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ABSTRACT The vancomycin loading dose (LD) of 25 to 30 mg/kg is a frequently
practiced strategy to achieve effective concentrations from the first-treatment dose.
However, considering only the body weight for dosing might be inadequate in criti-
cally ill patients due to pharmacokinetics changes. We sought to assess achieving
optimal trough serum levels of vancomycin and AUC,_,,/MIC in the first 24 h of
treatment by using an LD based on population pharmacokinetic parameters of criti-
cally ill patients. We performed a concurrent cohort study over 22 months of pa-
tients with severe sepsis who received intravenous vancomycin. The patients were
treated with three different strategies to initiate vancomycin: without an LD (group
A), with an LD of 25 to 30 mg/kg (group B), and with an LD based on population
pharmacokinetic parameters of the critically ill patient (group C). An optimal trough
serum concentration was achieved in 5, 9, and 83% of patients in groups A, B, and
C, respectively. The number of patients that reached optimal AUC, ,, was 2 of 18
(11%), 5 of 11 (46%), and 11 of 12 (92%) in groups A, B, and C, respectively. The sta-
tistical analysis for both parameters revealed significant differences in group C with
respect to other groups. The administration of the LD calculated from population
pharmacokinetic parameters from the beginning of therapy is a more efficient strat-
egy to obtain adequate trough serum concentrations and AUC,_,,/MIC in critical pa-
tients.
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nfectious diseases are one of the main causes of mortality in intensive care units

(ICUs) and a constant challenge faced by clinical teams (1). Some factors that
influence this high mortality are severe hypoperfusion, multiple organ dysfunction
syndrome, increased antimicrobial resistance, and a delayed start of proper antibiotic
therapy and subtherapeutic concentrations of antibiotics (2-4), which can occur with
medications that have complex pharmacokinetics, such as vancomycin (5).

Vancomycin is an antibiotic used in hospital-acquired infections caused by Gram-
positive bacteria. Its pharmacokinetic profile can be characterized by either two or
three compartments, renal elimination, variable tissue penetration, and pharmacoki-
netic/pharmacodynamic (PK/PD) characteristics, showing that its efficacy and safety
depends on multiple factors (5).

At this time, it is well accepted that the best PK/PD index for predicting the activity
of vancomycin is the ratio between the area under the 24-h concentration-time curve
(AUC,_,,) and the MIC (6). AUC,_,,/MIC values of =400 have demonstrated clinical and
microbiological efficacy against lower respiratory tract infections by methicillin-
resistant Staphylococcus aureus (7), which have been later validated by international
recommendations and guidelines (8-11). On the other hand, lower values have shown
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TABLE 1 Demographic and clinical characteristics of patients in this study

Group
Parameter?® A B C pb
No. of patients 18 1 12
No. (%) male 11(61.1) 9(81.8) 8(66.7) NS*
Mean age in yrs (SD) 59.4 (15.8) 55.4(19.4) 53.2(17.3) 0.610F
Mean (SD)<
Wt (kg) 81.4(21.0) 81.8(16.0) 81.3(19.1) 0.997
Ht (cm) 167.4(7.2) 169.9 (4.6) 169.8 (6.3) 0.481F
BMI (kg/m?) 28.8(6.2) 28.3(5.1) 27.9(5.3) 0.919F
Basal serum creatinine (mg/dl) 1.7 (1.0) 1.8(1.3) 1.2(0.6) 0.205
Median APACHE Il score (range) 20 (10-38) 20 (4-49) 19 (14-28) 0.494+
Vianco (liters/kg) 0.67 (0.14) 0.71(0.18) 0.67 (0.09) 0.778%
Clyanco (liters/h) 3.0(2.6) 2.8(2.7) 29(1.1) 0.977+

WV, ancor VOlume of distribution for vancomycin; CL, ..., clearance of vancomycin; BMI, body mass index.
bNS, not significant. *, Fisher exact test; 1, ANOVA.
Except as noted for the APACHE score.

not only poor infection eradication but also require longer treatments and a higher
mortality rate (12-14). In order to reach an appropriate PK/PD value, it has been
proposed that trough levels between 15 and 20 ug/ml for complicated infections are
required (8, 9, 15). Serum levels of <10 and >20 ug/ml have been linked to antibiotic
resistance and nephrotoxicity, respectively (8, 16).

Septic critical patients, who receive high-volume resuscitation, also display an
increase in vascular permeability, resulting in fluid shifts from the intravascular com-
partment to the interstitial space. This directly affects the pharmacokinetics of hydro-
philic drugs, such as vancomycin (17). These situations increase its volume of distribu-
tion (V) and generate lower concentrations than those achieved with the same dose in
noncritical patients (18). Furthermore, delay in its renal elimination causes an increase
in its half-life, requiring extended administration intervals of several days before the
desired serum levels are reached (17).

