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Abstract

Published vancomycin dosing recommendations for patients receiving maintenance hemodialysis were not designed to meet newly recommended
24-hour area under the curve/minimum inhibitory concentration (AUC24h/MIC) pharmacokinetic/pharmacodynamic targets. The aims of this study
were to predict pharmacokinetic/pharmacodynamic target attainment rates with a commonly used vancomycin regimen and to design a new dosing
scheme incorporating therapeutic drug monitoring (TDM) to maximize target attainment in patients receiving vancomycin and hemodialysis with
high- or low-flux hemodialyzers. Vancomycin pharmacokinetic- and dialysis-specific parameters were incorporated into Monte Carlo simulations
(MCS). A commonly used vancomycin regimen was modeled to determine its likelihood of attaining AUC24h/MIC targets for 1 week of thrice-weekly
hemodialysis treatments.MCS was then used to develop optimal initial vancomycin dosing for patients receiving intradialytic or postdialytic vancomycin
administration with either high- or low-flux hemodialyzers.Finally,a newMCS model incorporating TDMwas built to further optimize the probability of
pharmacokinetic/pharmacodynamic target attainment. Traditional vancomycin dosing methods are unlikely to meet AUC24h/MIC targets. Vancomycin
doses necessary to attain AUC24h/MIC targets are significantly influenced by hemodialyzer permeability and whether vancomycin is administered
intradialytically or after hemodialysis. Depending on dialyzer type and whether vancomycin is administered during or after hemodialysis, loading doses
of 25 to 35 mg/kg followed by maintenance doses of 7.5 to 15 mg/kg are necessary to reach minimum AUC24h/MIC targets in 90% of virtual patients.
For a 3-day interdialytic period, a 30% higher maintenance dose is required to maintain target attainment.Dosing based on a single vancomycin serum
concentration obtained prior to the second dialysis session greatly enhances the probability of target attainment.
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Clinical success of vancomycin therapy in nondialysis
patients is associated with the attainment of the 24-
hour area under the curve/minimum inhibitory con-
centration (AUC24h/MIC) ratio of ≥400.1 A low initial
steady-state AUC24h/MIC (<430 by E-test; <398.5 by
broth microdilution) is a significant risk factor for
treatment failure and increases the risk of treatment
failure by 2-fold.2 A recent study in nondialysis pa-
tients suggests that improved patient outcomes are
associated with attainment of an AUC24h/MIC of
at least 550 and 650 on the first and second days,
respectively, of vancomycin therapy.3 Conversely, an
AUC24h >700 mg·h/L has been reported as the nephro-
toxicity threshold in nondialysis patients.3–7 Previous
vancomycin guidelines recommended targeting trough
concentrations of 10 to 20 mg/L as a surrogate to
attain the optimal pharmacokinetic/pharmacodynamic
efficacy index of AUC24h/MIC ≥400.8 However, recent
evidence has demonstrated that trough concentration
is a poor predictor of true AUC24h and that targeting
high troughs significantly increases the risk of nephro-
toxicity in nondialysis patients.6,9–14 Consequently, the
new guidelines recommend AUC-guided vancomycin

dosing to target AUC24h/MIC of 400 to 600 for max-
imal efficacy and minimal nephrotoxicity.1 In dialysis
patients, no prospective studies have been conducted
to evaluate patient outcomes associated with an AUC-
based vancomycin dosing strategy.

Vancomycin is the most commonly prescribed an-
tibiotic among end-stage kidney disease (ESKD) pa-
tients receiving intermittent hemodialysis (IHD)15,16

because of the high prevalence of methicillin-resistant
Staphylococcus aureus (MRSA) infections. Nonethe-
less, the optimal vancomycin dosing strategy in IHD
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Table 1. Pharmacokinetic Model Input Parameters20,25,26,30,31

