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Abstract

Background: Ertapenem is a widely used broad-spectrum antibiotic and can 
be administered once daily. Ertapenem is one of the newer carbapenems that is 
explored against Mycobacterium tuberculosis. The most important pharmacokinetic/
pharmacodynamics (PK/PD) parameter for ertapenem seems to be the free 40 percent of 
the time above the minimal inhibitory concentration (f 40%T>MIC). To be able to calculate 
the f 40%T>MIC, a good indication of the plasma concentration profile is mandatory. To 
assess 40%T>MIC in MDR-TB patients, a limited sampling strategy was developed using a 
population pharmacokinetic model based on healthy volunteers.
Methods: A population two-compartment model was based on data from forty-eight 
healthy volunteers using a two-stage Bayesian procedure. Bland-Altman analysis was 
performed to evaluate the correlation between the area under the plasma concentration-
time curve from 0-24h (AUC

0-24h
)

 
calculated and the AUC

0-24h
 estimated with the 

pharmacokinetic model. Plasma concentrations of 12 patients with MDR-TB were fitted 
into the model. A Monte Carlo simulation (n=1000) was used to calculate limited sampling 
strategies. Additionally, the f 40%T>MIC for MDR-TB patients was estimated with the 
population pharmacokinetic model. 
Results: The pharmacokinetic parameters determined with bootstrap analysis were CL

m
 

1.06 L/h, V1 0.08 L, f
r
 0.13, V

2
 0.05 L and CL

12
 2.56 L/h. This pharmacokinetic model was 

shown to estimate the AUC
0-24h 

in MDR-TB patients with an overestimation of 6.8 (range: 
-17.2 – 30.7)%. The best performing limited sampling strategy was found to be sampling 
at 1 and 5h (R2 = 0.78, mean predictive error = -0.33% and a %root mean square error 
= 5.5). Drug exposure was overestimated by a mean percentage of 4.2 (-15.2 – 23.6)%. 
Considering a free fraction of 5% and the MIC set at 0.5 mg/L, 10 out of 12 patients would 
have exceeded a minimum of f40% T>MIC.
Conclusions: A pharmacokinetic model and limited sampling strategy, developed using 
data from healthy volunteers, showed to be adequate to predict drug exposure in MDR-
TB patients.

KEYWORDS: Ertapenem, Tuberculosis, Pharmacokinetics, Pharmacokinetic model, 
Limited sampling.
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INTRODUCTION

Ertapenem is a broad spectrum carbapenem antibiotic, used against a range of infectious 
diseases (1). Like for all other beta-lactam antimicrobial products, the efficacy of 
ertapenem is characterized by time-dependent killing. Carbapenems have anti-bacterial 
activity when the plasma concentration exceeds the minimal inhibitory concentration 
at least 40% of the time (40%T>MIC) (1,2). Although not yet studied in tuberculosis (TB) 
patients, free 40%T>MIC is expected to be an important pharmacodynamic parameter (3). 
Carbapenems in combination with clavulanic acid has created interest since activity was 
shown in a murine model of TB (3). Additionally, a recent study showed that carbapenems 
efficiently inactivated peptidoglycan cross-linking in M. tuberculosis (3,4). Recently a new 
susceptibility testing method to estimate the MIC of ertapenem has been introduced (5) 
showing that ertapenem might be more potent in vitro than previously thought because 
its chemical degradation had never been taken into account (6). To date only a limited 
number of MDR-TB patients have been treated with ertapenem as part of a multidrug 
regimen. Based on this data, the drug appeared well tolerated during prolonged treatment 
(7,8). However, ertapenem is not yet added to the World Health Organization (WHO) list of 
anti-TB drugs, in contrast to imipenem and meropenem. 
 Pharmacokinetics of ertapenem have typically been studied in healthy volunteers 
(9), people with obesity (10,11), patients with renal failure (12-14) and critically ill patients 
with various pathologies (15-17). Lower drug exposure was observed in obese individuals 
(11), and an increase in dose interval was needed in patients with renal insufficiency with 
an estimated glomerular filtration rate (eGFR) below 30 mL/min/1,73m2 (13), suggesting 
that the optimal dose of ertapenem is different for various health conditions. A recent 
study on pharmacokinetics of MDR-TB patients suggested that there was substantial 
pharmacokinetic variability in these patients (7). 
 For studies exploring the use of ertapenem against M. tuberculosis it would be valuable 
to assess f 40% T>MIC in patients. To be able to calculate the f 40% T>MIC, a good indication 
of the plasma concentration profile is mandatory. However, measurement of the plasma 
concentration over the entire 24h dosing interval is time consuming, expensive and 
burdening to patients. A limited sampling strategy can be used to predict this plasma 
concentration profile as has been done for other anti-TB drugs (18-20).
 The aim of this study was to develop a population pharmacokinetic model and a 
limited sampling strategy, in order to estimate drug exposure of ertapenem in MDR-TB 
patients.
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MATeRIALS AND MeTHODS

