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ABSTRACT

Multidrug resistant TB, caused by M. tuberculosis resistant to rifampin and isoniazid, is emerging 
urging the need to explore alternative treatment possibilities. Sulfamethoxazole, one out of two 
components of co-trimoxazole, has been shown to be active against (MDR-)TB in vitro. However, 
the pharmacokinetics of sulfamethoxazole is rather unknown. A limited sampling model could 
help in studying the pharmacokinetics of sulfamethoxazole.

A prospective clinical trial was performed with twelve patients with TB.  All patients were 
administered 960 mg co-trimoxazole (800 mg sulfamethoxazole), blood samples were frequently 
withdrawn and analysed. A limited sampling strategy was built using Monte Carlo simulations 
and with linear regression in order to estimate the area under the curve (AUC0-24h).  Monte Carlo 
simulations resulted in limited sampling strategies 2 and 3 hours post-dose (R2 = 0.61, prediction 
bias = 0.16%, RMSE: 1.5%), while linear regression resulted in a 6-hours post dose optimal 
sampling strategy (RMSE: 3.5%).

With these limiting sampling strategies, the AUC0-24h can easily be estimated using the 
proposed linear regression formula, or with Bayesian pharmacokinetic software. These strategies 
can be used in further clinical studies exploring PK/PD of co-trimoxazole in the treatment of TB.

INTRODUCTION

Multidrug resistant tuberculosis (MDR-TB) is defined as tuberculosis caused by M. tuberculosis 
(Mtb) resistant to the first-line drugs isoniazid and rifampin.1 Unfortunately, the prevalence of MDR-
TB is increasing worldwide and resistant to second line drugs, such as amikacin and kanamycin, 
is emerging with an estimated 46.000 newly developed cases of extreme drug resistant TB 
(XDR-TB) worldwide in 2014.2 For this reason the development of new or reinvented antimicrobial 
drugs active against Mtb needs to be intensified. The efficacy of antimicrobial drugs, such as co-
trimoxazole, already in use to treat other bacterial infections can and should also be evaluated 
for M. tuberculosis. Co-trimoxazole consists of two antimicrobials, namely sulfamethoxazole 
and trimethoprim in a 5 to 1 ratio. In vitro, Mtb is susceptible for sulfamethoxazole, with a mean 
inhibitory concentration (MIC) of 9.5 mg/L,3-5 indicating potential use for the treatment of TB. 
Moreover, co-trimoxazole is inexpensive and available worldwide.

The World Health Organisation (WHO) recommends the use of 960 mg co-trimoxazole 
in patients with TB that are concurrently infected with HIV,6 since randomised controlled trials 
proved that the mortality in patients with HIV and TB decreased while receiving co-trimoxazole.7-9 

In addition, co-trimoxazole may prevent the development of TB,10 particularly in patients without 
previous antiretroviral therapy, indicating that co-trimoxazole has an effect on Mtb growth .

Sulfamethoxazole shows a concentration-dependent killing.11 We therefore assume that 
the efficacy predicting parameter is the concentration of sulfamethoxazole under the curve in  
24 hours (AUC0-24h) or unbound concentration (fAUC0-24h) divided by the MIC (AUC0-24h/MIC).11 The 
AUC0-24h/MIC ratio for in the treatment of tuberculosis should be determined in a hollow-fiber 
model.12,13

To date the use of co-trimoxazole should be limited to those patients infected with Mtb 
with an extensive resistance pattern but with susceptibility to co-trimoxazole. Therapeutic drug 
monitoring is helpful to optimize drug exposure in patients with limited treatment options.14 

However, acquiring full plasma curves is costly and burdensome for patients involved. In addition, 
it is difficult to obtain full serum curves in the treatment of TB in an outpatient clinic setting.15 
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This makes it expedient to develop a limited sampling strategy using the population 
pharmacokinetic model. Using a limited sampling strategy, only few blood samples are needed 
to reliably predict the AUC. This approach is less burdensome and patients in outpatient clinics 
do not have to stay for a full pharmacokinetic curve.

The objective of this study is therefore to develop a limited sampling strategy of patients 
using 960 mg co-trimoxazole.

