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ABSTRACT Vancomycin is a commonly used antibacterial agent in patients with pri-
mary central nervous system (CNS) infection. This study aims to examine predictors of
vancomycin penetration into cerebrospinal fluid (CSF) in patients with external ventric-
ular drainage and the feasibility of CSF sampling from the distal drainage port for ther-
apeutic drug monitoring. Fourteen adult patients (9 with primary CNS infection) were
treated with vancomycin intravenously. The vancomycin concentrations in blood and
CSF (from proximal [CSF_P] and distal [CSF_D] drainage ports) were evaluated by popu-
lation pharmacokinetics. Model-based simulations were conducted to compare various
infusion modes. A three-compartment model with first-order elimination best described
the vancomycin data. Estimated parameters included clearance (CL, 4.53 L/h), central
compartment volume (Vc, 24.0 L), apparent CSF compartment volume (VCSF, 0.445 L), and
clearance between central and CSF compartments (QCSF, 0.00322 L/h and 0.00135 L/h for
patients with and without primary CNS infection, respectively). Creatinine clearance was
a significant covariate on vancomycin CL. CSF protein was the primary covariate to
explain the variability of QCSF. There was no detectable difference between the data for
sampling from the proximal and the distal port. Intermittent infusion and continuous
infusion with a loading dose reached the CSF target concentration faster than continuous
infusion only. All infusion schedules reached similar CSF trough concentrations. Beyond
adjusting doses according to renal function, starting treatment with a loading dose in
patients with primary CSF infection is recommended. Occasionally, very high and possibly
toxic doses would be required to achieve adequate CSF concentrations, which calls for
more investigation of direct intraventricular administration of vancomycin. (This study has
been registered at ClinicalTrials.gov under registration no. NCT04426383).

KEYWORDS vancomycin, population pharmacokinetics model, distal port, CSF protein,
central nervous system infection, ventriculitis

External ventricular drainage (EVD) is a common procedure in neurocritical care units
to monitor and treat intracranial pressure by draining cerebrospinal fluid (CSF) (1).

However, an EVD-associated infection is a serious nosocomial complication and is associ-
ated with significant morbidity and mortality in neurocritical patients (1). Insufficient pen-
etration of antimicrobials into the CSF after intravenous administration could contribute
to therapeutic failure (2). This often results in the selection of high doses, which in turn
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increases the risk for systemic adverse effects. It is therefore particularly important in
patients suffering from EVD-related infections to individualize the dose of antibiotics to
achieve a timely effective concentration in the CSF.

Due to the occurrence of Gram-positive penicillin-resistant pathogens, vancomycin is
a standard therapy for central nervous system (CNS) infections, specifically, nosocomial
infections (3). Nowadays, the plasma pharmacokinetics (PK) of vancomycin have been
well investigated by many studies (4–9), and various population pharmacokinetics
(PopPK) models based on plasma concentrations have also been reported for different
populations, including adults, critically ill patients, pediatric patients, neonate patients,
etc. (10). In most of these models, total body weight (TBW) and/or creatinine clearance
(CrCL) were confirmed as significant covariates on vancomycin clearance, since vanco-
mycin is primarily eliminated by the kidney in unchanged form (10). Therefore, predict-
able vancomycin plasma concentrations can be obtained using these models (11).

However, vancomycin cannot easily penetrate the blood-brain barrier (BBB) into the
CSF due to its pronounced hydrophilicity and high molecular weight (12). Vancomycin
CSF concentrations are highly variable and unpredictable in most cases, because the
extent of vancomycin penetration depends greatly on the integrity of the BBB (13–15).
BBB damage caused by inflamed meninges has also been proven to enhance the penetra-
tion of vancomycin into the CSF. So far, only a few studies have investigated the pharma-
cokinetics of vancomycin, reporting several validated PopPK models in which CSF albumin
or lactate concentrations were related to the distribution of vancomycin into the CSF, thus
helping to predict CSF concentrations after intravenous administration (16–18). The avail-
able data in individual studies are sparse, the validation of developed predictors is limited,
and there is still insufficient knowledge about vancomycin CSF penetration and the re-
spective covariates in neurological/neurosurgical patients. Therefore, the main aim of this
study was to investigate predictors for vancomycin penetration into CSF. To this end, a
new PopPK model was developed and validated based on vancomycin plasma and CSF
data from patients who had an EVD. The feasibility of collecting CSF samples at the distal
port of the EVD system for therapeutic drug monitoring (TDM) was assessed using this
new PopPK model. Finally, the benefits of different infusion modes and dosages were
examined through model-based simulations.

RESULTS
Patient characteristics. A total of 190 plasma samples and 232 CSF samples, including

22 samples taken from the proximal port (CSF_P) and 210 samples taken from the distal port
(CSF_D), were collected from 14 patients with EVDs in this study (for an illustration of the
drainage system, see reference 19). Among the 14 patients, 9 with CNS infection and 5 with-
out primary CNS infection, 11 were men and 3 were women, with a mean age of 52 years
(range, 22 to 77 years). The main patient characteristics are shown in Table 1. Detailed infor-
mation on disease for each patient, as well as the vancomycin infusion mode and additional
covariate values, including the values for unbound fraction (fu), albumin, bilirubin, C-reactive
protein, leukocytes, and interleukin 6 and ferritin (CSF), erythrocytes (CSF), cell count (CSF),
and interleukin 6 (CSF), are shown in Tables S1 and S2 in the supplemental material.

