Peritoneal Dialysis International, Vol. 34, pp. 154-161
doi: 10.3747/pdi.2014.00001

0896-8608/14 $3.00 +.00
Copyright © 2014 International Society for Peritoneal Dialysis

REVIEW

VANCOMYCIN: THE TALE OF THE VANQUISHER AND THE PYRRHIC VICTORY
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Division of Nephrology and Infectious Diseases, AZ Sint-Jan Brugge, Brugge, Belgium

Vancomycin has been the antibiotic of choice in the treat-
ment of methicillin-resistant Staphylococcus aureus
infections for decades. But relatively recently, vancomycin-
intermediate-susceptible S. aureus (VISA) have been
reported. Phenotypically, VISA are characterized by thicker
cell walls, requiring higher concentrations of vancomy-
cin for inhibition of bacterial cell growth. Vancomycin-
intermediate-susceptible S. aureus represent just the tip of
theiceberg of aninsidious loss of vancomycin susceptibility
in staphylococci. Increasing proportions of S. aureusisolates
have higher minimum inhibitory concentrations that are
still within the officially susceptible range, a characteristic
that is associated with treatment failure. The most impor-
tantrisk factor for decreased vancomycin susceptibilityis in
vivo selection pressure. To prevent the development of VISA,
prolonged or inappropriate use of vancomycin and subop-
timal vancomycin levels should be avoided. Trough serum
vancomycin concentrations of 15 - 20 mg/L forintermittent
dosing and plateau serum vancomycin concentrations of
20 - 25 mg/L for continuous infusions are therefore cur-
rently recommended. The widespread clinical application of
these intensive dosing regimens has resulted in anincreas-
ing awareness of vancomycin-induced nephrotoxicity, which
is especially relevant in patients whose renal function is
already compromised. This narrow therapeutic-toxic window
reinforces the use of rigorous dosing protocols. In hemo-
dialysis, the use of a vancomycin dose calculator permits
achievement of target concentrations in most patients. In
peritoneal dialysis (PD), intermittent vancomycin dosing
regimens often lead to low end-of-dwell concentrations. On
the other hand, a continuous vancomycin dosing regimen
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after a loading dose offers the desired combination of high
local levels without toxic systemic levels.
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ancomycin was isolated in 1953 from a sample of

dirt collected by a missionary in the interior jungle
of Borneo. That sample contained the soil bacterium
Amycolatopsis orientalis. At first, vancomycin was
eclipsed by antibiotics for penicillinase-resistant organ-
isms, which were thought to be more efficacious and
less toxic; however, with the emergence of methicillin-
resistant staphylococci, interest in vancomycin was
revived. The molecule was termed “vancomycin” because
it could “vanquish” resistant staphylococci.

In gram-negative bacteria, the cellwall contains only
a thin peptidoglycan layer, but in gram-positive bacte-
ria, the cell wallis thick and consists almost entirely of
peptidoglycan (1). Peptidoglycan is a polymer of disac-
charides (glycans) cross-linked by short chains of amino
acids (peptides). The monomers are synthesized within
the cell and assembled outside of the cell membrane by
enzymes located within the membrane. The cross-linking
between amino acids in various chains occurs with
the help of transpeptidases, also known as penicillin-
binding proteins. Methicillin-resistant Staphylococcus
aureus (MRSA) have acquired the mecA gene, which
encodes foran altered penicillin-binding protein 2a. The
resulting enzyme is unaffected by methicillin and other
beta-lactam antibiotics used for penicillinase-resistant
organisms and continues to catalyze the transpeptidation
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reaction, enabling cell wall synthesis in the presence
of antibiotics.