PATIENTS AND METHODS

Study population

Two data sets were used for this study. Data of patients who participated in an earlier 
prospective PK study were selected for development of a limited sampling model.16 In brief, 
patients with culture-confirmed drug sensitive tuberculosis and aged between 18 and 65 years 
participated in that study. After 4-6 days administration of co-trimoxazole 960mg once daily 
blood samples were withdrawn at 8 different time points. The local ethical committee granted 
ethical clearance and written informed consent was obtained from the participants. Data of 
patients receiving co-trimoxazole as part of their MDR-TB treatment were used as external control 
for the developed limited sampling model. TDM was routinely performed in MDR-TB patients and 
the need for written informed consent was waived due to the retrospective nature of that study. 
More detailed data on this study population and the outcome of treatment was presented earlier.16

In both studies sulfamethoxazole and sulfamethoxazole-N-acetyl plasma concentrations 
were determined using a validated LC-MS/MS method.17

Limited sampling strategies

The pharmacokinetic population model described earlier was used for the development of 
the limited sampling strategies.16 With the use of MW/Pharm 3.81 (MediWare, The Netherlands), 
Monte Carlo simulations were performed in order to calculate blood concentrations for 1,000 
patients 1-8 hours after intake. Only strategies with a minimum sample interval of 1 hour, maximal 
3 samples in total, a maximum total sampling period of 8 hours, a RMSE <10% and a correlation 
coefficient >0.7 were evaluated.

Furthermore, we evaluated possible limited sampling strategies using simple linear and 
stepwise multivariate linear regression. Non-linear logarithmic regression was also performed but 
yielded similar or less accurate results. The latter was used in order to assess limited sampling 
strategies involving more than one sample time. Time points were included when statistically 
significant (P < 0.05). Afterwards, the RMSE was calculated by comparing the calculated  
AUC0-24h of all 12 patients using the limited sampling strategy with the AUC0-24h resulting from the 
model calculations.

Furthermore, an external validation was performed using data from an earlier study.18 The 
time points were entered in the limited sampling models, and the RMSE in predicting AUC0-24h was 
calculated.

Statistics

The predictive value of the limited sampling strategies for the AUC0-24h were evaluated using 
the RMSE (%) and by constructing a Bland-Altman plot. Predictive value of this model for the 
earlier population was evaluated using the RMSE. Pharmacokinetic parameters were compared 
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using Wilcoxon Signed Rank Tests using SPSS 20 (SPSS, Virginia, IL). Plots were constructed using 
SigmaPlot 12.0 (SigmaPlot, San Jose, CA).

RESULTS

Limited sampling strategies

Twelve patients participated in the prospective pharmacokinetic study. The median age 
was 31 years (IQR 26 - 52) with a median weight of 61.5 kg (IQR; 56.3 – 67.2) and a median height 
of 175 cm (IQR; 168.2 – 180.0). The measured serum creatinine varied from 48 – 83 μmol/L. The 
Monte Carlo simulations indicate various sampling times which met the conditions of an RMSE 
<10% and a correlation coefficient >0.7 (results shown in table 1). Considering only one sampling 
point, sampling 2 hours after intake provides the best estimation of the AUC0-24h with a R of 0.78 
(R2 = 0.61) with a prediction bias of 0.16% and a RMSE of 1.53%. When sampling 2h and 3h post-
dose, the estimation is slightly improved with a R of 0.90 (R2 = 0.81) and a prediction bias and 
RMSE of 0.11% and 1.05%, respectively.

The AUC0-24h prediction based on only one plasma sample was evaluated by simple linear 
regression. The lowest CV(RMSE) is expected when sampling at 6 hours post administration 
(3.53%). Sampling at 4, 5 and 8 hours post-dose results in a CV(RMSE) of 13.0%, 11.5% and 8.88%, 
respectively (as shown in table 2). Stepwise multivariate linear regression with all sampling times 
between 1 and 8 hours post-dose resulted in only one linear model in which both time points were 
significant (P < 0.05). This strategy, including both T = 4 and T = 6 samples, slightly improved the 
single sample estimation at T = 4 or T = 6 separately, with a CV(RMSE) of 2.3% with an adjusted 
R2 of 0.992 (table 1).