Pharmacokinetic Parameter High-Flux Dialyzer Low-Flux Dialyzer

Weight, kg 75 ± 23 (40-150)
Volume of distribution, L/kg 0.9 ± 0.27 (0.38-1.55)
kel_off , 1/h 0.0035 ± 0.001 (0.0010-0.0061)
t1/2_off, h 198.0 (113.6-693.0)
kel_on, 1/h 0.110 ± 0.02 (0.066-0.154) 0.055 ± 0.011 (0.033-0.077)
t1/2_on, h 6.3 (4.5-10.5) 12.6 (9.0-21.0)
Vancomycin bioavailability (F) 0.74 ± 0.15 (0.56-0.84) 0.84 ± 0.17 (0.75-1)

kel_off , the elimination rate constant off hemodialysis; kel_on, the elimination rate constant during hemodialysis; t1/2_off, half-life off hemodialysis; t1/2_on, half-life
during dialysis; vancomycin bioavailability (F), the proportion of vancomycin that is not removed by hemodialysis during intradialytic vancomycin infusion.
Values are expressed as mean ± SD (range).

patients is unclear because of widely varied pharma-
cokinetic alterations from ESKD and the influence of
dialysis itself. Vancomycin is removed substantially by
high-flux hemodialyzers.17–19 In addition, vancomycin
frequently is administered during the dialysis procedure
itself, resulting in immediate removal of a fraction
of the vancomycin infusion before it can distribute
to the tissues.20 Many studies have generated a wide
range of vancomycin dosing recommendations and
nomograms for IHD patients based on selected pre- or
postdialysis concentration targets but notAUC24h/MIC
targets.20-33 Of note, a single study found that pre-
dialysis concentrations of ≥18.6 mg/L was associated
with improved patient outcomes in IHD patients with
MRSA bacteremia.34 Suboptimal vancomycin treat-
ment likely has contributed to IHD patients being the
source of development of vancomycin-intermediate S.
aureus or vancomycin-resistant S. aureus.35,36 Infection
remains as the second-leading cause of mortality in
these patients,37 suggesting that a better vancomycin
dosing approach is needed.

To date, scant data exist to provide an AUC-based
dosing approach in patients receiving IHD, and pre-
viously published IHD vancomycin dosing recommen-
dations have not been assessed about whether they
would attain appropriate AUC24h/MIC targets. The
objective of the present study was (1) to evaluate the
drug exposure (AUC) achieved with a commonly used
contemporary IHD vancomycin dosing protocol pro-
posed by Zelenitsky et al,30,38 (2) to determine an initial
vancomycin dosing scheme to attain an AUC24h/MIC
target of ≥400, and (3) to devise a dosing nomo-
gram to individualize the subsequent dosing to attain
an AUC24h/MIC ≥400 in virtual IHD patients, using
Monte Carlo simulation (MCS).

Methods
Part I. Evaluation of Contemporary Dosing Protocol and
Determination of Optimal Initial Vancomycin Dosing

Pharmacokinetic Model Development. A 1-compartm-
ent pharmacokinetic model26,39 with zero-order input

and first-order elimination was developed to predict
vancomycin disposition in adult patients receiving
IHD. A literature search obtained relevant vancomycin
pharmacokinetic data. Studies published prior to 1997
were excluded for review because they were likely to
employ old vancomycin bioanalysis known to be in-
accurate in patients with renal insufficiency40-42 and/or
utilized hemodialyzers with poor vancomycin per-
meability unlike contemporary hemodialyzers.21,22,24,43

Pharmacokinetic input data used in this in silico study
were derived from studies conducted in contemporary
hemodialysis settings20,25,26,30,31 as outlined in Table 1.
The blood and dialysate flow rates employed in these
studies approximately ranged from 350 to 450 and
from 500 to 800 mL/min, respectively.20,25,26,30,31 The
pharmacokinetic input parameters were assumed to
have log-Gaussian distribution. Body weights <40 or
>150 kg were truncated based on the obtained data
from those relevant pharmacokinetic studies.20,25,26,30,31

Ranges of pharmacokinetic parameters were obtained
from these studies and used as limits for all in-
put variables to avoid spurious simulations. Resid-
ual renal function of patients in these studies was
minimal.20,25,26,30,31 The elimination rate constant (kel)
during hemodialysis was separately determined for
IHD with high-flux and low-flux hemodialyzers. Van-
comycin bioavailability (F), the proportion of van-
comycin that is not immediately removed by hemodial-
ysis during intradialytic drug infusion, was calculated
using the reported vancomycin removal rate (%) during
intradialytic infusion20 and was separately estimated
for IHD with high-flux and low-flux hemodialyzers.
The equations used in the model are provided in the
supplementary material.

