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Combined intravenous and local intrathecal administration ofmeropenem in patients after craniotomy is widely
used to treat intracranial infections. However, the optimal dosing regimen of meropenem has not been investi-
gated, posing a risk to treatment efficacy. We aimed to identify significant factors associated with inter-
individual variability in cerebrospinal fluid (CSF) pharmacokinetics of meropenem and to evaluate potential in-
travenous and intrathecalmeropenemdosing regimens for the treatment of patients with intracranial infections.
After the diagnosis of intracranial infection, 15 patients with an indwelling drain tube received intravenous and
intrathecal administration of meropenem. Blood and cerebrospinal fluid (CSF) samples were obtained at the
scheduled time to measure meropenem concentration. Plasma and CSF concentration-time data were fit simul-
taneously using a nonlinear mixed-effects modeling approach. A 3-compartmental model was selected to char-
acterize the in vivo behavior of meropenem. Through population modeling, multiple covariates were tested
about their impact on the meropenem pharmacokinetics. Considering CSF outflow via drain tube leading to a
drug loss, the drug clearance in CSF (CLCSF) was added to describe this drug loss. The covariate selection indicated
that the drainage volume (mL/d) had a significant positive correlationwith CLCSF. Bootstrap and visual predictive
check suggested a robust and reliable pharmacokinetic model was structured. The established final population
model was useful to apply with simulation to identifymeropenem dosing regimens for the treatment of patients
with intracranial infections. With the goal of CSF concentrations exceeding the minimum inhibitory concentra-
tion during the therapy, we created a simple to use dosage regimen table to guide clinicians with drug dosing.
@163.com (Q. Wang),
© 2018 Published by Elsevier Inc.
1. Introduction

Postoperative intracranial infection, which may present as a life-
threatening emergency, is a common complication in neurosurgery
(National Nosocomial Infections Surveillance, 2004).Meropenem is a po-
tent broad-spectrum carbapenem with potent in vitro activity against
gram-negative bacilli, gram-positive cocci, and anaerobic bacteria.
Meropenem 2 g every 8 hours (q8h) is commonly used in the treatment
of patients with intracranial infections (Beer et al., 2008; Tunkel et al.,
2004). Because the blood–brain barrier (BBB) is disrupted by neurosur-
gery, meropenem could penetrate into the cerebrospinal fluid (CSF)
from the blood (Zhang et al., 2017). However, a high inter-individual var-
iability (IIV) in the degrees of BBB damage results in an unreliable perme-
ability through the disrupted BBB (Blassmann et al., 2016; Lu et al., 2016;
Zhang et al., 2017). For example, a higher dosage is needed to obtain suf-
ficient CSF concentrations in a patient with less BBB damage. After a cra-
niotomy, external CSF drainage is often used to drain CSF from the
operational cavity, ventricles of the brain, or the lumbar subarachnoid
space to a drainage bag (Chung et al., 2017b; Shi et al., 2017). To achieve
a reliable CSF concentration, a local intrathecal route of administration
through CSF drainage is often utilized in clinical practice (Remes et al.,
2013; Shofty et al., 2016; Tsimogianni et al., 2017).
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Fig. 1. The proposed pharmacokinetic structural model of meropenem in intracranial
infection patients with an indwelling drain in the operational area/ventricle.
Patients received both intravenous and intrathecal administration of meropenem twice
a day. AC = drug amount in the central compartment; VC = central volume; AP = drug
amount in the peripheral compartment; VP = distribution volume of the peripheral
compartment; ACSF = drug amount in the CSF compartment; VCSF = distribution
volume of the CSF compartment; Q = inter-compartment clearance between the central
and peripheral compartment; QCSF = inter-compartment clearance between the central
and CSF compartment; CL: clearance of the central compartment; CLCSF = clearance of
the CSF compartment. Eqs. (1) to (3) outlined in the manuscript were used to describe
this model.
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However, little is known about the plasma and CSF population phar-
macokinetics after intravenous and intrathecal administration in post-
operative neurosurgical patients. The optimal local dose of
meropenemhas not been investigated. This studywas designed to iden-
tify significant factors associated with IIV in CSF pharmacokinetics of
meropenem and to evaluate potential intravenous and intrathecal
meropenem dosing regimens for the treatment of patients with intra-
cranial infections.