Vancomycininhibits bacterial cell growth by binding to
p-alanine-p-alanine residues of the monomers, thus pre-
venting cross-linking during cellwall synthesis (Figure 1).
The result is a weakened cell wall, which slows bacte-
rial growth and eventually causes death from osmotic
lysis, which most often occurs during cell division (3).
Vancomycin can also bind to p-alanine-p-alanine residues
in the already completed peptidoglycan layers, but that
action does not affect bacterial cell growth (Figure 1).
Vancomycin is considered a bactericidal antibiotic, but
the slow nature of its cidal activity is an important limi-
tation in clinical practice (4). In addition, the activity of
vancomycinisinoculum-dependent (5). A large burden of
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Figure 1 — Vancomycin inhibits cell wall synthesis by bind-
ing to the terminal p-alanine-p-alanine residues of the cell
wall precursors. It can also bind to the p-alanine-p-alanine
residues in the already completed peptidoglycan layers, but
that binding does not affect bacterial cell growth. Upper panel
shows susceptible bacterium. Lower panel shows bacterium
with reduced vancomycin susceptibility, characterized by a
thickened cell wall with an increased number of p-alanine-p-
alanine residues trapping vancomycin. Adapted from Lowy,

2003 (2), reproduced with permission of the American Society
for Clinical Investigation.
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bacteria and bacteria in the stationary growth phase or
inananaerobic environmentimpair the speed and extent
of vancomycin’s bactericidal activity (4,6).

VANCOMYCIN RESISTANCE

Foralongtime, vancomycin has been the most reliable
agentin the treatment of MRSAinfections. With mostanti-
biotics, thefirst reports of resistance startto appear only
afewyearsaftertheirintroduction. Vancomycin, however,
has been used for decades with apparently unaffected
clinical effectiveness. It was only in 1996 that the first
MRSA to acquire vancomycin-intermediate resistance was
isolated in Japan (7). Vancomycin-intermediate S. aureus
(VISA) are characterized by a moderate reduction in their
susceptibility to vancomycin. Phenotypically, they have a
thickened cell wall withincreased p-alanylation, trapping
vancomycininthealready completed peptidoglycan layers
(Figure 1). More of the antibiotic is therefore required
to inhibit bacterial growth (2). On the molecular level,
diverse mutations in a small number of staphylococcal
regulatory genes have been identified (8).

Heterogenous VISA (hVISA) are strains of apparently
susceptible staphylococci that contain subpopulations
of resistant cells. Because their numbers fall below the
detection limit of standard laboratory techniques, they
are not routinely identified. More detailed testing with
a higher inoculum and prolonged incubation using the
population analysis profile technique is considered the
“gold standard” for a diagnosis of hVISA (9). The true
prevalence of this type of resistance is unknown, owing
to the underreporting that follows from the inability of
the clinical laboratory to detect these strains. Clinicians
should consider the possibility of hVISA when confronted
with clinical failure in an apparently vancomycin-
sensitive MRSA infection.

The emergence of VISA and hVISA is most likely just
the tip of the iceberg of an insidious loss of vancomycin
susceptibilityin staphylococci. Increasing proportions of
MRSAisolates have a high minimalinhibitory concentra-
tion (MIC)—the concentration of an antibiotic thatinhibits
growth, usually in 90% of the inoculum—for vancomycin
that nevertheless remains within the officially susceptible
range, a phenomenon called “vancomycin MIC creep”
(10-13). Because failures of vancomycin to cure MRSA
infections with an intermediate or borderline suscep-
tible MIC had been reported, the Clinical and Laboratory
Standards Institute revised its criteria for susceptibility to
vancomycinin 2006 (9). The MIC breakpoints for S. aureus
were lowered to <2 mg/L from <4 mg/L for “susceptible,”
to 4 - 8 mg/L from 8 - 16 mg/L for “intermediate,” and
to 216 mg/L from =32 mg/L for “resistant.”
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The mechanism of resistance in VISA is profoundly
distinct from that of vancomycin-resistant enterococci,
imparted by the enterococcal van gene. The vanA gene
converts p-alanine-p-alanine residues to p-alanine-p-
lactate, which decreases the binding affinity for van-
comycin, resulting in a MIC of more than 512 mg/L. In
2002, the first full-level vancomycin-resistant S. aureus
(VRSA) was documented in the United States (14). That
strain was shown to carryavan gene, suggesting that the
resistance was acquired through the exchange of genetic
material between vancomycin-resistant enterococciand
S. aureus. Only 34 strains of VRSA (1 in Pakistan, 4 in
Iran, 13in the United States, and 16 in India) have been
reported so far, most of which were discovered in dialysis
patients (15,16).