Population pharmacokinetics model. A two-compartment model with first-order
elimination and proportional residual error best described the vancomycin plasma
data. The base plasma model was parameterized by vancomycin clearance (CL), central
compartment volume (Vc), intercompartment clearance (Qp), and peripheral compart-
ment volume (Vp). Before the inclusion of any covariates, the interindividual variables
(IIVs) of CL, Qp, and Vp were estimated to be 38.5%, 93.7%, and 53.8%, respectively.
Significant effects of CrCL on CL (change in objective function value [DOFV] = 24.073)
and of age on Qp (DOFV = 210.585) were found, resulting in reductions of IIVs to 30.8%
and 35.1% for CL and Qp, respectively. Other clinical characteristics, including sex, weight,
height, body surface area (BSA), estimated glomerular filtration rate (eGFR), and fu, were
eliminated due to showing no significant contribution to DOFV.

On the basis of the final plasma model, two different CSF models, including the transit
compartment model and the bulk flow model, were compared to fit the vancomycin CSF
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data separately. Little difference was found in either goodness-of-fit (GOF) plots or change
in Akaike information criterion (DAIC) (1.711) between two different CSF models, which
were subsequently analyzed for CSF-related covariates in parallel. However, the bulk flow
model showed better correlations between QCSF and all covariates than the transit com-
partment model, and it had a lower AIC when including a particular QCSF-related covariate.
Therefore, the bulk flow model was ultimately chosen for the base CSF model.

Five CSF-related covariates, including CSF protein, S100 protein, glucose, neuron-spe-
cific enolase (NSE), and lactate concentrations in CSF, were found to have significant
effects on QCSF separately, and the DOFVs were 229.755, 29.868, 29.394, 27.582, and
26.587, respectively. The regression plots of the QCSF versus the concentrations of each
CSF-related covariate are shown in Fig. S1. Due to the multicollinearity and reasonable
physiological considerations, only the CSF protein concentration was included in the final
CSF model, which led to a decrease from 165.6% to 36.6% in the IIV of QCSF. Primary CNS
infection was found to be a significant covariate both for QCSF and the protein covariate
effect, resulting in decreases in the OFVs of 5.152 and 6.959, respectively. Therefore, two
separate equations were generated to estimate the vancomycin penetration in patients
with and without primary CNS infection. The relationships between random effects (h )
and the significant covariates in the base model and the final model are shown in Fig. S2.

All parameter estimates remained essentially unchanged after the exclusion of
CSF_P data (not shown). The proportional residual errors for CSF_P and CSF_D samples
were estimated to be 25.2% and 27.8%, respectively, and the separation of the error
models for each of them did not improve the CSF model fitting (DOFV = 20.256). This
indicated little difference in the accuracy of vancomycin concentrations between the
two types of CSF samples. Therefore, only one proportional residual error model was
used for both the CSF_P and CSF_D samples in the final CSF model. The final model
equations for CL, Qp, and QCSF are presented below:

CL ¼ CrCL
170

� �0:461

� TVCL� eh 1

Qp ¼ age
48

� �2:61

� TVQp � eh 2

For patients with primary CNS infection,

TABLE 1 Demographics and covariates of subjects

Characteristica

No. or mean value (SD) for patients:

With primary CNS infection Without primary CNS infection
Demographics
Male 7 4
Female 2 1
Age (yr) 59.7 (11.8) 37.0 (10.2)
Body wt (kg) 84.2 (25.0) 88.6 (16.6)
Ht (cm) 174 (6) 179 (9)

Covariates
In plasma
Creatinine (mg/dL) 0.671 (0.138) 0.693 (0.287)
CrCL (mL/min) 142 (57) 194 (41)

In CSF
Protein (mg/dL) 108 (53) 27.4 (29.0)
S100 protein (mg/L) 3.88 (2.13) 30.0 (0.0)
Glucose (mg/dL) 51.4 (21.7) 80.4 (13.5)
NSE (mg/L) 15.6 (4.9) 326 (199)
Lactate (mmol/L) 4.63 (0.98) 1.78 (0.43)

aCrCL, creatinine clearance estimated by the Cockcroft-Gault equation; NSE, neuron-specific enolase
concentration. For further parameters, see Table S2.
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QCSF ¼ CSF protein
84

� �1:09

� TVQCSF 1� eh 3

For patients without primary CNS infection,

QCSF ¼ CSF protein
84

� �0:575

� TVQCSF 2� eh 3

where TVCL, TVQp, TVQCSF_1, and TVQCSF_2 are the typical population values for CL, Qp,
QCSF_1, and QCSF_2, respectively.

