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Vancomycin is a hydrophilic antibiotic widely used in severe infections, including
bacteremia and central nervous system (CNS) infections caused by Gram-positive
bacteria such as methicillin-resistant Staphylococcus aureus (MRSA), coagulase-
negative staphylococci and enterococci. Appropriate antimicrobial dosage regimens
can help achieve the target exposure and improve clinical outcomes. However,
vancomycin exposure in serum and cerebrospinal fluid (CSF) is challenging to predict
due to rapidly changing pathophysiological processes and patient-specific factors.
Vancomycin concentrations may be decreased for peripheral infections due to
augmented renal clearance (ARC) and increased distribution caused by systemic
inflammatory response syndrome (SIRS), increased capillary permeability, and
aggressive fluid resuscitation. Additionally, few studies on vancomycin’s
pharmacokinetics (PK) in CSF for CNS infections. The relationship between exposure
and clinical response is unclear, challenging for adequate antimicrobial therapy. Accurate
prediction of vancomycin pharmacokinetics/pharmacodynamics (PK/PD) in patients with
high interindividual variation is critical to increase the likelihood of achieving therapeutic
targets. In this review, we describe the interaction between ARC and vancomycin PK/PD,
patient-specific factors that influence the achievement of target exposure, and recent
advances in optimizing vancomycin dosing schedules for severe infective patients
with ARC.
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INTRODUCTION

Vancomycin is the first-line antibiotic for treating methicillin-resistant Staphylococcus aureus
(MRSA) infection and other Gram-positive cocci infections. 90% of vancomycin is cleared by
the prototype through the kidney. As a result, renal function significantly impacts on its
pharmacokinetics/pharmacodynamics (PK/PD) (Rybak et al., 2020). For severe infections,
augmented renal clearance (ARC), which refers to the increased renal elimination of circulating
solutes, is common. It can be caused by the disease itself, the inflammatory state, or therapeutic
interventions (Bilbao-Meseguer et al., 2018). Current studies suggest that ARC can lead to increased
vancomycin clearance (CLV), resulting in subtherapeutic serum concentrations, which increases the
risk of treatment failure and bacterial drug resistance (Rybak et al., 2020). In addition, severely altered
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and variable PK affected by patient-specific factors could also
result in subexposure (Landersdorfer and Nation, 2021). Higher
doses more than recommended by current guidelines are needed
to attain the desired drug exposure in these patients (Hobbs et al.,
2015; Mahmoud and Shen, 2017; Udy et al., 2018). Furthermore,
for central nervous system (CNS) infections, vancomycin enters
the cerebrospinal fluid (CSF) via paracellular pathways. Its
permeability to CSF is limited under normal conditions due to
its high molecular weight and hydrophilicity (Kumta et al., 2018).
The blood-brain barrier (BBB) and the blood-cerebrospinal fluid
barrier (BCB) can be disrupted by meningitis or neurosurgery,
resulting in increased vancomycin permeability, which varies
greatly between individuals (Beach et al., 2017; Tiede et al.,
2021). The drug exposure target at the infection site such as
CSF and the protocol required to achieve the target remain
unclear. Optimizing antibiotic therapy is essential to increase
targeted exposure ratios and improve clinical outcomes
(Landersdorfer and Nation, 2021). However, only a few studies
have investigated the effect of ARC on vancomycin PK/PD, and
little is known about its PK for CNS infections like meningitis or
ventriculitis. The purpose of this review is to summarize the
pathophysiological mechanism of ARC, the effects of ARC and
patient-specific factors on vancomycin PK/PD, and the progress
of optimal delivery of vancomycin for severe infective patients
with ARC.

DEFINITION, EPIDEMIOLOGY AND RISK
FACTORS OF AUGMENTED RENAL
CLEARANCE
ARCwas first described by Udy AA et al. and defined as enhanced
elimination of solutes compared to baseline, a process involving
altered glomerular filtration and tubular function (Udy et al.,
2010a). Accurately defining the process of enhanced renal
clearance is challenging and depends on what is accepted as
“normal” renal function in a particular population (Udy et al.,
2010b). For instance, young people’s normal glomerular filtration
rate (GFR) is about 125 ml/min/1.73 m2, but these values
decrease with age (Kidney Disease: Improving Global
Outcomes (KDIGO) CKD Work Group, 2013). Therefore,
data describing the optimal diagnostic thresholds and
corresponding cut-off value for increased creatinine clearance
in a particular population are lacking. Most subsequent studies
have used creatinine clearance (CrCl) ≥130 ml/min/1.73 m2 as
the diagnostic criterion for ARC, since there are some clinical or
PK studies that have linked CrCl >130 ml/min/1.73 m2 to
antimicrobial subexposure (Udy et al., 2013; Udy et al., 2014;
Huttner et al., 2015), although some studies have defined lower
(≥120 ml/min/1.73 m2) (Campassi et al., 2014; May et al., 2015)
or higher thresholds (≥150 ml/min/1.73 m2) (Carrié et al., 2019).

