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ARTICLE

Initial Vancomycin Dosing Recommendations
for Critically lll Patients Undergoing
Continuous Venovenous Hemodialysis

Lyndsay M van de Vijsel, Sandra A N Walker, Scott E Walker, Sharon Yamashita, Andrew Simor,

and Michelle Hladunewich

ABSTRACT

Background: Delaying appropriate antimicrobial therapy for critically
ill patients increases the risk of death. Currently, there are insufficient
data to guide initial vancomycin dosing for patients undergoing
continuous venovenous hemodialysis (CVVHD).

Objective: To develop practical recommendations for initial dosing of
vancomycin, based on the pharmacokinetics of this drug in critically ill

patients undergoing CVVHD.

Methods: A chart review was conducted for 24 critically ill adult patients
who had undergone concurrent CVVHD and vancomycin therapy.
Mean pharmacokinetic parameters were determined, along with
practical recommendations for initial vancomycin dosing that targeted
steady-state trough concentrations for patients receiving intermittent
infusions and steady-state levels for those receiving continuous infusions
between 15 and 20 mg/L. Monte Carlo simulation was used to develop
the initial vancomycin dosing recommendations.

Results: The mean (95% confidence interval) pharmacokinetic
parameters for vancomycin (elimination rate constant 0.0315
[0.0254-0.0391], half-life 22.0 h [17.72-27.24 h], volume of
distribution 0.96 L/kg [0.77-1.20 L/kg], and clearance 2.4 L/h
[1.97-2.92 L/h]) indicated that initial intermittent IV dosing of
1.25-1.5 g q24h or 15 mg/kg q24h would be suitable. For continuous
infusion, a 1.5-g IV loading dose followed by continuous infusion of
1-1.5 g IV over 24 h (42-62 mg/h) would be recommended. However,
Monte Carlo simulation revealed that the probability of achieving
desired concentrations between 15 and 20 mg/L with any of these initial
regimens is low.

Conclusions: There was considerable variation in vancomycin
pharmacokinetics in this patient population. The observations reported
here raise concerns about the reliability of numerous empiric dosing
recommendations derived from small pharmacokinetic studies in
heterogeneous populations. Follow-up therapeutic drug monitoring is
essential to ensure that concentrations remain within the target range.
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RESUME

Contexte : Uinstauration tardive d’une antibiothérapie adéquate chez les
patients gravement malades accroit le risque de déces. Actuellement, les
données sont insuffisantes pour guider la posologie initiale de la
vancomycine chez les patients sous hémodialyse veinoveineuse continue

(HDVVC).

Objectif : Rédiger des recommandations pratiques relativement a la
& prauq

posologie initiale de la vancomycine, fondées sur la valeur des parametres

pharmacocinétiques de ce médicament chez les patients gravement

malades sous HDVVC.

Meéthodes : Les dossiers médicaux de 24 patients adultes gravement
malades recevant simultanément une HDVVC et un traitement par la
vancomycine ont été soumis 2 une analyse. La valeur moyenne des
parametres pharmacocinétiques a été déterminée et des recommandations
pratiques relativement 2 la posologie initiale de la vancomycine ont été
formulées, ciblant des valeurs entre 15 et 20 mg/L comme concentrations
minimales 4 I'état d’équilibre chez les patients recevant des perfusions
intermittentes et comme concentrations a I'état d’équilibre chez les
patients recevant des perfusions continues. La méthode de Monte Carlo
a é¢é utilisée pour formuler les recommandations relatives a la posologie
initiale de la vancomycine.

Résultats : La valeur moyenne (intervalle de confiance a 95 %) des
parametres pharmacocinétiques de la vancomycine (constante de vitesse
d’élimination de 0,0315 [0,0254 — 0,0391]; demi-vie de 22,0 h [17,72 —
27,24 h]; volume de distribution de 0,96 L/kg [0,77 — 1,20 Likg]; et
clairance de 2,4 L/h [1,97 — 2,92 L/h]) a étayé la recommandation
relative 4 la posologie initiale de 1,25 2 1,5 g q24h ou de 15 mg/kg q24h
pour l'administration i.v. intermittente. Quant a la perfusion continue, il
serait recommandé d’administrer une dose de charge de 1,5 g suivie d'une
perfusion continue de 1 4 1,5 g sur 24 h (42 4 62 mg/h). La méthode
de Monte Carlo a toutefois révélé que la probabilité d’atteindre les
concentrations désirées de 15 4 20 mg/L avec 'un ou lautre de ces
schémas posologiques initiaux est faible.

onclusions : On a observé des variations considérables de la valeur des

Conclusions : On a ob

parametres pharmacocinétiques de la vancomycine dans cette population
e patients. Ces observations soulevent des inquiétudes quant a la

de patents. Ces observat levent d tud, tal
fabilité des posologies empiriques recommandées selon de petites études

fiabilit

pharmacocinétiques menées dans des populations hétérogenes. 1l est

essentiel d’effectuer un suivi thérapeutique pharmacologique pour sassurer

que les concentrations demeurent dans la fourchette des valeurs cibles.