Zelenitsky’s vancomycin dosing protocol was eval-
uated in a scenario using intradialytic drug adminis-
tration and high-flux IHD in concordance with their
recommendations.30 A 4-hour high-flux IHDwas mod-
eled to occur 3 times a week (Monday, Wednesday,
and Friday), and vancomycin therapy was initiated on
Monday. As recommended in the protocol, 3 intradia-
lytic regimens were applied based on body weight—(1)
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1000mg loading dose (LD), followed by a 500mgmain-
tenance dose (MD) for patients <70 kg; (2) 1250 mg
LD, followed by 750 mg MD for patients 70 to 100 kg;
and (3) 1500 mg LD, then 1000 mg MD for patients
>100 kg30—and were simulated for a full week (ie,
Monday through Sunday). These recommended doses
were infused during the last 30 minutes of an IHD
session for a vancomycin dose of 500 mg, during the
last 1 hour for vancomycin doses of 750 to 1000 mg,
and during the last 1.5 hours for a vancomycin dose of
1500 mg, as described in the protocol.30

For the determination of the optimal initial van-
comycin dosing attaining the AUC24h/MIC target in
IHD, other clinical practice scenarios were modeled in
addition to that using Zelenitsky’s dosing protocol. The
different types of hemodialyzers and drug dose admin-
istration timings in relation to dialysis have been found
to be the significant factors that influence pharmacoki-
netics during dialysis.20,44 Hence, 4 different dialysis
and vancomycin administration combination scenarios
were schemed into the model. They were: (1) intradi-
alytic vancomycin dosing (ie, infuse over the last 1 to
2 hours of dialysis) in high-flux IHD, (2) intradialytic
vancomycin dosing in low-flux IHD, (3) postdialytic
vancomycin dosing (ie, infuse immediately after dialysis
over 1 to 2 hours) in high-flux IHD, and (4) postdialytic
vancomycin dosing in low-flux IHD. A vancomycin
regimen in each of the 4 scenarios was simulated to
commence on either Monday, Wednesday, or Friday
with a 2- to 3-day interdialytic period to construct a
broad range of realistic clinical scenarios. A variety
of weight-based vancomycin regimens were tested for
4 to 5 days depending on the initiating day of the
vancomycin regimen. Each IHD was 4 hours long, and
vancomycin infusion time was 1 hour if a vancomycin
dose was ≤15 mg/kg and 2 hours if a vancomycin dose
was >15 mg/kg. The maximum vancomycin dose was
capped as 4 g per dose.8,45

MCS and Probability of Pharmacodynamic Target Attain-
ment. The efficacy target was AUC24h of ≥400 mg·h/L
for each day of vancomycin therapy, assuming that
the pathogens are MRSA species with a MIC of
1 mg/L.1 MCS (Crystal Ball Classroom Edition, Ora-
cle) was conducted to predict total serum vancomycin
concentration-time profiles in a virtual cohort of 5000
for each tested vancomycin regimen. AUC24h on each
day of vancomycin therapy was computed with the
linear trapezoidal rule. Probability of target attainment
(%) was determined by summing up the number of
virtual patients attaining AUC24h of ≥400 mg·h/L
and then dividing by the total number in the virtual
cohort (n= 5000). Vancomycin-induced nephrotoxicity
is of less concern for patients with ESKD requiring
IHD.However, we took into consideration the accepted

drug exposure threshold associated with vancomycin
nephrotoxicity (AUC24h ≥700 mg·h/L)3-7 in determin-
ing the optimal dosing regimen. A dosing regimen
was considered “optimal” if it attained a AUC24h

≥400 mg·h/L in ≥90% of the virtual cohort with the
mean AUC24h/MIC of 400 to 700 mg·h/L. The new
guidelines recommend narrower drug exposure targets
of AUC24h/MIC of 400 to 600mg·h/L,1 but considering
the wider variability of vancomycin pharmacokinetic
parameters and nephrotoxicity being less an issue in
IHD patients, more lenient drug exposure targets (eg,
mean AUC24h/MIC of 400 to 700 mg·h/L) were used in
this analysis.