Table 1. Limited sampling strategies calculated by Monte Carlo simulations 

Time point(s) of sampling post-dose R Prediction bias (%) RMSE (%)
2 h 0.78 0.16 1.53
3 h 0.76 0.43 1.61
4 h 0.71 0.69 1.84
2 and 3 h 0.90 0.11 1.05
2 and 4 h 0.87 0.17 1.20
2 and 5 h 0.87 0.18 1.21
2 and 8 h 0.85 0.22 1.28
2 and 6 h 0.84 0.22 1.31
2 and 7 h 0.84 0.23 1.32
1 and 2 h 0.84 1.57 1.34
1 and 3 h 0.84 0.28 1.35
3 and 4h 0.84 0.34 1.36
3 and 5 h 0.84 0.34 1.37

Table 2. Limited sampling strategies calculated by simple linear regression (one sampling time) or stepwise  
multivariate linear regression (>1 sample times). 

Time point(s) of sampling post-dose R RMSE (%) Regression formula 
4 h 0.882 13.0 AUC = 12.383 + 11.948 * T4 
5 h 0.909 11.5 AUC = 40.822 + 11.775 * T5 
6 h 0.992 3.53 AUC = 2.615 + 14.731 * T6 
8 h 0.947 8.88 AUC = 63.267 + 14.573 * T8 
4 and 6 h 0.997 2.27 AUC = -18.571 + 12.535 * T6 + 2.2402 * T4 
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Retrospective validation

The strategy with sampling 4 and 6 hours post-dose by linear regression was evaluated on the 
data from the earlier published retrospective study.18

The median deviation from the observed AUC0-24h was -14.2% (range: -19.7 – 7.9%). A 
Bland Altman plot of the observed AUC vs. the AUC calculated based on T=4 and T=6 from both 
the prospective and retrospective study is shown in figure 1. All but one point are within the limits 
of agreement. The clinical relevance of this one outlier is low, since the deviation of the AUC was 
approx. 20% and will most probably not result in any change in clinical intervention to change 
the dose.

DISCUSSION

This is the first paper describing limited sampling strategies for the estimation of the 
sulfamethoxazole AUC0-24h. We presented the strategies resulting from Monte Carlo simulations 
and from simple and multiple linear regression. Both techniques indicate that the AUC0-24h can be 
estimated with the use of one, or preferably two serum samples.

Limited sampling models based on Bayesian estimations and based on multiple linear 
regression for anti-TB drugs have been used before in order to estimate the AUC0-24h.19,20  It has 
been shown that sampling at 1, 4 and 6 hours post-dose resulted in a reliable estimation of the 
AUC0-24h for rifampin, isoniazid, pyrazinamide, ethambutol and moxifloxacin simultaneously based 
on multiple linear regression. The limited sampling strategy for sulfamethoxazole, as proposed in 
this paper, fits in this strategy with sampling points at 4 and 6 hours post-dose. In addition, the 
limited sampling models for both aminoglycosides amikacin and kanamycin based on Bayesian 
estimation resulted in strategies including 1, 4 and 6 hours post-dose. Therefore, sulfamethoxazole 
AUC0-24h can also be estimated using the blood samples withdrawn for aminoglycoside therapeutic 
drug monitoring.19

Unfortunately, the pharmacokinetic/pharmacodynamic (PK/PD) target of sulfamethoxazole 

Figure 1. Bland Altman plot of the observed AUC and the AUC calculated with the proposed linear regression formula based 
on the sulfamethoxazole concentration T=4 and T=6 hours post-dose. Filled dots: patients from the prospective study, open 
dots: patients from the retrospective study. ULoA: upper limit of agreement, LLoA: lower limit of agreement.
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in the treatment of TB is still unclear. As pointed out before, it seems reasonable to assume 
that the AUC0-24h is an efficacy and toxicity predicting parameter.11 The proposed limited sampling 
model could be a tool helpful in clinical trials to estimate drug exposure to be able to correlate 
drug with outcome.