Mots clés : vancomycine, pharmacocinétique, hémodialyse veinoveineuse
continue

[Traduction par I'éditeur]
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INTRODUCTION
Continuous renal replacement therapy (CRRT) is often

prescribed for patients in the intensive care unit (ICU) to
manage renal failure, fluid overload, and/or major electrolyte or
acid—base abnormalities.” One mode of CRRT that is often
used for these patients is continuous venovenous hemodialysis
(CVVHD). Patients who undergo CVVHD typically have
infections requiring antimicrobial therapy, such as vancomycin.
The mortality rate among critically ill patients with severe
infections is significantly increased when there is a delay in the
administration of appropriate antimicrobial therapy*” Data
regarding optimal initial vancomycin dosing for ICU patients
undergoing CVVHD is currently lacking, and further insight
into this therapy may have a positive impact on patient
outcomes.

The selection of initial dosing for this patient population
is complicated by several factors that have only recently been
recognized. For patients with severe infections, the monitoring
targets for vancomycin levels have recently changed as a conse-
quence of the poor clinical outcomes that were achieved with
previous targets and a better understanding of the pharmacoki-
netic and pharmacodynamic characteristics of the drug.*"! The
new target for vancomycin trough levels is a concentration
between 15 and 20 mg/L for documented or suspected
endocarditis, osteomyelitis, and hospital-acquired or ventilator-
associated pneumonia caused by Staphylococcus aureus>'*
Trough concentrations above 20 mg/L should be avoided
because of the increased risk of nephrotoxicity associated with
higher trough concentrations."" Furthermore, recent evidence
suggests that the best pharmacokinetic—pharmacodynamic
marker for vancomycin may be the ratio of the area under the
concentration—time curve over 24 h to the minimum inhibitory
concentration (AUC,4/MIC). Moise-Broder and others"”
observed that the odds of a successful clinical response among
vancomycin-treated patients with an AUC,/MIC value
above 350 were about 7 times better than among those
with AUC,,/MIC less than 350, and the time to bacterial
eradication (microbiological outcome) was significantly shorter
among patients with an AUC,4/MIC ratio above 400.

Relevant data regarding vancomycin pharmacokinetics
in patients undergoing CVVHD is limited to 2 small evalua-

¢ conducted a pharmacokinetic study

tions.'™" Joy and others
in 5 stable patients who were undergoing hemodialysis to
evaluate the clearance of vancomycin during a 12-h CVVHD
procedure, which was performed in addition to their regularly
scheduled hemodialysis. However, because the study patients
were stable and had end-stage renal disease, the results of this
study cannot be extrapolated to critically ill patients. Davies
and others” studied the pharmacokinetics of vancomycin in

4 ICU patients with acute renal failure who were undergoing
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CVVHD and concluded that 1 g every 48 h would be an
appropriate dose for this patient population. Although the
study involved an ICU population, the sample size was small,
and the desired troughs were targeted to less than 5 mg/L.
There is large variability in vancomycin pharmacokinetics
among critically ill patients because of rapid and unpredictable
changes in cardiac output, serum proteins, and renal and
hepatic function.®”'® Therefore, a study with sufficient sample
size, targeting the currently desired steady-state concentration
for vancomycin, is necessary to determine initial dosing recom-
mendations for this population.

The pharmacokinetics of vancomycin in patients managed
with intermittent hemodialysis are significantly different from
those receiving CRRT because of differences in the filters used
and the uninterrupted nature of CRRT."” Therefore, the dosing
requirements for patients undergoing CRRT may be very
different from those for patients undergoing hemodialysis.
Finally, because of the considerable differences among the
various types of CRRT systems, dosing information cannot be
extrapolated from one mode of CRRT to another."”?

The objective of this study was to develop practical initial
dosing recommendations for both intermittent and continuous
infusion of vancomycin for critically ill patients undergoing
CVVHD. Although a prospective pharmacokinetic study, with
sufficient sample size and targeting the currentdy desired
concentrations for vancomycin, would have been the ideal
study design, such a study was not feasible because the
minimum time to recruit the required number of patients
for such a study would have been on the order of 5 years.
Therefore, a retrospective study was performed, and Monte
Carlo simulation was used to evaluate the robustness of the

recommendations.

MATERIALS AND METHODS
Study Site

This retrospective study was conducted at Sunnybrook
Health Sciences Centre in Toronto, Ontario, a 1275-bed
hospital with a total of 84 adult critical care beds. The study
was approved by the hospital’s Research Ethics Board on
January 18, 2008.

Patient Eligibility

Adult patients (at least 18 years of age) from the medical,
surgical, and cardiovascular ICUs were eligible for inclusion if
they had been admitted between January 1, 2003, and June 20,
2008, had received at least 24 h of vancomycin therapy, had
concurrently been undergoing CVVHD, and had at least one
set of vancomycin concentrations (either assumed steady-state
peak and trough concentrations or 2 post-dose concentrations

obtained during a period when there was no interruption in
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CVVHD). Patients were excluded if the nursing notes were
unclear as to when the vancomycin dose had been administered
or when serum sampling for vancomycin determination had
been completed. Patients with burns were not eligible because
of the significant differences in vancomycin pharmacokinetics

in this population.”