Part II. Development of Therapeutic Drug Monitoring-
Guided Dosing Algorithm
Vancomycin dosing is routinely adjusted based on
therapeutic drug monitoring (TDM) results to ensure
pharmacokinetic/pharmacodynamic target attainment.
Thus, we incorporated TDM into our model to find out
how TDM could be effectively utilized to ensure phar-
macokinetic/pharmacodynamic target attainment in
patients with IHD with only a single predialysis serum
concentration. This TDM-guided dosing nomogram
individualizes the optimal subsequent vancomycin dos-
ing to attain and/or maintain AUC24h of 400 to
700 mg·h/L.

The nomogram was developed based on the van-
comycin concentrations predicted from the initial van-
comycin dosing recommendations derived from Part
I simulations. Two assumptions were made regarding
themeasurement of vancomycin concentrations; (1) the
“virtual vancomycin assay” was accurate, and (2) it
reflected the model-derived vancomycin concentrations
at that point. A predialysis concentration immedi-
ately prior to the second IHD session was used as
the basis for TDM-directed dosing adjustment. Uti-
lizing the predialysis concentrations and the virtual
patients’ pharmacokinetic profiles used in the Part I
simulation, vancomycin concentrations occurring after
a TDM-based dosage adjustment were further con-
structed to calculate AUC24h for a total of 14 days
of vancomycin therapy, which is the minimum rec-
ommended duration to treat MRSA bacteremia46 in
each of the same virtual patients. The equation was
developed to individualize each subsequentMD attain-
ing an AUC24h of 400 to 700 mg·h/L for most virtual
patients.
Statistical analysis.AfterMCSwas performed to de-

termine the optimal initial vancomycin regimen in IHD,
a post hoc analysis was conducted to examine the as-
sociation between pharmacokinetic/pharmacodynamic
target attainment and different input variables. Sim-
ulated pharmacokinetic and demographic variables
in virtual patients with AUC24h <400, 400-700, and
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Table 2. PTA and AUC24h Predicted From a Week of a Commonly Used Intradialytic Vancomycin Dosing Protocol30 for Thrice-Weekly High-Flux
IHD

Probability of Target Attainment, %
(Percent of Modeled Patients Attaining AUC24h <400/400-700/>700 mg·h/L)

AUC24h (mg·h/L), mean ± SD

Body
Weight

Vancomycin
Dosinga

Day 1
(Monday)

Day 2
(Tuesday)

Day 3
(Wednesday)

Day 4
(Thursday)

Day 5
(Friday)

Day 6
(Saturday)

Day 7
(Sunday)

45-70 kg 1000 mg LD,
500 mg MD

26
(74/25/1),
341 ± 111

18
(82/18/0),
313 ± 103

42
(58/39/3),
394 ± 140

23
(77/22/1),
332 ± 112

42
(58/39/3),
396 ± 133

33
(67/31/2),
365 ± 125

20
(80/19/1),
318 ± 111

70-100 kg 1250 mg LD,
750 mg MD

10
(89/10/1),
283 ± 91

8
(92/8/0),
265 ± 86

31
(69/30/1),
360 ± 117

16
(84/15/1),
305 ± 100

30
(70/29/1),
356 ± 117

22
(78/21/1),
331 ± 110

13
(87/12/1),
289 ± 99

100-150 kg 1500 mg LD,
1000 mg MD

3
(97/3/0),
231 ± 76

2
(98/2/0),
216 ± 71

17
(83/16/1),
310 ± 103

7
(93/7/00,
263 ± 88

19
(81/18/1),
315 ± 106

14
(86/13/1),
293 ± 100

7
(93/7/0),
256 ± 89

PTA, probability of target attainment; IHD, intermittent hemodialysis; LD, loading dose; MD,maintenance dose.
a
Each dosing was modeled to be infused intradialytically during the last 0.5-1.5 hours of hemodialysis scheduled on Monday-Wednesday-Friday (shaded boxes)
in 5000 virtual patients. First dose was given on Monday.

>700mg·h/Lwere compared using analysis of variance.
The proportions of patients attaining pharmacoki-
netic/pharmacodynamic target after the initial optimal
doses and the TDM-adjusted doses were compared
with a chi-square analysis. A P <.05 was considered
statistically significant.

