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Variability in neonatal vancomycin pharmacokinetics and the lack of consensus for optimal trough concentrations in neonatal
intensive care units pose challenges to dosing vancomycin in neonates. Our objective was to determine vancomycin pharmacoki-
netics in neonates and evaluate dosing regimens to identify whether practical initial recommendations that targeted trough con-
centrations most commonly used in neonatal intensive care units could be determined. Fifty neonates who received vancomycin
with at least one set of steady-state levels were evaluated retrospectively. Mean pharmacokinetic values were determined using
first-order pharmacokinetic equations, and Monte Carlo simulation was used to evaluate initial dosing recommendations for
target trough concentrations of 15 to 20 mg/liter, 5 to 20 mg/liter, and <20 mg/liter. Monte Carlo simulation revealed that dos-
ing by mg/kg of body weight was optimal where intermittent dosing of 9 to 12 mg/kg intravenously (i.v.) every 8 h (q8h) had the
highest probability of attaining a target trough concentration of 15 to 20 mg/liter. However, continuous infusion with a loading
dose of 10 mg/kg followed by 25 to 30 mg/kg per day infused over 24 h had the best overall probability of target attainment. Ini-
tial intermittent dosing of 9 to 15 mg/kg i.v. q12h was optimal for target trough concentrations of 5 to 20 mg/liter and <20 mg/
liter. In conclusion, we determined that the practical initial vancomycin dose of 10 mg/kg vancomycin i.v. q12h was optimal for
vancomycin trough concentrations of either 5 to 20 mg/liter or <20 mg/liter and that the same initial dose q8h was optimal for
target trough concentrations of 15 to 20 mg/liter. However, due to large interpatient vancomycin pharmacokinetic variability in
neonates, monitoring of serum concentrations is recommended when trough concentrations between 15 and 20 mg/liter or 5
and 20 mg/liter are desired.

Premature and very low birth weight (VLBW) infants (�1,500
g) admitted to neonatal intensive care units (NICUs) are sus-

ceptible to Gram-positive infections due to their immunocom-
promised state and exposure to procedures such as central venous
line insertions. Late-onset sepsis (occurring after 3 days of age)
can occur in as many as 21% of VLBW infants (1) and is associated
with neonatal complications, prolonged hospital stay, mortality,
and morbidity (1, 2). More than 50% of systemic infections in
neonates are caused by coagulase-negative staphylococci (CoNS),
and the majority of these are methicillin resistant (1, 2). Therefore,
neonates with suspected late-onset sepsis typically receive vanco-
mycin (1, 3).

The pharmacokinetic/pharmacodynamic (PK/PD) parameter
that is most widely accepted as the best predictor of outcome
(clinical and microbiological) with vancomycin is the ratio of the
area under the concentration-time curve (AUC) to the MIC, and
recent guidelines have recommended an AUC/MIC ratio of �400
as the PK/PD target for clinical efficacy in the treatment of serious
methicillin-resistant Staphylococcus aureus (MRSA) infections (4,
5). Unfortunately, determination of the AUC for vancomycin in
clinical settings is not feasible, and thus, vancomycin trough con-
centrations have been adopted as a surrogate marker for deter-
mining the likelihood of AUC target attainment where vancomy-
cin trough concentrations of 15 to 20 mg/liter have been
recommended for complicated infections in adults (4, 5). Despite
the widespread use of vancomycin in neonates, there is a lack of
consensus for optimal dosing in this patient population. There is
no evidence of correlation between serum vancomycin concentra-
tions and clinical cure, microbiological cure, or nephrotoxicity in

neonates (6–8). However, vancomycin trough concentrations are
routinely monitored in neonates, and controversy exists with re-
gard to the optimal target vancomycin trough levels, resulting in
numerous different target trough concentration ranges being rec-
ommended in the literature for these patients (e.g., 5 to 10 mg/
liter, 5 to 12 mg/liter, 5 to 15 mg/liter, 5 to 20 mg/liter, or 12 to 15
mg/liter) (9–19). In addition, the majority of the previous studies
describing vancomycin pharmacokinetics in neonates have in-
cluded small, heterogeneous groups with differing demographics,
clinical conditions, lengths of infusion period, serum sampling
times, and pharmacokinetic models (1-compartment versus
2-compartment models) (8–17). As a result, the published data
(8–17) provide conflicting reports of significant covariates of
clearance (CL) and do not provide practical dosing recommenda-
tions for the target trough concentrations used in practice today.

Recent guidelines (4, 20) for the treatment of MRSA infections
in adults and children recommend higher trough concentration
targets of 15 to 20 mg/liter to treat complicated infections, such as
health care-associated pneumonia, meningitis, endocarditis, and
osteomyelitis. These guidelines acknowledge that data in children
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were limited. Two recent neonatal studies (15, 18) assessed higher
vancomycin target trough concentrations; however, the results
from these studies highlight the continued question regarding ap-
propriate vancomycin dosing in neonates and the lack of data to
support practical initial dosing for vancomycin in neonates.

Although continuous infusion of vancomycin has been de-
scribed for the neonatal population (19, 21, 22, 23) and adults
(24–30), no practical dosing guidelines for neonates currently ex-
ist for the use of continuous infusion. There is no clinical evidence
to date to suggest that continuous infusion of vancomycin is more
effective than intermittent dosing of vancomycin. However, a re-
cent systematic review and meta-analysis (24) identified that con-
tinuous infusion may be less toxic than intermittent dosing in the
treatment of staphylococcal bacteremia in adults, likely because it
may provide an opportunity to minimize the total daily exposure
to vancomycin (30). Further study to develop reasonable dosing
guidelines for continuous infusion in neonates that will achieve a
steady-state level of 15 to 20 mg/liter and minimize the total daily
dose is warranted.

Therefore, the aims of this study were to determine the phar-
macokinetics of vancomycin in neonates, identify significant co-
variates of vancomycin pharmacokinetics in neonates, and de-
velop a practical initial dosing recommendation with the highest
probability of attaining levels in plasma most commonly targeted
among NICUs (trough concentrations of 15 to 20 mg/liter, 5 to 20
mg/liter, and �20 mg/liter with intermittent dosing and a steady-
state concentration of 15 to 20 mg/liter with continuous infusion).