CVVHD Procedure

CVVHD was administered using Prisma machines (Gam-
bro, Saint-Léonard, Quebec) with the standard accompanying
M100 kits, which contain ANG9 dialysis membranes. Blood
flow rate was set at 100-150 mL/min. Citrate anticoagulation
(acid citrate dextrose solution A, also known as ACD-A) and
Normocarb dialysate (Dialysis Solutions Inc, Richmond Hill,
Ontario) were employed. Normal saline (0.9% NaCl), infused
at doses between 0 and 1000 mL/h, was used as replacement

fluid to correct increased levels of serum bicarbonate.

Patient Selection and Study Design

The pharmacy’s computer order entry system was used to
generate a list of all patients treated in the ICU for whom
vancomycin had been prescribed before June 20, 2008, with
the most recent patient appearing first. This information was
used to determine which patients had received vancomycin
therapy for longer than 24 h. The electronic patient records of
laboratory values for these patients were then searched for
acceptable vancomycin levels (i.e., either peak and trough
concentrations or 2 post-dose concentrations) and for ionized
calcium results. At Sunnybrook Health Sciences Centre, the
concentration of ionized calcium is determined for all patients
undergoing CVVHD (to monitor for hypocalcemia), so these
results could be used as an initial screen to identify patients
undergoing CVVHD. To confirm patients’ eligibility for this
study, hospital charts were obtained from Health Data
Resources for patients who had taken vancomycin for longer
than 24 h and who had laboratory results for ionized calcium
at the time that vancomycin levels were reported. A retrospec-
tive chart analysis was completed for patients who met the
eligibility criteria.

Data Collection

Several types of data were extracted from the charts,
nursing flow sheets, and electronic records of eligible patients.
Background information consisted of age, sex, weight, Acute
Physiology and Chronic Health Evaluation (APACHE II)
score” upon admission to the ICU, most responsible diagnosis
at discharge, immediate cause of death (if applicable), total
number of days in the ICU, and overall ICU survival data. If
the weight of the patient could not be determined from the
chart, a weight of 70 kg was assumed. Clinical information
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consisted of the indication for vancomycin therapy, the start
and stop dates of the vancomycin therapy, the times on and off
vancomycin, the start and stop dates for CVVHD, and the
times on and off CVVHD. Microbiological information con-
sisted of the date of sampling for culture, the source of samples
obtained for culture, bacteria isolated, antibiotic sensitivity, and
date of the first negative result. Vancomycin-related informa-
tion consisted of dose and schedule, time when the dose was
administered, time when the blood sample was drawn, and
serum concentration. For the purposes of the current study, a
second APACHE 1II score was calculated as a measure of the
patient’s severity of illness at the time when samples were drawn
for pharmacokinetic analysis of vancomycin. Additional data
collected at the time of each sampling for measurement of
vancomycin, which were used to identify potential covariates of
the pharmacokinetic parameters of vancomycin (volume of
distribution and clearance), were serum albumin, blood urea
nitrogen (BUN), 24-h urine output, serum creatinine, dialysate
rate, ultrafiltration rate, replacement rate, and blood flow rate.

Statistical Analysis
Pharmacokinetics of Vancomycin

To completely characterize the pharmacokinetic profile of
vancomycin, a 2- or 3-compartment model is necessary.”
However, once distribution of the drug is complete,
vancomycin follows first-order elimination.”® The distribution
phase of vancomycin ranges from 30 min to 1 h."” As a result,
it has become common clinical practice to determine peak
vancomycin concentration at least 1 h after the end of a 1-h
infusion, so that first-order pharmacokinetic equations can be
used to determine pharmacokinetics in the elimination phase.
At Sunnybrook Health Sciences Centre, peak vancomycin
concentrations are determined 2 h after completion of a 1-h
infusion to ensure that the distribution phase of vancomycin is
complete and the drug is undergoing first-order elimination.
The peak vancomycin concentration is obtained for no other
reason except that 2 points (steady-state peak and trough or 2
post-dose concentrations) are necessary for use of first-order
pharmacokinetic equations to determine the optimal dose and
dosing interval to attain target concentrations between 15 and
20 mg/L. The intent of this study was not to completely
characterize the pharmacokinetic profile of vancomycin.
Rather, the objective was to develop initial dosing recommen-
dations to attain steady-state concentrations (steady-state
trough with intermittent dosing or steady-state concentration
with continuous infusion) of 15-20 mg/L. All vancomycin
concentrations determined at the study institution are based on
sampling during first-order elimination; therefore, it was
appropriate to use first-order pharmacokinetic equations to
achieve the study objective.
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Vancomycin concentrations were analyzed to calculate the
following parameters: extrapolated peak and trough concentra-
tions, elimination rate constant (&), half-life (#,,), volume of
distribution (V3), volume of distribution per kilogram actual
body weight (Vi/kg), estimated total body clearance (Cl), the
24-h area under the serum concentration—time curve (AUCy4p,
where AUCy4, = [dose per 24 h]/Cl), desired dose (in
milligrams, rounded to nearest 250 mg), desired weight-based
dosing (mg/kg), and desired dosing interval to generate a
trough concentration between 15 and 20 mg/L (rounded to the
nearest convenient dosing interval: every 4, 6, 8, 12, 24, 36, 48,
or 72 h). To determine the desired dose and interval for
intermittent infusion dosing, a desired peak of 30 mg/L and a
desired trough of 18 mg/L were used. The peak of 30 mg/L was
chosen to minimize fluctuation in levels between peak and
trough concentrations. Although peak concentrations are not
associated with either efficacy or toxicity, an input value for a
peak concentration is required when using first-order pharma-
cokinetic equations to determine the desired dosing regimen.
A trough of 18 mg/L was chosen as the midpoint of the range
of target trough concentrations (15-20 mg/L). For dosing
vancomycin via continuous infusion, the following parameters
were calculated: a loading dose (in milligrams, rounded to
the nearest 250 mg), followed by a dose (in terms of both
milligrams over 24 h and milligrams per hour) to generate a
steady-state concentration between 15 and 20 mg/L. The
following dosing regimens were evaluated: intermittent
infusion, weight-based intermittent infusion, continuous
infusion, and weight-based continuous infusion. The mean
calculated doses and intervals determined for each of these
dosing regimens were used as a guide in selecting various
regimens for evaluation with Monte Carlo simulation to
determine the most desirable dosing recommendations. The
most desirable dosing regimens were defined as striking a
balance between the highest probability of achieving desirable
troughs (15-20 mg/L), while avoiding intolerably low or high
troughs (< 12 mg/L and > 25 mg/L, respectively). For all
Monte Carlo simulations that assessed weight-based dosing, the
mean and standard deviation (SD) for patient weight was input
as an assumed parameter, which was then used to generate
1 million random selections of weight, 4., and volume of
distribution to determine the probability distribution for target