ARC was found to be present in 4.1–65.1% of critically ill
patients (Udy et al., 2014; De Waele et al., 2015; Ruiz et al., 2015;
Hirai et al., 2016; Tsai et al., 2018; Nei et al., 2020; Beunders et al.,
2021), and more common in certain subgroups such as trauma or
multiple injuries (57.0–85.7%) (Udy et al., 2013; Barletta et al.,
2016; Barletta et al., 2017; Mulder et al., 2019). Moreover,

observational studies have found that the incidence of ARC is
higher in neurological diseases like traumatic brain injury (TBI)
(Dias et al., 2015; Udy et al., 2017a), intracerebral hemorrhage
(ICH) (Morbitzer et al., 2019), and subarachnoid hemorrhage
(SAH), which are 83.0–88.0%, 50.0%, and 94.0–100.0%,
respectively. For CNS infections, ARC has an incidence of
25.0–47.0% in patients with bacterial meningitis (BM),
ventriculitis, or neurosurgery (Lautrette et al., 2012; Blassmann
et al., 2019; Chen et al., 2020). ARC patients are more likely to be
younger (De Waele et al., 2015), and it can occur transiently or
persist during hospitalization (Udy et al., 2014; De Waele et al.,
2015). Renal clearance may increase over time (Udy et al., 2014;
Morbitzer et al., 2019), suggesting the need for dynamic
monitoring of renal function for drug dose adjustment.

ARCmay occur due to a variety of factors (Figure 1). Younger
age has been a significant predictor of ARC in univariate and
multivariate analyses (Kawano et al., 2016; Barletta et al., 2017;
Mulder et al., 2019; Nei et al., 2020; Nazer et al., 2021). Some
studies have also found that lower disease severity (Udy et al.,
2013; Huttner et al., 2015; Kawano et al., 2016; Udy et al., 2017b;
Nei et al., 2020), trauma (Udy et al., 2013; Campassi et al., 2014;
Huttner et al., 2015; Ruiz et al., 2015; Nei et al., 2020), and ICH
(Nei et al., 2020) are independent risk factors associated with
ARC. Besides, febrile neutropenia was investigated to be an
independent risk factor for ARC in critically ill patients (OR
5.86, 95% CI 1.98 ± 66, p = 0.0030) (Hirai et al., 2016), but there is
a lack of further studies to confirm this result. Other risk factors
that may promote the development of ARC include male sex
(Udy et al., 2013; Barletta et al., 2017; Mulder et al., 2019), fluid
therapy (Mulder et al., 2019; Dhondt et al., 2020), mechanical
ventilation (Udy et al., 2014; Nazer et al., 2021), higher cardiac
index (CI) (Udy et al., 2013; Barletta et al., 2016), use of
vasopressor drugs (Udy et al., 2010c; Nazer et al., 2021), and
less frequent use of furosemide (Campassi et al., 2014; Nazer et al.,
2021). However, these factors were not subsequently confirmed in
multivariate analyses.

PATHOPHYSIOLOGICAL MECHANISMS OF
ARC FOR SEVERE INFECTIONS

The mechanism of ARC for severe infections is still unclear and
the ideas proposed in current studies need to be further validated.
The possible pathogenesis is illustrated in Figure 2. It has been
suggested that systemic inflammatory response syndrome (SIRS)
caused by stressful events such as sepsis, severe trauma, burns and
major surgery may be associated with ARC. When SIRS occurs,
cytokines and pro-inflammatory mediators release lead to
decreased vascular resistance and increased cardiac output
(CO). In addition, active fluid therapy and commonly used
positive inotropic drugs and vasopressors further increase CO
and circulating blood volume. These factors may increase renal
blood flow (RBF) and GFR (Baptista et al., 2012; Udy et al., 2012).
It has recently been suggested that an increase in GFR may also
reflect a direct consequence of the inflammatory process,
independent of haemodynamic changes in an experimental
model of endotoxemia (Beunders et al., 2020). Renal
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functional reserve (RFR) refers to the ability of the kidney to
increase GFR in response to stress exposure. It can be used to
achieve normal or supernormal renal function in the presence of
increased RBF. Studies suggest that enhanced RBF through
dilatation of the afferent glomerular arterioles after impaired
renal autoregulation and protein loading are the main
mechanisms involved in RFR mobilization (Samoni et al.,
2016). SIRS in combination with greater RFR has been
suggested as a possible mechanism for the development of
ARC for severe infections (Campassi et al., 2014; Nazer et al.,
2021).

For CNS infections, inflammatory cascade caused by cytokines
released by CNS innate immune cells can lead to brain damage
(Farmen et al., 2021). It has been claimed that better cerebral
autoregulation ability is assessed by cerebrovascular reaction
pressure index (PRx) which was defined as the correlation
between arterial pressure (ABp) and intracranial pressure
(ICP) may be directly related to increased renal clearance in
TBI patients (Barletta et al., 2017). The mechanism behind this
phenomenon in these patients may be explained by the
parallelism of autoregulation to blood pressure fluctuations
between vascular beds of the brain and kidney (Khalid et al.,

FIGURE 1 | Risk factors associated with ARC. ARC, augmented renal clearance; ICH, intracerebral hemorrhage; CI, cardiac index. Solid lines represent identified
factors and dotted lines represent undetermined factors.

FIGURE 2 | The possible pathogenesis of ARC in severe infection. ARC, augmented renal clearance; SIRS, systemic inflammatory response syndrome; RBF, renal
blood flow; CO, cardiac output; GFR, glomerular filtration rate.
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2019). In addition, brain damage can lead to a systemic
inflammatory response that subsequently causes changes in
blood flow to the kidneys (Pesonen et al., 2021). Another
observational study (Udy et al., 2017a) found that the increase
in CrCl in patients with TBI paralleled the change in CO and a
significant increase in atrial natriuretic peptide (ANP)
concentrations. Whether brain-renal axis and neuroendocrine
factors are also involved in ARC for CNS infections needs to be
reflected and further studied. We speculate that the inflammatory
state, surgical stress, and brain injury together contribute to the
development of ARC in this population, which may be similar to
sepsis or TBI.