2. Methods

2.1. Patient selection

This study was conducted at the Beijing Tiantan Hospital Affili-
ated to Capital Medical University, China. Postoperative neurosurgi-
cal patients with indwelling drainage tubes were admitted to the
intensive care unit. All patients were diagnosed with an intracranial
infection, based on following criteria (Wu et al., 2017): (1) changes
in CSF specimens: white blood cell count N1000 × 106 cells/L, CSF
glucose b40% of serum glucose or b2.2 mmol/L; and (2) temperature
b36 °C or N38 °C, positive signs of headache, vomiting, andmeningeal
irritation (nuchal rigidity, Kernig sign and Brudzinski sign). Patients
with a history of meropenem allergy, deep coma, and agonal state
were excluded from this study.

2.2. Study design

All enrolled patients received both intravenous and intrathecal
meropenem for treatment of intracranial infection. Meropenem
2000 mg was dissolved in 250 ml of 0.9% normal saline solution.
Meropenem10mgwas administered via the drainage tube, and flushed
with about 2 mL saline solution to ensure the entire dose was infused.
The drainage tube was clamped off for 15 minutes and then re-
opened for drainage. The remaining 1990 mg of meropenem was
given intravenously over 1 hwith a syringe pump (1990mg/h). Patients
were dosed in the same fashion every 12 h. After 48 h, CSF samples
(about 1.5 mL, from the drainage tube) and venous blood specimens
(about 2.5 mL, from the arm without the intravenous infusion) were
collected at scheduled times [48 h (pre-dose), 48.25, 48.5, 49, 51, 53,
56, and 60 h] after meropenem administration. CSF and blood speci-
mens were separated by centrifugation at 3500×g and 8500×g for
5 min, respectively. Supernatants of CSF and plasma were then
suctioned and preserved at −80 °C until analyzed. A previously re-
ported HPLC method was used to determine supernatant meropenem
concentrations. The method was accurate given high intra- and inter-
assay precision, b13.5% for plasma samples and b12.9% for CSF samples,
with linear calibration curves ranging from 2 to 200 mg/L.

This study protocol was approved by the Institutional Review Board
of Beijing Tiantan Hospital, Capital Medical University (ID:
KY2014–014-02). Written informed consents were obtained from all
patients or their healthcare surrogates.

2.3. Structural model development

The meropenem pharmacokinetics were described using simple
compartmental models. The disposition of meropenem in blood was
characterized by a two compartment model (Ohata et al., 2011;
Usman et al., 2017). Because of the disruption of the BBB after neurosur-
gery, meropenem can penetrate into the CSF easily. Therefore, the dis-
position of meropenem in CSF was described using a single
compartment model (Lu et al., 2016). The drug distribution among
compartments was characterized by the first-order process. Since CSF
outflowing through the drainage tube results in measurable drug loss,
this was proposed to be the main elimination pathway of CSF drug.
Therefore, another parameter of the clearance of the CSF compartment
(CLCSF) was incorporated into the model to describe this elimination.
The schematic diagram is shown in Fig. 1 and the differential Eqs. (1–3)
are as follows:

dAC

dt
¼ K0−Q � CC−CPð Þ−QCSF � CC−CCSFð Þ−CL� CC AC;0 ¼ 0

h i
ð1Þ

dAP

dt
¼ Q � CC−CPð Þ AP;0 ¼ 0

h i
ð2Þ

dACSF

dt
¼ QCSF � CC−CCSFð Þ−CLCSF � CCSF ACSF;0 ¼ 10 mg

h i
ð3Þ

CC ¼ AC

VC
ð4Þ

CP ¼ AP

VP
ð5Þ

CCSF ¼ ACSF

VCSF
ð6Þ

AC, AP, and ACSF, respectively, represents the drug amount in the cen-
tral, peripheral and CSF compartments. AC,0, AP,0, and ACSF,0 are the ini-
tial drug amounts in the central, peripheral, and CSF compartment,
respectively. K0 is the intravenous rate (1990 mg/h). The definition of
the pharmacokinetic parameters (Q, QCSF, VC, VP, VCSF, CL and CLCSF)
can be found in Fig. 1.