levels.

Statistics

Descriptive data analysis included evaluation of patients’
demographic characteristics and microbiological results.
Measures of central tendency are reported as means, and
measures of variation are reported as SDs for demographic data
and 95% confidence intervals for pharmacokinetic data, along
with ranges. The geometric mean and 95% confidence interval
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were determined for all pharmacokinetic parameters (4., #i,
Vi, clearance) because these are known to have a log—normal
distribution.

Minimal data are available regarding vancomycin
pharmacokinetics in the setting of CVVHD or the existence of
covariates that might affect volume of distribution and
clearance. Therefore, multiple linear regression (SPSS version
13.0, SPSS Inc, Chicago, Illinois) was used to determine the
best model fitting the covariates for prediction of volume of
distribution (L) and clearance (L/h). The parameters entered as
independent variables into the regression model were those that
would be known before initiation of vancomycin therapy (i.e.,
not calculated from other parameters input into the regression
analysis). The parameters entered as independent variables were
age, sex, weight, APACHE 1I scores at the time of determina-
tion of vancomycin levels and ICU admission, albumin, BUN,
serum creatinine at the time of determination of vancomycin
levels, 24-h urine output, dialysate rate, ultrafiltration rate,
blood flow rate, replacement rate, and number of days of
CVVHD before determination of vancomycin levels. The lin-
ear regression equation based on the best model (i.e., the model
with the lowest p value, as determined from the multiple linear
regression analysis) might have utility in deriving initial dosing
recommendations, provided that the equation was not
cumbersome for clinicians. Regardless of its potential utility,
the model would identify covariates of the volume of
distribution and clearance of vancomycin for patients undergo-
ing CVVHD.

Mean pharmacokinetic data were used as a guide in the
selection of dosing regimens to be entered into Monte
Carlo simulation (Oracle Crystal Ball, Fusion edition, Oracle
Redwood Shores, California).
simulations of interval dosing, weight-based interval dosing

Corporation, Various
(mg/kg), continuous infusion dosing, and weight-based
continuous infusion dosing (mg/kg) were analyzed using
Monte Catrlo simulation. The mean and SD for 4., volume of
distribution, and weight of the study patients were input, and
1 million iterations were run of possible 4. and Vi values
to determine the probability that patients would attain
vancomycin steady-state concentrations between 15 and
20 mg/L. For all simulations involving weight-based dosing,
the weight was assumed to have a normal distribution, the
mean and SD for weight were entered into the simulation, and
the weight range permitted for random selection in the simula-
tion was 30 to 200 kg. As part of each Monte Carlo simulation,
the probability of attaining an AUC,/MIC ratio of 400 or
higher was also assessed. In this part of the analysis, the MIC
was assumed to have a normal distribution with a range
between 0.5 and 2 mg/L, and the mean was assumed to be
1 mg/L. Based on the coefficient of variation determined
for the mean pharmacokinetic values for the 24 patients, the
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Table 1. Demographic and Clinical Characteristics of 24 Patients

Characteristic No. (%) of Patients Mean (SD) Range
Age (years) NA 64.3 (15.0) 36-88
Sex (no. of males) 19 (79)
Weight (kg)* NA 81.8 (22.9) 51-151
APACHE Il score upon admission to ICU NA 242 (8.8) 12-46
Time from admission to determination
of vancomycin level (days) NA 31.8 (32.8) 4-170
Time in ICU during hospital admission (days) NA 54 (51) 7-189
Clinical outcomes

Death 22 (92)

Death attributable to infection 13 (59)

Total duration of vancomycin therapyt NA 15.2 (14.6) 2-52

Total duration of CVVHD therapyt NA 17.3  (9.8) 5-40

APACHE Il = Acute Physiology and Chronic Health Evaluation, CVVHD = continuous venovenous hemodialysis,
ICU = intensive care unit, NA = not applicable, SD = standard deviation.