EFFECTS OF ARC ON VANCOMYCIN
PHARMACOKINETICS/
PHARMACODYNAMICS FOR SEVERE
PERIPHERAL INFECTIONS

The “severe peripheral infections” mentioned in this paper
include but are not limited to bacteremia, sepsis, septic shock,
infective endocarditis, and pneumonia. However, since the
patient populations in the literature we reviewed were all
suspected or confirmed bacteremia, sepsis, septic shock, or
CNS infections caused by Gram-positive bacteria, this concept
corresponds only to bloodstream infections described above.

Due to the considerable variability in the upper range of the
area under the concentration curve (AUC) associated with a given
trough concentration (Cmin) (15–20 mg/L), for severe
methicillin-resistant staphylococcus aureus (MRSA) infections,
assuming a minimum inhibitory concentration (MIC) of 1 mg/
L, the latest guidelines recommend an AUC of 400–600 mg · h/L
as the PD target. 90% of vancomycin was cleared by the kidney,
and the clearance was directly related to CrCl (Rybak et al., 2020).
Despite the high incidence of ARC in severe infective patients,
few studies have discussed the effect of ARC on vancomycin PK.
Data are lacking to guide rational dosing in ARC patients. This is
an important issue that clinicians should be aware of, as failure to
meet the PD target may be associated with the eventual
acquisition of resistance to antimicrobial agents (Cucci et al.,
2020). Additionally, it has been established that MIC values
>1 mg/L and ARC increase the risk of subexposure (Helset
et al., 2020), which may have a negative effect on prognosis.
Some studies demonstrated that vancomycin subexposure was an
independent predictor of 30-days mortality (OR 6.83; p = 0.01)
(Jumah et al., 2018), was significantly associated with in-hospital
mortality (OR 2.1; p = 0.003) (Spadaro et al., 2015). For MRSA
bacteremia, multivariate analyses showed that lower initial AUC/
MIC was a significant risk factor for treatment failure (Song et al.,
2015; Johnston et al., 2021). Seeking higher-than-target AUC/
MIC may improve treatment outcomes.

Current studies have consistently concluded that CLV was
higher in ARC patients than in non-ARC patients. Besides, ARC
patients were at high risk of subexposure, and conventional doses
were not sufficient for them. Observational retrospective studies
found that the ARC groups exhibited higher CLV than the

non-ARC groups in ICU (Hirai et al., 2016; He et al., 2020).
When treated with equivalent common daily doses of
vancomycin, target AUC was not achieved in all patients and
was significantly lower in the ARC group (232.9 mg · h/L) than in
the non-ARC group (316.2 mg · h/L) (p < 0.05) (He et al., 2020).
Despite receiving higher doses of vancomycin, the AUC
attainment rate was only 38.1% in the ARC group, which was
lower than that of non-ARC patients (52.1%) (p < 0.0001) (Hirai
et al., 2016). Moreover, CrCl was significantly negatively
correlated with vancomycin concentrations on the first day of
treatment (rS = −0.57, p < 0.001) (Baptista et al., 2012) and lower
Cmin (r = 0.53, p ≤ 0.001) (Bakke et al., 2017). For patients with
increased CrCl, Cmin could not reach the therapeutic level within
3 days even clinicians increased the dose and shortened the
dosing interval (Bakke et al., 2017). A routine intermittent
dosing regimen of vancomycin was significantly associated
with a low Cmin attainment rate in ARC patients (Villanueva
et al., 2019).

Actually, for critically ill patients, the distribution of
intravenous (IV) vancomycin in systemic circulation was
generally described by a one- or two-compartment model with
CLV described by CrCl as a significant PK parameter. CLV varies
with CrCl in these populations and has been reported to range
from 3.97 to 7.23 L/h with high inter-individual variability
(Roberts et al., 2011; Heffernan et al., 2019; Vu et al., 2019;
Pongchaidecha et al., 2020). The CLV observed in the study (CLV
= 7.23 L/h) from Heffernan et al. (2019) was higher than other
studies mainly because the subjects in their study had better
kidney function (median value of CrCl 107.0 ml/min). For
population PK analyses of ICU patients with ARC,
retrospective observational PK studies conducted by He et al.
(2020) and Chu et al. (2020) reported that the ARC groups
exhibited higher CLV, typical values were 9.7 L/h and 8.52 L/h,
respectively, which were higher than those reported in other
literature. According to these PK models and Monte Carlo
Simulations, larger doses than the common doses
recommended were required for optimal serum exposure for
severe peripheral infections, especially in patients with ARC.

