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The efficacy of vancomycin against methicillin-resistant Staphylococcus aureus (MRSA)-related infections has
been called into question by recent findings of higher rates of failure of vancomycin treatment of infections
caused by strains with high MICs. Continuous infusion may be the best way to maximize the time-dependent
activity of vancomycin. The aim of this study was to create dosing nomograms in relation to different creatinine
clearance (CL,) estimates for use in daily clinical practice to target the steady-state concentrations (Cs) of
vancomycin during continuous infusion at 15 to 20 mg/liter (after the administration of an initial loading dose
of 15 mg/kg of body weight over 2 h). The correlation between vancomycin clearance (CL,) and CL_, was
retrospectively assessed in a cohort of critically ill patients (group 1, n = 70) to create a formula for dosage
calculation to target C at 15 mg/liter. The performance of this formula was prospectively validated in a similar
cohort (group 2, n = 63) by comparison of the observed and the predicted C.s. A significant relationship
between CL, and CL, was observed in group 1 (P < 0.001). The application of the calculated formula to
vancomycin dosing in group 2 {infusion rate (g/24 h) = [0.029 X CL, (ml/min) + 0.94] X target C, X
(24/1,000) } led to a significant correlation between the observed and the predicted C.s (r = 0.80, P < 0.001).
Two dosing nomograms based on CL, were created to target the vancomycin C,, at 15 and 20 mg/liter in
critically ill patients. These nomograms could be helpful in improving the vancomycin treatment of MRSA
infections, especially in the presence of borderline-susceptible pathogens and/or of pathophysiological condi-
tions which may enhance the clearance of vancomycin, while potentially avoiding the increased risk of

nephrotoxicity observed with the use of high intermittent doses of vancomycin.

After more than five decades of widespread clinical use,
vancomycin may still have a major role in the treatment of
multidrug-resistant gram-positive bacterial infections (18, 23),
even though its clinical efficacy for the treatment of deep-
seated infections is often called into question because of it
poor penetration into tissue and its relatively weak antibacte-
rial activity (5, 33).

The recent findings of higher failure rates when vancomycin
was used for the treatment of methicillin-resistant Staphy-
lococcus aureus (MRSA)-related bacteremia due to strains
with MICs higher than 1 mg/liter (14, 34) have added further
WorTies.

In an attempt to improve the efficacy of vancomycin in this
context of borderline susceptibility, several authors suggested
the rapid achievement and maintenance of trough (minimum)
plasma concentrations (C,;,) of 15 to 20 mg/liter as a possible
solution (2, 10).

Administration of the conventional dose of vancomycin (15
mg/kg of body weight every 12 h) has clearly been shown to fail
to reliably achieve a C,;, of >15 mg/liter in the majority of
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cases (13, 24). Therefore, innovative approaches were advo-
cated: whereas some authors believe that the use of higher
intermittent daily dosages could be helpful (10, 32), others are
confident that alternative dosing regimens aimed at optimizing
the pharmacodynamics of vancomycin may be worthwhile (7,
24, 26, 28, 29).

Since 2001 we have been administering the standard vanco-
mycin dosage (30 mg/kg/daily, eventually adjusted according to
the patient’s renal function) by continuous infusion at our
university teaching hospital with the intent of improving the
pharmacodynamics of vancomycin for the treatment of docu-
mented or suspected MRSA infections in critically ill patients.
The target of the continuous infusion is a steady-state plasma
concentration (Cg) of 15 mg/liter and is achieved by therapeu-
tic drug monitoring (TDM).