2.4. Population pharmacokinetic model

The population pharmacokinetic model was developed using non-
linear mixed-effects modeling method. Plasma and CSF concentrations
were fitted simultaneously using Phoenix NLME software (Version 7.0,
Certara, St. Louis, Missouri) with the First Order Conditional Estimation
- Extended Least Squares (FOCE-ELS) method (Li et al., 2017). Pharma-
cokinetic parameters' inter-individual variability (η) was assumed to
follow a log-normal distribution with a mean of zero and a variance of
ω2 (Eq. (7)).

Pi ¼ P � eηi ð7Þ

where Pi and P are the individual parameter and population typical pa-
rameter, respectively. The proportional error model was used to de-
scribe the random error model. The random error (ε) was assumed to
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follow a normal distribution with mean of 0 and a variance of σ2

(plasma concentration: σ1
2, CSF concentration: σ2

2).

CCi ¼ CC � 1þ ε1ð Þ ð8Þ

CCSFi ¼ CCSF � 1þ ε2ð Þ ð9Þ

A covariate analysiswas undertaken to evaluate the impact of covar-
iates on pharmacokinetic parameters. In this dataset, both categorical
covariates (sex and drainage position) and continuous covariates [age
(year), body weight (kg), creatinine clearance (CLCR, ml/min, estimated
using the Cockcroft-Gault equation), CSF albumin (mg/dL) and drainage
volume (mL/d)]were included. The effect of the categorical covariate on
each parameter was assessed using a proportional shift function. Con-
tinuous covariateswere centered at theirmedian values, and the impact
of each covariate on parameters was evaluated using linear, exponential
and power functions. Forward inclusion [P b 0.01, the decrease of objec-
tive function (OFV) values N6.64] followed by the backward elimination
(P b 0.001, the increase of OFV values N10.83) was applied to establish
the final population pharmacokinetic model.

2.5. Model evaluation and validation

Visual evaluation methods (goodness-of-fit plots) were applied to
evaluate the reliability of both the base structural model and the final
model. Goodness-of-fit plots included four scatter plots: conditional
weighted residual errors (CWRES) versus time after dose, CWRES ver-
sus population predictions, observations against population predictions,
observations and population predictions against time after dose. Both
the bootstrap resampling methodology and visual predictive checks
(VPCs) were used to assess the stability and predictive performance of
the final model (Li et al., 2015, 2016). One thousand datasets were gen-
erated with different combinations of patients using random sampling
with replacement, and the parameters were re-estimated using the
final population model. Median parameter values along with their 95%
confidence intervals (95%CI, 2.5th and 97.5th percentiles of the 1000
bootstrap-estimated parameters) from bootstrap estimates were com-
pared with the estimates of the final model. In addition, simulations of
1000 virtual datasets were performed based on the final population
model. The observations were overlaid on the 5th, median, and 95th
percentiles (90% prediction intervals, 90% PI) of simulations. The final
VPCs plots were grouped by plasma and CSF concentrations.

2.6. Simulation

The primary objective of the simulationswas to provide dosing guid-
ance for the use of meropenem in postoperative neurosurgery patients.
Given that CSF represented the effect site of interest, CSF drug concen-
trations were evaluated. To calculate the penetration ratio, the external
CSF drainage was turned off (CLCSF set to 0), so that the disposition of
meropenem in the CSF is only attributed to by distribution from the
plasma compartment through the BBB. Monte Carlo simulations (1000
patients) were performed. As meropenem is considered to be time-
dependent, the percentage of the dosing interval that drug concentra-
tions are above the minimum inhibitory concentration (MIC, T N MIC)
is the pharmacokinetic/pharmacodynamic (PK/PD) index associated
with antimicrobial activity. The free-drug meropenem concentration
in blood was corrected by a protein binding rate of 2%, while it was as-
sumed that all meropenem in CSF is free (Lu et al., 2016). Considering
the severity of infection, the goal meropenem dose administration was
to achieve CSF concentrations exceeding the MIC for the entire dosing
interval (%T NMIC) (Li et al., 2007; Li et al., 2018). Using the final popu-
lation pharmacokinetic model, we calculated the drug concentration
data at different times based on the relationship between pharmacoki-
netics parameters and the covariates. The deterministic simulations
were performed in which the typical values were fixed to the final
parameter estimates and IIV was fixed to zero. Patients were divided
into different subgroups according to covariates significantly associated
with pharmacokinetics. Simulations were conducted using the Phoenix
NLME software to find the optimal individualized dosing regimen for
different subgroups of patients. A simple to use dosage regimen table
was derived based on the results of simulations.