MATERIALS AND METHODS
Location. This study was conducted in the level III NICU at Sunnybrook
Health Sciences Centre (SHSC) in Toronto, Ontario, Canada. SHSC is a
1,275-bed tertiary care teaching hospital with 41 NICU beds. This study
was approved by the Research Ethics Board (REB) at SHSC on 23 Novem-
ber 2011.

Patient eligibility. Neonates admitted to the NICU prior to 1 March
2012 who received more than 24 h of vancomycin and had at least one set
of steady-state vancomycin levels (peak and trough concentrations or a
peak and second postdose random level obtained at the earliest around the
third dose) were eligible. Patients were excluded if they were still inpa-
tients at the time of chart review (since REB approval was for a retrospec-
tive study), developed acute renal failure (urine output of �1 ml/kg of
body weight/h or serum creatinine [sCr] of �100 �mol/liter) before ini-
tiation of vancomycin, required renal replacement therapy while receiv-
ing vancomycin, or had a calculated vancomycin half-life (t1/2) greater
than 4 standard deviations from the mean t1/2 observed in the study pop-
ulation without the availability of another set of levels to confirm the
accuracy of this calculated t1/2.

Study design. A retrospective chart review of 50 patients meeting the
established inclusion criteria was conducted. A chronological list of pa-
tients admitted to the NICU between 12 September 2010 and 29 February
2012 that had been prescribed vancomycin was generated using the
SPIRIT (Stewardship Program Integrating Resource Information Tech-
nology) database (31) of the Antimicrobial Stewardship Program at
SHSC. Additional patients who received vancomycin prior to 12 Septem-
ber 2010 were identified through review of the vancomycin-monitoring
binder utilized by the NICU clinical pharmacists.

Data collection. All data collected from patient charts, the SPIRIT
database, and electronic patient records (EPR) were entered into a Mi-
crosoft Excel database. Relevant data collected included the following:

• the date of admission to the NICU,

• the number of days in the NICU prior to vancomycin therapy,

• the number of days from birth to initiation of vancomycin therapy,

• gender,

• gestational age,

• postnatal age (PNA) at the time of vancomycin initiation,

• the corrected gestational age (CGA) at the time of vancomycin
initiation,

• birth weight,

• weight at the time closest to the initiation of vancomycin adminis-
tration,

• weight at a time within 24 h of the time that we obtained a set of
vancomycin levels,

• Apgar scores at 1 and 5 min of age,

• indication for vancomycin therapy,

• the date vancomycin therapy was initiated,

• the date vancomycin therapy was discontinued,

• microbiological culture results and sensitivity,

• the initial vancomycin dose,

• the occurrence of nephrotoxicity (defined as [i] an increase in sCr
that was 25% above baseline or [ii] an output in urine of �1 ml/
kg/h at the time nearest to vancomycin discontinuation, 2 weeks
after vancomycin discontinuation, or at the latest time a value was
available),

• the baseline serum albumin level (the earliest result available for a
patient in the NICU),

• the serum albumin level taken at the time nearest to the time that we
obtained a set of vancomycin levels,

• prior and concomitant use of nephrotoxins (prior use is defined as
nephrotoxins prescribed within the 2 weeks prior to vancomycin
initiation [nephrotoxins included indomethacin, ibuprofen, furo-
semide, amphotericin B, gentamicin, tobramycin, and amikacin]),

• NICU survival (yes/no), and

• a size that is small for the infant’s gestational age (SGA) (yes/no)
(defined as a birth weight below that of the 10th percentile for a
specific gestational age in North American infants).

Finally, the blood urea nitrogen (BUN) level, sCr (Jaffe reaction) level,
and urine output over 24 h were obtained at baseline (the earliest results
available for a patient in the NICU), at the time nearest to the time that we
obtained a set of vancomycin levels, at the time nearest to vancomycin
discontinuation, and at the time nearest to 2 weeks after vancomycin
discontinuation or the latest time for which a value was available.

Vancomycin pharmacokinetics. The pharmacokinetic profile of van-
comycin in neonates may be characterized using a 1-, 2-, or 3-compart-
ment model. The distribution phase ranges from 0.5 to 1 h in adults (5)
and has been reported as 0.05 to 0.49 h in neonates and infants (6, 32).
Once vancomycin distribution is complete, it follows first-order elimina-
tion. It is at this point that clinically important first-order pharmacoki-
netic principles can be applied to determine appropriate dosing necessary
to attain desired vancomycin trough concentrations as a surrogate marker
for AUC/MIC ratio target attainment. When neonates are prescribed van-
comycin therapy at SHSC, the initial vancomycin serum concentrations
are obtained after the third dose, which assumes that drug concentrations
are at steady state. Vancomycin peak concentrations in the NICU at this
institution are obtained 1 h following the end of a 1-h infusion, and trough
concentrations are obtained just prior to administration of the next dose.
It is assumed that the distribution phase of vancomycin is reliably com-
pleted by the time a peak serum concentration is drawn and that vanco-
mycin is in the first-order elimination phase (1-compartment model).
The peak vancomycin concentration is obtained for no other reason than
that two points (the steady-state peak and trough or two postdose con-
centrations) are required to use first-order pharmacokinetic equations to
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determine the optimal dose and interval for vancomycin to attain the
desired vancomycin steady-state target concentration (trough concentra-
tions of 15 to 20 mg/liter, 5 to 20 mg/liter, and �20 mg/liter and the
steady-state level with continuous infusion of 15 to 20 mg/liter). Vanco-
mycin concentrations were analyzed using first-order pharmacokinetic
principles (33) to calculate extrapolated trough and peak concentrations,
the elimination rate constant (kel), the t1/2, the volume of distribution (V),
an estimate of total body clearance (CL), the AUC at 24 h (AUC24), a
desired dose (in mg and mg/kg/dose, each rounded off to the nearest 1
mg), the dosing interval, and the continuous-infusion loading dose (in mg
and mg/kg, each rounded off to the nearest 1 mg). To determine the
desired dose and interval for intermittent dosing, a desired peak of 30
mg/liter and desired troughs of 18 mg/liter, 12 mg/liter, and 10 mg/liter
were used for steady-state target concentrations of 15 to 20 mg/liter, 5 to
20 mg/liter, and �20 mg/liter, respectively. To determine the desired
continuous-infusion loading dose and continuous-infusion rate, a de-
sired concentration at the end of a 24-h infusion of 18 mg/liter was utilized
for the steady-state target concentration of 15 to 20 mg/liter. The peak of
30 mg/liter was chosen to minimize the fluctuation in levels between peak
and trough concentrations, and the trough concentrations of 18 mg/liter,
12 mg/liter, and 10 mg/liter were chosen as midpoints in the desired
steady-state target concentrations.