*For 2 patients, weight was not recorded, and a weight of 70 kg was assumed.

tTotal duration of therapy relative to date of determination of vancomycin level.

95% confidence interval around the mean pharmacokinetic values

(ke, Vi, clearance) could be specified within 21% in this study.

RESULTS

Twenty-four eligible ICU patients were identified who had
been treated with both CVVHD and vancomycin at Sunny-
brook Health Sciences Centre between January 1, 2003, and
June 20, 2008. The chart review was conducted for these 24
patients. The majority of patients were men (19 or 79%), and
the mean age was 64.3 + 15.0 years (range 3688 years) (Table
1). Only 2 patients (8%) did not have a weight recorded in
their chart; for these patients, a weight of 70 kg was assumed.
To test the effect of these patients’ data on the analysis, their
data were removed and the data were re-analyzed to determine
vancomycin pharmacokinetics in CVVHD (k., V4, clearance,
and AUC,4). The findings were then compared with findings
for all 24 patients by means of an unpaired 7 test. There were
no statistically significant differences (p > 0.5), and these 2
patients were therefore not excluded from the study.

Almost all of the patients died during the ICU admission
(22 or 92%), and nearly 60% of the deaths were infection-
related (Table 1). Two of the patients who died (8% of the total
sample) had samples drawn for determination of vancomycin
concentration within 48 h of their deaths. It is possible that the
pharmacokinetics of vancomycin for those patients might have
been significantly different from those of the other patients.
Therefore, their data were removed and the data were re-analyzed
to determine vancomycin pharmacokinetics in CVVHD (.,
Vi, clearance, and AUC,y,). The findings were then compared
with findings for all 24 patients by means of an unpaired 7 test.
There were no statistically significant differences (» > 0.9), and

these 2 patients were therefore not excluded from the study.
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For the sake of completeness, the data for all 4 of these
patients (2 with an estimated weight of 70 kg and 2 who died
within 48 h after samples were drawn for determination of
vancomycin concentrations) were removed, the data were re-
analyzed, and the findings were compared with those for the
entire sample by means of an unpaired # test. There were no
statistically significant differences (p = 0.6). Therefore, all
patients were retained in the study.

Nearly two-thirds of the patients had documented positive
results on microbiological culture (15 or 63%), most
commonly culture of coagulase-negative Staphylococcus from
blood (36% [9 of 25 cultures]) and culture of methicillin-
sensitive Staphylococcus aureus from blood (12% [3 of 25
cultures]) or sputum (12% [3 of 25 cultures]) (Table 2).

The mean pharmacokinetic parameters for vancomycin
are detailed in Table 3. The model that best predicted volume
of distribution (p = 0.001 and adjusted R* = 0.634) identified
APACHE 11 score at the time of determination of vancomycin
level, APACHE 1I score at the time of ICU admission, serum
creatinine (sCr) at the time of determination of vancomycin
level, 24-h urine output, ultrafiltration rate, blood flow, and
patient weight as significant covariates of volume of distribu-
tion. The regression equation for this model was Vi (L) = 295
+ 0.548(sCr at time of vancomycin determination [pmol/L]) +
205 (ultrafiltration rate [L/h]) — 2.490(APACHE II score at
time of vancomycin determination) — 2.383(APACHE II score
at time of ICU admission) — 2251(24-h urine output convert-
ed to L/h) — 12.703(blood flow [L/h]) — 1.01(weight [kg]). The
model that best predicted clearance (p = 0.002 and adjusted
R = 0.521), identified sex, dialysate rate, ultrafiltration rate,
blood flow, and patient weight as significant covariates of clearance.
The regression equation for this model was clearance
(L/h) = 7.633 + 1.623(dialysate rate [L/h]) — 14.486(ultrafil-
tration rate [L/h]) — 0.426(blood flow rate [L/h]) —
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Table 2. Culture Results

Specimen Source; No. (%) of Patients or Cultures

Variable Total Blood Sputum Urine CSF Abdominal
Fluid
Positive culture result
(n = 24 patients) 15 (63) 13 (54) 3 (13) 2 (8) 1 (4) 1 (4)
Microbiological culture result
(n = 25 cultures)* 25 (100) 18 (72) 3 (12) 2 (8) 1 (4) 14
Coagulase-negative Staphylococcust 10  (40) 9 (36) 0 0 1 (4) 0
Methicillin-sensitive
Staphylococcus aureus 7  (28) 3 (12) 3 (12) 1 (4) 0 0
Methicillin-resistant
Staphylococcus aureus 0 0 0 0 0 0
Enterococcus unspeciated 2 (8 0 0 1 4 0 1 @)
Enterococcus faecalis 3 (12) 3 (12) 0 0 0 0
Enterococcus faecium 0 0 0 0 0 0
Streptococcus mitus 1 4) 1 @) 0 0 0 0
Streptococcus anginosus-milleri 1 4) 1 (4 0 0 0 0
Streptococcus oralis 1 4) 1 (4 0 0 0 0

CSF = cerebrospinal fluid.

