resulted in a different dosing decision in only 
1 of 30 patients when compared with regular TDM, which is considered acceptable.

Appropriate validation is key to evaluate the performance of the proposed LSS before 
it can be safely used in clinical practice. Preferably, external validation is performed in 
a separate dataset to ensure that the LSS is able to adequately estimate drug exposure 
in a new patient [46]. If possible, the dataset for external validation should be collected 
in a significantly different population to test the robustness of the model. In case there 
is no separate dataset available for the targeted patient population, internal validation 
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should be performed instead [47]. A LSS that is only internally validated should be used 
with caution in patients who differ from the study population as the performance of the 
LSS remains unknown. An internally validated LSS can always be externally validated 
later on, once a suitable dataset becomes available, to test whether it is suitable for 
the aimed population as well. We consider this more efficient than developing a new 
and comparable LSS in every patient population. Besides, this will maintain a clear 
overview of available LSS and its applications.

Frequently, LSS are developed for only one drug at the time as we did in this thesis. 
However, this results in many different LSS which are not easily merged into one 
general LSS for the entire drug regimen of a patient with TB. For example, we developed 
a LSS for moxifloxacin using t=0 h and 4 h samples (Chapter 4a). Previously, a LSS 
for linezolid was developed using t=0 h and t=2 h samples [36]. Simultaneous TDM 
of the group A drugs moxifloxacin and linezolid is preferred from the programmatic 
treatment point of view. However, using these two LSS it would already require three 
samples (0, 2, and 4 h), but likely even more if yet another drug needs to be monitored. 
So far, two studies have been published that developed a LSS for all first-line TB drugs 
at once, one additionally included moxifloxacin [48,49]. It would be very helpful if 
there also was a LSS available for a combination of commonly prescribed drugs in 
MDR-TB treatment (e.g. group A drugs). After all, TDM is particularly recommended 
for MDR-TB patients because of suboptimal treatment outcomes and toxicity of the 
second line drugs [50].

We feel that LSS are promising to be implemented in TB treatment, because they are 
satisfactorily precise and can make use of already existing analytical methods and 
procedures. On the other hand, LSS still require venipuncture in a health facility and 
do not have the advantage of home-based sampling unless dried-blood spots or other 
suitable home sampling methods are developed and validated. Yet, we do see great 
potential in LSS together with dried-blood spot sampling [51], because of the already 
available methods for dried blood spot analysis of anti-TB drugs, high sample stability, 
and home-sampling possibilities [52–57].

CENTRALIZED TDM

As was proposed before, centralizing drug analysis in core laboratories may be the 
way to go to increase the use of TDM in TB treatment [22]. It likely reduces the costs of 
TDM, because expensive analytical equipment has to be available in only few locations 
and is efficiently used for multiple health care facilities. Additionally, the quality of TDM 
is more likely to be improved due to extensive experience, highly trained personnel, 
sophisticated equipment, and participation in proficiency programs using quality 
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control rounds with reference laboratories [58]. On the other hand, centralizing TDM 
will introduce logistic challenges due to the numerous transports of samples from 
local health facilities to the central laboratory. Therefore, we aimed to evaluate the 
feasibility of centralized TDM primarily using the turn-around-time between sampling 
and sharing dosing advice (Chapter 5). The strength of this prospective multicenter 
study is that it uses LSS from Chapter 4a and Chapter 4b to reduce the burden of 
TDM. Fortunately, levofloxacin and moxifloxacin are rather stable in plasma and serum 
samples and can therefore be transported at room temperature conditions (Chapter 
5). However, this might be different for other TB drugs that are less stable and would 
require more expensive transport using for example dry ice. For these drugs, dried-
blood spots might be a solution as sample stability usually is prolonged [52,59]. In the 
future, we ideally see centralized TDM joining forces with LSS and perhaps also dried-
blood spots to increase the use of TDM in TB treatment.

CONCLUSION

This thesis focused on strategies to decrease the burden of TDM and hereby stimulating 
performing TDM in TB treatment. Based on the studies compiled in this thesis, we can 
conclude that salivary TDM cannot be seen as equal alternative for blood-based TDM 
but can be useful as semi-quantitative screening method at location for some anti-TB 
drugs. LSS are accurate in estimating drug exposure if properly developed and are 
valuable to decrease the burden of TDM by minimizing the number of required samples. 
Developing accurate and clinically feasible LSS for relevant drug combinations will be 
the next step towards more frequent practice of TDM. Furthermore, centralizing TDM 
in a central laboratory is expected to reduce the financial burden, while increasing the 
quality of TDM. However, centralized TDM might be logistically challenging and its 
feasibility remains to be determined.
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