This study was based on two data sets. The first set was comprised of forty-eight healthy 
volunteers from five clinical studies receiving 0.25 to 3 g i.v. doses of ertapenem (9). The 
second set was comprised of a retrospective dataset of patients with MDR-TB, receiving 
1g ertapenem administered once daily via a 30 minute infusion at the Tuberculosis 
Center Beatrixoord, University Medical Center Groningen, The Netherlands between 
December 1, 2010 and March 1, 2013 (7). Plasma concentrations of ertapenem were 
collected at steady state before administration and at 1, 2, 3, 4, 5, 6, 8 and 12 hours after 
administration. Ertapenem plasma concentrations were analyzed by a validated liquid 
chromatography-tandem mass-spectrometry (LC-MS/MS) method (21). Both data sets 
included demographic and medical data, such as age at start of treatment, height and 
body weight at the time of pharmacokinetic assessment and serum creatinine at the time 
of pharmacokinetic assessment.

Population pharmacokinetic model 

All pharmacokinetic calculations were performed using MW\Pharm 3.82 (Mediware, 
Groningen, The Netherlands). The drug plasma-concentrations of the forty-two healthy 
volunteers were used to develop a two-compartmental population pharmacokinetic 
model using the KinPOP module of MW\Pharm. The clearance was calculated with CL = 
CL

m
 (metabolic clearance (L/h)) * BSA (body surface area (m2)) /1.85 + f

r 
(drug clearance – 

creatinine clearance ratio) * CL
cr

 (creatinine clearance (L/h)). The area under the plasma 
concentration-time curve from 0 up to 24 hours (AUC

0-24h
) was calculated using the log 

trapezoidal rule. Ertapenem plasma concentrations were analysed using an iterative two-
stage Bayesian (ITSB) procedure. Distribution pharmacokinetic parameters were assumed 
to be log-normally distributed and the residual error was assumed to be normally 
distributed with SD = 0.1 + 0.1*C, in which C is the observed plasma concentration of 
ertapenem. The parameters of population model were assumed to be log-normally 
distributed and calculated using bootstrap analysis (n = 1000). 
 Internal validation was performed by leaving three healthy volunteers out of the 
pharmacokinetic model, creating n-3 sub models. N-3 sub models were obtained by 
randomization using Microsoft Excel 2010. The AUC

0-24h
, estimated was obtained by fitting 

the curve of the three left out volunteers in the corresponding n-3 sub models. Agreement 
between AUC

0-24h
, and estimated and AUC

0-24h
 was assessed by Bland-Altman (BA) analysis 

and Passing and Bablok regression and subsequent residual plot. Fitting the individual 
data of MDR-TB patients in the two-compartmental pharmacokinetic model externally 
validated the population pharmacokinetic model. BA analysis was also used to assess the 
agreement between the AUC

0-24h 
of MDR-TB patients resulting from the external validation 

and the AUC
0-24h 

of MDR-TB patients
 
calculated with the KINFIT module of MW\Pharm 3.82. 
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 Healthy volunteers received multiple or single doses of ertapenem. Multiple doses 
were given on day one and day eight and were treated as single doses on day one to 
prevent duplication. 