Statistics. Descriptive statistics were used for patient characteristics
and microbiological results (mean, standard deviation, and range). The
geometric mean, standard deviation, and range are reported for pharma-
cokinetics parameters (kel, t1/2, V, CL, AUC24), since these are known to
have lognormal distributions.

Univariate linear regression (SPSS 13.01) was used to identify signifi-
cant covariates (P � 0.2) associated with V (liters) and CL (liters/h) of
vancomycin in neonates. Parameters that were included in the univariate
regression were parameters that would be known to the clinician prior to
the initiation of vancomycin and were not calculated using other param-
eters put into the regression analysis. Any covariates determined to be
significant in univariate analysis (P � 0.2) were then included in multiple
linear regression (MLR) analysis (SPSS 13.01) to identify those that re-
mained statistically significant in the best model (lowest P value, with a
maximum P of �0.05 considered statistically significant) to predict V
(liters) and CL (liters/h). The parameters entered as independent vari-
ables included the number of days in the NICU prior to initiation of
vancomycin, the number of days from birth to vancomycin initiation,
gender, gestational age, PNA at time of vancomycin initiation, CGA at
time of vancomycin initiation, birth weight, weight closest to vancomycin
initiation, SGA status, Apgar scores at 1 and 5 min of age, BUN level at
baseline, sCr level at baseline, sCr level just prior to vancomycin initiation,
24-h urine output (ml/h) at baseline, 24-h urine output (ml/h) at vanco-
mycin initiation, and albumin level at baseline. V and CL calculated from
regression equations derived from MLR were then compared to actual
patient V and CL values to evaluate the predictive performance of the
regression equations. If the predictive performance of the regression
equation for either V or CL was poor (R2 � 0.5) and the data plot of
predicted V or CL versus actual V or CL, respectively, identified a dic-
hotomous plot, then a Classification and Regression Tree (CART) analysis
(CART professional extended edition; Salford Systems) would be com-
pleted to identify breakpoints in input parameters of either the V or CL
regression equations.

Mean pharmacokinetic data were used to derive initial dosing recom-
mendations, which were then evaluated using Monte Carlo simulation
(Oracle Crystal Ball, Fusion edition) (MCS). The means and standard
deviations for kel’s, V’s, and weights of the study patients were input, and
1 million iterations of possible kel, V, and weight values were run to de-
termine the probability of attaining target vancomycin steady-state con-
centrations of 15 to 20 mg/liter, 5 to 20 mg/liter, and �20 mg/liter with
any given dosing simulation in neonates. For all simulations involving
mg/kg dosing, the weight was assumed to have a normal distribution, the
mean and standard deviation for weight from our population pharmaco-

kinetic data were entered into the simulation, and the weight range per-
mitted for random selection in the simulation was 0.4 to 6 kg. The optimal
initial dosing regimen was defined as the regimen most likely to attain
predetermined criteria that may theoretically correspond to maximal
clinical efficacy while minimizing toxicity. For the higher target trough
concentrations of 15 to 20 mg/liter, the criteria selected in an attempt to
balance efficacy and safety parameters were as follows: (i) a trough con-
centration of 15 to 20 mg/liter in 70% of patients, (ii) a trough concentra-
tion of �12 mg/liter in �25% of patients, (iii) trough concentrations of
�25 mg/liter in �10% of patients, (iv) peak concentrations of �40 mg/
liter in 70% of patients, (v) peak concentrations of �80 mg/liter in �10%
of patients, and (vi) AUC24/MIC ratios of �400 in 70% of patients. For
the target trough concentrations of 5 to 20 mg/liter and �20 mg/liter,
criteria were as follows: (i) trough concentrations of 5 to 20 mg/liter in
70% of patients, (ii) trough concentrations of �20 mg/liter in 70% of
patients, (iii) trough concentrations of �25 mg/liter in �10% of patients,
(iv) peak concentrations of �40 mg/liter in 70% of patients, and (v) peak
concentrations of �80 mg/liter in �10% of patients. As part of each MCS,
an assessment of the probability of attaining an AUC24/MIC ratio of �400
was completed to assess the likelihood of meeting the optimal PK/PD
vancomycin target for serious MRSA infections. In this part of the analy-
sis, MICs were assumed to have a normal distribution (34) truncated at a
minimum of 0.5 mg/liter and a maximum of 2 mg/liter, with a mean of 1
mg/liter and a standard deviation of 0.4 mg/liter, resembling the current
MIC distribution for MRSA worldwide (35–45). If CART analysis identi-
fied breakpoints for vancomycin V and/or CL, then mean pharmacoki-
netic data and their associated standard deviations for identified sub-
groups would be analyzed by separate Monte Carlo simulations.

RESULTS
Demographics. Fifty-eight neonates were screened for inclusion
in this retrospective study. Eight neonates were excluded (six had
only vancomycin trough concentrations measured, and two were
inpatients at the time of chart review). A total of 50 neonates were
included in this study, and 58 sets of vancomycin levels were eval-
uated. Patient characteristics are summarized in Table 1. The most
common initial vancomycin dosing regimen used in our NICU
was 10 mg/kg intravenously (i.v.) every 8 h (q8h), which was in-
dependent of gestational age, PNA, and CGA (8). Twenty-nine
neonates (58%) had a positive culture, and CoNS were the most
commonly identified bacteria (72%) (Table 2). The mean vanco-
mycin pharmacokinetic parameters are detailed in Table 3.