Use of the vancomycin loading dose (LD) has been reported as a strategy to achieve
effective concentrations from the first-treatment dose, avoiding the appearance of
resistance and treatment failure in critical patients (15, 19-23). Three studies have
suggested a standard prescribing dose of 25 to 30 mg/kg based mainly on body weight
(8-10). However, considering only body weight for dosing might be inadequate in
critically ill patients due to the characteristics and pharmacokinetic changes mentioned
earlier. Since it is crucial to obtain optimal serum levels rapidly in critical patients, with
a proper AUC,_,,/MIC, the use of an LD based on pharmacokinetic parameters is an
appropriate alternative to consider (3).

Our objective was to assess achieving optimal trough serum levels of vancomycin
and obtaining the AUC,_,,/MIC in the first 24 h of treatment by comparing three
different LD administration protocols in order to determine the most appropriate one.
A second objective was to assess the renal safety of each protocol.

RESULTS

Demographics. Forty-one patients were included and classified according to the
strategy for the outset of the therapy of vancomycin (Table 1). No significant differences
were detected between groups in their clinical characteristics, or their pharmacokinetic
characteristics.

Evaluation of pharmacokinetic modeling. Figure 1 shows the mean and range for
the vancomycin LD administered to each group. There were no statistically significant
differences between an LD of 25 to 30 mg/kg (group B) and an LD based on population
pharmacokinetic parameters (group C). However, there was a broader dose range in
group C.

The LD obtained through the pharmacokinetic parameters of the critical patient
generated an optimal average of trough serum concentrations of vancomycin (17.7
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FIG 1 Mean and range of administered loading dose for each group.

ng/ml, group C), with 83% of them (10/12 patients) in recommended concentrations of
15 to 20 mg/liter (Fig. 2). This was statistically different from patients that did not
receive the LD (group A, P < 0.0001) and from patients that received an LD of 25 to 30
mg/kg (group B, P < 0.0006). In this last group there was a great variability, where only
one patient (9%) achieved optimal therapeutic levels.

The number of patients that reached optimal AUC,_,,, was 2 of 18 (11%), 5 of 11
(46%), and 11 of 12 (92%) in groups A, B, and C, respectively (Fig. 3). The probability of
achieving an optimal AUC when using an LD based on population pharmacokinetic
parameters (group C) was increased 8.3 times compared to patients without the LD
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FIG 2 Trough serum vancomycin concentrations achieved after the first dose, considering the three
strategies for the therapy onset.
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FIG 3 Vancomycin AUC curve for the first 24 h of treatment, according to the strategy of therapy onset.

(group A, P < 0.0001). This value was doubled compared to patients with an LD based
on their weight (group B, P < 0.05).

Although there were six patients in group A (33.3%), four patients in group B
(36.3%), and two patients in group C (16.6%) that presented an increase in serum
creatinine levels during the first 5 days of treatment, a causality analysis showed that
in all cases these elevations were related to the hypoperfusion state dependent on the
acute septic condition. Therefore, no nephrotoxicity related with vancomycin was
observed.

DISCUSSION

The use of an LD in critically ill patients is a widely recommended strategy and has
been supported by several guides and studies (8-11, 20-23). Although there is no
strong evidence to support the real clinical impact of this method, it has been
suggested that its use is associated with better clinical cure rates in critically ill patients
(24). In fact, the use of the LD allows optimal serum concentrations to be reached
quickly, which improves the start of adequate antibiotic therapy. This reduces mortality
and the length of hospitalization in patients with bacteremia by S. aureus (2, 25).
Moreover, the use of an LD represents a safe strategy, which does not increase the
incidence of nephrotoxicity (26).

In our study, the strategy of establishing an LD based on the actual body weight of
the patient revealed a large variability. This is expected in critical patients that might
present great changes in the volume of distribution and clearance of hydrophilic
medications, such as vancomycin (17, 18). Some patients from groups A and B have
very low serum concentrations (<2.5 ug/ml, Fig. 2), which was explained by their
obesity and increased CL (>5 liters/h). On the other hand, there were three group

‘vanco
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B patients that reached elevated serum concentrations (>28 pg/ml). All of these
patients presented a decreased vancomycin clearance (CL,,,.., < 1 liters/h) from the
beginning of the study, which could explain the higher concentrations reached.
However, only one patient in group C had a concentration above the therapeutic range
(20.9 wg/ml). Considering CL in LD estimation would allow safer and more effective
vancomycin concentration.