3. Results

3.1. Patient characteristics

A total of 15 patients with intracranial infection (9 males and 6 fe-
males) were enrolled in this study. Information about diagnosis, age
(year), body weight (kg), serum creatinine (μmol/L), CSF albumin (mg/
dL), drainage position, CSF white blood cell (WBC, cells/μL), CSF glucose
(mmol/L), and drainage volume (mL/d) for each patient were retrieved
from medical records and are listed in the Supplemental material 1. Al-
thoughwe attempted to collect all CSF and blood specimens at the sched-
uled times, certain specimenswere not able to be collected,mainly due to
the postoperative patients' frail physical condition at the time of the blood
and CSF sample collections. In total, 102 plasma and 82 CSF samples were
obtained for concentration determination and pharmacokinetic analysis.
All patients were treated empirically with meropenem and information
about the bacterial specieswas not captured. All patientswere considered
to be cured based on the evaluations of their symptoms, laboratory tests
and the eradication of bacterial pathogens.

3.2. Final model

Creatinine clearance is a well-known covariate influencing
meropenem clearance (Chung et al., 2017a; Tsai et al., 2016; Usman
et al., 2017). Since the enrolled patients demonstrated normal kidney
function, creatinine clearancewasnot incorporated in thefinal population
model. Body weight was also not added in the final model due to its nar-
row distribution. After forward-inclusion and backward elimination pro-
cesses, covariate drainage volume (mL/d) was identified and included in
the final population pharmacokinetic model. A significant positive
correlation was observed between the drainage volume and CLCSF.
Their relationships in the final model were described by the following
equation:

CLCSF
L
h

� �
¼ 0:027� 1þ Drainage volume−175ð Þ½ � � 0:017� eηCLCSF ð10Þ

where 0.027 L/h is the typical value of CLCSF when the drainage volume
is 175 mL/d, and 0.017 represents the estimated coefficient describing
the association between the drainage volume and CLCSF; 175 mL/d rep-
resents the median value of the drainage volume. ηCLCSF represents the
inter-individual variability of CLCSF. According to this equation, CLCSF in-
creases with an increase of the drainage volume. The parameter esti-
mates of the final population pharmacokinetic model are listed in
Table 2. All parameters were estimated with an acceptable precision
[relative standard error (RSE) with ranges from 7.82% to 34.48%].

3.3. Goodness-of-fit and model validation

Goodness-of-fit plots of the basic pharmacokinetic model and the
final model are displayed in Fig. 2. Observations and population predic-
tions versus time (Fig. 2A and A′) allowed for evaluation of the model.
Both CWRES versus time and CWRES versus population predictions
(Fig. 2B, C, B′ and C′) were applied to detect any misspecifications in
base and final models. The scatter plots between observations and pop-
ulation predictions were compared between base and final models
(Fig. 2D and D′). In the final model, drainage volume was added to pa-
rameter CLCSF, and CLCSF had a significant impact on the CSF concentra-
tion. The prediction of CSF concentrationwas improved significantly. No
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apparent systematic bias was observed in these plots. The proposed
final model described meropenem pharmacokinetics in enrolled pa-
tients appropriately. The plots of individual fits are displayed in the Sup-
plemental material 2.