Univariate and multivariate analyses. Statistically significant
predictors (P � 0.2) of vancomycin V (liters) and CL (liters/h)
identified by univariate analysis are detailed in Table 4. The only
covariates that remained statistically significant following MLR
for V (liters) were PNA (P � 0.001) and birth weight (P � 0.001).
The model that best predicted V (P � 0.001 and R2 � 0.695) with
MLR was a V (liters) of �0.154 plus 0.013 (the PNA at the time of
vancomycin initiation in days) plus 0.679 (the birth weight in kg).
Covariates that remained statistically significant following MLR
for CL (liters/h) included PNA (P � 0.001), birth weight (P �
0.001), weight at the time closest to vancomycin initiation (P �
0.006), and albumin at baseline (P � 0.004). The model that best
predicted CL (P � 0.001 and R2 � 0.848) was a CL (liters/h) of
�0.115 plus 0.003 (the PNA at vancomycin initiation in days) plus
0.066 (the birth weight in kg) plus 0.002 (baseline albumin in
g/liter) plus 0.019 (weight closest to the time of vancomycin initi-
ation in kg).

CART analysis. CART was not used in the analysis, since the
predicted CL (liters/h) and V (liters) values determined from the
derived MLR equations for the population analyzed showed good
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predictive performance, with R2 values of 0.83 and 0.68, respec-
tively (Fig. 1A and B), and a continuous linear relationship for
predicted versus observed CL and V scatterplots. Therefore, clin-
ically relevant breakpoints for vancomycin CL (liters/h) or V (li-
ters) in neonates do not exist for any input parameters used to
predict CL and V from the regression equations derived in this
study.

Monte Carlo simulation. MCS of dosing regimens in milli-
grams for intermittent and continuous infusion in neonates con-
sistently had a poorer probability of plasma target concentration
attainment than weight-based (mg/kg) regimens (Tables 5 to 9).
For the initial dosing regimen commonly used in our neonatal

patients (10 mg/kg i.v. q8h) at the time of this study, MCS indi-
cated an achievement of target trough levels of 15 to 20 mg/liter, 5
to 20 mg/liter, and �20 mg/liter in 18%, 79%, and 85% of pa-
tients, respectively (Table 5). The probabilities of reaching the
target trough level of 15 to 20 mg/liter in neonates with adequate
renal function were 15 to 23% and 15 to 21% for patients admin-
istered 6 to 8 mg/kg i.v. q6h and 9 to 12 mg/kg i.v. q8h, respectively
(Table 5). Correspondingly, the probabilities of reaching a target
AUC/MIC ratio of �400 in neonates with adequate renal function
were 38 to 60% and 47 to 69% for patients administered 6 to 8
mg/kg i.v. q6h and 9 to 12 mg/kg i.v. q8h, respectively (Table 5).
Since the probabilities of achieving the predefined targets pro-
posed in our study were similar in simulations using mg/kg dosing
q6h and q8h, 9 to 12 mg/kg i.v. q8h was selected as a reasonable
initial dosing regimen based on administration convenience. If a
loading dose is desired for a hemodynamically unstable critically
ill neonate, MCS showed that 25 mg/kg was optimal for intermit-
tent-infusion vancomycin dosing (Table 7). When continuous-
infusion regimens were explored, a loading dose of 10 mg/kg with
an infusion of 25 to 30 mg/kg/24 h offered the highest probability
(28 to 32% of patients) of attaining a target steady-state concen-
tration between 15 and 20 mg/liter (Table 8). The probability of
reaching target trough concentrations between 5 and 20 mg/liter
or �20 mg/liter was adequate with dosing of 9 to 15 mg/kg i.v.
q12h (Table 5).

DISCUSSION

While vancomycin has been used for more than 60 years, contro-
versy continues regarding optimal PK/PD targets, dosing, and
monitoring in adult and pediatric patients. Previous published
data evaluating vancomycin pharmacokinetics in neonates are
based on small, heterogeneous populations where trough concen-

TABLE 1 Patient characteristics

Characteristic of 50 neonatesd No. (%) Mean � SD (range)

Gestational age (wk) 27.4 � 2.5 (23.7–33.7)
Postnatal age (days) 17.1 � 12.6 (2–53)
Corrected gestational age (wk) 29.8 � 2.5 (24.9–34.4)
Birth wt (kg) 1.02 � 0.42 (0.52–2.68)
Small-for-gestational-age status 3 (6)
Male gender 31 (62)
NICU survival 48 (96)
Apgar score at 1 min 6a (1–9)
Apgar score at 5 min 8a (2–9)

Indication for vancomycin initiationb

Sepsis 31 (58)
NEC 18 (34)
Sepsis and NEC 2 (4)
Skin and soft tissue infection 1 (2)
Peritoneal effusion 1 (2)

Day of life at initiation of vancomycin 17.1 � 12.6 (2–53)
Wt at time of vancomycin initiation 1.25 � 0.69 (0.59–4.73)
Vancomycin dose (mg/kg/day) 37 � 16 (13–80)
Vancomycin dosing interval (h) 8a (6–12)
Serum creatinine concn nearest time

of vancomycin initiation
(�mol/liter)

56 � 29 (19–168)

Vancomycin trough concn (mg/liter)c 58 13.8 � 6.4 (5.5–38.9)
a Median.
b Three neonates were treated with two separate courses of vancomycin during the
study period, with each respective indication accounted for in each course of antibiotic
received (thus, n � 53).
c Trough concentrations were extrapolated to the end of the dosing interval using first-
order kinetic equations.
d NEC, necrotizing enterocolitis.

TABLE 2 Bacterial isolates from positive cultures around the start of vancomycin treatment

Organism(s)
No. of isolates
(%) (n � 50)a

No. (%) of isolates from indicated source of culture

Blood Sputum Urine Line Wound

Coagulase-negative Staphylococcus spp. 36 (72) 23 (46) 6 (12) 1 (2) 2 (4) 4 (8)
Methicillin-susceptible Staphylococcus aureus 1 (2) 0 0 0 0 1 (2)
Methicillin-resistant Staphylococcus aureus 0 (0) 0 0 0 0 0
Enterococcus spp. 4 (8) 0 0 4 (8) 0 0
Beta-hemolytic Streptococcus, group B 1 (2) 0 0 1 (2) 0 0
Gram-negative organismsb 5 (10) 1 (2) 3 (6) 1 (2) 0 0
Otherc 3 (6) 0 2 (4) 1 (2) 0 0
a All percentages were determined from the total number of isolates (n � 50) in the denominator.
b There was a total of 5 Gram-negative organisms, including Escherichia coli (2), Klebsiella spp. (1), and Enterobacter spp. (2).
c There was a total of 3 other organisms, including Bacillus cereus, Saccharomyces cerevisiae, and Ureaplasma urealyticus.