The final model parameter estimates and the 95% confidence intervals for the
results of 1,000 bootstrap analyses are displayed in Table 2. As shown, all relative
standard errors (RSEs) for PK parameters were less than 30%, which demonstrated ac-
ceptable precision. The IIV shrinkages of CL, Vp, QCSF, and VCSF both in the base model
and the final model (Table 2) were all below 30%, which was considered acceptable.
The consistency between original parameter estimates and median values estimated
from the bootstrap analysis proved the model was stable. The GOF plots for model di-
agnosis are displayed in Fig. 1. The inclusion of covariates significantly improved the
model diagnostic plots. A satisfactory fit was subsequently obtained between observed
and predicted values, with no trends of conditional weighted residuals over time for ei-
ther plasma or CSF samples. Figure 2 shows the prediction-corrected visual predictive
checks (pcVPCs) of the final model, which indicated that the model captured the cen-
tral tendency and distribution of most observed data points both in plasma and CSF.
However, the 95% percentile observed in the CSF lies at the inner boundary of the

TABLE 2 Parameter estimates and bootstrap results from the final model

Parametera

Value(s) for:

Final model
927 successful bootstrap
runs (n = 1,000)

Estimate RSE (%)b Median 95% CIc

CL (L/h) 4.53 7.5 4.52 3.74–5.29
Vc (L) 24.0 8.6 23.3 16.6–27.0
Qp (L/h) 5.69 12.2 5.70 4.43–8.64
Vp (L) 38.7 16.5 39.7 27.9–59.1
QCSF_1 (L/h) 0.00322 5.6 0.00331 0.00263–0.00390
QCSF_2 (L/h) 0.00135 29.9 0.00129 0.000938–0.00383
VCSF (L) 0.445 14.7 0.465 0.244–0.883

Covariates
CrCL on CL 0.453 27.6 0.452 0.150–0.830
Age on Qp 2.69 24.4 2.84 1.37–4.74
Protein (CSF) on QCSF_1 1.09 6.0 1.10 0.808–1.67
Protein (CSF) on QCSF_2 0.575 21.9 0.575 0.203–1.03

Interindividual variability (%)
CL 29.5 (0.1)d 18.7 27.9 15.9–38.1
Vp 54.3 (20.6) 25.1 54.9 21.4–93.7
QCSF 19.8 (17.7) 20.8 13.6 4.7–25.1
VCSF 94.2 (10.1) 20.8 105.0 36.1–175.7

Residual variability (proportional error) (%)e

Plasma 15.9 (5.3)d 15.5 15.4 10.7–20.4
CSF 27.5 (3.8) 5.6 26.5 17.3–34.7

aCL, clearance; Vc, central compartment volume; Qp, intercompartment clearance between central and peripheral compartments; Vp, peripheral compartment volume;
QCSF_1, intercompartment clearance between plasma and CSF compartment in patients with primary CNS infection; QCSF_2, intercompartment clearance between plasma
and CSF compartment in patients without primary CNS infection; VCSF, CSF compartment volume; CrCL, creatinine clearance.

bRSE, relative standard error.
cCI, confidence interval.
dShrinkage estimates of interindividual variability (IIV) and residual variability are shown in parentheses.
eProportional residual error is expressed as the coefficient of variation (CV).
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FIG 1 Combined goodness-of-fit plots of the final model for vancomycin plasma (A to D) and CSF (E to H)
concentrations. DV, observed concentrations; IPRED, individual predicted concentrations; PRED, population
predicted concentrations; CWRES, conditional weighted residuals; TIME, time after the first dose. Red lines
show the local polynomial regression fit.
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respective confidence intervals, which may be due to the large variability of the VCSF.
Individual plots of observed concentrations and concentrations predicted by the final
model in plasma and CSF are displayed in Fig. S3 and S4, respectively.

Comparisons of parameter estimates and calculations of probability of target attain-
ment (PTA) for the sensitivity analysis with individual adjustment of CSF_D sampling times
are shown in Tables S3 and S4. The parameter estimates remained nearly unchanged
except for VCSF, which had a lower estimate when using earlier sampling times for CSF_D
samples. The PTA ratios for both plasma and CSF targets between the two models ranged
from 0.83 to 1.29, indicating no relevant difference. When assuming a uniform CSF flow
rate of 12 or 36 mL/min (20), the respective adjustments in sampling times had essentially
no effect on any parameter estimates or on PTA calculations (data not shown). Therefore,
the uncertainty of the CSF flow rate and the related time delay for CSF_D samples is irrele-
vant for the model’s application, and assuming no delay between CSF_P and CSF_D sam-
ples in this study is justifiable.

Simulations. Changes in the vancomycin plasma area under the concentration-
time curve over 24 h (AUC24) and CSF trough concentration (Ctrough) in patients with dif-
ferent CrCL values and concentrations of CSF protein under different dosing regimens
are shown in Fig. S5 and S6, respectively. The simulation results suggested that CrCL
showed a moderate effect on CL but CSF protein had a large effect on QCSF. The multi-
tude of covariates did not allow standard dosing recommendations in this study.