EFFECTSOF PATIENT-SPECIFIC FACTORS
ON VANCOMYCIN PK/PD FOR SEVERE
PERIPHERAL INFECTIONS
Population PK models of IV vancomycin have been indicated
that the volume of distribution (Vd) was also an important PK
parameter described by total body weight (TBW) (Roberts et al.,
2011), or positively correlated with age and body weight (BW)
(Pongchaidecha et al., 2020) in critically ill patients. Chu et al.
(2020) retrospectively collected vancomycin concentrations
samples from ARC patients with suspected or confirmed
Gram-positive bacterial infections for a population PK
analysis. A typical value for Vd was 155.4 L/h, which was
1.3–3.6 times higher than those reported in other literature
(Roberts et al., 2011; Heffernan et al., 2019; Vu et al., 2019;
Pongchaidecha et al., 2020). These may be due to increased blood
flow to major organs caused by hyperdynamic state, high volume
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loading and increased CO. On the one hand, higher Vd levels
impact serum concentrations. On the other hand, it suggests that
vancomycin can be widely distributed throughout the body,
which may be beneficial in treating infections in places where
the drug cannot easily reach. Furthermore, Medellín-Garibay
et al. (2016) proposed a two-compartment model from
critically ill trauma patients receiving IV vancomycin. CrCl
was associated with CLV (0.49 ± 0.04 L/h) and was the most
influential covariate on CLV. However, the use of furosemide
reduced CrCl (0.34 ± 0.05 L/h). Based on the final model, they
provide a new dosing regimen that considers CrCl and
concomitant administration of furosemide for these patients.

In addition, some studies support that the duration and degree
of the systemic inflammatory response of sepsis were also the
factors to predict the plasma concentration of vancomycin.
Chuma et al., 2016) found that although there were no
differences in CrCl and Sequential Organ Failure Assessment
(SOFA), patients with a duration of SIRS <2 days had a higher
CLV than those with a duration of >6 days. They hypothesized
that increased capillary leakage and extravasation of blood
components early in sepsis might lead to lower vancomycin
concentrations. Conversely, prolonged SIRS-induced multiple
organ dysfunction syndromes (MODS) may increase
vancomycin levels. Zaric et al. (2018) concluded that when
sepsis occurs, when renal function is not affected by infectious
complications, increased CO and hyperdynamic circulation
increase renal perfusion, raising GFR and allowing more drug
molecules to enter the tubular lumen, where hydrophilic
antibiotics cannot be reabsorbed and are passed through
urinary excretion. The increase in sepsis-related renal
perfusion does not lead to a sufficiently large increase in GFR
in patients with renal failure with limited RFR compared to
patients with ARC. Shimamoto et al. (2013) found that except
for patients with renal insufficiency, CLV in SIRS patients was
significantly higher than in patients without SIRS. Multivariate
analysis showed that CLV was highly positively correlated with
CrCl and SIRS scores, and negatively correlated with age, even
when clearance increased. For young sepsis patients without any
renal complications, increased blood flow to the kidneys may
result in increased CLV and lower vancomycin concentrations
due to the development of high dynamic cardiovascular status
and vasodilation. Therefore, larger doses of vancomycin may be
considered for younger patients with shorter duration of SIRS
and higher SIRS scores.

EFFECTS OF ARC ON VANCOMYCIN PK/
PD FOR CENTRAL NERVOUS SYSTEM
INFECTIONS
Kim et al. (2016) found infective patients after neurosurgery had
significantly higher CrCl, higher CLV, and lower Cmin than non-
neurosurgical patients. Neurosurgery and CrCl were the most
important covariates explaining this higher CLV. Lin et al. (2016)
established a one-compartment model to describe the PK process
of IV vancomycin in BM patients after craniotomy. CrCl is an
important covariate with a non-linear relationship with CLV,

which significantly affects concentration. When the CrCl was
130 ml/min, the estimated CLV was 9.37 L/h, which was relatively
high, suggesting that ARC patients need to increase the dose.
Chen et al. (2020) reported that for infective patients after
neurosurgery treated with vancomycin, Cmin was lower in the
ARC group compared to the normal renal function group despite
receiving a higher dose (6.45 mg/L vs. 10.72 mg/L; p < 0.001). The
rate of achieving target Cmin was 41.03% in the normal renal
function group compared to only 19.23% in the ARC group.
These findings indicate that infective patients after neurosurgery
are at significantly higher risk of ARC and subtherapeutic serum
concentrations than other patients. ARC screening combined
with therapeutic drug concentration monitoring (TDM) should
be performed routinely. However, for CNS infections, the
difficulty in achieving therapeutic exposure in CSF is that both
ARC and patients-specific factors are important elements
affecting vancomycin PK/PD.

EFFECTS OF PATIENTS-SPECIFIC
FACTORS ON VANCOMYCIN PK/PD FOR
CNS INFECTIONS
Effective exposure targets at the site of infection such as CSF and
the protocol required to achieve the target are difficult to
determine. These cannot simply be extrapolated from the drug
exposure indices in serum due to the complexity of factors
affecting drug distribution and elimination in CSF. Due to its
hydrophilicity, high molecular weight, and affinity for plasma
proteins, vancomycin is normally poorly permeable to the blood-
brain barrier (BBB) or blood-cerebrospinal fluid barrier (BCB)
(Kumta et al., 2018). However, in pathological conditions such as
meningitis or craniotomy which could damage the BBB or BCB,
vancomycin increases permeability to CSF through the
paracellular pathways, which varies greatly between individuals
(Beach et al., 2017; Tiede et al., 2021). Therefore, the severity of
meningeal inflammation and the degree of BBB or BCB
destruction affect the concentration of CSF.