Bootstrap results of median parameter estimates with 95%CI are
listed in Table 1. Themedian values are similar to the original parameter
estimates, and the 95% CIs enclose the values estimated during data
fitting. Bootstrap shows an acceptable robustness of the final population
pharmacokinetic model. Meropenem VPCs plots showed the 90% pre-
diction intervals (90% PI) and the actual observations (grouped by
plasma and CSF concentrations) (Fig. 3). The dashed lines represent
Fig. 2. The goodness-of-fit plots of basic (A–D) and final (A′–D′) population pharmacokinetic m
aremultiple lines for the CSF observations versus predictions plot, and each line represents pred
in the analysis data); B and B′: conditional weighted residuals (CWRES) versus time; C and C′: C
and the lines represent the lines of unity y = x. r2: coefficient of determination of linear regres
5th and 95th percentiles and the solid lines represent predicted 50th
percentile. The area between the 5th and 95th percentiles represents
the 90% PI. 92.9% (171/184) of the observations stay within the 90%PI,
suggesting adequate predictive properties of the final population
model.

3.4. Simulation

We calculated the CSF penetration ratio, andmean± standard devi-
ation of CSF penetration ratio are 0.29% ± 0.10%. Since only one covari-
ate (drainage volume) was incorporated in the final model, patients
odels. A and A′: observations (dots) and population predictions (lines) against time. There
ictions based on a specific drainage volume (based on available drainage volume provided
WRES versus population predictions; D andD′: observations versus population predictions
sion.



Table 1
Parameter estimates and bootstrap results of meropenem population pharmacokinetic model in postoperative neurosurgical patients with intracranial infections.

Parameter Model estimates Bootstrap results

Estimate Units RSE%# 95% CI IIV(CV%) Median 95%CI IIV(CV%)

VC 50.34 L 13.85 36.57–64.10 28.37 49.60 33.49–65.71 29.37
CL 4.56 L/h 10.61 3.60–5.51 0.03 4.49 3.40–5.59 0.03
VCSF 0.88 L 16.24 0.60–1.17 71.01 1.00 0.62–1.38 66.21
CLCSF 0.027 L/h 13.02 0.020–0.034 0.74 0.028 0.021–0.036 2.59
QCSF 0.029 L/h 34.48 0.009–0.050 1.26 0.026 0.016–0.037 1.39
VP 70.99 L 18.39 45.40–96.58 59.53 74.43 52.49–96.38 70.83
Q 23.97 L/h 19.82 14.59–33.35 54.51 22.20 8.60–35.80 56.92
fDV-CLCSF⁎ 0.017 25.78 0.008-0.026 - 0.016 0.008–0.024 -
σ1 37 - 7.82 31–42 - 36 31–42 -
σ2 30 - 11.19 23–36 - 35 27–42 -

⁎ fDV-CLCSF = coefficient representing the relationship between the drainage volume and CLCSF.
# RSE = relative standard error.
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were categorized by the drainage volume (b100 mL/d, 100–200 mL/d,
200–300mL/d and 300–400mL/d). The range of drainage volumes dur-
ing simulation were restricted to the ranges observed in the modeled
data to prevent distortion of results. The values of CLCSF were calculated
using Eq. (10) and the other parameters were fixed as the population
typical values and random variability was fixed to zero. With the goal
of having CSF concentrations be above the MIC during the therapy
(100% T N MIC), the optimal intravenous dose (1 h infusion) and local
doses for different subgroups of patients are listed in Table 2. To assess
the recommended dosing regimens, we performedMonte Carlo simula-
tions with 1000 simulated patients (IIV implemented), and determined
the percent probabilities of PK/PD target attainment based on a %
T N MIC target of 100% by drainage volume and MIC values. The dosing
regimens by drainage volume and MIC value associated with the per-
cent probabilities of PK/PD target attainment of at least 80% are shown
in Table 2. The actual percent probabilities of PK/PD target attainment
achieved for each dosing regimen by drainage volume and MIC value
are shown in Table 3. The results of this simulation only apply to pa-
tients whose drainage volumes were within the ranges observed in
the modeled data. Both intravenous infusion and local administration
were Q12h dosing. Simulation results showed that as MIC and daily
CSF drainage volume increase, intravenous and local doses needed to
be increased as well to maintain optimal exposures.
Fig. 3.The visual predictive check plots from thefinal population pharmacokineticmodel. The do
and the black solid lines represent 50% quantiles from the simulated observations. The red shad
blue shaded areas represent the 95% confidence intervals for themodel predicted percentiles 5t
The observed 5th and 95th quantiles are presented with red dashed lines.
4. Discussion