The probabilities of target attainment (PTA) in simulated patients with primary CNS
infection after different dosing regimens of vancomycin are listed in Table 3. On the first
day of vancomycin treatment, there were only minor differences in plasma AUC24 values
between intermittent infusion and continuous infusion with a loading dose, but there
were relatively lower plasma AUC24 values for continuous infusion without a loading
dose. A daily dose of 2 g vancomycin was sufficient to achieve the target plasma ratio of
AUC24 to MIC (AUC24/MIC = 400) at MICs of #0.5 mg/L in .90% of simulated patients,
regardless of the renal function, whether administration was by intermittent infusion or
continuous infusion with a loading dose. If the MIC was 1 mg/L, a daily dose of 3 g was suf-
ficient for 84.4% of simulated patients with CrCL of ,150 mL/min, whereas patients with
CrCL of .150 mL/min might require a daily dose of 4 g, which was the recommended

FIG 2 Confidence interval prediction-corrected visual predictive check (n = 1,000) for the final model for plasma and CSF. Dots represent observed
concentrations. Black solid lines represent the median values, while dashed lines show the 5th and 95th percentiles of observed concentrations. Shaded
areas are the model-predicted 95% confidence intervals for the 5th (red), 50th (blue), and 95th (red) percentiles from 1,000 simulated data sets.
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daily dose for continuous infusion by Jalusic et al. (18) For different known pathogens, the
daily dose could be optimized to adapt the respective target AUC24/MIC for all populations.

Simulated time-concentration profiles in plasma and CSF after different dosing regi-
mens over 5 days are displayed in Fig. 3. The three infusion modes with the same daily
dose resulted in similar levels of Ctrough in CSF on day 1 and at steady state, but inter-
mittent infusion and continuous infusion with a loading dose allowed the presumed
same target concentrations in CSF to be reached faster than continuous infusion with-
out a loading dose did. In contrast, continuous infusion could keep plasma concentra-
tions relatively low during the therapy. Therefore, continuous infusion, especially at
high doses, is recommended to avoid higher vancomycin plasma concentrations, which
may help reduce renal toxicity (21). If the target Ctrough in CSF was 1 mg/L, adjustment of
doses according to CSF protein concentrations of $150, ,150 and $100, and ,100 mg/
dL resulted in daily doses of 2, 3, and 4 g vancomycin, which were then linked to PTAs of
90.4%, 90.8%, and 69.6%, respectively, in simulated patients. As a concern for patients
with primary CNS infection, a daily dose of 4 g vancomycin would cause at least 17.3% of
patients to face a potential plasma AUC24 above 600 mg � h/L, which may lead to a higher
risk of acute kidney injury (AKI) (22). Excessive systemic exposure would also prohibit
using even higher vancomycin doses in order to achieve higher CSF PTAs in patients with
low CSF protein concentrations.

DISCUSSION

In the present study, a PopPK model of vancomycin was successfully developed based
on 14 patients with EVDs to examine potential surrogate parameters for the vancomycin
penetration rate from plasma to CSF. The time courses of the plasma and CSF concentra-
tions of vancomycin were best described by a linear three-compartment model (contains
a CSF compartment). The difference in residual unexplained variability of CSF samples col-
lected at the proximal and the distal port of the EVD system as assessed by residual error
models showed that sampling at the distal port is feasible. The probability of PK/pharma-
codynamics (PD) target attainment by AUC24/MIC or MIC was subsequently evaluated
across different dosing regimens with Monte Carlo simulations.

The plasma PK of vancomycin in different populations have been well investigated
by a number of studies. Compared with the published models, the parameter estimate
for CL (4.54 L/h) in our model was consistent with reported values, and in accordance
with previous studies, CrCL showed a significant effect on CL (16–18, 23, 24). In addition,
an additional finding of this study was that age was well correlated with Qp, suggesting
faster distribution of vancomycin into tissues with increasing age. The difference from
the published models lies in the Vp, which was estimated at 38.6 L in this study, and no
significant covariate on Vp was found. In similar studies about PopPK models in patients
who underwent EVD, Li reported a value of 19.8 L for Vp and Jalusic fixed the value at

TABLE 3 Probability of target attainment in simulated patients with primary central nervous system infection after different dosing regimens
of vancomycin

PK/PD targeta

Values [day 1 (steady state)] for indicated type and amt (g) of dose/24 hb

II (q12h) CI_L CI

2 3 4 2 3 4 2 3 4
Plasma AUC24 (mg � h/L)
.200 96.0 (98.8) 99.9 (99.9) 100 (100) 94.5 (98.7) 99.9 (100) 100 (100) 84.1 (99.0) 99.7 (100) 100 (100)
.400 12.0 (56.9) 72.4 (91.3) 96.0 (98.8) 11.3 (59.6) 67.1 (92.1) 94.5 (98.7) 0.7 (61.7) 36.1 (92.7) 84.1 (99.0)
.600 0.1 (15.5) 12.0 (56.9) 54.0 (85.6) 0 (17.0) 11.3 (59.6) 48.2 (85.8) 0 (17.7) 0.7 (61.7) 17.3 (87.3)