Limited sampling strategies

A Monte Carlo simulation was used to calculate limited sampling strategies. This simulation 
consisted of 1000 random patients drawn from the population pharmacokinetic model. 
For each patient limited sampling strategies were calculated at 1 to 4 sampling time points 
by Bayesian MAP procedure. We only considered evaluation of sampling time points from 
0-6 h for limited sampling strategies, since this would be suitable for application in clinical 
practice. 
 Performance was considered suitable for application in prospective studies if the 
adjusted r squared (R2) was > 0.95, the root mean squared error (RMSE) was < 15%, and 
the mean prediction error (MPE) was <5%.

Predication of free 40%T>MIC

The ertapenem concentration-time curve of each patient was used to establish if the f 
40%T>MIC was reached. For this cause the time that the concentration-time curve was 
above the MIC was assessed in MW/Pharm. The percentage protein unbound ertapenem 
used for the assessment was 5-10% (4,7). European Committee on Antimicrobial 
Susceptibility Testing (EUCAST) MIC values for ertapenem (non-species related) of 0.5 and 
1.0 mg·L−1 were used to calculate f 40%T>MIC. Exposure was considered adequate if the 
concentration was 40% of time above MIC which corresponds with 9.6 h of each 24 h 
interval.

Statistics

Differences between the population characteristics and pharmacokinetic parameters of 
healthy volunteers and TB patients were calculated using the Mann Whitney U test. All 
statistics were calculated with Analyse-it™ for Microsoft Excel (version 2.30).
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TABLe 1: Baseline characteristics of healthy volunteers versus multidrug-resistant tuberculosis 
patients 

Healthy volunteers MDR-TB patients p-value

n=42 n=12

Sex [n (%)] 

Male 36 (86%) 5 (42%) 0.0083a

Female 6 (14%) 7 (58%)

Age (years; median, IQR) 31 (23-38) 25 (18-30) 0.064b

Weight (kg; median, IQR) 78.9 (72.2-83.8) 55.5 (47.3-70.3) 0.000b

Height (cm; median, IQR) 178 (172-183) 167 (164-174) 0.004b

Body mass Index (kg/m2; median, IQR) 24.5 (23.6-26.2) 19.2 (17.9-23.7) 0.002b

Ethnicity

Black (%) 5 (12%) 7 (58%)  0.000c

Caucasian (%) 36 (86%) 3 (25%)

Asian (%) 1 (2%) 1 (8%)

Other (%) 0 (0%) 1 (8%)

Serum Creatinine * 0.9 (0.8-1.1) ** 0.5 (0.4-0.7) 0.000b

Dose(mg)/weight(kg) 18.0 (14.2-21.1) ** 12.9 (6.0-20.0) 0.044b

Samples/patient 28 (16-48) 7 (6-8)

*On the day the plasma concentrations were determined
** Some patients received more than one dose with subsequent serum creatinine
     a Fisher exact test
     b Mann-Whitney U test
     c Pearson Chi-Squared test

ReSULTS

Data set

Data of forty-two healthy volunteers was used to develop the population pharmacokinetic 
model. The baseline characteristics of healthy volunteers and MDR-TB patients were 
shown to differ significantly (P<0.05), except for age (table 1). The median age of the 
subjects was 31 (23 - 38) years and body mass index was 24.5 (23.6 – 26.2 ) kg/ m2. Mean 
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AUC
0-24h 

value for 1g ertapenem once daily was 540.57 (491.85 – 551.36 mg*h/L). The 
steady state pharmacokinetic parameters are based on a two-compartmental model, and 
are displayed in table 2. 

TABLe 2: Two-compartmental steady-state pharmacokinetic parameters of ertapenem in healthy 
volunteers

Healthy volunteers (n=42)a

AUC [t=∞] (h.mg/l) 529.31 (263.48 – 775.05)

AUC [t=24h] (h.mg/l) 519.81 (257.53 – 747.25)

CL (l/h) 1.87 (1.72 – 2.03)

CL
12

 (l/h) 3.27 (1.98 – 3.41)

V
1
(l) 5.86 (5.09 – 6.53)

V
2
 (l) 3.97 (3.34 – 4.42)

V
ss

 (l) 9.83 (9.12 - 10,49)