Results
Part I. Evaluation of Zelenitsky’s Dosing Protocol and
Determination of Optimal Initial Vancomycin Dosing
The simulated results of probability of target attain-
ment (PTA) and mean AUC24h for a week of Ze-
lenitsky’s intradialytic vancomycin dosing regimen are
presented in Table 2. All vancomycin regimens, regard-
less of body weight stratification, yielded very low PTA
(2% to 42%), and the mean AUC24h was <400 mg·h/L
on all days of the week. Particularly, the PTA on the
first 2 days after the LD was lower than the rest of
the days with only 18% to 26%, 8% to 10%, and 2%
to 3% PTA in patients with 45 to 70, 70 to 100, and
100 to 150 kg, respectively. In addition, the dosing for
patients weighing 100 to 150 kg resulted in the lowest
PTA (<20%) and mean AUC24h throughout the week
among all patient size groups. However, up to 3% of the
simulated patient cohort had AUC24h of >700 mg·h/L
with the Zelenitsky regimen.

Table 3 displays the simulation results of selected
“intradialytic” vancomycin dosing regimens that
are initiated on either Monday, Wednesday, or Friday,
whereas Table 4 shows those for those receiving “postdi-
alytic”vancomycin dosing regimens. In these 4 different
dialyzer and vancomycin infusion combination
scenarios, none of the simulated vancomycin dosing
regimens consisting of an LD and an MD successfully

attained the efficacy target of PTA≥90%while meeting
the safety goal of a mean AUC24h <700 mg·h/L during
the initial 4 to 5 days of vancomycin therapy (Tables 3
and 4). Our model predicts that an intradialytic
regimen using an LD of 35 mg/kg and an MD of
15 mg/kg in high-flux IHD or an LD of 30 mg/kg
and an MD of 7.5 mg/kg in low-flux IHD and a
postdialytic regimen with an LD of 25 mg/kg and an
MD 10 mg/kg in high-flux IHD or an LD of 25 mg/kg
and an MD of 7.5 mg/kg in low-flux IHD would
initially meet “best-possible” or “acceptable” PTA
with a mean AUC24h of closest to 400 to 700 mg·h/L
(bolded in Tables 3 and 4) and thus are recommended
as initial doses. Notably, these model-recommended
LDs attained acceptable PTA over a 2- or 3-day
interdialytic period, but the model-recommended MD
yielded below-acceptable PTA by the time a 3-day
intradialytic period occurred. Hence, anytime a MD
is followed by a 3-day interdialytic period, a 30%
higher dose is necessary to attain appropriate PTA
on day 3. This is illustrated in Tables 3 and 4, where
model-recommended (bolded) MDs given on Fridays
are 30% higher. Subsequent MDs following the initial
model-recommended regimens should be determined
by TDM as reported in the Part II section below.

The type of hemodialyzer and vancomycin admin-
istration time in relation to IHD significantly altered
PTA and mean AUC24h for any single vancomycin
dosing regimen. Intradialytic administration required
20% to 40% higher LD and up to 50% higher MD to
attain PTA ≥90% during 2 or 3 days of an interdia-
lytic period compared with postdialytic administration
because of significant drug removal by hemodialy-
sis during intradialytic drug infusion. Dialyzer type
had a profound effect on intradialytic doses, with
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recommended MD needing to be twice as high with
high-flux dialyzers (15 mg/kg) compared with low-
flux dialyzers (7.5 mg/kg) to achieve targets (Table 3).
Recommended MD given after dialysis with high-flux
dialyzers were only slightly higher than when low-flux
dialyzers were used (10 vs 7.5 mg/kg; Table 4).

Part II. Development of Therapeutic Drug Monitoring-
Guided Dosing Algorithm
Figure 1A-C portrays the distribution of vancomycin
AUC24h prior to and after TDM is used to individual-
ize dosing, when the model-recommended vancomycin
regimen was initiated on Monday with a thrice-weekly
(Monday-Wednesday-Friday) IHD schedule. Model-
recommended doses were able to maintain the majority
of simulated patients within AUC24h 400 to 700 mg·h/L
after the LD and the first MD. These figures also illus-
trate the relatively low AUC24h attainment by Zelenit-
sky’s dosing regimens. Although model-recommended
LDs did ensure that ≥90% of simulated patients met
efficacy targets, there was great variability in these
AUC24h, and many patients had values of >700 mg·h/L
to ensure that ≥90% met efficacy targets (Figure 2A).
The first modeledMDs reduced variability (Figure 2C),
but again many patients still had an AUC24h well
above 700 mg·h/L. However, once TDM was used to
determine MD, a more acceptable AUC was attained
(Figure 2E). In contrast, Figure 2B,D,F describes those
in simulated patients receiving Zelenitsky’s different
weight-based dosing regimen, and in these instances
AUC24h ≥400 mg·h/L was attained in less than 50% in
all cases.