The aims of this study were to assess retrospectively the
correlation between vancomycin clearance (CL,) and creati-
nine clearance (CL.,) estimates with a large cohort of critically
ill patients who received vancomycin by continuous infusion in
order to create a formula for calculation of the daily dosage
needed to target C at about 15 mg/liter, to validate prospec-
tively the performance of this formula with a similar cohort by
comparison of the observed C with the C s predicted by the
formula itself, and to create dosing nomograms to be used in
daily clinical practice to target the vancomycin C at 15 and/or
20 mg/liter.
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TABLE 1. Patient characteristics

Characteristic Group 1 Group 2 P value®
No. of patients 70 63
Age (yr)? 589+ 178 60.8 =16.1 0.53
Gender (no. of M/no. of F)* 57/13 45/18 0.25¢

Body wt (kg)”
Height (cm)”
BMI® (kg/m?)’
CL(, (ml/min)®/¢

76.7*x17.7 721 *11.6 0.08
172769 1708 =7.0 0.13
258 £63 247=*x35 022
959 £571 971 %535 0.90

Vancomycin C”/ (mg/liter) 155+48 158+50 0.69
No. (%) of patients with the
following reason for hospital
admission:
ICU" ward 47 (67.1) 31 (49.3) 0.09¢
Surgical ward 16 (22.9) 11 (17.4) 0.44¢
Medical ward 7 (10.0) 21 (33.3) 0.01¢
Main reason for vancomycin
Hospital acquired pneumonia 22 (31.4) 16 (25.4) 0.28¢
Empirical use for severe sepsis 20 (28.6) 23 (36.5) 0.21¢
Bloodstream infections 13 (18.6) 12 (19.1) 0.567
Cardiosurgical infections 10 (14.3) 8 (12.7) 0.80¢
Intra-abdominal infections 5(7.1) 4(6.3) 0.567

@ Statistical significance was assessed by means of unpaired ¢ test, unless oth-
erwise specified.

® Values are expressed as means * standard deviations; steady-state concen-
trations.

M, males; F, females.

4% test.

¢ BMI, body mass index.

/At time of first TDM.

& CL(, was estimated by the formula of Cockcroft and Gault (3).

"ICU, intensive care unit.

MATERIALS AND METHODS

Study design. Critically ill patients who were treated with vancomycin by
continuous infusion because of suspected or documented MRSA infections and
who had TDM for the vancomycin C, between January 2002 and June 2003 were
included in the retrospective cohort (group 1). In order to avoid underexposure
during the first hours of therapy, an initial loading dose of 15 mg/kg was admin-
istered over 2 h, irrespective of the patient’s renal function, with the continuous
infusion starting immediately afterwards. Data collected from the TDM program
were used to estimate CL, for individuals by means of the following formula:

CL, (liters/h)=IR (mg/h)/C,, (mg/liter) 1)

where IR is the rate of continuous infusion of vancomycin. Plasma vancomycin
concentrations were assessed by means of a fluorescence polarization immuno-
assay (AXSYM; Abbott, Rome, Italy). To increase the statistical power, whenever
feasible, in patients who presented pathophysiological changes that affected the
pharmacokinetics of vancomycin during their hospitalization, assessment of the
individual CL, was repeated after achievement of the new steady state.

Considering that vancomycin is mainly eliminated by glomerular filtration
(17), the correlation between individual CL, and CL, estimates according to the
formula of Cockceroft and Gault (3) was assessed by linear regression. In order to
avoid the potential inaccuracy of CL, estimates for patients who had been
bedridden for a long time (21), only patients with recent hospital admission (<14
days) were included in this analysis.

The resulting CL, was used, according to equation 1, for calculation of the
daily vancomycin dosage needed by continuous infusion to target C at about 15
mg/liter in relation to the CL, estimates.

The performance of this formula was evaluated prospectively with all consec-
utive critically ill patients treated with continuous-infusion vancomycin therapy
between July 2003 and January 2004 (group 2). Validation of the formula was
performed by determining by linear regression analysis the similarity between the
observed and the predicted vancomycin Cgs.

The validated formula was subsequently used to create two user-friendly dos-
ing nomograms to be used for critically ill patients receiving vancomycin by
continuous infusion to easily target the C at 15 and 20 mg/liter in daily clinical
practice.
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Statistical analysis. Descriptive data inside each group were expressed as the
mean * standard deviation (SD) or the median and range, according to normal
and nonnormal distributions, respectively. Categorical variables were compared
by the x? test with Yate’s correction or Fisher’s exact test, when necessary, and
continuous variables were compared by using the Student ¢ test. A P value
of <0.05 was required to achieve statistical significance.