Li et al. (2015) first proposed a three-compartment model
(central compartment, peripheral compartment, and CSF
compartment) to describe the PK process of IV vancomycin in
patients with external ventricular drainage (EVD)-associated
ventriculitis. The CSF was considered a separate compartment
connected to the central compartment in a first-order distribution
(QCSF) due to a significant time delay between CSF and plasma
concentration observed after IV vancomycin. Covariate analysis
showed that serum concentration and CSF albumin, which
reflects the disruption degree of BBB were the factors affecting
CSF concentration. Their subsequent study (Li et al., 2016)
additionally identified BW as a covariate that affected the
central compartment volume (VC) to optimize the previous
model. CSF albumin level was still a covariate affecting QCSF.
When IV combined with intraventricular (IVT) vancomycin, the
impaired BBB and BCB caused by neurosurgery made it easily
permeate the CSF. Considering the drainage of the CSF by the
tube also led to drug exclusion, they further proposed a three-
compartment model with two elimination pathways (elimination
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via central compartment and CSF compartment) (Li et al., 2017).
The process of elimination via the central compartment was
influenced by CrCl. The drug loss from CSF can be described by
the clearance of the CSF compartment (CLCSF), which was related
to the average daily drainage amount (DA) and the elapsed time
(ET) after IVT injection. Similarly, a recent PK study for patients
with EVD-associated ventriculitis conducted by Jalusic et al.
(2021) built a three-compartment model with two elimination
pathways. They found CSF lactate levels as a substitute for
inflammatory processes may be associated with increased CSF
vancomycin concentration.

Blassmann et al. (2019) used the constructed three-
compartment model to simulate the dosing of EVD-related
ventriculitis in ICU patients. Only 5.6 and 0% of patients in
the 1000 mg q12h group had CSF concentrations greater than 1
and 2 mg/L, respectively. However, with continuous infusion (CI)
of 6,000 mg/d, 96.8 and 25.6% patients had CSF concentrations
exceeding 1 mg/L and 2 mg/L, respectively. Larger doses may help
vancomycin concentrations meet or exceed MIC in CSF.

OPTIMIZATION OF VANCOMYCIN
DELIVERY FOR SEVERE INFECTIVE
PATIENTS WITH ARC
Severe infective patients have significant inter-individual
variations in the distribution and elimination of hydrophilic
antibiotics (Landersdorfer and Nation, 2021). Furthermore,
vancomycin exposure was heavily influenced by ARC and
patient-specific factors. For severe infections, previous studies
have demonstrated that the standard dosing regimen was
insufficient to meet PD targets (Blassmann et al., 2019;
Heffernan et al., 2019; He et al., 2020). All the ICU patients
who received the common dose demonstrated lower AUC than
the target level of 400 mg · h/L, which showed a lower trend in the
ARC group (He et al., 2020). In the 1,000 mg q12h group, almost
no patients had CSF concentrations of vancomycin exceeding
MIC (Blassmann et al., 2019). One-size-fits-all administration
may lead to inadequate exposure, thereby increasing the risk of
treatment failure and bacterial resistance. Optimizing antibiotic
therapy is essential to increase targeted exposure ratios and
improve clinical outcomes (Landersdorfer and Nation, 2021).
Supplementary Table S1 summarizes the PK/PD literature and
recommended doses of vancomycin in severe infective patients
with ARC.

Loading Dose and Continuous Infusion
Hodiamont CJ et al. evaluated the effect of 25 mg/kg vancomycin
loading dose on the first 24-h PK/PD target attainment (AUC) in
critically ill patients and whether it increased the risk of acute
kidney injury (AKI). They observed that a 25 mg/kg loading dose of
vancomycin significantly increased the rate of AUC ≥400 mg · h/L
without increasing the risk of AKI (Hodiamont et al., 2021).

For severe peripheral infections, recent PK studies showed a
loading dose (25–30 mg/kg) allows for rapid and effective target
drug exposure (serum concentration of 20–30 mg/L) (Vu et al.,
2019; Pongchaidecha et al., 2020). Monte Carlo simulations from

a PK study conducted by Roberts JA et al. suggested that even
higher loading doses up to 35 mg/kg were required in a group of
critically ill patients with relatively better renal function (Roberts
et al., 2011). The optimal maintenance dose for ARC patients
depends on their CrCl. To maintain adequate exposure,
3,500 mg/d (CrCl 130 ml/min-180 ml/min) or even 4,500 mg/d
(CrCl >181 ml/min) were required (Vu et al., 2019). Baptista et al.
(2014), Spadaro et al. (2015) created a dosing nomogram of CI
based on 8-h CrCl from 79 critically ill patients treated with
vancomycin and subsequently validated its effectiveness in 25
sepsis patients. 84% of patients, including all ARC patients,
achieved the target concentration of 20–30 mg/L on the first
day of treatment, with negligible side effects. Patients with a CrCl
of 150 ml/min required a CI of at least 3.3 g/d, while patients with
a CrCl of 350 ml/min required even 5.8 g/d. During the early
stages of treatment, CI based on the dosing nomogram
significantly increased plasma concentrations, particularly in
patients with ARC. However, many nomograms have the
drawback of not being designed with PK/PD targets in
critically ill patients and relying on the experience of clinicians
for dose adjustment.

For CNS infection, Blassmann et al. (2019) conducted dosing
simulations in patients with ventriculitis and showed that 96.8
and 25.6% in the 6,000 mg CI group had CSF concentrations
exceeding 1 and 2 mg/L, respectively.