The inter-individual variability of CSF concentration may be
partly ascribed to the contribution of different degrees of BBB disrup-
tion (Li et al., 2018; Lu et al., 2016). A local intrathecal route of ad-
ministration through CSF drainage is one dosing strategy to achieve
a sufficient CSF meropenem concentration (Segal-Maurer et al.,
1999). After combined intravenous and intrathecal administration,
we found that the highest CSF trough concentration was greater
than 33 mg/L and lowest concentration was about 6 mg/L. To date,
the optimal local dose of meropenem has not been investigated.
Based on our clinical experience, we chose to administer 10 mg of
meropenem to the study patients. This study aimed to identify
factors affecting CSF concentration and provide optimal dosing regi-
mens for this specific population. Nonlinear mixed-effects modeling
method was applied to develop the population pharmacokinetic
model, and the covariate analysis identified that the drainage vol-
ume (mL/d) had a significant negative correlation with the CSF con-
centration. To the best of our knowledge, this is the first report to
evaluate the plasma and CSF pharmacokinetic profile of meropenem
through population modeling and simulation after both intravenous
and intrathecal administration in postoperative neurosurgical
patients.
ts are the actual original observations. The black dashed lines are the 5%, and 95% quantiles
ed area represents the 95% confidence intervals for the model predicted 50% quantile. The
h and 95th quantiles. The solid red line represents the 50% quantile from the observations.



Table 2
Meropenem dosing regimens for postoperative neurosurgical patients with intracranial
infections based on the drainage volume and MIC (100% T N MIC, ~80% of patient
population).

Drainage
volume
(ml/d)

Meropenem dosage regimen [IV dose (mg) + local dose (mg)]⁎

MIC#=2 mg/L MIC = 4 mg/L MIC = 8 mg/L MIC = 16 mg/L

b100 449 + 1 449 + 1 998 + 2 1998 + 2
100–200 449 + 1 449 + 1 998 + 2 1990 + 10
200–300 449 + 1 995 + 5 1495 + 5 1980 + 20
300–400 495 + 5 1490 + 10 2490 + 10 2450 + 50

⁎ Both intravenous infusion and local administration of meropenemwere Q12h dosing.
# MIC = minimum inhibitory concentration.
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As demonstrated by previous data, a 2-compartmental model best
represents plasma meropenem concentration-time data in elderly pa-
tients or in adult patients with febrile neutropenia (Ohata et al., 2011;
Usman et al., 2017). Initially, the CSF was considered as the peripheral
compartment, but the CSF concentration-time profile could not be
well captured. Because CSF was directly linked to blood circulation,
CSF was considered a single compartment. A variety of conditions are
commonly treated by placing an external CSF catheter to drain CSF
and to reduce the intracranial pressure (Weisenberg et al., 2016). The
outflow of CSF from the drain tube may be the main elimination path-
way of meropenem in CSF, therefore, a new parameter CLCSF was
added into the structure model to describe the drug loss via the drain-
age tube. Based on the three-compartmentmodel with first-order elim-
ination (CL and CLCSF), the plasma and CSF concentrations were fit
simultaneously and the predicted values supported the observations
well (Fig. 2). A significant positive relationship between drainage vol-
ume and CLCSF was observed in the final pharmacokinetic model, indi-
cating the incorporation of CLCSF in the model was valid.

CSF penetration ratio (drug amount penetrated into CSF divided by
intravenous dose) is a useful measure to characterize based on the
data from this study. However, as both intravenous and intrathecal ad-
ministrationwere applicable in this study. Two sourcesmight introduce
meropenem into the CSF after drug administration. Intrathecal adminis-
tration being a source which introduces meropenem to the CSF can ac-
tually be resolved by performing simulations in which meropenem is
only administered via the intravenous route.