RESULTS

Seventy patients represented the retrospective cohort in-
cluded in group 1, whereas 63 patients were prospectively
included in group 2. Their characteristics are shown in Table 1.
Figure 1 shows the relationship between CL,, and CL, observed
in group 1, which was highly significant {[CL,, (liters/h) = 0.029 X
CL(, (ml/min) + 0.94]; r = 0.75, P < 0.001}. From this cor-
relation, according to equation 1, the following formula was
created for calculation of the rate of vancomycin continuous
infusion needed as a function of the CL, estimates to achieve
the appropriate target Cg in group 2: IR (g/24 h) = [0.029 X
CL, (ml/min) + 0.94] X target Cy X (24/1,000). Figure 2
shows the highly significant relationship between the observed
and the predicted Cs of vancomycin in group 2 (r = 0.80, P <
0.001). Figures 3 and 4 depict simple user-friendly nomograms
based on different CL, estimates for calculation of the daily
dosage of vancomycin that must be administered by continuous
infusion to critically ill patients for achievement of target Cs
of 15 and 20 mg/liter, respectively.

DISCUSSION

The results of this study confirm that vancomycin elimina-
tion in critically ill patients recently admitted to hospital may
be effectively predicted on the basis of CL., estimates. The
results also confirm the reliability of the proposed formula for
calculation of the vancomycin dosage to be used to achieve the
target C during continuous infusion in this population.

In recent years, several authors have suggested that the
rapid achievement and maintenance of a C,_;, of 15 to 20
mg/liter may be worthwhile to improve the efficacy of vanco-
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FIG. 1. Relationship between individual CL, and CL, estimated
by means of the formula of Cockcroft and Gault (3) in group 1 (n = 70
patients and 151 samples): CL, (liters/h) = 0.029 X CL, (ml/min) +
0.94 (r = 0.75, P < 0.001).
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FIG. 2. Relationship between the predicted and the observed van-

comycin Cs in group 2 (n = 63 patients and 120 samples). (r = 0.80,
P < 0.001).

mycin (2, 10). Indeed, administration of the standard vanco-
mycin dosage by the conventional twice-daily regimen may
frequently cause only suboptimal C,,;,s in patients with normal
renal function. Among 780 patients who received the standard
daily dose administered as two to four daily doses, the C,;, at
36 to 48 h after the start of therapy was <10 mg/liter in 45.1%
of the cases (13). Importantly, an even lower C,,;, may be
expected during conventional vancomycin therapy in critically
ill patients who present with pathophysiological and/or iatro-
genic conditions that may cause an enlargement of the extra-
cellular space and/or an increase in the renal clearance of
hydrophilic antimicrobials (21, 25). In an old study carried out
with febrile neutropenic patients with acute leukemia empiri-
cally treated with vancomycin at a mean daily dose of 15 mg/kg
every 12 h, the C,,;, on day 3 was <5 mg/liter in as many as
56% of the cases (22).

Vancomycin daily dosage (g/day)

0 50 100 150 200 250
CL, (mL/min)

FIG. 3. Nomogram based on CL, estimates (3) for calculation of
the vancomycin daily dosage administered by continuous infusion
which is needed for achievement of the target C, of 15 mg/liter in
critically ill patients.
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FIG. 4. Nomogram based on CL, estimates (3) for calculation of
the vancomycin daily dosage administered by continuous infusion
which is needed for achievement of the target C,, of 20 mg/liter in
critically ill patients.