CLINICAL IMPORTANCE OF WANING VANCOMYCIN
SUSCEPTIBILITY

Few well-controlled prospective clinical studies have
been performed to determine the impact of hVISA and
VISA on treatment outcomes in patients. In an observa-
tional study of 53 MRSA bacteremias, 9.4% were iden-
tified as hVISA by population analysis profiling (17).
The patients were more likely to have a high bacterial
load, vancomycin treatment failure, and initially low
serum vancomycin levels (17). In another study of 268
MRSA bacteremias, 37.7% were characterized as hVISA;
thoseinfections occurred especially in patients who had
undergone prior vancomycin therapy and were using
immunosuppressive drugs (18). Although overall mor-
tality was similar for hVISA and vancomycin-susceptible
S. aureus, hVISA was associated with persistent bac-
teremia when initial trough levels of vancomycin were
less than 15 mg/L (18). A meta-analysis of 22 studies
reported that a high vancomycin MIC (>1.5 mg/L vs
<1.5 mg/L) was associated with higher attributed mor-
tality and treatment failure (19). Taken together, MRSA
isolates with MICs on the high end but stillin the officially
sensitive range are less likely to be treated successfully
with vancomycin.

RISK FACTORS FOR DECREASED VANCOMYCIN SUSCEPTIBILITY

Identified risk factors for VISA are treatment with
hemodialysis or PD, diabetes, prior prolonged or
repeated vancomycin exposure, and suboptimal vanco-
mycin concentrations (6). The common denominator of
these factors is in vivo selection pressure. In vitro stud-
ies showed that hVISA or VISA emerge when S. aureus
isolates with a downregulated or defective agr locus
are exposed to suboptimal vancomycin concentrations
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(20,21). Infectious S. aureus clones contain subpopula-
tions with lower sensitivity to vancomycin. Vancomycin
creates a selection pressure that favors the outgrowth
of rare vancomycin-resistant clones leading to hVISA,
and eventually, with continued exposure, to a uniform
population of VISA clones (22,23).

Recent studies have revealed that mutations in the
staphylococcal regulatory genes that lead to the VISA
phenotype might be associated with increased resistance
to the innate immune system response (8). In addition,
there appears to be a reduced expression of virulence
genes, producing clinical persistence rather than aggres-
sive disease (8). Thus, VISA combines antibiotic resistance
with expression of a phenotype characterized by a persis-
tent, often biofilm-associated, growth modus.

To prevent the development of VISA, prolonged or
inappropriate use of vancomycin should be avoided. In
infections that are foreign body-related or that contain
death space (for example, abscesses or sequesters in
osteomyelitis), adequate surgical intervention and
removal of foreign materialis mandatory. Theoretically,
when using vancomycin, the pharmacologic target that
assures microbiologic effectiveness is a ratio of more
than 400 for the area under the 24-hour concentration
curve divided by the MIC (4,6). That target is hard to
achieve when the MIC exceeds 1.5 - 2 mg/L (6). In 2009,
the American Society of Health System Pharmacists, the
Infectious Diseases Society of America, and the Society
of Infectious Diseases Pharmacists issued joint guide-
lines that translated the target into a recommendation
for a total trough serum vancomycin concentration of
15 -20mg/L (6). When vancomycin is administered as a
continuous infusion, plateau levels of 20 - 25 mg/L are
recommended (4). Thus far, only limited data on the effect
of these more intensive dosing regimens are available,
and they suggest that maintenance of higher vancomycin
trough values improves clinical outcome (24).

THE PYRRHIC VICTORY

The toxicity of early formulations of vancomycin was
well-recognized and attributed to impurities associated
with the production process, but vancomycin produced
with modern methods has been considered to be associ-
ated with infrequent, if any, nephrotoxicity. However,
after widespread adoption of the more intensive van-
comycin dosing regimens, reports of nephrotoxicity are
increasingly emerging.