V (l) 11,46 (10,19 - 11,98)

k
10

 (/h) 0,33 (0,28 - 0,36)

k
12

  (/h) 0,62 (0,32 - 0,60)

k
21

  (/h) 0,76 (0,55 - 0,81)

t
1/2

 1 (h) 0,62 (0,44 - 0,69)

t
1/2 

2 (h) 4,31 (3,93 - 4,55)

MRT (h) 5,35 (4,83 - 5,64)

Data are presented as geometric mean (range)

AUC = Area under the concentration-time curve; CL = clearance; V
ss

 = Volume of distribution at steady state; V
1
 

= Central compartment volume; V
2
= Peripheral compartment volume; V = Volume of distribution; CL

12
 = inter-

compartmental clearance; MRT = mean residence time; k
12

 and k
21 

=  first-order inter-compartmental transfer 
rate constants between the central and peripheral compartments; k10 =elimination rate constant ; t

1/2
 1 and 2 

= half-life of ertapenem in the central (1) and peripheral (2) compartment
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TABLe 3: Final population pharmacokinetic model parameters at a 1g dose

Healthy volunteers (n=18 ) Tuberculosis patients (n=12) p-value*

Cl
m

 (l/h) 1.08 (1.05 – 1.10) 0.98 (0.92 – 1.03) 0.0030

f
r

0.153 (0.139 – 0.159) 0.108 (0.087 – 0.136) 0.4460

V
1
 (l/kg) 0.084 (0.078 – 0.089) 0.087 (0.079 – 0.104) 0.0130

CL
12

 (l/h) 2.546 (2.536 – 2.553) 2.560 (2.545 – 2.574) 0.0470

V
2
 (lkg) 0.0542 (0.0540 – 0.0543) 0.0539 (0.0538 – 0.0544) 0.4290

AUC
0-24h 

(h.mg/l) 540.57 (491.85 – 551.36) 573.07 (435.62 – 603.89) 0.5534

C
max

 (mg/l) 154.29 (143.21 – 167.15) 175.78 (156.72 – 184.41) 0.0904

* Mann-Whitney U test
Cl

m
 = apparent clearance of the metabolite; V

1
 = volume of distribution of the central compartment; f

r
 

=ertapenem clearance/creatinine clearance ratio; V
2
 = volume of distribution in the peripheral compartment; 

CL
12

 = inter-compartmental clearance; AUC
0-24h 

= area under the curve from 0 to 24 h; C
max 

= maximal 
concentration of ertapenem.

Pharmacokinetic model 

Results of population pharmacokinetic parameters are shown in table 3. It appeared 
that the CL

m
 as well as the inter-compartmental clearance (CL

12
) was significantly higher 

(P<0.05) in healthy volunteers than in MDR-TB patients. AUC
0-24h 

values observed from 
the population pharmacokinetic model were underestimated by mean 0.3% (range: -8.1 
– 7.6), when compared with the AUC

0-24h 
values calculated with KINFIT (MW\Pharm 3.82) - 

shown in Figure 1. 

The observed and model calculated ertapenem AUC
0-24h

 were assessed for agreement, 
using Passing and Bablok regression in figure 2a. From the residual blot in figure 2b can 
be seen that the data looks heteroscedastic, meaning that at a higher AUC

0-24h 
the AUC

0-24h 

cannot be predicted as well with the model as with a lower AUC
0-24h

 value. However, the 
spread is equal on both sides of the regression line and the distance is minimal as can be 
seen in figure 2a.  

AUC
0-24h 

values of the MDR-TB patient data in the population-pharmacokinetic model were 
underestimated by mean 6.8% (range: -17.2 – 30.7), when compared with the calculated 
AUC

0-24h
. The estimated AUC

0-24h 
correlated with the calculated AUC

0-24h,
 as determined 

with a Bland-Altman analysis - shown in Figure 3. 
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	fIGURe 1: Internal validation of the population pharmacokinetic model. Bland-Altman plot 
showing the agreement between the area under the concentration-time curve for 24h (AUC

0-24h
) 

of healthy volunteers estimated with the population pharmacokinetic model and the AUC
0-24h

 
calculated with KINFIT (MW\Pharm 3.81). 

fIGURe 2A: Passing and Bablok regression. Showing the agreement between the area under the 
concentration-time curve for 24h (AUC