The post hoc analysis showed that differences
of volume of distribution, nonrenal clearance, and
vancomycin bioavailability during intradialytic ad-
ministration were significant (P <.05) between the
simulated patient groups with AUC24h <400, 400-700,
and >700 mg·h/L. Compared with those that attained
an AUC24h of 400 to 700 mg·h/L, the group with
a result of AUC24h <400 mg·h/L was characterized
with a larger volume of distribution, faster nonrenal
clearance (ke_off ), and lower vancomycin bioavailabil-
ity during intradialytic administration. Conversely, the
virtual group with AUC24h >700 mg·h/L had a smaller
volume of distribution, slower nonrenal clearance, and
higher vancomycin bioavailability.

Simulation results suggest that predicted predialysis
vancomycin serum concentrations correlate well with
AUC24h in IHD patients, except the initial 2 days with
model-recommended LD (Figure 2A,C,E). A predial-
ysis concentration of 20 mg/L ensures an AUC24h of
>480 mg·h/L; thus, the new MD is to be adjusted
proportionally from the previous MD to achieve a
predialysis concentration of 20 mg/L.

New subsequentmaintenance dose

= Previous maintenance dose • 20
Predialysis vancomycin concentration

(If new MD is administered over a 3-day interdialytic
period, a 30% higher dose is necessary.)

Figure 1C displays the AUC24h distribution on the
seventh day (Sunday) of vancomycin therapy following
the application of the new subsequent MD, which was
determined by TDM and given on day 5 (Friday).
Of note, this new MD was 30% higher than the dose
calculated using the equation above, as are all recom-
mended MDs given before a 3-day interdialytic period.
As soon as the individualized dose was administered,
most simulated patients attained AUC24h ≥400mg·h/L,
and the proportion of patients achieving an AUC24h of
400-700 mg·h/L was increasingly higher over a 3-day
interdialytic period. Figure 2E portrays the distribution
of predictedAUC24h and predialysis vancomycin serum
concentrations produced after TDM-guided dosing in-
dividualization that were narrower than those with the
initial LD (Figure 2A) and MD (Figure 2C).

Discussion
To our knowledge, this is the first in silico study
to determine initial vancomycin dosing to attain an
efficacy target of AUC24h/MIC ≥400 in patients re-
ceiving thrice-weekly IHD in all its forms. Many stud-
ies have attempted to determine optimal vancomycin
dosing in patients with IHD, but recommended doses
have been rarely evaluated regarding their ability to
reach this pharmacokinetic/pharmacodynamic index
of AUC24h/MIC ≥400. Our simulation results sup-
port using predialysis concentrations as a surrogate
marker to attain target AUC24h and to guide opti-
mal dosing in IHD patients. Although the Bayesian
approach is recommended to estimate AUC24h in the
new guidelines,1 this method has not been prospectively
validated in IHD patients3,6; thus, its utility in this
population remains limited.47 Conversely, our MCS
technique enabled us to assess the impact of different
pharmacokinetic and IHD variables as well as those
of vancomycin administration time in relation to HD
on drug exposure (AUC24h) to predict optimal dosing
in thousands of virtual patients constructed from pub-
lished vancomycin pharmacokinetic variables. Finally,
this is the first study to incorporate “virtual TDM” to
guide individualized dosing within an MCS.