A systematic review and meta-analysis of intermit-
tent vancomycin dosing regimens identified trough
values in excess of 15 mg/L and longer duration of van-
comycin administration as independent risk factors for
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nephrotoxicity (25,26). Overall, a trough value in excess
of 15 mg/L (relative to a trough value below 15 mg/L)
was associated with an increased odds ratio of 2.67
for nephrotoxicity (25). Extraction of data from four
studies that allowed more detailed analysis (24,27-29)
revealed a trough-toxicity gradient, with the greatest
riskin patients achieving troughs in excess of 20 mg/L.
Nephrotoxicity appeared to be largely reversible after
discontinuation and required temporary dialysis in only
3% of cases (25).

A meta-analysis comparing intermittent and con-
tinuous vancomycin dosing found that, for equal
daily exposure (area under the 24-hour concentration
curve), continuous infusion was associated with similar
efficacy but lower drug-related nephrotoxicity (26).
Those findings suggest that high peak levels might be
the most toxic to kidney, and that continuous infu-
sions might be the preferred mode of administration
to preserve residual renal function (4,26). The impact
of vancomycin exposure in general and of the higher
dosing regimens in particular on residual renal function
in hemodialysis or PD patients has not been system-
atically examined. However, the special vulnerability
of patients with already compromised renal function
to vancomycin-induced renal failure is well-recognized
(30). Repercussions of vancomycin overdosing on resid-
ual renal function can therefore be expected, and neph-
rologists should intently monitor vancomycin levels in
their patients.

VANCOMYCIN DOSING IN HEMODIALYSIS

When vancomycinis given at each dialysis session, the
levels follow a triphasic course (31,32). Administration
at the end of dialysis is followed by a rapid redistribu-
tion phase. Thereafter, levels decline steadily in the
interdialyticinterval, with a half-life of 100 - 200 hours,
depending on the degree of residual renal function
(31,32). Finally, intradialytic clearance of vancomycin
reduces vancomycin levels by 30% — 46%.

Several dosing regimens have been proposed in the
literature, varying from 500 mg after each dialysis session
(33) or during each dialysis session (34), to a trough-
guided algorithm (35). Those regimens result in sub-
therapeutic levels in most patients (31), especially given
current treatment targets. In addition, several issues
remain unresolved. How much vancomycin should be
given before the long interdialyticinterval? What should
be done when body weight is below or above average?
Should vancomycin be given during or after dialysis?

To handle those difficulties, a vancomycin dose calcu-
lator was developed (36). When fed 3 easily obtainable
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variables (vancomycin level at the start of dialysis, body
weight, number of days to the next dialysis session), the
calculator determines the dose to be administered at the
end ofthe current dialysis session to obtain a trough level
of 15 - 20 mg/L at the start of the next dialysis session.
Therate of the vancomycin infusionis 15 mg/min, and the
timingis such thatthe end of theinfusion coincides with
the end of the dialysis session. A weight-based loading
dose should be given, adjusted for the number of days
to the next dialysis session: 15 mg/kg for 1 day, 25 mg/
kg for 2 days, 35 mg/kg for 3 days. Using the calculator,
78% of values were within target and major under- or
overdosing was avoided (36).

VANCOMYCIN DOSING IN PERITONEAL DIALYSIS

In PD peritonitis, the infection involves the first few
cell layers of the mesothelium and is generally confined
to the peritoneal cavity, although transient bacteriemia
can occur. Intraperitonealadministration of antibiotics is
therefore not only convenient, butalso offers the unique
opportunity to achieve the highest levels of antibiotic
at the site of infection. The International Society for
Peritoneal Dialysis (ISPD) guidelines for vancomycin
administration (Table 1) advance an intermittent regi-
men (15 - 30 mg/kg every 5 - 7 days) and a continuous
regimen (1000 mg/L loading dose with 25 mg/L mainte-
nance dose) for continuous ambulatory PD (CAPD), and
anintermittent regimen (30 mg/kg loading dose, 15 mg/
kg maintenance dose every 3-5 days) for continuous
cycling PD (CCPD) (37).