0-24h
 calculated with KINFIT (MW\Pharm 3.81) and the AUC

0-24h
 

estimated with the population pharmacokinetic model (dotted lines: 95% confi dence interval (CI)).
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fIGURe 2B: Residual plot. Residuals translated from the Passing and Bablok regression line. The 

blue line is the regression line in fi gure 2a.

fIGURe 3: External validation of the population pharmacokinetic model. Bland Altman plot 

showing the agreement of the area under the concentration- time curve (AUC
0-24h

) of multidrug-

resistant tuberculosis patients calculated with KINFIT and the AUC
0-24h

 estimated with the 

population pharmacokinetic model.  

	



Chapter 5

146

The pharmacokinetic parameters were determined with bootstrap analysis and are shown 
in table 4. 

TABLe 4: Pharmacokinetic parameters of the population model (Bootstrap analysis)

Parameter Mean (95% CI) ± st. dev. (95% CI)

CL
m

 (L/h) 1.06 (0.54 – 1.34) 0.16 (0.09 – 0.23)

V
1
 (L/Kg) 0.08 (0.08 – 0.08) 0.01 (0.01 – 0.01)

f
r

0.13 (0.07 – 0.24) 0.04 (0.02 – 0.06)

V
2 
(L/Kg) 0.05 (0.05 – 0.06) 0.00 (0.00– 0.00)

CL
12

 (L/h) 2.56 (2.34 – 2.85) 0.14 (0.11 – 0.27)

Cl
m

 = apparent clearance of the metabolite; V
1
 = volume of distribution of the central compartment; f

r
 

=ertapenem clearance/creatinine clearance ratio; V
2
 = volume of distribution in the peripheral compartment; 

CL
12

 = inter-compartmental clearance

Limited sampling strategies 

Using the population pharmacokinetic model, limited sampling strategies were evaluated 
and the R2, bias and RMSE were subsequently determined. Limited sampling strategies 
with 1 to 4 sampling time-points are shown in Table 5. None of the limited sampling 
strategies reached the predetermined threshold of R2 > 0.95. Four sampling time points, 
at 1, 2, 3 and 5h, enabled the best prediction of ertapenem exposure reflected by AUC

0-

24h,
 considering bias, RMSE and R2 (R2 = 0.87, mean predictive error = -0.33% and a %RMSE 

= 4.4). Two sampling time-points also reached favourable %RMSE and mean predictive 
error, of 5.5 and -0.33% respectively. 

The AUC
0-24h 

estimated by applying this two sampling time-point limited sampling strategy 
was compared with the AUC

0-24h
 calculated with KINFIT (MW\Pharm 3.81)

 
using Bland-

Altman analysis. This strategy overestimated the AUC
0-24h 

by 4.2% (-15.2 – 23.6) (figure 4). 
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TABLe 5: Best-performing limited sampling strategies

first 
sampling 
time point 
(h)

Second 
sampling 

time point (h)

Third 
sampling 

time point 
(h)

fourth 
sampling 

time point 
(h)

Coeffi  cient of 
determination 

(r2)

Mean 
predictive 

error 
(%bias) % RMSea

6 0.52 -0.35 7.8

4 0.54 -0.22 7.6

5 0.57 -0.09 7.4

1 6 0.73 -0.59 6.0

1 4 0.77 -0.45 5.8

1 5 0.78 -0.33 5.5

1 3 4 0.83 -0.49 5.0

1 2 5 0.83 -0.42 4.9

1 3 5 0.83 -0.39 4.9

1 2 4 5 0.86 -0.44 4.5

1 2 3 4 0.88 -0.53 4.4

1 2 3 5 0.87 -0.33 4.4

a Relative mean standard error

	
fIGURe 4: Validation of the limited sampling strategy. The Bland-Altman plot shows the agreement 

between the area under the concentration-time curve for 24h (AUC
0-24h

) from multidrug-resistant 

tuberculosis patients obtained from the population pharmacokinetic model applying the limited 

sampling strategy of 1 and 5h and the AUC
0-24h

 calculated with KINFIT (MW\Pharm 3.81).
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%T>MIC

Considering a free fraction of 5% and the MIC set at 0.5 mg/L, 10 out of 12 patients would 
have exceeded a minimum of 40% f T>MIC (range 8.68h – 24h) thereby having sufficient 
therapeutic effect in MDR-TB Patients.; with the MIC set at 1 mg/L, 9 of 12 patients would 
have had therapeutic concentrations in excess of 40% of time reflecting a therapeutic 
benefit from the ertapenem administration (range 6.72h – 19.6h).