The Monte Carlo simulations indicate that sampling 2 and 3 hours post-dose provides the 
best estimation of the AUC0-24h. By using Monte Carlo simulations, the variability is expanded which 
improves the selection of the most optimal sampling strategy. In addition, the predicted RMSE is 
lower using these proposed limited sampling strategies than using the linear regression formulas. 
However, in order to estimate the AUC0-24h of individual patients, specialized pharmacokinetic 
software equipped with a population pharmacokinetic model and Bayesian forecasting is needed. 
With this software, estimation of the AUC0-24h based on two serum samples is reliable and robust 
and can therefore be used in clinical studies and patient care.

The concentration of sulfamethoxazole on T=4 and T=6 post-dose are highly correlated 
with the AUC0-24h. The AUC0-24h calculated based on samples withdrawn T=4 and T=6 hours after 
administration can therefore easily be predicted with the use of the proposed linear regression 
formula with low RMSE. This strong correlation suggests that this formula could be used further 
prospective studies  and clinical care.

We also validated this linear regression method on a set of patients included in a 
retrospective study.18 All calculated AUC values were within 20% of the observed AUCs from this 
retrospective cohort, indicating the clinical applicability of this method. However, almost all AUC0-

24h are underestimated with the proposed limited sampling strategy. It should be noted that the 
majority of the patients in the retrospective cohort was on 480 mg co-trimoxazole instead of 
960 mg. In addition, the retrospective study consisted of patients with MDR-TB. The difference 
in pharmacokinetics between the retrospective cohort and the current cohort may be caused by 
the difference in study populations – e.g., participants with different disease severity or underlying 
conditions, or drug-drug interactions. The co-administration of rifampicin, a potent CYP3A4 
inhibitor, in the prospective study could explain the underestimation of the AUC0-24h in the cohort 
which received a lower dosage co-trimoxazole.

Ideally, the limited sampling strategies are combined with the sampling strategies developed 
for first-line and second-line anti-TB drugs.19-21 In this manner, therapeutic drug monitoring of the 
anti-TB drugs could be combined with only limited serum samples needed. When the serum 
samples can be collected, transported and analysed using dried blood spots, therapeutic drug 
monitoring could also be available in developing countries.22-24

In conclusion, with the proposed Bayesian limited sampling strategies are suitable for 
clinical studies exploring PK/PD of co-trimoxazole and for therapeutic drug monitoring of 
sulfamethoxazole in MDR-TB patients.



134

Chapter 11

REFERENCES

1. Zumla A, Raviglione M, Hafner R, von Reyn CF. Tuberculosis. N Engl J Med 2013; 368(8): 745-55.

2. Organization WH. Tuberculosis fact sheet. 2016 (accessed 7 April 2016 2016).

3. Alsaad N, van der Laan T, van Altena R, et al. Trimethoprim/sulfamethoxazole susceptibility of 
Mycobacterium tuberculosis. Int J Antimicrob Agents 2013; 42(5): 472-4.

4. Forgacs P, Wengenack NL, Hall L, Zimmerman SK, Silverman ML, Roberts GD. Tuberculosis and 
trimethoprim-sulfamethoxazole. Antimicrob Agents Chemother 2009; 53(11): 4789-93.

5. Huang TS, Kunin CM, Yan BS, Chen YS, Lee SS, Syu W. Susceptibility of Mycobacterium tuberculosis 
to sulfamethoxazole, trimethoprim and their combination over a 12 year period in Taiwan. J Antimicrob 
Chemother 2012; 67(3): 633-7.

6. Organization WH. Guidelines on co-trimoxazole prophylaxis for HIV-related infections among children, 
adolescents and adults. recommendations for a public health approach. Geneva, Switserland: World Health 
Organization; 2006.

7. Nunn AJ, Mwaba P, Chintu C, et al. Role of co-trimoxazole prophylaxis in reducing mortality in HIV 
infected adults being treated for tuberculosis: randomised clinical trial. BMJ 2008; 337: a257.

8. Wiktor SZ, Sassan-Morokro M, Grant AD, et al. Efficacy of trimethoprim-sulphamethoxazole prophylaxis 
to decrease morbidity and mortality in HIV-1-infected patients with tuberculosis in Abidjan, Côte d'Ivoire: a 
randomised controlled trial. Lancet 1999; 353(9163): 1469-75.