All dosing scenarios were tested with vancomycin
therapy initiated on Monday, Wednesday, or Fri-
day. We attempted to determine the optimal initial
doses that work in all clinical scenarios. However,
because of the substantial variability in vancomycin
pharmacokinetics,48,49 simulated vancomycin doses
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Figure 1. Comparison of AUC24h attainment rates by dialyzer type and dosing technique. ID, intradialytic; PD, postdialytic; HF, high flux; LF, low flux;
HD,hemodialysis; TDM, therapeutic drug monitoring; ID dosing in HF-HD,LD 35 mg/kg, then MD 15 mg/kg; ID dosing in LF-HD,LD 30 mg/kg, then MD
7.5 mg/kg;PD dosing in HF-HD,LD 25 mg/kg, then MD 10 mg/kg;PD dosing in LF-HD,25 mg/kg, then MD 7.5 mg/kg. §All illustrated dosing regimens were
initiated on Monday in end-stage kidney disease patients receiving thrice-weekly intermittent hemodialysis scheduled on Monday-Wednesday-Friday.
Zelenitsky’s doses were based on reference 30.
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Figure 2. Predicted relationship of mean AUC24h and predialysis vancomycin serum concentrations in patients receiving commonly used intradialytic
regimens (n = 15,000) versus patients receiving the model-recommended dosing regimens (n = 20,000). (A, C, E) Relationship of mean AUC24h
and predialysis concentrations in all simulated patients (n = 20,000) with 4 combination scenarios receiving model-recommended initial doses and
the first TDM dose on Monday,Wednesday, and Friday. (B, D, F) Relationship of mean AUC24h and predialysis concentrations in all simulated patients
(n = 15,000) with all different weight ranges (40-70,70-100, and 100-150 kg) receiving a week of Zelenitsky’s intradialytic doses on Monday,Wednesday,
and Friday. §Mean AUC24h (A, B) from days 1 and 2 of vancomycin therapy after LDs, (C, D) Days 3 and 4 after first MDs. (E, F) Days 5 to 7 after first
TDM-adjusted MD and Zelenitsky’s second MD,respectively. ¶Two straight horizontal lines in each figure indicate mean AUC24h of 400 and 700 mg·h/L,
and the values (%) denote the proportion of patients who attained a mean AUC24h of 400 to 700 mg·h/L with the given doses. Zelenitsky’s doses
were based on reference 30.
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yielded broad ranges of AUC24h values, and none of
them perfectly met PTA ≥90% with the mean AUC24h

within the 400-700 mg·h/L target. In general, the
model-recommended LD from the simulation results
(30 to 35 mg/kg for intradialytic administration and
25 mg/kg for postdialytic administration) was similar
to or higher than previously published recommended
doses.6,24,25,28,29,31 To attain AUC24h ≥400 mg·h/L in
≥90% of patients over both a 2- or 3-day interdia-
lytic period, a high LD was necessary. These model-
recommended LDs are similar to 25- to 30-mg/kg doses
recommended in patients with normal renal function.
However, this is not surprising, as vancomycin LD is
independent of renal function, and ESKD patients are
often volume-overloaded,29,50 which may cause a larger
vancomycin volume of distribution. The MCS results
further highlight that patients receiving IHD should not
be given reduced LD. AnotherMCS study by Rungprai
et al determining optimal vancomycin dosing among
patients with “high-efficiency IHD” also highlighted
the necessity of a higher LD in the treatment of
similar patients.33 This study evaluated achievability
of AUC24h ≥400 mg·h/L only during the first day of
vancomycin therapy in a different simulation scenario
in which vancomycin was administered 8 to 16 hours
prior to a 4-hour IHD treatment.33 These authors
proposed an LD of 30 mg/kg, with a 25 mg/kg of
postdialytic supplemental dose or an LD of 35 mg/kg
with 10 mg/kg of a postdialytic supplemental dose,33

which can require a total of 45 to 55 mg/kg on the first
day of vancomycin therapy. These regimens are even
higher than our recommended doses.

Published vancomycin MD recommendations in
IHD patients range widely in terms of dose and
frequency.26,28,30,31,51 Our simulation results show that
MDs of 7.5 to 15 mg/kg are required to maintain
the pharmacokinetic/pharmacodynamic efficacy target
following the recommended LD. Notably, these MDs
resulted in a PTA of 80% to 85% on the third day
if given prior to a 3-day interdialytic period shown in
Tables 3 and 4. Tomaintain a PTAof ≥90%on the third
day of a 3-day interdialytic period, a 30% higher MD
(eg, 10 to 20 mg/kg) was needed, but unavoidably, the
mean AUC24h on the first day of a 3-day interdialytic
period exceeded the safety AUC24h threshold depicted
in Tables 3 and 4.