CSF Ctrough (mg/L)
.0.5 87.5 (98.4) 94.0 (99.7) 96.7 (100) 87.1 (99.0) 94.1 (99.9) 96.8 (100) 86.4 (99.3) 93.4 (99.9) 96.6 (100)
.1.0 64.2 (89.2) 80.7 (96.0) 87.5 (98.4) 62.5 (92.0) 78.7 (97.4) 87.1 (99.1) 64.3 (92.4) 78.7 (97.8) 86.4 (99.3)
.2.0 27.6 (63.7) 49.9 (81.4) 64.2 (89.2) 23.5 (70.3) 47.6 (85.7) 62.5 (92.0) 29.7 (70.1) 51.0 (85.8) 64.3 (92.4)

aAUC24, daily area under the curve; Ctrough, the concentration at 24 h or 120 h after the first dose for day 1 or steady state, respectively.
bII, intermittent infusion; CI_L, continuous infusion with a loading dose same as the first does of II; CI, continuous infusion without a loading dose.
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86.2 L in their final model (17, 18). This discrepancy might be due to the different distri-
butions of sampling points in different studies (17). Compared with Jalusic’s model,
more time points close to the peak were used to build the model in this study, and thus,
the estimation of Vp may be closer to the true value.

In addition to the reported CSF lactate concentration, four additional potential surro-
gate parameters, CSF protein, S100 protein, glucose, and NSE, were identified as showing
good correlations with vancomycin penetration from plasma to CSF using the bulk flow
model. In accordance with the previous finding, the elevation of CSF protein and lactate
concentrations, as well as the reduction of CSF glucose concentration, can suggest CNS
infection with BBB damage, which could lead to easier penetration of vancomycin into
CSF (18, 25, 26). However, the correlations of increased CSF S100 protein and NSE con-
centrations to decreased QCSF are not in agreement with other findings, where higher
CSF S100 protein and NSE concentrations were found in patients with CNS infection (27,
28). This discrepancy may be due to the small sample size of this study or limitations of
the structural CSF model.

Typically, it is common to collect CSF samples at the proximal port of the EVD system,
which is closest to the head. In contrast, collecting CSF samples via a distal overflow sys-
tem is easier and safer for minimizing the infection risk (19, 29) but will cause a time delay
in drug concentrations for TDM. No delay between CSF_P and CSF_D samples was
assumed in the present study because the spaces were not fully separated and diffusion
might play a role in the propagation of vancomycin concentrations, in addition to flow
rate. Moreover, the concentration measured in a CSF_D sample represents an average
concentration over a period instead of the concentration at a certain time. Kinast et al.
and Wong confirmed no significant differences in the concentrations of substances,
including total protein, glucose, and lactate, between the CSF samples from the two sites
(19, 29). To our knowledge, no such studies so far have investigated the feasibility of
using CSF_D samples for TDM of vancomycin or other drugs. In this study, the residual
errors of CSF_P and CSF_D samples were compared using separate proportional residual
error models, and no statistically significant difference was found. In addition, the sensitiv-
ity analyses assuming various degrees of delay for CSF_D samples showed no meaningful

FIG 3 Median concentration-versus-time curves simulated in plasma and CSF after different dosing regimens of vancomycin over 5 days in patients with
CNS infection. II, intermittent infusion; q12h, every 12 h; CI_L, continuous infusion with a loading dose same as the first dose of q12h; CI, continuous
infusion without a loading dose.
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impact of the CSF sampling site. Therefore, collecting CSF samples at the distal port of
the EVD system for TDM or Bayesian dosing approaches of vancomycin could be a valua-
ble choice in the future. It is worth noting that careful documentation of the start and
end times of collecting CSF_D samples is critical to calculating the applicable time, thus
reducing potential error (30).

A previous PK/PD target tentatively suggested for vancomycin TDM was a plasma
Ctrough of 15 to 20 mg/L for adult patients, but data supporting this target are very lim-
ited (31). Recent evidence shows that a more reliable PK/PD target in plasma is an
AUC24/MIC of$400, taking into account efficacy and safety (22), as the AKI risk was sig-
nificantly less with AUC-guided monitoring than with Ctrough-guided monitoring (32).
Furthermore, there are also studies evaluating the relationship between the daily van-
comycin AUC and AKI, and these suggested that the AUC24 in plasma should be main-
tained between 400 and 600 mg � h/L to maximize efficacy and minimize toxicity (22).
However, an AUC24/MIC of $400 in CSF is hardly achievable, due to the limited vanco-
mycin penetration from plasma to CSF. Monitoring the AUC in CSF by a rich sampling
strategy during TDM is also cumbersome in practice for intermittent infusions, and an
AUC24 of $400 is not achievable in most cases (33). At the same time, no such relevant
PK/PD target in CSF was defined so far for optimizing dosing regimens for patients
with CNS infection (34). Therefore, simulations in this study were performed using
both the AUC24 in plasma and the Ctrough in CSF as PK/PD targets to obtain PTA in differ-
ent dosing regimens. Because there was no significant difference in vancomycin CL
between patients with and without primary CNS infection, subsequent simulations were
only conducted in patients with primary CNS infection. The reported protein binding
(PB) of vancomycin in plasma is approximately 50% (3), while the mean PB of the 14 sub-
jects in the present study was 70.1% (63.9 to 82.7%) and was highly variable. The inclu-
sion of individual fu as a covariate for the CSF volume of distribution or QCSF did not help
to improve the model fit and was therefore not considered. The PB of vancomycin in
CSF was also not taken into account, because the highest CSF protein concentration
(2.26 mg/mL) reported in the present study is still far from the normal protein concentra-
tion in plasma (60 to 70 mg/mL) (35), suggesting that the total CSF concentrations of
vancomycin are essentially equal to the unbound concentrations.