TABLE 3 Mean pharmacokinetic parametersa

Parameter Mean 95% CI Range

kel (h�1) 0.1103 0.1011–0.1195 0.0278–0.2022
t1/2 (h) 6.3 5.4–7.2 3.4–25.0
V (liters) 0.68 0.60–0.77 0.32–1.94
V (liters/kg) 0.61 0.57–0.66 0.36–1.30
CL (liters/h) 0.075 0.062–0.089 0.025–0.250
CL (liters/h/kg) 0.068 0.061–0.074 0.033–0.130
AUC24 (mg/h/liter) 449 409–489 264–979
a Fifty-eight sets of vancomycin levels from 50 patients were tested. 95% CI, 95%
confidence interval.
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tration targets were not those currently used in clinical practice.
Therefore, the aim of this study was to determine the pharmaco-
kinetics of vancomycin in neonates, identify significant covariates
of vancomycin pharmacokinetics in neonates, and develop a prac-
tical initial-dosing recommendation with the highest probability
of attaining plasma levels which are currently most commonly
targeted among NICUs (trough concentrations of 15 to 20 mg/
liter, 5 to 20 mg/liter, and �20 mg/liter with intermittent dosing
and a steady-state concentration of 15 to 20 mg/liter with contin-
uous infusion).

Our study included 50 neonates and a total of 58 sets of van-
comycin levels to determine neonatal vancomycin pharmacoki-
netics (Table 3). The mean vancomycin half-life was 6.3 h, with a
mean V of 0.61 liters/kg. We identified significant (P � 0.05) co-
variates of both vancomycin CL (PNA [days], birth weight [kg],
weight closest to vancomycin initiation [kg], and albumin at base-
line [g/liter]) and V (PNA [days] and birth weight [kg]). Although
the models for both V (liters) and CL (liters/h) had a good predic-
tive capability (Fig. 1A and B), the derived equations would be
cumbersome to use in clinical practice since a number of param-

TABLE 4 Parameters assessed by univariate and multivariate analyses

Parameter

Clearance Volume of distribution

Univariate
P valuea

Multivariate
P valueb

Univariate
P valuea

Multivariate
P valueb

Gender 0.011 0.867 0.013 0.631
Gestational age (wk) 0.001 0.261 �0.001 0.637
Postnatal age (days) �0.001 �0.001 0.013 �0.001
Corrected gestational age (wk) �0.001 0.262 �0.001 0.639
Apgar score at 1 min 0.589 0.207
Apgar score at 5 min 0.314 0.506
Birth wt (kg) �0.001 �0.001 �0.001 �0.001
Small-for-gestational-age status 0.272 0.292
Wt closest to vancomycin initiation (kg) �0.001 0.006 �0.001 0.837
No. of days in NICU prior to vancomycin initiation �0.001 0.192 0.059 0.692
No. of days from birth to vancomycin initiation �0.001 �0.999 0.013 �0.999
BUN at baseline 0.138 0.881 0.037 0.818
Serum creatinine at baseline 0.010 0.470 0.001 0.306
Serum creatinine at vancomycin initiation �0.001 0.209 0.219
Albumin at baseline 0.002 0.004 0.011 0.157
24-h urine output at baseline (ml/h) 0.001 0.371 �0.001 0.470
24-h urine output at vancomycin initiation 0.006 0.619 0.002 0.583
a Covariates for which the P value was �0.2 in the univariate analysis were included in the multivariate analysis.
b Covariate values that remained significantly different (P � 0.05) after multivariate analysis were used to determine the best-fit model to predict CL and V.

FIG 1 Scatterplots of individual patient predicted (based on multiple linear regression model equation) versus observed CL (liter/h) (A) and V (liters) (B).

Kim et al.

2834 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


eters would need to be identified and put into complex equations
for V and CL, following which the calculated V and CL would need
be put into first-order equations to determine initial vancomycin
dosing. Using MCS (1 million iterations), initial vancomycin dos-
ing of either 6 to 8 mg/kg i.v. q6h or 9 to 12 mg/kg i.v. q8h had the
best probability of attaining a target trough concentration of 15 to
20 mg/liter. However, due to large interpatient vancomycin phar-
macokinetic variability, the probability of target attainment
with either dosing regimen was less than 25% when the narrow
target trough concentration of 15 to 20 mg/liter was desired, a
finding similar to that of Mehrotra et al. (18), who evaluated 10
mg vancomycin/kg i.v. q8h in neonates. This observation sup-
ports the continued need for individualized pharmacokinetics
(peak and trough concentrations) to determine optimal main-
tenance dosing for vancomycin in neonates when the target
trough concentration is 15 to 20 mg/liter. In hemodynamically

unstable, acutely ill neonates, a loading dose may be desirable
to attain target trough concentrations within the first 24 h
of therapy. If a loading dose is desired, then our findings
showed that 25 mg/kg provided the best probability of attain-
ing the target trough concentrations of 15 to 20 mg/liter. For
target trough concentrations of 5 to 20 mg/liter and �20 mg/
liter, our study found that 9 to 15 mg/kg i.v. q12h was adequate
to achieve the targets (56 to 76% and 92 to 99%, respectively).
For reasons of practicality, we recommend a dosing regimen of
10-mg/kg vancomycin i.v. q12h for vancomycin trough con-
centrations of either 5 to 20 mg/liter or �20 mg/liter or 10-
mg/kg vancomycin i.v. q8h for trough concentrations of 15 to
20 mg/liter. Dosing recommendations using continuous-infu-
sion mg/kg vancomycin dosing were also derived in our study
and provided a consistently higher probability of attaining a
steady-state level between 15 and 20 mg/liter. However, con-

TABLE 5 Monte Carlo simulation results for intermittent infusiona

Time of
intermittent
infusion

Dosing
regimen
(mg/kg)

Total
daily
dose
(mg)b

% probability of attaining the following target:

Trough
concn of �8
mg/liter
(goal: �25%)

Trough
concn of �12
mg/liter
(goal: �25%)

Trough
concn of 5–
20 mg/liter
(goal: �70%)

Trough
concn of 15–
20 mg/liter
(goal: �70%)

Trough
concn of �20
mg/liter
(goal: �70%)

Trough
concn of �25
mg/liter
(goal: �10%)

Peak concn
of �40 mg/
liter
(goal: �70%)