DISCUSSION

This is the first study showing that a population pharmacokinetic model of ertapenem 
based on data of healthy volunteers can predict pharmacokinetics of ertapenem in 
patients with MDR-TB, even though the baseline characteristics of both healthy volunteers 
and MDR-TB patients differed significantly (table 1). We showed that the AUC

0-24h 
of MDR-

TB patients
 
could be estimated with this population pharmacokinetic model with a mean 

overestimation of 6.8% (± 2.8). 
 The robustness of this pharmacokinetic model was validated using a n-3 cross-
validation, showing an underestimation of 0.3%. The limited sampling strategy that we 
present here can be used to assess individual drug exposure of ertapenem in TB patients 
with limited treatment options. Moreover, the model and limited sampling strategy 
can be used to evaluate drug exposure of ertapenem in phase II studies studying early 
bactericidal activity of ertapenem in TB patients. Such a study is urgently needed to 
provide data on efficacy of the potential attractive TB drug.
 In the population pharmacokinetic model, multiple doses were treated as single 
doses on day one to avoid duplication, as an earlier study had found that there was 
no accumulation of ertapenem following dosing over eight days and mean plasma 
concentrations were found to be very similar on day one as well as on day eight (9). We did 
not include the subjects receiving a 3g dose, since they had a longer infusion time which 
complicated the model.
Pharmacokinetic modeling of ertapenem has been performed in previous studies, but 
it has never been performed for application in MDR-TB treatment. Based on previous 
reports and recent pharmacokinetics studies on ertapenem (10-17, 22-24), we evaluated 
concentration time curves in both a one-compartmental and a two-compartmental 
model. A two-compartmental model was found to be the best fit. We found that MDR-TB 
patients have a higher drug exposure than healthy volunteers (table 3), this is in contrast to 
a previous study looking at the exposure of ertapenem in MDR-TB patients in comparison 
with the exposure in healthy volunteers. However, a higher exposure for MDR-TB patients 
could be explained with the significantly lower clearance, metabolic as well as inter-
compartmental for MDR-TB patients (table 3). Several studies looking at the exposure of 
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ertapenem in patients compared with healthy volunteers have shown that the exposure 
in patients varies greatly (14,15). Additionally, there is a large pharmacokinetic variability 
in the MDR-TB patients (table 3), making the range of AUC

0-24h 
rather large. More research 

is needed to find an explanation for this high variability. 
 Using a limited strategy with sampling time points at 1 and 5 hours, we found a low 
%RMSE (5.5) and low mean predictive error (-0.33%). The adjusted R2 did not reach >0.95, 
as none of the limited sampling strategies did. A Bland-Altman analysis was performed 
for the limited sampling strategy, showing an estimated AUC

0-24h 
of 4.2% (-15.2 – 23.6) bias. 

Additionally, a limited sampling strategy using two sampling time points would give the 
least burden to patients as it is minimally invasive and least time-consuming. The blood 
samples were collected for another cause, therefore no data was available between 5 and 
8 hours.
 As there are limited options for treating MDR-TB and resistance of antibiotics is an 
emerging problem, we think it is time to start assessing efficacy of ertapenem in MDR-TB 
patients in Phase II clinical trial testing the early bactericidal activity. The developed 
limited sampling strategy can be used to evaluate drug exposure and thereby reduce 
costs and burden for the study subjects. 

CONCLUSION

A pharmacokinetic model and limited sampling strategy bases on data from healthy 
volunteers was able to predict the AUC

0-24h 
and f 40%T>MIC in MDR-TB patients. This 

model can be used in phase II studies.

Acknowledgement: The authors thank Merck & Co. Inc. USA, for providing data from 
earlier pharmacokinetics studies of ertapenem 
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