Based on our simulation results, a starting daily dose of 2, 3, or 4 g was recommended
for patients with a CSF protein concentration of$150,,150 and$100, or,100 mg/dL,
respectively. In the meantime, continuous infusion with a loading dose of vancomycin is
recommended for patients with CNS infection. On the first day of the treatment, inter-
mittent infusion could lead to a steep increase in the vancomycin concentration in CSF,
which is helpful to achieve a target concentration in CSF faster than by continuous infu-
sion. Afterwards, continuous infusion could be used to maintain an adequate plasma
concentration, to avoid potential AKI and nephrotoxicity (21, 34). In addition, a dose of van-
comycin such as 4 g/24 h was recommended for achieving an adequate CSF vancomycin
concentration in other studies, but this dose resulted in a plasma AUC24 exceeding 600 mg
� h/L on day 1 and at steady state in at least 17.3% and 85.6% of simulated patients, respec-
tively. Therefore, it is recommended that dose adjustment should be made in a timely man-
ner after adequate CSF concentrations have been obtained, based on TDM results and
Bayesian predictions via the PopPK method. The proposed final model in this study could
be employed after external evaluation and software integration.

For the treatment of patients with CNS infection, combined intravenous (i.v.) and intra-
ventricular (i.v.t.) administration of vancomycin is becoming increasingly popular for first
applications (22). The doses for i.v.t. reported in the literature ranged from 0.075 to
50 mg/day, and the CSF vancomycin concentrations varied widely, from 1.1 to 812.6 mg/L
(36). Tentatively, simulations using the same dosages as reported in the literature were
performed using our model established herein. The results showed that the predicted
plasma concentrations for combined administration at most time points were close to the
reported values, but the predicted CSF concentrations at all points in time were less than
the reported values. This underestimation may be caused by the predicted (empirical) VCSF
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(0.445 L) in this study being larger than the actual human VCSF (approximately 0.15 L).
Obstruction of CSF circulation due to hydrocephalus or surgery may also result in CSF con-
centrations in actual CSF samples being higher than expected if vancomycin was evenly
distributed in the CSF (36, 37). Therefore, our model using only data after intravenous
administration was unable to predict CSF concentrations after combined i.v. and i.v.t.
administration (36, 38). Despite the apparent underprediction of CSF concentrations com-
pared to those obtained with real combined i.v./i.v.t. administration, our predicted CSF
Ctrough would exceed 10 mg/L in most patients after 20 mg i.v.t. with 2 g i.v. every 24 h,
while the predicted plasma AUC would remain at a safe and effective level. This indicates
that the combined administration could be a better choice to improve the outcome of
patients with CNS infection in the future and should be further investigated.

Several limitations remain in this study. Only 14 patients were included and not all
covariates were available for all patients, and thus, correlations between different CSF-
related covariates and QCSF could not be compared. In addition, the small sample size
precluded the use of a more stringent backward-elimination strategy for the covari-
ance model. The final model still retains unexplained IIVs of 19.8% and 94.2% for QCSF

and VCSF, respectively. Relatively limited data for CSF_P samples were supported to
compare the residual error of CSF_P and CSF_D samples. No vancomycin data for i.v.t.
administration were available to refine the PopPK model and, thus, more precisely pre-
dict the CSF concentration after i.v.t. administration of vancomycin. In this study, stand-
ard dosing recommendations for all populations are unrealistic due to the multitude of
covariates, but dosing adjustment based on Bayesian prediction via the PopPK model
might be a better option.

In this study, a PopPK model for vancomycin was successfully established using
data from patients with EVD. Three substances quantified in CSF were identified as pre-
dictors associated with vancomycin CSF concentrations, and the relationship with CSF
protein was the closest. The model fully supported the feasibility of collecting CSF sam-
ples at the distal port of the EVD system for TDM. Recommendations on dosing regi-
men for patients with CNS infection were provided according to different CSF protein
levels. Beyond adjusting doses according to renal function, starting treatment with a
loading dose in patients with primary CSF infection was recommended.

MATERIALS ANDMETHODS
Ethical approval. This study protocol was approved by the Institutional Review Board of the Medical

Faculty of the Ludwig-Maximilians-Universität München (Munich, Germany) (approval number 20-169).
The study is registered at ClinicalTrials.gov under registration no. NCT04426383. Written informed consent
was obtained from all patients or their health care proxies.

Study design and data organization. This study was conducted at University Hospital of Munich,
Germany. Adult patients who underwent EVD due to, e.g., ventriculitis, traumatic brain injury, or subar-
achnoid hemorrhage and who received vancomycin were recruited from August 2020 to September
2021. EVD systems remained open and, thus, provided continuous CSF draining. Patients were classified
according to whether the primary infection was a CNS infection or not. Vancomycin was administered
by intermittent infusion and/or continuous infusion (with or without an initial loading dose), as deter-
mined by the physician in charge. Blood samples and CSF samples from the proximal port (CSF_P) or dis-
tal port (CSF_D) of the EVD system were collected for measurements of vancomycin concentrations and
clinical parameters (19). All samples were collected based on leftover materials from blood gas analyses,
routine blood sampling, routine CSF sampling, and remaining CSF in the drainage reservoir.