A AUC,_,,/MIC value of =400 was defined primarily for the clinical and microbio-
logical efficacy of vancomycin in patients with hospital-acquired pneumonia with S.
aureus (7). Later studies have corroborated this pattern with minimal variations with
other types of infections and clinical outcomes (12-14). Obtaining adequate magni-
tudes would allow us to ensure clinical and microbiological efficacy. Although the
strategy of using an LD based on actual body weight could be a reasonable alternative
to reach the optimal AUC,_,,, four patients had supratherapeutic concentrations (>20
pg/ml).

The highest proportion of patients in group A reached an AUC,_,, between 200 and
400 pg-h/ml (Fig. 3), which would be effective against pathogens with an MIC < 0.5
ng/ml and an MIC < 1.0 ng/ml, in some cases. In all of these situations, optimal trough
serum concentrations were not achieved, affecting an appropriate drug penetration
particularly in tissues poorly perfused and to prevent microbial resistance (8). It is
important to note that despite the existence of patients in groups A and B with very
high or low AUC,_,, values, we cannot infer a correlation with toxicity or the loss of
clinical efficacy. Therefore, it seems more appropriate to use a strategy that does not
generate variability, which was only obtained in group C.

Our results show that it is difficult to achieve the objective from the first dose
without administering an LD. This was an expected result and has been reported in
other studies (20-23). It is noteworthy that in group B the objectives proposed were not
reached when doses based on actual body weight (25 to 30 mg/kg) were used, even
though it is recommended by the guidelines and by consensus (8-10). In group C,
several parameters were considered, such as V, which is increased in critical patients
due to multiple factors and could explain the lower variability. To calculate the dose for
group C in our study, we increased the V of the peripheral compartment by 13%,
although some studies show that in critical patients these values may be up to two
times the normal value (18). The V values estimated in this study by Bayesian methods
are in concordance to the value of 0.7 liter/kg, which has been discussed and previously
reported (5). Our results obtained in group C patients support the idea of considering
V during vancomycin LD estimation in order to achieve adequate trough serum
concentrations after the first dose.

Administered LDs in groups B and C were similar (2,045 = 350 mg and 2,167 * 444
mg, respectively), but the dose range used in group C was 19 to 36 mg/kg. This
difference with group B (25 to 30 mg/kg) demonstrates a more flexible and personal-
ized pharmacotherapy than the standard (Fig. 1).

No patient had nephrotoxicity associated with the use of LD, although some
patients reached higher trough serum concentrations, the primary predictor of risk
associated with this complication (16). It is important to note that a clinical pharmacist
conducted a daily pharmacokinetic monitoring and a pharmacotherapeutic follow-up
to adjust doses and to ensure that serum concentrations were within the therapeutic
range.

One limitation of our study was the low patient numbers. However, our sample size
allowed the evaluation of the objectives proposed in this research, providing an
adequate rationale for further studies with more patients. A second limitation was the
nonrandomized choice of the strategy to start vancomycin in each patient; it was
related to the current protocol of the ICU at the admission of each patient, and
therefore we cannot exclude a selection tendency. However, the clinical characteristics
that were statistically evaluated allowed us to determine the comparable groups.

An adequate determination of trough serum concentration of vancomycin should
be made just before the administration of the next dose and, in order to determine the

vanco
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AUC,_,,, it is necessary to obtain multiple serum vancomycin ongoing determinations.
However, it can be difficult to perform this protocol in clinical practice. For this reason,
we calculated these parameters in our study with Bayesian models using pharmacoki-
netic software, a strategy that has been validated in several studies and is frequently
used in current clinical practice (27-29). We believe it is necessary to complement our
results with a multicentric study with a higher number of patients to evaluate the
clinical outcome in response to vancomycin LD in critically ill patients.

In conclusion, the administration of the LD from the beginning of vancomycin
therapy and calculated from population pharmacokinetic parameters of critical patients
is an efficient strategy to obtain adequate trough serum concentrations and AUC,_,,/
MIC values compared to not administering the LDs or administering them based on
actual body weight. Our results suggest that the administration of higher doses at
baseline is not related to adverse events on renal function, when there is a permanent
pharmacokinetic monitoring.

MATERIALS AND METHODS

Patients and data. A concurrent cohort study was conducted in the ICU at Hospital del Salvador, an
adult tertiary hospital, between January 2012 and October 2013. This research was approved by the
Scientific Ethics Committee of the Hospital. The Pharmacy Department of the Faculty of Chemistry of
Pontificia Universidad Catdlica de Chile (Pontifical Catholic University of Chile) collaborated on the
methodology and analysis of results.