The normal circulation of CSF can be described as follows (Bradley
et al., 2016): CSF flows from the lateral ventricle to the third ventricle
through the interventricular foramen, or foramen of Monroe. The cere-
bral aqueduct, the aqueduct of Sylvius, connects the third and fourth
ventricles. CSF flows into the subarachnoid space through the foramina
of Luschka and the foramen of Magendie, and subsequently circulates
through the freely communicating subarachnoid cisterns at the base of
the brain. From the cisterns, a large amount of CSF is directed upward
over the cerebral hemispheres with a smaller amount passing down-
ward the spinal cord. A neurosurgical operation disrupts the normal cir-
culation of CSF.
Table 3
Percent probabilities of PK/PD target attainment⁎ for meropenem dosing regimens by
drainage volume andMIC value for postoperative neurosurgical patients with intracranial
infections.

Drainage
volume
(ml/d)

Percent probabilities of PK/PD target attainment for meropenem
dosage regimens [IV dose (mg) + local dose (mg)] by drainage
volume and MIC value shown in Table 2

MIC = 2 mg/L MIC = 4 mg/L MIC = 8 mg/L MIC = 16 mg/L

b100 86.9% 86.5% 85.6% 83.6%
100–200 87.5% 87.4% 86.4% 84.5%
200–300 90.9% 89.8% 87.6% 85.5%
300–400 91.6% 90.1% 88.1% 85.6%

⁎ Based on achieving 100% T N MIC in CSF.
The CSF circulation process and the location of the drainage tube
placement are key factors influencing the drug distribution in CSF. In
this study, local intrathecal administration may not spread to infection
sites due to the CSF circulation obstruction. Therefore, the simultaneous
intravenous and local administrations were considered to be optimal
treatment. Initially, we speculated that the drainage position (ventri-
cles, subdural and operational cavity drainage)may be one of the signif-
icant covariates, however, no impact was observed after model
development. This result may be due to most of the patients in the lim-
ited cohort having a drainage position in the operational cavity (~67%).

Meropenem 10 mg was given via the drainage tube, and the tube
was clamped off for 15 minutes. After the clamp re-opening, we ob-
served that the retained CSF outflowed instantaneously. We speculated
that this coupled with the poor CSF backflow to the brain area caused a
high drug concentration in the CSF outflow, resulting in a certain
amount of drug loss. The actual dose of meropenem that went into the
CSFmaybe less than the theoretical dose. Because the amount of instan-
taneous CSF outflow was not accurately recorded, we could not obtain
an accurate measure for the amount of drug loss. Drug loss may lead
to a deviation from the calculated model parameters (the estimated
CLCSF was greater than the actual drainage volume, and the calculated
VCSF was greater than the true volume of CSF).

Due to postoperative patients' frail physical conditions at the time of
the blood andCSF draw, certain specimenswere not able to be collected.
For sparse data, conventional pharmacokinetic studies are difficult as
adequate blood sampling is not possible. The nonlinear mixed effects
modeling approach is appropriate in this group of patients.

Several limitations of this study should be considered: 1) the sample
size was relatively small and a larger study is needed to confirm the
study conclusions; 2) meropenem loss after the clamp re-opening pro-
vided important information for parameter estimation, and this prob-
lem should be addressed in a follow-up study; and 3) well-known
covariates, such as creatinine clearance, body weight, were not added
in the final model due to a homogeneous and small cohort.

In summary, we developed themeropenem plasma and CSF popula-
tion pharmacokinetic model in postoperative neurosurgical patients
treated with both intravenous and intrathecal administration. Drainage
volume (mL/d) was identified as a significant covariate influencing the
CSF concentration. Simulation was performed based on the final phar-
macokinetic model. Findings based on these simulated data suggest
that and intravenous and local meropenem doses should increase as
MIC and daily CSF drainage volume increase. These study results may
be useful for clinicians to select an optimal meropenem dosing regimen
for the treatment of patients with intracranial infections.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.diagmicrobio.2018.08.003.
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