In gram-positive peritonitis in children, continuous

TABLE 1
Current Guideline and Suggested Vancomycin
Dosing Schedule in Peritoneal Dialysis

Dose type
Applicability Loading Maintenance
ISPD guideline
CAPD intermittent 15-30 mg/kg
every 5-7 days
CAPD continuous 1000 mg/L 25mg/L
CCPD intermittent 30 mg/kg 15 mg/kg

every 3-5 days

Our proposal

CAPD or CCPD continuous 20-25 mg/kg 25mg/L

ISPD = International Society for Peritoneal Dialysis; CAPD =
continuous ambulatory peritoneal dialysis; CCPD = continuous
cycling peritoneal dialysis.
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and intermittent administration of vancomycin or tei-
coplanin were equally efficacious, with similar primary
success (95%) and relapse (21%) rates (38). Another
small study reported clinical resolution in all patients
treated with either a continuous or an intermittent
vancomycin regimen, with similar low recurrence rates
(39). However, a more recent and larger study in adult
S. aureus peritonitis reported less optimistic cure rates
(40). The overall primary response rate was 87.8%, with
a complete cure rate of 74.3%. However, MRSA peritonitis
had a significantly lower primary response rate (64.4%
vs 93.0%) and complete cure rate (60.0% vs 77.5%) than
methicillin-sensitive S. aureus peritonitis (40). Notably,
only 46% of patients with MRSA peritonitis and 51% of
methicillin-sensitive S. aureus peritonitis had a complete
cure without the need for catheter removal and without
relapsed, recurrent, or repeat peritonitis. In almost one
third of patients achieving a complete cure, repeat peri-
tonitis developed, more than half of which occurred with-
in 3 months of completion of therapy (40). Vancomycin
was included in the initial antibiotic regimen and was
given intermittently every 5 days (40). In another study
of gram-positive peritonitis, relapses developed in 9 of
14 peritonitis episodes with a mean vancomycin trough
level of less than 12 mg/L; no relapses occurred in 17
episodes with a trough level greater than 12 mg/L (40). A
lowinitial vancomycin trough level was the only predictor
of subsequent relapsed peritonitis (41).

These mixed clinical outcomes data warrant scrutiny
of the guidelines for vancomycin administration pre-
sented by the ISPD. Vancomycin has a molecular weight
of approximately 1500 Da (30). After intraperitoneal
administration, 30% - 70% of the dose will be absorbed
into the systemic circulation at the end of a 4- to 6-hour
dwell, regardless of whether the peritoneal membrane
isinflamed (42-50). Those data provide support for the
recommendation that antibiotic-containing dialysate
must dwell at least 4 hours to ensure an adequate anti-
biotic reservoir in the body (37). During subsequent
antibiotic-free dialysate exchanges, vancomycin will
move in the opposite direction, back into the peritoneal
cavity (Figure 2). Dialysate-to-plasma ratios of vanco-
mycin have been reported, measuring 0.18 + 0.10 at 45
minutes, 0.22 £0.11at 90 minutes, 0.40+0.14 at 6 hours,
and 0.45 +0.20 at 8 hours (49). No correlation between
peritoneal equilibration test category and dialysate-to-
plasma vancomycin ratio was found, but the number of
patients might have been too smallto observe a relation
(49). Because of the slow transfer rate of vancomycin from
blood to dialysate, end-of-dwell effluent concentrations
can bevery low, particularly when short exchange times—
asin automated PD (APD)—are applied (Figure 2).
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Figure 2 — Hypothetical course of intraperitoneal (open
circles) and serum (filled circles) vancomycin concentrations
afterasingleintraperitoneal dose, followed by antibiotic-free
dwells (1 eight-hour dwell and 3 subsequent short dwells).

In CAPD, administration of vancomycin at a dose of
30 mg/kg, which is at the high end of the dose recom-
mended in the ISPD guidelines, yields serum trough levels
of 15+3.6 mg/Lat 72 hours (45), which is at the low end
of current treatment targets (6). Moreimportantly, end-
of-dwell dialysate levels already declineto 4.7 £ 2.5 mg/L
after 48 hours (45). A 5-day delay in the subsequent
dose will thus lead to subtherapeutic vancomycin levels
at the site of infection. Administration of vancomycin
at a dose of 15 mg/kg intravenously, which is more or
less the equivalent of 30 mg/kg intraperitoneal (IP)
administration, taking into account the bioavailability
of 30% - 70%, resulted in low end-of-dwell levels in
most CCPD patients (51). Based on the observations from
that study, the dose required in CCPD to obtain adequate
local levels was calculated to be 35 mg/kg IP on day 1
and 15 mg/kg IP daily thereafter (51). It can easily be
inferred that those dosing regimens will be associated
with very high systemic levels, potentially at the cost of
residual renal function.