The sample volumes and collecting times of CSF samples were documented, as well as basic demo-
graphic information, including age, sex, weight, and height. The actual time of the CSF_P samples is the
respective recording time, while the actual time of the CSF_D samples was calculated with the following
formula: (recording time) 2 (sampling duration)/2. The estimated drainage rate of CSF_D samples was
then calculated with the formula (CSF_D sample volume)/(sample duration), and the estimated time
delay (applied for the sensitivity analysis only) was then calculated with the formula (dead volume
[7 mL])/(estimated drainage rate). The glomerular filtration rate (eGFR) was estimated using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-EPI) 2021 equation, creatinine clearance (CrCL) was
estimated using the Cockcroft-Gault equation (39, 40), and body surface area (BSA) was calculated using
the DuBois and DuBois equation (41).

Analytics. Vancomycin was quantified by high-performance liquid chromatography (HPLC)-UV spec-
troscopy using a Prominence LC20 modular HPLC system equipped with an SPD-M30A PDA detector
(detection wavelength, 240 nm) and LabSolution software (Shimadzu, Duisburg, Germany). The auto-
sampler was cooled to 6°C, and the column temperature was 40°C. Separation was performed using a
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CORTECS T3 2.7-mm particle size, 100- by 3-mm column (Waters, Eschborn, Germany) preceded by a
guard column (Nucleoshell RP 18, 2.7-mm particle size, 4 by 3 mm; Macherey-Nagel, Düren, Germany).
The mobile phase consisted of 0.05 M sodium phosphate buffer with 7.86% (vol/vol) acetonitrile, pH
adjusted to 3.6 or 2.9. At a flow rate of 0.4 mL/min, vancomycin eluted after 3.8 min at pH 3.6 or 5.1 min
at pH 2.9. The total vancomycin concentrations in plasma were determined following a repeatedly
described method for the analysis of beta-lactam antibiotics (42). The sample preparation included
diluted phosphoric acid instead of phosphate buffer, to achieve quantitative recovery (43). In brief,
plasma (100 mL) was acidified with 0.1 M o-phosphoric acid (200 mL) and mixed with acetonitrile (500 mL).
After separation of the precipitated proteins and extraction of acetonitrile into dichloromethane (1.3 mL),
an aliquot (2mL) of the aqueous layer was injected into the HPLC system. Free vancomycin concentrations
were determined after ultrafiltration as described previously (42). In brief, plasma (300 mL) was buffered
with 10 mL of 3 M potassium phosphate (pH 7.4) in a Vivafree 500 30-kDa Hydrosart centrifugal ultrafiltra-
tion device (Vivaproducts, Inc., Littleton, MA, USA) and then incubated in a microcentrifuge (Eppendorf
5417R; Eppendorf, Hamburg, Germany) for 10 min at 100 � g and 37°C and centrifuged for 20 min at
1,000� g and 37°C. An aliquot (0.5mL) of the ultrafiltrate was injected into the HPLC system. CSF was cen-
trifuged at 12,000� g for 3 min, and an aliquot (0.5mL) of the supernatant was injected into the HPLC sys-
tem. Calibration was performed by external standardization, as no matrix effect is observed when using
HPLC-UV, in contrast to liquid chromatography-tandem mass spectrometry (LC-MS/MS) (44). The linearity
of the assay (R . 0.998) has been proven from 300 mg/L down to 0.3 mg/L in plasma and 0.1 mg/L in sa-
line as a surrogate for CSF or ultrafiltrate, respectively. These lowest nonzero standards on the calibration
curves were defined as the lower limit of quantification (LLOQ). Based on in-process quality controls (QCs;
plasma of healthy subjects spiked with 80 mg/L, 25 mg/L, or 6.25 mg/L vancomycin) the coefficients of var-
iation (CVs) of intra- and interassay determinations of total drug in plasma were ,3% (imprecision), and
the accuracy was 99.1%. The fu of vancomycin in these QCs was 79.5% 6 1.6% (CV = 2.0%). The QCs were
analyzed as single samples, as in preliminary experiments, the difference between duplicates was as low
as 1%, i.e., in the range of the imprecision of the injection system. The accuracy regarding the determina-
tion of the free concentrations in plasma cannot be specified, as the extent of protein binding in a particu-
lar plasma sample is not known (45). The CVs of the intra- and interassay determinations of vancomycin in
saline as a surrogate for CSF or ultrafiltrate (QCs of 5 mg/L and 0.5 mg/L) were,4% (imprecision), and the
accuracy was 98.6%. The stability of the processed samples in the autosampler (16 to 18 h/6°C) was
98.3% 6 2.5% for total plasma concentrations, 99.4% 6 1.5% for free plasma concentrations, and
95.1% 6 7.2% for CSF concentrations.