In this study, we included both the critically ill patients with severe sepsis that received intravenous
vancomycin and patients that were correctly monitored for vancomycin serum levels in order to guide
and monitor their therapy. Patients that received hemodialysis after the first dose were excluded. During
the study period, three different strategies to initiate empirical vancomycin therapy were considered.
Patients were classified on the following groups: (i) group A, patients that did not receive the LD; (ii)
group B, patients that received an LD of 25 to 30 mg/kg (based on actual body weight); and (iii) group
C, patients that received an LD based on the population pharmacokinetic parameters of the critically ill
patient, and on vancomycin’s infusion rate, according the following equation:

tinf'Vc'Cp'OL'B'(o‘_ B)
[B-(har — 00~ (1 — &) - ] + [ (B — kyy) - (1 — cPor) - ¢ 7]

where t,¢ is the infusion time of the LD (10 mg/kg/h), V. is the volume of distribution of the central
compartment (0.17-kg; if CLcg = 10 ml/min, then 0.45-kg) (30, 31), C,, is the serum concentration 1
h after of the end of infusion (35 ng/ml) (32), k,, is the transfer rate constant between the peripheral
and central compartments (0.46 h—7) (33), t is the time to serum concentration 1 h after the end of
vancomycin infusion (5), « is the rate constant of the distribution phase [(k,;-CL,,,.o)/(V-B)] (34),
Clyanco is [(0.79-CLcg) + (0.5-kg)]-0.06 (34), B is the rate constant of the elimination phase (CL /Vy)
(34), and V,, is the volume of distribution of the peripheral compartment, which was increased 13%
(0.7°kg-1.13) (18).

The assignment of patients to each group depended on the existing institutional protocol at the time
of admission to the ICU. The sample size of patients was determined by Kelsey method and using the
software OpenEpi (v3.01), with a 95% confidence and 80% powered, respectively. In addition, the
percentages of patients that would reach the optimal trough serum concentrations and optimal
AUC, _,,/MIC in each group (15% for group A, 30% for group B, and 90% group C) were considered in
the sample size, as previously described (20, 21).

Each maintenance dose scheme was established with the Therapeutic Drug Monitoring System
program (TDMS 2000; v12.04.26 for Windows from Healthware, Inc.). The dosage interval was adjusted
according to the renal function of each patient every 8, 12, 24, 48, or 72 h. The clinical pharmacist
requested serum level measurements, based on local protocols and international recommendations (8,
9, 35). The occurrence of nephrotoxicity was determined as an increase in serum creatinine levels of 0.5
mg/dl or 50% from the baseline during the first 5 days after the first dose and excluding any other reason,
using the causality analysis of the Naranjo algorithm with the treating team (36).

Vancomycin blood concentration assay. Blood samples were drawn just prior of the next main-
tenance dose through an arterial line or an alternate venous line to vancomycin administration. The
samples were processed on heparin-free tubes and then analyzed by homogeneous immunoassay
technique using Roche COBAS C311 equipment.

Trough serum concentrations of vancomycin, after the first dose, were analyzed using Bayesian
methods, with the TDMS 2000 software, which has a database to estimate population pharmacokinetic
parameters based on clinical and demographic data for the patients. Values between 15 and 20 ug/ml
were considered optimal serum concentrations (8, 9, 11). In addition, the CL and V. were
determined using Bayesian methods for each patient.

The AUC, _,, of vancomycin was determined using the trapezoid method, based on the methodology
of DeRyke and Alexander (15) but considering a bicompartmental kinetic and the stages of administra-
tion, distribution, and elimination. An infusion rate of 10 mg/kg/h and a distribution phase of 1 h were
applied. For a calculation basis, simulated concentrations with Bayesian methods were used, with the

Loading dose =

vanco’

vanco
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TDMS 2000 program. Considering that most therapies were initiated empirically, an AUC,_,, of =600
rg-h/ml was considered optimal in order to ensure effectiveness against pathogens with an MIC of <1.5
ug/ml (600/1.5 = 400 AUC, _,,/MIC).
Even if the sensibility breakpoint was =2 ug/ml for S. aureus, the most common Gram-positive
pathogen in the ICU setting, we based our criteria according to a meta-analysis that suggested a greater
likelihood of adverse outcomes (higher mortality and treatment failure), when vancomycin was admin-
istered to infected patients for pathogens with higher MIC values (>1.5 pug/ml) (37).

Data extraction and evaluation. Data were analyzed by one-way analysis of variance (ANOVA),
followed by a Bonferroni multiple-comparison post hoc test, in order to evaluate the clinical and
pharmacokinetic characteristics of each group. A Fisher exact test was performed to determine differ-
ences in the achieved through serum levels, as well as the optimal AUC,_,, results and the occurrence
of nephrotoxicity. A confidence interval of 95% was used, and a P value of =0.05 was considered
statistically significant. All analyses were performed using GraphPad Prism version 5.01.
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