Loading dose and CI can not only regulate serum
concentration and prevent gradual accumulation of
vancomycin but also keep serum concentration within the
therapeutic range and seem to reduce renal toxicity (Spadaro
et al., 2015). Furthermore, a single concentration measured
during CI allows simple AUC estimation and dose adjustment.
New dosing strategies such as CI should be further evaluated in
clinical trials to avoid subexposure in serum and CSF.

Dosing Regimens Based on Population PK
Models
Due to the substantial inter-individual variability in PK
characteristics in critically ill patients, the personalized dosage
is required to achieve therapeutic exposure in these patients
(Landersdorfer and Nation, 2021). A method that predicts
population PK/PD in advance without obtaining any
concentrations may be needed to guide initial precise dosing.
Population PK modeling should ideally be based on richly
sampled vancomycin data and data extraction on important
covariates associated with PK. The method estimates
individual PK values using the population PK parameter
equation to determine the dose, infusion time, and interval
required to maintain an effective exposure (Kourogi et al.,
2017). The covariates and population estimates of parameters
identified by the population PK model may differ for different
ICU populations due to the diversity and complexity of clinical
characteristics and treatments of critically ill patients and ethnic
heterogeneity (Bae et al., 2019). Different dosing
recommendations can be obtained using population PK
models with different covariates included (Supplementary
Table S1). Numerous models represent the PK characteristics
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of various populations in systemic circulation. One- or two-
compartment models that represent the characteristics of the
target population and have been validated in the literature with
reasonable predictive performance should be selected. Six
published models were evaluated in two independent data sets
(Guo et al., 2019). However, the model of Roberts et al. (2011) was
the only model that met the validity standard and could
accurately predict the concentration-time data of ICU patients
in two hospitals, with the mean and median of prediction error
(PE) lower than 20%.

To avoid insufficient intracranial concentration caused by
using plasma TDM alone as a substitute for CSF
concentration monitoring, CSF TDM is required (Jalusic et al.,
2021). Simultaneous monitoring of plasma and CSF
concentrations, as well as the development of an appropriate
population PKmodel, can aid in the prediction of serum and CSF
concentrations, allowing for the quantification of individual
dosing for CNS infections. However, few studies have explored
the PK characteristics of vancomycin in CSF (Supplementary
Table S1).

Li et al. (2015) established a three-compartment model in
patients with EVD-associated ventriculitis in which CSF albumin
was identified as a covariate. The concentration of vancomycin in
the CSF was not only affected by serum levels, but also by CSF
albumin, which reflects the degree of BBB damage. Their
subsequent PK study improved the previous model by adding
BW as a covariate to guide the dosing schedule, which was
stratified according to CSF albumin level and BW (Li et al.,
2016). BW mainly affected loading dose. When BW was similar,
the lower the CSF albumin (indicating less BBB damage), the
higher the loading andmaintenance doses required. Considerable
maintenance doses (>12 g CI for 3 days) were required in patients
with CSF albumin <100 mg/dl, therefore, IV is not recommended
due to potential nephrotoxicity and ototoxicity (Bruniera et al.,
2015). IVT or IV combined with IVT injection may be more
appropriate for these patients. However, in this case, the PK
characteristics of plasma and CSF are poorly understood. A
recent PK study conducted by Li X et al., which considered
the possible effect of CrCl on central compartment clearance,
reported a three-compartment model with two elimination
pathways (Li et al., 2017) to describe the PK process of
vancomycin in plasma and CSF of patients with EVD-
associated ventriculitis. The model showed that DA
significantly affected CSF concentration, and CrCl was an
important factor affecting plasma concentration. Patients were
stratified according to DA and CrCl. Simulations showed that the
amount of IVT injection required to achieve the target CSF
exposure increased with the rise of daily DA. For patients with
CrCl 150–200 ml/min, 1430 mg q12h IV injection was required
and local injection was up to 70 mg q12h when the daily flow was
300–400 ml. Compared with their previous two models that only
administered IV vancomycin (Li et al., 2015; Li et al., 2016), the
main source of CSF drug in this study was IVT injection. The
effect of damaged BBB on CSF concentration was limited, so they
did not consider CSF albumin in the final model. It is important
to note that the CSF outflow rate is not static, and BBB repair
reduces CSF outflow rate. Thus, CLCSF is a variable parameter

that decreases with BBB recovery. Furthermore, simulations
based on a three-compartment model established by Jalusic
et al. (2021) from a recent study of EVD-associated
ventriculitis showed that Cmin in CSF raised with the increase
of lactate level, representing inflammatory processes in CSF. At a
lactate level of 3.3 mmol/L (median of the observed population),
1350 mg q8h IV met the therapeutic goal (CSF concentration >
1 mg/L) and the recommended dose for CI was 4 g/d.

The typical CLV reported in these studies was 5.15–8.75 L/h
with high inter-individual variability (Li et al., 2015; Li et al., 2016;
Li et al., 2017; Jalusic et al., 2021), higher than that in patients with
other types of infection in the ICU. Plasma and CSF TDM
monitoring is necessary for ensuring adequate exposure. Renal
function changes and patient-specific factors are important
considerations when designing dosing strategies for CNS
infections. Currently established population PK models
contribute to the further development of stratified dosing
based on CrCl and patient-specific factors. Still, large-scale
prospective clinical data are lacking to validate the predictive
performance of different models and the safety of recommended
dosing regimens.