*The percentages refer to the proportion of cultures, rather than the proportion of patients with that organism.
tThree of the positive results for coagulase-negative Staphylococcus probably represented contamination.

Table 3. Pharmacokinetic Parameters for Vancomycin from Earliest Steady-State

Peak and Trough Concentrations (n = 24)

Parameter Mean* 95% Confidence Interval Range

ke (h™) 0.0315 0.0254-0.0391 0.0109-0.0980
tir (h) 22.0 17.72-27.24 7.1-63.7
Va (L) 76.1 63.9-90.6 27.8-218.5
Va (ko) 0.96 0.77-1.20 0.18-3.12
Cl(/h) 2.4 1.97-2.92 1.3-7.5
AUC24n (mg*h/L) 403 334-486 89-792

AUC4n = 24-h area under the curve, Cl = clearance, ke = elimination rate constant,

t1» = half-life, V4 = volume of distribution.
*Geometric mean.

0.028(weight [kg]) — 1.885(if male). Although the regression
equations were statistically significant, each explained less than
65% of the variability in volume of distribution or clearance,
respectively. Furthermore, the use of these equations to
calculate initial dosing recommendations would necessitate
determining several parameters for input into cumbersome
equations for volume of distribution and clearance. This would
be impractical, requiring excessive effort with a limited chance
of improving initial dosing of vancomycin.

The half-life of vancomycin for critically ill patients under-
going CVVHD was on the order of 22 h. Therefore, a dosing
interval for intermittent infusion of every 24 h (i.e., about every
one half-life) would be rational and convenient. Based on the
determined mean 4. and volume of distribution and the
variability around each of these values, Monte Carlo simulation
of 1 million iterations indicated that intermittent dosing
of 1.25-1.5 g IV q24h would provide the highest probability of
attaining a target trough between 15 and 20 mg/L. This
regimen would also minimize the probability of intolerably low
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troughs (< 12 mg/L) and high troughs (> 25 mg/L), while
achieving an AUC,4/MIC ratio of 400 or more in at least 63%
of patients receiving 1.25 g IV q24h and 71% of patients
receiving 1.5 g IV q24h (assuming mean MIC = 1 mg/L, with
a range from 0.5 to 2 mg/L as a normal distribution) (Table 4).
Alternatively, intermittent dosing of 15 mg/kg (rounded to the
nearest 250 mg) IV q24h may be used to provide a similar
probability of attaining target trough concentrations and an
AUC,4,/MIC ratio of 400 or more in at least 71% of patients,
while minimizing excessively high or low trough concentrations
(Table 4). If administering vancomycin by continuous infusion
is desired, then a 1.5-g IV loading dose followed by 1-1.5 g
infused over 24 h (42-62 mg/h) or a 20 mg/kg loading dose
followed by 15 mg/kg infused over 24 h would provide a
similar probability of attaining steady-state vancomycin
concentrations between 15 and 20 mg/L and an AUC,4/ MIC
ratio of 400 or more (Table 5).

Importantly, Monte Carlo simulation revealed that
because of the considerable variability of vancomycin
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Table 4. Monte Carlo Simulation of Dosing Recommendations for Intermittent IV Infusions of Vancomycin

Predicted Certainty (%)
Regimen Trough 15-20 mg/L Trough < 12 mg/L Trough > 25 mg/L AUG,,/MIC > 400*
19 q24h 12 51 19 52
1.25 g g24h 13 41 27 63
1.5 g g24h 13 34 35 71
1.75 g g24h 12 28 42 78
2.0 g q24h 1 24 48 83
15 mg/kg q24h 12 43 26 71
10 mg/kg q24h 10 60 14 41

AUC,4, = area under the concentration—time curve over 24 h, MIC = minimum inhibitory concentration.
*MIC was assumed to have a normal distribution, with a range between 0.5 and 2 mg/L and a mean value of 1 mg/L,

with 1 million iterations using Monte Carlo simulation.

Table 5. Monte Carlo Simulation of Dosing Recommendations for Continuous IV Infusions of Vancomycin

Predicted Certainty (%)

Regimen C* 15-20 mg/L C* <12 mg/L C* > 25 mg/L AUG/MIC > 4001
1.5-g loading dose 24 13 30 NA
2-g loading dose 16 4 55 NA
1 g/24 h continuous infusion

(42 mg/h) 16 29 31 52
1.25 g/24 h continuous infusion

(52 mg/h) 15 20 43 63
1.5 g/24 h continuous infusion

(62.5 mg/h) 13 13 53 71
20 mg/kg loading dose 21 14 36 NA
15 mg/kg per 24 h continuous

infusion 15 23 40 59
25 mg/kg loading dose 16 7 52 NA
20 mg/kg per 24 h continuous

infusion 13 13 55 72

AUC,4n = area under the concentration—time curve over 24 h, C* = concentration after loading dose or concentration at steady
state (for continuous infusions), MIC = minimum inhibitory concentration.
tMIC was assumed to have a normal distribution with a range between 0.5 and 2 mg/L and a mean value of 1 mg/L,

with 1 million iterations using Monte Carlo simulation.

pharmacokinetics in critically ill patients undergoing CVVHD,
even the best initial dosing recommendations based on mean
pharmacokinetic data did not have a high probabilicy of
attaining the desired concentration range of vancomycin. This
highlights the importance of therapeutic drug monitoring

in this patient population.