Further support for the need for a more aggressive dosing
regimen for the appropriate treatment of MRSA infections
with vancomycin in critically ill patients may come from the
recent findings of vancomycin MIC creep in MRSA (8, 35, 36)
and of either a significantly longer duration of infection (19) or
a significantly higher mortality rate (14, 34) associated with
MRSA bacteremia due to strains with vancomycin MICs >1
mg/liter. Shifts in vancomycin MICs against populations of S.
aureus strains toward values of =1 mg/liter over time have
been noted in several studies in the past decade (8). However,
it appears that the rate of vancomycin MIC creep varies greatly
between different centers, perhaps also because of, among
other reasons, the different selective pressures present (8).
This may explain why MIC creep has not been noted in settings
with low rates of vancomycin usage (1). Interestingly, the de-
velopment of staphylococcal resistance to vancomycin has also
been associated with prolonged exposure to low serum con-
centrations of the drug (30). In settings with a high incidence
of MRSA-related infections, a policy of the restriction of van-
comycin use is very difficult to support, unless the rates of
prescription of newer antimicrobials with activity against gram-
positive organisms is increased. However, in these settings it
may be speculated that vancomycin MIC creep in MRSA iso-
lates and the clinical failure of vancomycin treatment of
MRSA infection may be prevented, or at least reduced, by
avoiding the occurrence of suboptimal exposure at the infec-
tion site due to inappropriate dosing.

A possible solution could be the administration of larger
intermittent daily dosages with the intent of achieving a C;,, of
15 to 20 mg/liter in all patients, but the unacceptable increase
in the risk of nephrotoxicity recently documented in patients
with very high C_; s during intermittent dosing with high doses
(10), especially when the dose is greater than 4 g per day (15),
advises against this choice.

Conversely, we believe that in an era in which the efficacy of
vancomycin is doubtful and the use of higher intermittent
vancomycin daily doses should be avoided, the application of
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continuous infusion with a target C of 15 to 20 mg/liter may
be helpful in maximizing the pharmacodynamics of vancomy-
cin against MRSA while avoiding the risk of increased neph-
rotoxicity (24).

Vancomycin exhibits time-dependent antibacterial activity
and no in vitro concentration-dependent killing effect against
staphylococci and a short to moderate postantibiotic effect
against gram-positive cocci (16). Given these pharmacody-
namic characteristics, one would predict that the duration of
time that the levels in serum exceed the MIC (7' > MIC) would
be the pharmacodynamic parameter that most strongly corre-
lated with its efficacy. The early attainment and maintenance of
a C,,;, above the MIC should represent the goal of therapy,
since this approach may ensure the presence of suprainhibitory
concentrations for the entire dosing interval (7' > MIC, 100%)
(24). Indeed, consideration of only this assumption may lead to
inappropriate dosing strategies (30), considering that an area
under the concentration-time curve (AUC)/MIC ratio of 350
to 400 was associated with successful outcomes in patients with
MRSA pneumonia (20). Therefore, this pharmacodynamic
parameter may be the best predictor of the clinical efficacy of
vancomycin and must be taken into account when a vancomy-
cin dosage is chosen. However, further studies seem to be
warranted (30), considering that conflicting results were ob-
served in another recent study (6).

While awaiting conclusive evidence, continuous infusion
may be suggested as the best way to maximize the time-depen-
dent activity of vancomycin in daily clinical practice, since, with
the same daily dose, it may retain higher and more sustained
concentrations with equal exposure in terms of the AUC. Ac-
cordingly, it may be hypothesized that targeting of the vanco-
mycin C at 15 to 20 mg/liter by also allowing a sufficiently high
AUC may represent a valid approach for optimization of both
of the pharmacodynamic efficacy targets of vancomycin (24). It
is worth noting that by ensuring that the plasma concentrations
persistently exceed 15 mg/liter, namely, a value at least four to
five times above the MIC breakpoint for MRSA, this strategy
may reduce the selective pressure due to very low C, ;s (30)
and may avert the development of MRSA resistance even in
cases of long-term treatment (31). At the same time, it may
represent an easy approach for clinicians to guarantee the
recommended AUC/MIC ratio of >350 against all pathogens
with vancomycin MICs =1 mg/liter.