Dosing Regimens Based on Population PK
Models Combined With Bayesian Software
Bayesian software program embedded PK data based on rich
samples as a Bayesian prior PK model, using only an
individualized Cmin to optimize the PK parameters of the
population estimation. Once the most likely PK parameters
are estimated based on a reliable model, the PK equation can
be used to determine the dosing regimen and an accurate AUC,
with an average bias of only 3% (Bayard and Jelliffe, 2004; Fuchs
et al., 2013; Lonsdale et al., 2013; Bruniera et al., 2015). Clark et al.
(2019) found a positive correlation between vancomycin Cmin
and AUC in patients with suspected or confirmed MRSA
infection, but 100% of patients with Cmin >9 mg/L achieved
an AUC/MIC of >400 mg · h/L. Cmin of 15–20 mg/L often points
to an AUC/MIC greater than that required for efficacy
optimization, leading to unnecessary dose increases and risk of
toxicity. A subsequent prospective study by Neely et al. (2018)
confirmed that, compared with Cmin, AUC-guided Bayesian
analysis of dosing was associated with reduced renal toxicity,
fewer inpatient blood collections, and shorter treatment time,
without affecting efficacy. Proper use of Bayesian software can
help patients achieve a higher frequency of therapeutic
concentration and save TDM resources (Abulfathi et al.,
2018). Therefore, AUC-guided Bayesian analytical dosing is
more reliable than Cmin-guided dosing. When using a single
concentration for Bayesian estimation of AUC, the most accurate
predictions are obtained within 1.5–6 h after infusion, although
the optimal sampling time varies between different software
(Shingde et al., 2020). PK parameters obtained by Bayesian
methods at different sampling frequencies were estimated
without bias. High sampling frequencies did not add any value
(Guo et al., 2021).

Compared to traditional one- or two-compartment PK
models, Bayesian software predicts targets with greater
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precision and accuracy by using a single concentration obtained
even if it is not steady-state, allowing critically ill patients to reach
target concentrations within the first 24–48 h of treatment (Cunio
et al., 2020). The inclusion of covariates that can predict
pathophysiological changes over time, such as changes in renal
function, or additional covariates that better characterize patients’
physiological characteristics, improves the model structure,
allowing Bayesian software to easily adapt to critically ill
patients with rapid physiological changes (Neely et al., 2014;
Kourogi et al., 2017; Turner et al., 2018; Colin et al., 2019; Kim
et al., 2019). Bayesian analysis-based dosing techniques are
currently provided by a range of commercial TDM packages
that use different PK models. Different models are typically used
for different patient subgroups within a package, and the
recommended dose depends on the PK model used. A
prospective observational study (Turner et al., 2018) evaluated
the accuracy and bias of five commercially available Bayesian
software and two first-order PK equations for estimating AUC
using rich PK data collected from critically ill patients. They
found that PrecisePK™ predicted the most accurate and had the
smallest bias (median 5.1%). Using two concentrations, the PK
equation has similar or better accuracy and bias than Bayesian
software. Although estimates vary, Bayesian software represents a
substantial improvement over Cmin. It was observed that a
Bayesian software DoseMe® significantly increased the
proportion of patients with severe diabetic foot infections
achieving target exposure without increasing the risk of
nephrotoxicity compared with empirical dosing based on
Cmin (Vali et al., 2021). With the induction of DoseMe®-
based pilot TDM counseling services, the proportion of
patients meeting vancomycin target exposure increased
significantly (Stocker et al., 2021). These findings showed that
Bayesian-guided dosing outperformed clinician judgment in
predicting PD targets. However, these two studies were
“before-after” comparative experimental studies, which were
susceptible to observer effect bias, and neither of them
observed any direct benefit of Bayesian-guided dosing on
clinical outcome. Prospective large randomized controlled
studies are still needed to assess the direct impact of Bayesian
analysis on clinical outcomes and overall cost-effectiveness.

Despite the growing number of commercial Bayesian software
packages, the real-world clinical practice of this approach has so
far been limited (Stocker et al., 2021). The cost of software, the
training of personnel with pharmaceutical knowledge, the
difficulty of integrating software into existing electronic
medical information systems, and the low compliance of TDM
are all obstacles to the widespread use of Bayesian software in
clinical practice. Furthermore, these packages employ various PK
models. This poses a problem for clinicians, who must consider
the limitations of various models and may be forced to switch
models when treating different populations.

Dosing Regimens Based on First-Order PK
Equation (Sawchuk-Zaske Equation)
When two concentrations are obtained within the same dosing
interval, the AUC can be accurately estimated by the first-order

PK equation. Unlike the Bayesian approach, the equation-based
approach does not use priori PK parameters of population
estimation to predict individual PK parameters. Two
concentrations collected within the same dosing interval allow
the concentration-time curve of the dosing interval to be
represented as a simple single exponential curve, using which
patient-specific PK parameters can be directly calculated. Once
patient-specific PK parameters are determined, the traditional
one-compartment PK equation can be used to determine the
dosing schedules, peak concentration (Cmax), Cmin and AUC,
known as the Sawchuk-Zaske method (Sawchuk and Zaske, 1976;
Pai et al., 2014a). The formula for calculating AUC for the two
samples was partly based on the original method of
aminoglycosides proposed by Begg et al. (1995) and modified
by Pai and Rodvold (2014). However, these previous studies were
based on the assumption that these drugs were administered once
a day and that if they were administered multiple times a day, the
AUC would be a function of the number of dosing intervals at
which the same dose was administered. As an alternative to a
Bayesian software, Pai MP et al. recently demonstrated that daily
AUC was determined with reasonable accuracy and low bias
using a simple first-order PK formula using post-distributed
Cmax (1–2 h after infusion) and Cmin (Pai et al., 2014b; Pai
and Rodvold, 2014).