DISCUSSION

To date, there have been insufficient data regarding the
pharmacokinetics of vancomycin in critically ill patients
undergoing CVVHD to guide initial dosing. The objective of
this study was to develop practical recommendations for initial
vancomycin dosing based on the pharmacokinetics of the drug
in this patient population, targeting steady-state concentrations
between 15 and 20 mg/L.

The reported overall ICU mortality rate ranges from 30%
to 60%.°"** The mortality rate for critically ill patients under-
going dialysis ranges from 30% to 83%.* The high mortality
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rate observed in the current study, 92%, may have been due in
part to the use of data for only the sickest subset of critically ill
patients, that is, trauma patients with life-threatening injuries
and serious infections requiring vancomycin therapy and
patients with acute renal failure requiring CVVHD. The
mortality due to infection in this investigation was about 60%,
in keeping with the morality rates reported for critically ill
patients with infections such as bacteremia and pneumonia.”

The results of this investigation indicate that vancomycin
has an extended elimination halflife (22.0 h), an expanded
volume of distribution (0.96 L/kg), and a clearance of 2.4 L/h
in critically ill patients undergoing CVVHD. Previous studies
have demonstrated that there are significant changes in both
clearance and volume of distribution throughout the course of
vancomycin therapy in ICU patients.®* del Mar Ferndndez
and others* observed that the mean volume of distribution of
vancomycin among 46 critically ill patients was 1.69 L/kg,
nearly double that observed in healthy adult subjects with
normal renal function (0.4-1 L/kg).”**" In a population-based
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pharmacokinetic study by Llopis-Salvia and others, the
volume of distribution of the central and peripheral compart-
ments was 0.41 L/kg and 1.32 L/kg, respectively.

The volume of distribution of medications may be
increased in critically ill patients for a number of reasons,
including sepsis-induced third spacing. Inflammatory media-
tors that are released during sepsis affect the vascular endothe-
lium, causing increased capillary permeability and ultimately
leading to an expanded volume of extracellular fluids.** A
study by Pea and others™ revealed that the use of vasoactive
drugs such as dobutamine and dopamine may alter
vancomycin pharmacokinetics, resulting in possibly
subtherapeutic concentrations. It was hypothesized that this
may be due to improvements in cardiac output and/or renal
blood flow. In addition to considerable intrasubject variability,
the wide range of pharmacokinetic results indicates substantial
intersubject variability in the study population.

When the pharmacokinetics of vancomycin in critically ill
patients undergoing CVVHD are compared to the pharma-
cokinetics associated with other modes of CRRT, there are
notable differences. DelDot and others” and Santré and
others” both investigated vancomycin pharmacokinetics in
patients undergoing continuous venovenous hemodiafiltration.
DelDot and others” found that vancomycin had a half-life of
15.6 h and a clearance of 2.5 L/h in this setting. Similarly,
Santré and others™ found that vancomycin had a half-life of
13.6 h and a clearance of 2.3 L/h. The results of the current
study indicate that the clearance of vancomycin in critically ill
patients undergoing CVVHD is comparable to that of patients
undergoing continuous venovenous hemodiafiltration. As
such, the longer half-life of vancomycin in CVVHD may be
due to a larger volume of distribution.

The options for initial vancomycin dosing based on mean
pharmacokinetic data from this study and Monte Carlo
simulation are summarized in Tables 4 and 5. These results
differ from the dosing suggestions of both Joy and others'® and

Davies and others."” Joy and others'

prospectively investigated
8 patients with end-stage renal disease. The dosing recommen-
dations developed in that pharmacokinetic study to maintain
plasma concentrations of 20 mg/L ranged from 800 to 1750
mg every 24 h, according to the type of dialysis filter,
ultrafiltration and dialysate rates, and the patient’s residual renal
function. The dosing suggestions of Joy and others'® were based
on the results for patients with stable renal disease. Therefore,
it cannot be assumed that the outcomes from that study would
be applicable to ICU patients undergoing CVVHD, because of
the wide variability in the pharmacokinetics of vancomycin in
these patients and the differences in types of dialysis.”*
However, the results of the current study for initial intermittent
dosing of 1.25-1.5 g IV q24h in critically ill patients undergoing
CVVHD fall within the range recommended by Joy and
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others." In the investigation by Davies and others,” 4 ICU
patients were managed with concurrent vancomycin and
CVVHD. A vancomycin dose of 1 g q48h was suggested, with
a goal of vancomycin troughs less than 5 mg/L. In contrast, the
current study aimed for steady-state concentrations between 15
and 20 mg/L. It is therefore reasonable for the nomogram
developed here to suggest higher doses and more frequent
administration of vancomycin to attain the updated target
trough concentration.