A factor that further complicates the use of inter-
mittent vancomycin dosing regimens is the major, but
hardly predictable, impact of residual renal function on
vancomycin clearance. The ISPD Advisory Committee on
Peritonitis Management recommends a 25% increase
in antibiotic dose in non-anuric patients. In an obser-
vational study of PD peritonitis, the mean vancomycin
dose given on day 1 was 2.00 + 0.02 g for anuric and
2.35 + 0.02 g for non-anuric patients on CAPD, and
2.00 £0.04 gforanuricand 2.36 £0.03 g for non-anuric
patients on CCPD (52). A substantial number of patients
had a day 5 vancomycin serum level below 12 mg/L, for
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which the subsequent vancomycin dose was increased
by 500 mg. Despite incremental dosing, the proportion
of non-anuric patients that continued to have a low
vancomycin level on day 10 was 21% for CAPD and 25%
for CCPD (52).

Taken together, the evidence reveals thatintermittent
vancomycin dosing regimens often lead to inadequate
end-of-dwell concentrations, especially with the use
of short dwells and in non-anuric patients. We contend
thata continuous vancomycin dosing regimen offers the
desired combination of high local levels and low systemic
exposure. The loading dose should be weight-based (for
instance, 20 - 25 mg/kg) to obtain a systemic level of
more than 15 mg/Lin all patients, including those with
non-standard body weights (Table 1). This systemic
reservoir serves two purposes: it covers incidental bac-
teriemia and minimizes the concentration gradient
between the peritoneal cavity and the circulation to
prevent vancomycin absorption from the peritoneal
cavity. Subsequently, vancomycin is administered in
each dwell at a dose of 25 mg/L (Table 1). With this
regimen, little or no checking of serum concentrations
is required. In patients with important residual renal
function, serum concentrations can decline rapidly
because of renal clearance of vancomycin, thus result-
ing in more rapid absorption of vancomycin from the
peritoneal cavity. In such patients, a check of the serum
concentration after 3 - 5 days, followed by incremental
dosing, might be helpful. The stability of vancomycin
dissolved in diverse types of peritoneal dialysate is at
least 24 hours at room temperature and at least 6 days
at4°C (53).

Afactor unique to PD-related peritonitis that has been
unaccounted for by most studies, is the effect of the
dialysate itself on the antibacterial activity of vancomy-
cin. The mechanism of action of vancomycin requires that
bacteriaareinthe exponential growth phaseifthe drugis
to be effective. Dianeal (Baxter Healthcare Corporation,
Deerfield, IL, USA) is known to be bacteriostatic (54).
In vitro studies have demonstrated that the activity
of vancomycin is negatively affected in the setting of
dialysate-induced growth suppression (54).

CONCLUSIONS

Inthe pastfewyears, clinicians have been confronted
with an insidious loss of the clinical effectiveness of
vancomycin. Nonetheless, it appears that VISA are not
intrinsically more virulent, but rather lead to vancomy-
cin treatment failure associated with more prolonged
infection and extended hospitalization and treatment.
Development of VISA might simply reflect a sequence
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of adaptive responses of the organism under increased
vancomycin selection pressure. Optimizing vancomycin
therapy is therefore mandatory.

In PD, intermittent antibiotic dosing regimens
have been promulgated because of convenience and a
reduced risk of accidental contamination of the system
by the patient. However, the risk of subtherapeutic local
levels is high. We therefore favor reversion to continu-
ous therapy for the combined advantage of high local
concentrations and low systemic exposure in an era of
reduced vancomycin susceptibility, and for use of a tech-
nique in which preservation of residual renal function is
of importance.
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