9. Anglaret X, Chêne G, Attia A, et al. Early chemoprophylaxis with trimethoprim-sulphamethoxazole 
for HIV-1-infected adults in Abidjan, Côte d'Ivoire: a randomised trial. Cotrimo-CI Study Group. Lancet 1999; 
353(9163): 1463-8.

10. Hasse B, Walker AS, Fehr J, et al. Co-trimoxazole prophylaxis is associated with reduced risk of incident 
tuberculosis in participants in the Swiss HIV Cohort Study. Antimicrob Agents Chemother 2014; 58(4): 2363-8.

11. Cheng AC, McBryde ES, Wuthiekanun V, et al. Dosing regimens of cotrimoxazole (trimethoprim-
sulfamethoxazole) for melioidosis. Antimicrob Agents Chemother 2009; 53(10): 4193-9.

12. Gumbo T, Pasipanodya JG, Nuermberger E, Romero K, Hanna D. Correlations Between the Hollow Fiber 
Model of Tuberculosis and Therapeutic Events in Tuberculosis Patients: Learn and Confirm. Clin Infect Dis 2015; 
61 Suppl 1: S18-24.

13. Gumbo T, Pasipanodya JG, Romero K, Hanna D, Nuermberger E. Forecasting Accuracy of the Hollow 
Fiber Model of Tuberculosis for Clinical Therapeutic Outcomes. Clin Infect Dis 2015; 61 Suppl 1: S25-31.

14. Lange C, Abubakar I, Alffenaar JW, et al. Management of patients with multidrug-resistant/extensively 
drug-resistant tuberculosis in Europe: a TBNET consensus statement. Eur Respir J 2014; 44(1): 23-63.



135

Limited Sampling Strategies for Therapeutic Drug Monitoring of  
Co-trimoxazole in the Treatment of Multidrug-Resistant Tuberculosis

15. van der Burgt EP, Sturkenboom MG, Bolhuis MS, et al. End TB with precision treatment! Eur Respir J 
2016; 47(2): 680-2.

16. Alsaad N, Dijkstra JA, Akkerman OW, et al. Pharmacokinetic Evaluation of Sulfamethoxazole at 800 
Milligrams Once Daily in the Treatment of Tuberculosis. Antimicrob Agents Chemother 2016; 60(7): 3942-7.

17. Dijkstra JA, Alsaad NS, Hateren K, Greijdanus B, Touw DJ, Alffenaar JW. Quantification of co-trimoxazole 
in serum and plasma using MS/MS. Bioanalysis 2015; 7(21): 2741-9.

18. Alsaad N, van Altena R, Pranger AD, et al. Evaluation of co-trimoxazole in the treatment of multidrug-
resistant tuberculosis. Eur Respir J 2013; 42(2): 504-12.

19. Dijkstra JA, van Altena R, Akkerman OW, et al. Limited sampling strategies for therapeutic drug monitoring 
of amikacin and kanamycin in patients with multidrug-resistant tuberculosis. Int J Antimicrob Agents 2015; 
46(3): 332-7.

20. Magis-Escurra C, Later-Nijland HM, Alffenaar JW, et al. Population pharmacokinetics and limited sampling 
strategy for first-line tuberculosis drugs and moxifloxacin. Int J Antimicrob Agents 2014; 44(3): 229-34.

21. Sturkenboom MG, Mulder LW, de Jager A, et al. Pharmacokinetic Modeling and Optimal Sampling 
Strategies for Therapeutic Drug Monitoring of Rifampin in Patients with Tuberculosis. Antimicrob Agents 
Chemother 2015; 59(8): 4907-13.

22. Alffenaar JW. Dried blood spot analysis combined with limited sampling models can advance therapeutic 
drug monitoring of tuberculosis drugs. J Infect Dis 2012; 205(11): 1765-6; author reply 6.

23. Vu DH, Alffenaar JW, Edelbroek PM, Brouwers JR, Uges DR. Dried blood spots: a new tool for tuberculosis 
treatment optimization. Curr Pharm Des 2011; 17(27): 2931-9.

24. Sotgiu G, Alffenaar JW, Centis R, et al. Therapeutic drug monitoring: how to improve drug dosage and 
patient safety in tuberculosis treatment. Int J Infect Dis 2015; 32: 101-4.


	Chapter 11