There are no data examining continuous infusion of
vancomycin in this subset of patients. This dosing strategy has
been explored in other patient populations and may enable
more rapid attainment and greater control of target concentra-
tions.”> It may also have a lower risk of adverse reactions,
including renal damage, allergic reactions, and phlebitis,” and
may be associated with reduced cost.”>** As a result of the grow-
ing interest in the use of continuous infusions of vancomycin
in clinical practice, the mean pharmacokinetic data derived
from this study were used to determine initial dosing
recommendations for practitioners interested in this mode of
administration.

del Mar

pharmacokinetic—pharmacodynamic analysis of vancomycin

Ferndndez and others* conducted a
in patients in the medical ICU but excluded patients requiring
renal replacement therapy. Those investigators conducted a
Monte Carlo simulation to identify the probability of attaining
an AUC,4/MIC ratio above 400 with various daily dosing
regimens. For a dosing regimen of 1250 mg IV q24h, they
observed a 50% probability of attaining an AUC,4,/MIC
target above 400 for patients with vancomycin-susceptible
strains of S. aureus. The dosing recommendations suggested in
the current study provide a probability of at least 50% of attain-
ing an AUC,4/MIC ratio of 400 or greater and are therefore
comparable to the results of del Mar Ferndndez and others.
However to achieve these targets, higher-than-desired trough
concentrations may occur more frequently (Tables 4 and 5).
Although the current study of vancomycin therapy for 24
ICU patients undergoing CVVHD s the largest study to
date in this patient population, the Monte Carlo simulation
demonstrated that the predictive ability of the derived
nomogram (which used mean pharmacokinetic parameters to
achieve target concentrations) was low, with a probability of
about 12% to 16%. However, these recommendations may be
useful for initial dosing, provided that appropriate follow-up
therapeutic drug monitoring is performed. It was our hope
to strengthen the predictive ability of the empiric dosing
nomogram by incorporating covariates that significantly affect
vancomycin pharmacokinetics. Although statistically signifi-
cant linear regression models were obtained for both
volume of distribution and clearance, with covariates for both
of these parameters, the regression equations for volume of
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distribution and clearance were too cumbersome and had little
expected benefit for improving initial vancomycin dosing.
However, the analysis was important in identifying APACHE
IT score at the time of determination of vancomycin levels,
APACHE 1I score at the time of ICU admission, serum
creatinine at the time of determination of vancomycin levels,
24-h urine output, ultrafiltration rate, blood flow, and patient
weight as significant covariates of volume of distribution, and
sex, dialysate rate, ultrafiltration rate, blood flow rate, and
weight as statistically significant covariates of clearance in
critically ill patients undergoing CVVHD.

The Monte Carlo simulation highlighted that the
exclusive use of mean pharmacokinetic data as a basis for the
development of dosing recommendations in a heterogeneous
population with considerable intra- and inter-subject variability
will not reliably attain target concentrations in every patient,
a belief that many clinicians have when they select published
dosing recommendations to treat their patients. The few
previously published studies examining vancomycin dosing in
critically ill patients undergoing CRRT have made recommen-
dations based solely on mean pharmacokinetic data obtained
from small numbers of patients.””” Our observations
from the Monte Carlo simulation raise questions about the
reliability of dosing recommendations based solely on small
pharmacokinetic studies for medications used in critically ill
patients undergoing CRRT and highlight the importance
of continued monitoring of vancomycin concentrations to
individualize therapy after initial dosing.

Several weaknesses are inherent to a retrospective study
design, including unrecognized confounding factors that may
bias the results. In addition, further limitations specific to this
study design and potentially introducing error or bias may
include assumptions of apparent steady-state vancomycin peak
and trough concentrations; assumptions about the timing of
vancomycin dosing and the timing of serum sampling for
determination of drug concentration; determination of total
body clearance of vancomycin by calculation, rather than by
direct measurement of blood and dialysate outlet samples;
determination of area under the curve by calculation rather
than by generating a complete serum concentration versus time
profile for vancomycin in each patient; and the inability to
control for potential variables relating to CVVHD (filters used
or dialysate flow rate) or patient-specific factors (third-space

volume).

CONCLUSIONS

This study has generated recommendations for initial
vancomycin dosing by either intermittent or continuous
infusion in critically ill patients who are undergoing CVVHD
and has evaluated the robustness of these recommendations
using Monte Carlo simulation. The study has demonstrated
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that the pharmacokinetics of vancomycin in this patient
population are highly variable. Thus, reliable attainment of
desired steady-state concentrations with a standard initial dose
is not feasible for the majority of these patients. Therefore,
therapeutic drug monitoring is essential to refine initial dosing
to achieve target concentrations between 15 and 20 mg/L. Our
observations raise concerns about the robustness of numerous
drug dosing recommendations that have been derived from
small pharmacokinetic studies in heterogeneous populations.
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