Peak concn
of �80 mg/
liter
(goal: �10%)

AUC24/MICc

of �400
(goal: �70%)

q6h 5 20 39.6 72.6 84.8 9.6 95.8 1.3 99.5 0.0 25.6
6 24 25.9 58.2 85.0 15.3 90.7 3.4 98.1 0.0 38.2
7 28 17.0 45.3 80.6 19.8 83.6 7.0 95.1 0.0 49.9
8 32 11.0 34.4 73.7 22.6 75.4 12.0 89.9 0.1 60.2
9 36 7.3 26.0 65.7 23.9 66.7 18.0 82.7 0.2 69.0
10 40 4.8 19.6 57.6 23.7 58.2 24.6 74.0 0.5 76.0
11 44 3.3 14.7 49.8 22.6 50.1 31.5 64.4 1.0 81.6
12 48 2.2 11.1 42.7 21.0 42.9 38.4 54.8 1.9 86.0
13 52 1.5 8.3 36.2 19.0 36.3 45.2 45.4 3.2 89.3
14 56 1.1 6.3 30.8 17.0 30.8 51.3 37.1 4.9 91.8
15 60 0.8 4.8 26.0 15.0 26.0 57.1 29.7 7.3 93.8

q8h 6 18 58.3 85.0 74.1 4.9 98.3 0.4 99.7 0.0 19.7
7 21 46.2 76.4 80.1 8.2 96.4 1.1 98.8 0.0 28.8
8 24 36.2 67.3 82.4 11.7 93.4 2.4 97.0 0.0 38.1
9 27 28.2 58.4 82.1 15.1 89.6 4.2 93.8 0.0 47.1
10 30 21.9 50.1 79.3 17.8 85.0 6.6 89.1 0.07 55.3
11 33 17.1 42.7 76.3 19.9 80.0 9.6 82.9 0.15 62.7
12 36 13.3 36.1 71.8 21.4 74.5 13.1 75.4 0.35 69.1
13 39 10.5 30.6 67.1 22.1 69.1 17.0 67.4 0.7 74.4
14 42 8.3 25.9 62.2 22.3 63.6 21.1 59.0 1.2 79.0
15 45 6.6 21.9 57.2 22.1 58.3 25.4 50.7 1.9 82.8

q12h 5 10 96.1 99.5 19.2 0.1 100.0 0.0 100.0 0.0 2.3
6 12 92.1 98.6 29.5 0.3 100.0 0.0 100.0 0.0 5.0
7 14 86.8 97.2 39.4 0.8 99.8 0.0 99.9 0.0 9.0
8 16 80.8 94.9 48.3 1.5 99.6 0.1 99.6 0.0 13.9
9 18 74.3 92.1 55.8 2.5 99.2 0.2 99.0 0.0 19.6
10 20 67.9 88.7 62.0 3.7 98.7 0.4 97.8 0.0 25.7
11 22 61.6 84.8 66.9 5.2 97.8 0.7 95.7 0.0 32.0
12 24 55.7 80.7 70.5 6.7 96.8 1.1 92.5 0.0 38.2
13 26 50.2 76.4 73.1 8.2 95.4 1.6 88.3 0.0 44.2
14 28 45.3 72.1 74.8 9.8 93.9 2.4 83.1 0.1 50.0
15 30 40.7 67.9 75.7 11.3 92.1 3.3 76.8 0.2 55.4
16 32 36.6 63.6 76.0 12.8 90.1 4.3 70.0 0.4 60.4
18 34 29.7 55.6 75.0 15.3 85.6 6.8 55.6 1.0 69.0
20 36 24.3 48.6 72.7 17.1 80.8 9.8 42.0 2.2 76.0

a Dosing was in mg/kg. The weight range was limited to 0.4 to 6 kg. Shading indicates dosing regimens that attained the best probability of desired target concentration attainment,
while minimizing undesirably high or low concentrations.
b Total daily dose for a 1-kg neonate.
c Assuming a MIC range of 0.5 to 2 mg/liter, with a mean MIC of 1 mg/liter. AUC24, area under the 24-h serum concentration-time curve.
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tinuous-infusion vancomycin therapy may be logistically
problematic in the neonatal population due to limited i.v. ac-
cess.

Our study observed vancomycin pharmacokinetic parameters
similar to those of previous studies in neonates (6, 18, 32). Birth
weight (kg) and PNA (days) were identified as significant predic-
tors of vancomycin V in this study. Other studies determined that
weight at the time of vancomycin initiation and CGA were cova-
riates of V (14, 16, 17, 46). The difference in findings may be
explained by the various levels of the clinical conditions of neo-
nates in previous studies, where neonates admitted to level III

NICUs would have the highest severity of illness, resulting in rapid
fluid shifts and large variability in vancomycin V’s. PNA, birth
weight, weight at the time of vancomycin initiation, and baseline
albumin were identified as significant covariates of vancomycin
CL in this study. In a recent population pharmacokinetic analysis
of 214 neonates, significant covariates of vancomycin CL were
found to be weight at the time of vancomycin initiation, CGA, and
renal function (47). CGA has been considered to be a better pre-
dictor of clearance than gestational age or PNA alone, as CGA is
highly correlated to weight and physiological maturation of renal
function (8, 18). However, CGA was not identified as a significant

TABLE 6 Monte Carlo simulation results for intermittent infusion with milligram dosesa

Time of
intermittent
infusion

Dosing
regimen
(mg)

Total
daily
dose
(mg)

% probability of attaining the following target:

Trough
concn of
�8 mg/liter
(goal:
�25%)

Trough
concn of
�12 mg/
liter (goal:
�25%)

Trough
concn of
5–20 mg/
liter (goal:
�70%)

Trough concn
of 15–20 mg/
liter (goal:
�70%)

Trough
concn of
�20 mg/
liter (goal:
�70%)

Trough
concn of
�25 mg/
liter (goal:
�10%)

Peak concn
of �40 mg/
liter (goal:
�70%)

Peak concn
of �80 mg/
liter (goal:
�10%)