Population pharmacokinetic modeling. The PopPK model was developed and diagnosed using the
nonlinear mixed-effects model software NONMEM (version 7.4.0; ICON Development Solutions, USA) and
Perl-speaks-NONMEM (PsN) (version 5.3.0; Uppsala University, Sweden) (46, 47). The model was developed
using first-order conditional estimation with interaction, where a decrease of .3.84 in the objective func-
tion value (OFV) between 2 nested models (P, 0.05) upon the inclusion of a parameter was used as a sta-
tistical criterion. The nonnested models were compared using the Akaike information criterion (AIC), and
the model with the lower AIC was selected (48). Covariates were assessed by stepwise forward inclusion
(P = 0.05) using the stepwise covariate modeling tool in PsN. Statistics and graphic visuals were performed
using R (version 4.2.0). The model was developed based on total vancomycin concentrations in plasma
and CSF. Samples with concentrations below the limit of quantification (BLQ) were omitted during model
development because the percentage of BLQ data was less than 2% (49).

The interindividual variables (IIVs) for PK parameters were described by the exponential equation
u i ¼ u � eh i , where u i is the value of the individual predicted parameter and u is the population point
estimate of the parameter. Different error models, including additive-only and proportional-only error
models and the combination thereof, were evaluated separately. The plasma data were initially used to
establish the basic model with one-, two-, and three-compartment model attempts. Subsequently, cova-
riates related to plasma PK parameters were tested, including age, sex, weight, height, BSA, primary CNS
infection, eGFR, and CrCL.

On the basis of the plasma model, a CSF compartment was directly linked to the central compartment
with the intercompartment clearance between plasma and CSF (QCSF), as well as the CSF compartment vol-
ume (VCSF). Two empirical methods to describe the elimination of the drug from the CSF compartment
were tested separately. The first was to introduce a transit compartment between the CSF compartment
and the central compartment with an independent parameter of transit compartment rate; in the mean-
time, the VCSF was fixed to be weight � 0.002 L/kg based on the reported value of human CSF volume (Fig.
4, left) (50, 51). The other was to introduce an additional clearance, i.e., bulk flow (QBULK = 0.025 L/h), when
the drug was eliminated from the CSF compartment to the central compartment (Fig. 4, right) (18, 52). The
following covariates were assessed using the two models described above in parallel: age, sex, weight,
height, BSA, primary CNS infection, drainage rate, CSF sample volume, unbound fraction (fu), albumin, biliru-
bin, C-reactive protein, leukocytes, and interleukin 6 and neuron-specific enolase (CSF), S100 protein (CSF),
ferritin (CSF), erythrocytes (CSF), cell count (CSF), protein (CSF), glucose (CSF), interleukin 6 (CSF), and lactate
(CSF). After the development of a reasonable CSF base model using all CSF sample data, the role of the two
types of CSF samples was investigated by comparison of parameter estimates when including and exclud-
ing the CSF_P samples and by separation of residual errors for CSF_P and CSF_D samples. Only forward
inclusion was used for covariates based on significant improvement of the model, because of the small
sample size and the exploratory type of evaluation. Exponential and proportional models were compared
for continuous covariates, and conditional effects was used for categorical covariates.

Internal model evaluation of the final model was performed by individual plots of predicted concentra-
tions and observed concentrations, goodness-of-fit (GOF) plots, and prediction-corrected visual predictive
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checks (pcVPC, n = 1,000) (53). Model stability and parameter precision were tested by a nonparametric
bootstrap approach (n = 1,000 bootstraps).

To further assess a potential effect of the CSF sampling site on the results of the model, a sensitivity
analysis was carried out. Although we were aware that the respective estimated time delay (calculated
as described in “Study design and data organization,” above) might not be reliable, to this end, CSF_D
sampling times were adjusted by the individual estimated time delay with censoring of any adjusted
times to the value of the previous shifted sampling time plus 0.01 h. Censoring was used to avoid dis-
turbing the order of samples by this procedure. Parameter estimates and PTA calculation were com-
pared between the final model and the model using data with adjusted times for CSF_D samples. We
repeated this exercise with uniformly shifted CSF_D sampling times, assuming CSF flow rates of 12 and
36 mL/h, which reflects the reported range of CSF production rates (20).

Simulations. Different dosing regimens were tested separately in 3,000 simulated subjects with pri-
mary CNS infection on the basis of Monte Carlo simulations, where age, CrCL, and CSF protein concen-
trations were generated according to covariate distributions in our observational data. Three infusion
modes, intermittent infusion, continuous infusion with a loading dose, and continuous infusion without
a loading dose, were compared in terms of the daily area under the curve (AUC24) in plasma and the
trough concentration (Ctrough; the concentration at 24 h or 120 h after the first dose for day 1 or steady
state, respectively) in CSF, which are common PK/PD targets for vancomycin therapy (22, 33). For contin-
uous infusion with a loading dose, the loading dose was chosen to be half of the daily dose on the first
day of treatment, and the remaining daily dose was administered immediately after the loading dose
was completed. From the second day, the daily dose was administered only by continuous infusion.
Only total vancomycin concentrations in plasma and CSF were applied for PTA calculations, as a total
vancomycin AUC/MIC of $400 has been advocated as a plasma target, while the protein binding of van-
comycin in CSF is currently unknown and protein concentrations in CSF are negligible (3, 33).
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