One objection may be that Soriano et al. (34) noted a higher
mortality rate among patients with MRSA bacteremia due to
strains with MICs of >1 mg/liter, even though all patients were
treated to achieve a goal C,;, of =10 mg/ml. However, initial
suboptimal exposure could not be excluded in that study since,
as correctly argued by Porath and Brooks (27), they did not
report what percentage of patients actually achieved this target
Cnin at the first measurement, nor did they report the mean
time to attainment of the target C,;,. Indeed, the prompt
achievement and maintenance of the optimal exposure at the
infection site by the timely administration of broad-spectrum
antimicrobial agents is currently considered mandatory in crit-
ically ill patients with severe sepsis and/or septic shock, as
recommended by the Surviving Sepsis Campaign guidelines
(4). Continuous infusion coupled with loading may be helpful
in this context, since it was shown to ensure the achievement of
the targeted serum vancomycin levels more rapidly than inter-
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mittent administration (37). Of note, one must be reminded
that an initial loading dose (15 mg/kg over 2 h) must always be
administered, irrespective of the patient’s renal function, and
that continuous infusion must be started starting immediately
afterwards in order to rapidly achieve therapeutically effective
concentrations and to avoid the risk of underexposure in the
first hours of treatment (23, 24).

The performance of the formula proposed in this article was
prospectively evaluated with a cohort of patients with charac-
teristics similar to those of the retrospective cohort, and this
enabled accurate validation with a highly significant correla-
tion between the observed and the predicted Cgs.

Accordingly, two simple user-friendly nomograms based on
CL., estimates were created to help clinicians in daily clinical
practice with the calculation of the continuous-infusion dosage
needed to achieve a target vancomycin C of 15 or 20 mg/liter.

The application of these dosing nomograms is easy and
could be effective in improving vancomycin exposure, espe-
cially during the treatment of deep-seated infections. Addi-
tionally, this choice may be helpful in avoiding the potentially
increased risk of nephrotoxicity, considering that for antimi-
crobials with time-dependent activities the total daily doses
usually needed to achieve optimal exposures by the use of
continuous infusion may be lower than those needed to
achieve optimal exposures by the use of intermittent dosing.
For example, it was estimated that dosages of less than 4
g/daily by continuous infusion may ensure a Cy of 20 mg/liter
even in patients with very high CL, estimates of 250 ml/min.
Interestingly, a recent retrospective study with outpatients re-
ceiving vancomycin by continuous infusion showed that a van-
comycin Cy only more than 1.4-fold greater than this value,
namely, 28 mg/liter, was independently associated with a mark-
edly increased risk of nephrotoxicity (12). Indeed, during our
study, only two patients had values that temporarily exceeded
this value, but none developed renal insufficiency thanks to the
rapid adjustment of the dosage.

For these reasons, we and other authors call for more in-
tensive studies which may determine the relative clinical effi-
cacy of this approach (24, 29).

We recognize that our study may suffer from a relevant
limitation. CL, estimates may be safely applied only to criti-
cally ill patients recently admitted to hospital. A recent study
carried out with 359 patients in an intensive unit confirmed
that estimates of CL., obtained by use of the formula of
Cockcroft and Gault (3) highly correlated (* = 0.8357) with
the CL, measured at 24 h, the day after admission (9). Con-
versely, in patients with a long history of hospital admission
(>1 month), CL., estimates may lead to the overestimation of
renal function, so that the direct measurement of CL, should
be performed to accurately assess the glomerular filtration rate
and to prevent vancomycin overexposure. An inaccuracy of
CL, estimates was encountered whenever the daily output of
creatinine from muscles is impaired by the degree of muscle
loss which may occur when a patient is bedridden for a long
time (9, 11). Another limitation may be represented by the fact
that these nomograms are not valid for functionally anephric
patients on dialysis and perhaps also for patients with very low
CL, estimates of <10 ml/min.

In conclusion, we are confident that the two nomograms
provided here could help clinicians improve the vancomycin
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treatment of MRSA infections in critically ill patients, espe-
cially in the presence of borderline-susceptible pathogens
and/or pathophysiological conditions which may enhance the
CL,. The wise use of vancomycin should occur not only
through restricted use but also through better use, and the
development of validated nomograms that maintain C,;,s at
four to five times the MIC has been suggested as a reasonable
solution (30). A prospective assessment of the clinical efficacy,
safety, and tolerability of this approach is ongoing.
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