AUC24/MICb

of �400
(goal:
�70%)

q6h 6 24 47.4 70.7 69.1 9.3 90.1 5.3 94.8 0.2 27.8
7 28 38.0 62.3 71.0 11.6 85.6 8.3 91.5 0.5 35.6
8 32 30.3 54.5 70.5 13.5 80.8 11.6 87.7 1.0 43.0
9 36 24.2 47.4 68.5 15.0 75.7 15.3 83.5 1.7 49.8
10 40 19.2 40.9 65.4 16.2 70.6 19.2 79.0 2.7 56.0
11 44 15.3 35.3 61.9 16.9 65.6 23.2 74.4 3.9 61.5
12 48 12.3 30.4 58.0 17.3 60.7 27.3 69.7 5.2 66.4
13 52 9.8 26.1 54.1 17.5 56.1 31.3 65.1 6.8 70.7
14 56 7.9 22.4 50.0 17.4 51.6 35.3 60.4 8.5 74.5
15 60 6.4 19.2 46.2 17.0 47.3 39.3 55.7 10.4 77.9
16 64 5.2 16.6 42.5 16.5 43.4 43.0 51.3 12.3 80.7
17 68 4.2 14.2 39.2 16.0 39.8 46.6 47.1 14.3 83.2
18 72 3.5 12.3 35.9 15.4 36.4 50.1 43.1 16.5 85.4

q8h 6 18 70.6 86.9 52.5 4.3 96.8 1.4 97.6 0.0 16.1
7 21 62.4 81.6 59.4 6.0 94.8 2.5 95.6 0.1 22.0
8 24 54.9 76.1 64.2 7.6 92.5 3.9 93.1 0.3 27.8
9 27 48.0 70.6 67.1 9.2 89.8 5.7 90.1 0.6 33.6
10 30 41.9 65.1 68.7 10.7 86.8 7.6 86.8 1.0 39.4
11 33 36.4 60.0 69.1 12.0 83.7 9.7 83.4 1.7 44.8
12 36 31.6 54.9 68.7 13.2 80.5 12.0 79.7 2.4 49.9
13 39 27.5 50.3 67.6 14.1 77.2 14.5 75.8 3.4 54.5
14 42 23.8 45.8 66.1 15.0 73.9 16.9 71.9 4.4 58.9
15 45 20.8 41.8 64.1 15.7 70.6 19.5 68.0 5.6 62.9
16 48 18.1 38.1 62.0 16.1 67.2 22.2 64.0 7.0 66.5
17 51 15.8 34.7 59.7 16.4 64.0 24.8 60.1 8.4 69.8
18 54 13.9 31.7 57.3 16.7 60.9 27.5 56.3 9.9 72.7

q12h 6 12 92.0 97.5 21.6 0.8 99.7 0.1 99.3 0.0 6.0
7 14 88.5 96.0 27.9 1.3 99.3 0.2 98.4 0.0 9.0
8 16 84.7 94.1 33.8 1.9 98.9 0.4 97.1 0.0 12.4
9 18 80.6 92.0 39.3 2.6 98.3 0.7 95.4 0.1 16.1
10 20 76.3 89.6 44.2 3.4 97.5 1.1 93.3 0.2 20.1
11 22 72.4 87.2 48.3 4.2 96.6 1.6 91.1 0.4 23.8
12 24 68.1 84.5 52.1 5.0 95.6 2.2 88.5 0.7 28.0
13 26 64.2 81.9 55.2 5.8 94.5 2.8 85.8 1.1 31.8
14 28 60.5 79.1 57.7 6.6 93.3 3.6 83.0 1.6 35.6
15 30 56.8 76.4 59.9 7.5 92.1 4.3 80.0 2.2 39.4
16 32 53.4 73.6 61.5 8.3 90.7 5.2 76.9 2.9 43.0
17 34 50.2 70.9 62.7 8.9 89.2 6.2 73.8 3.7 46.5
18 36 47.0 68.2 63.8 9.7 87.7 7.2 70.7 4.6 49.9

a Shading indicates dosing regimens that attained the best probability of desired target concentration attainment, while minimizing undesirably high or low concentrations.
b Assuming a MIC range of 0.5 to 2 mg/liter, with a mean MIC of 1 mg/liter. AUC24, area under the 24-h serum concentration-time curve.
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covariate of vancomycin CL in our population, most likely due to
the small variability in gestational ages in our study. Serum creat-
inine, as a surrogate marker of renal function, was not identified as
a significant covariate in vancomycin clearance in this study.
Changes in the development of renal function in neonates are
correlated with CGA, and renal function increases after the first 1
to 2 weeks of life (48). Most of the neonates in this study were
initiated on vancomycin for late-onset infection (after 3 days of
age), and the mean PNA at vancomycin initiation was 17 days
(Table 1). As a result, renal function may not have been identified
as a significant covariate in our model, since we were unlikely to
have captured neonates with significant interindividual differ-
ences in renal elimination. We are not aware of any other neonatal
or pediatric study that has found serum albumin to be a significant
covariate of vancomycin clearance.

All previous studies that evaluated dosing requirements in this
population used weight-based dosing but did not evaluate the

probability of achieving the targets with non-weight-based (fixed-
dosage-based) regimens in neonates. Since weight was a signifi-
cant covariate for both V and CL, we hypothesized that mg-based
dosing would decrease the probability of attaining target trough
levels. MCS confirmed that mg-based dosing for both intermittent
and continuous infusion reduced the predicted probability of at-
taining target vancomycin trough concentrations of 15 to 20 mg/
liter, 5 to 20 mg/liter, and �20 mg/liter compared to mg/kg dosing
in neonates. Therefore, we removed the fixed-dosage regimens to
simplify both our intermittent and continuous-infusion vanco-
mycin dosing recommendations in neonates.

At the time of this study, two neonatal studies assessed vanco-
mycin dosing requirements to meet the higher target trough con-
centrations of 15 to 20 mg/liter. Lo et al. (15) provided a dosing
nomogram (mg/kg) that accounted for CGA and SGA status.
However, these recommendations are based on MCS’s targeting
trough concentrations of 5 to 20 mg/liter and may delay appro-

TABLE 7 Monte Carlo simulation for intermittent-infusion mg/kg loading dosesa

LD
(mg/kg)

% probability of attaining the following target:

Trough concn
post LD of �8
mg/liter (goal:
�25%)

Trough concn
post LD of
�12 mg/liter
(goal: �25%)

Trough concn
post LD of
5–20 mg/liter
(goal: �70%)

Trough concn post
LD of 15–20 mg/
liter (goal: �70%)

Trough concn
post LD of
�20 mg/liter
(goal: �70%)

Trough concn
post LD of
�25 mg/liter
(goal: �10%)

Peak LD of
�40 mg/
liter (goal:
�70%)

Peak LD of
�80 mg/
liter (goal:
�10%)

15 29.0 70.2 93.0 9.9 98.0 0.3 96.9 0.0
16 23.8 63.7 93.0 13.0 96.8 0.6 94.7 0.0
20 10.6 40.1 86.6 24.2 87.9 3.3 77.6 0.0
25 4.2 20.1 69.8 30.1 70.2 12.0 46.2 0.5
30 1.8 10.7 51.0 27.4 51.2 26.0 21.2 3.1
a LD, loading dose. Shading indicates dosing regimens that attained the best probability of desired target concentration attainment, while minimizing undesirably high or low
concentrations.