Compared to Bayesian analysis, the disadvantage of this
approach is that it lacks the flexibility of dynamic modeling,
which can predict future performance and integrate additional
clinical information to determine the impact on dose adjustment.
The AUC based on first-order equation estimation is a static
representation of the information within a specific dosing
interval. If rapid changes in renal function occur during or
after the sampling period, the calculation of AUC will be
inaccurate (Pai et al., 2014a). In addition, it is clinically
difficult to ensure an accurate collection of Cmax and Cmin.
If the wrong concentration is used in the PK equation, it will lead
to an incorrect estimation of AUC. On the contrary, due to its
dependence on Bayesian priors, the error level has a much smaller
impact on the output of Bayesian software (Turner et al., 2018).

While the ideal way to monitor AUC is to use Bayesian
software, implementing such software may require expertise
and extensive training and may not be cost-effective for some
institutions. Equation-based AUC is familiar to clinicians and is
more easily integrated into electronic health information systems.
A prospective observational study (Meng et al., 2019)
demonstrated that compared with Cmin-based empirical
dosing, AUC-guided dosing based on the first-order PK
equation improved the achievement of treatment goals (55 vs.
73.5%, p = 0.0014) and did not increase nephrotoxicity (9.4 vs.
11%, p = 0.70). An important direction for the future may be to
collect Cmin and Cmax, with computers automatically
outputting AUC based on equations for bedside guidance dosing.

LIMITATIONS

Firstly, we did not analyze the influence of different MIC values
on the achievement of PD target in ARC patients, since previous
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studies showed great variability in MIC test methods in different
laboratories, and most vancomycin MIC values among MRSA
isolates were 1 mg/L or lower. What is more, waiting for MIC
values may result in missing the positive effect of early adequate
antimicrobial therapy on patient outcomes. According to the
recommendations of IDSA, MIC = 1 mg/L was assumed, and
AUC was used as PD monitoring indicator before MIC data were
obtained. Secondly, most of the literature reviewed was
population PK studies or observational case-control or cohort
studies. The effective data of vancomycin exposure mainly stem
from studies of MRSA bacteremia. Prospective, large-scale,
multicenter, randomized clinical trials to guide vancomycin
dose optimization are urgently needed. Finally, due to the
heterogeneity of the population PK study design, our narrative
review was difficult to quantitatively analyze and synthesize the
optimal dosing regimen, and meta-analysis may better provide
practical recommendations for clinicians on vancomycin dosing
regimens.

CHALLENGES AND PERSPECTIVES

We hope this paper will alert clinicians to pay attention to
severe infective patients with increased renal clearance, as ARC
is associated with subexposure to hydrophilic drugs such as
vancomycin, which increases the risk of bacterial resistance and
treatment failure. The efficacy of antimicrobial therapy is
closely related to drug exposure. Doses higher than
recommended by current guidelines and individualized
treatment are necessary to improve clinical outcomes in
ARC patients. TDM combined with Bayesian analysis may
be the best way to optimize vancomycin administration in
order to increase the rate of reaching the drug exposure target
and avoid nephrotoxicity. Clinicians should be cautious in
selecting Bayesian software to guide drug dosing because the
models included by this software are derived from different
types of patients. Due to a lack of knowledge of PK/PD
modeling, clinicians may not have a good understanding of
the dosing recommendations generated by population PK
models. In clinical practice, antibiotic PK/PD education is
the key to improve the quality of the dosing strategy. Future
efforts should be directed towards developing user-friendly
Bayesian software that can better summarize the clinical
characteristics of patients with severe infections. In addition,
there is an urgent need for multi-center, large-scale,
randomized controlled trials to verify the external validity of
existing Bayesian models.

CONCLUSION

Due to enhanced renal clearance, increased distribution and other
patient-specific factors, a significant proportion of severe infective
patients treated with vancomycin are at risk of subexposure.
Dramatically varied PK in critically ill patients presents a great
challenge to accurately predict vancomycin PD targets. The
externally verified population PK model with favorable prior
prediction performance seems to solve this problem. However,
heterogeneity in vancomycin population PK models stems from
the different study designs and patient populations in which these
models were developed, suggesting the importance of using
appropriate models in specific patient populations. AUC-
guided Bayesian analysis allows the use of a single
concentration to further optimize individual PK parameters,
helping to accurately predict the dosing regimens required to
achieve the target exposure. Monitoring AUC based on PK
equation to guide drug dosing is an alternative method, which
is well known to clinicians. Still, it lacks dynamic predictability
and self-feedback compared with Bayesian modeling. Although a
growing body of PK studies have confirmed that the dosing
schedules guided by Bayesian analysis are superior to the
traditional Cmin-guided TDM in clinical practice, large
randomized controlled studies are warranted exploring the
effectiveness of Bayesian analysis in improving clinical outcomes.
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