TABLE 8 Monte Carlo Simulation results for continuous infusion with mg/kg dosinga

Dosing regimenb

% probability of attaining the following target:

Post LD of
12–25 mg/liter
(goal: �70%)

Post LD of
15–20 mg/liter
(goal: �70%)

Post LD of
�25 mg/liter
(goal: �10%)

Css of �12
mg/liter
(goal: �25%)

Css of 15–20 mg/liter
(goal: �70%)

Css of �25
mg/liter
(goal: �10%)

AUC24/MICc

of �400
(goal: �70%)

5-mg/kg LD 7.6 1.1 0.0
7-mg/kg LD 43.0 13.7 0.2
9-mg/kg LD 76.3 35.2 2.2
10-mg/kg LD 83.1 40.9 5.4
11-mg/kg LD 83.7 41.3 10.6
12-mg/kg LD 79.3 37.6 18.0
15-mg/kg LD 52.6 18.8 47.5
20-mg/kg LD 14.7 2.5 85.3

15 mg/kg/24 h 84.2 4.2 0.0 11.3
20 mg/kg/24 h 56.6 16.2 1.0 25.7
25 mg/kg/24 h 32.2 27.5 4.8 41.2
27 mg/kg/24 h 24.9 30.2 7.5 47.1
28 mg/kg/24 h 21.8 30.9 9.3 50.0
29 mg/kg/24 h 19.0 31.5 11.0 52.7
30 mg/kg/24 h 16.6 31.7 13.1 55.4
32 mg/kg/24 h 12.5 31.4 17.5 60.3
35 mg/kg/24 h 8.1 29.4 25.1 66.9
a AUC24, area under the 24-h serum concentration-time curve; Css, steady-state serum concentration; LD, loading dose. Shading indicates dosing regimens that attained the best
probability of desired target concentration attainment, while minimizing undesirably high or low concentrations.
b The weight range was limited to 0.4 to 6 kg.
c We assumed a MIC range of 0.5 to 2 mg/liter, with a mean MIC of 1 mg/liter.
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priate antibiotic therapy to critically ill neonates when targets of
15 to 20 mg/liter may be optimal. Mehrotra et al. (18) explored
various serum creatinine-based dosing nomograms to achieve the
target trough concentrations of 15 to 20 mg/liter using MCS. Pre-
dictability of vancomycin CL using a serum creatinine-based dos-
ing nomogram may be limited, as creatinine in the first week of life
reflects residual maternal creatinine, and in preterm neonates the
decline in serum creatinine occurs at a lower rate than in full-term
neonates (49). Our study is the first study in neonates that assessed
initial vancomycin dosing requirements for both intermittent and
continuous-infusion dosing for targeted concentrations (trough
and steady state, respectively) between 15 and 20 mg/liter. In ad-
dition to the published studies by Lo et al. (15) and Mehrotra et al.
(18), our study demonstrates that the attainment of the narrow
target of 15 to 20 mg/liter is challenging in neonates and further
emphasizes the need for serum monitoring and subsequent dos-
age adjustments. Future studies are needed to evaluate the safety
and efficacy of the dosing recommendations made in this study,
and the feasibility of continuous-infusion dosing in NICUs needs
to be further explored when the target of 15 to 20 mg/liter is
difficult to attain with intermittent dosing.

Since this is a retrospective study, we had little control over
potential confounders. Specific study design limitations that may
bias our results included the following: (i) assumptions of appar-
ent steady-state vancomycin peak and trough concentrations; (ii)
assumptions of the timing of vancomycin dosing and timing of
serum samples; (iii) the determination of vancomycin total body
clearance by calculation, rather than by direct measure from blood
and urine collection; (iv) the determination of area under the
curve by calculation, based on a 1-compartment model (with only
2 blood samples per patient, obtained at relatively consistent time
points relative to dosing) rather than by generation of a complete
serum concentration-versus-time profile for vancomycin in each
patient; (v) extrapolations from adult recommendations for the
need of higher target trough concentrations for complicated
MRSA infections; and (vi) assumptions of generalizability to other
neonates in other NICUs. A prospective clinical trial to validate
the recommended dosing regimens and evaluate the safety and
efficacy of the proposed dosing strategies in our study is required.

Conclusions. Initial intermittent vancomycin dosing of 9 to 12
mg/kg i.v. q8h in neonates with adequate renal function maxi-

mizes the probability of attaining vancomycin trough concentra-
tions of 15 to 20 mg/liter. However, the probability of attaining
this narrow target range remains low due to large interpatient
vancomycin pharmacokinetic variability. This observation sup-
ports the continued need for individualized vancomycin pharma-
cokinetics (peak and trough concentrations) to determine opti-
mal maintenance dosing for vancomycin in neonates when the
target trough concentration is 15 to 20 mg/liter. We recommend a
dosing regimen of 10 mg/kg vancomycin i.v. q12h for desired
vancomycin trough concentrations of either 5 to 20 mg/liter or
�20 mg/liter or a dose of 10 mg/kg vancomycin i.v. q8h for a
target trough concentration of 15 to 20 mg/liter. Dosing recom-
mendations using continuous-infusion mg/kg vancomycin dos-
ing were also derived in our study and resulted in a consistently
higher probability of attaining a steady-state level between 15 and
20 mg/liter. However, continuous-infusion vancomycin therapy
may be logistically problematic in the neonatal population. A pro-
spective clinical trial to validate the recommended dosing regi-
mens and evaluate the safety and efficacy of the proposed dosing
strategies identified in our study is required.
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