Not only have published vancomycin dosing rec-
ommendations for IHD been inconsistent, but also it
remains elusive how best to perform TDM to optimize
the the subsequent MD. The optimal TDM sampling
time and efficacy target of vancomycin therapy for IHD
patients have not been studied extensively. With the
previous guideline,8 a predialysis serum concentration
of 5 to 20 mg/L has been extrapolated from the trough
target for patients with normal renal function and has

been commonly used in clinical practice assuming its
correlation with AUC24h ≥400 mg·h/L.29 In general,
the attainment of an AUC24h of 400-700 mg·h/L with
the model-recommended initial vancomycin doses was
correlated with predialysis concentrations of 15 to
25 mg/L. Because targeting higher predialysis concen-
trations (eg, ≥18.6 mg/L) was associated with better
clinical outcomes,34 virtual TDM was designed to
target a predialysis concentration of 20 mg/L in the
model. TDM-guided individualized dosing following
the model-recommended initial doses resulted in a
higher proportion of AUC24h of 400 to 700 mg·h/L
attainment with a significantly reduced number of
patients with AUC24h <400 or >700 mg·h/L. The mean
proportion of patients with AUC24h 400 to 700 mg·h/L
after receiving the first TDMadjusted dose over a 3-day
interdialytic period was 78.9% compared with 66.1%
and 58.5% after LD and MD, respectively (P <.00001;
Figure 2A,C,E). Importantly, the mean AUC24h with
the TDM-adjusted doses was maintained as 500 to
600 mg·h/L over 14 days of modeled vancomycin ther-
apy. The mean intradialytic vancomycin MDs adjusted
by TDM following the initial regimens were 13 to
14 mg/kg and 7 mg/kg for high-flux and low-flux IHD,
respectively. The mean adjusted postdialytic MDs were
9 mg/kg and 6-7 mg/kg for high-flux and low-flux IHD,
respectively. If the dose was administered on Friday for
a 3-day interdialytic period, 30% higher doses were still
required. Any changes to patient clinical status and/or
IHD treatment warrant another TDM to ensure the
therapeutic target attainment in these patients.

Some limitations should be noted prior to the
application of the findings from this in silico study.
First, pharmacokinetic modeling and simulation were
conducted with the assumption that patients are adults
receiving a typical 4-hour IHD thrice weekly and
have stable pharmacokinetic parameters. The subjects
had demographic and pharmacokinetic characteristics
with variances consistent with those derived from the
literature with ESKD patients on maintenance IHD.
Vancomycin doses were also given on the day of
IHD treatment. Thus, application of our recommended
doses would be appropriate only for those with similar
demographic characteristics and clinical scenarios. We
did not model what would happen if vancomycin
therapy is initiated on a non-IHD day. If clinicians were
faced with this scenario, we would recommend using
the same LD with MD determined by TDM. Second,
the maximum vancomycin dose in our simulation was
capped at 4 g per dose, and all doses were infused over
1 or 2 hours. Thus, a dose >2 g given over 2 hours may
be faster than some institutional vancomycin infusion
rate policies. We modeled infusion rates in this fash-
ion because standardization was necessary to simul-
taneously simulate 5000 virtual patients with different
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vancomycin doses. Last, the model-recommended ini-
tial vancomycin doses were selected primarily based
on the attainment of the “efficacy” target (AUC24h

≥400 mg·h/L) in ≥90% of simulated cohorts assuming
a MRSA MIC of 1 mg/L. Inevitably, these selected
doses yielded high drug exposure in some virtual
patients, exceeding the reported toxicity threshold of
AUC24h >700 mg·h/L. Although nephrotoxicity is less
of a concern in these patients, a higher AUC24h may
increase the risk of other vancomycin toxicities such
as ototoxicity. Interestingly, up to 10% of patients
still did not achieve n AUC24h ≥400 mg·h/L with the
model-recommended initial doses (Figure 2A). Hence,
clinicians should consider their patient’s body weight,
IHD setting, and clinical condition to weigh the benefit
versus risk prior to the application of our model-
recommended initial doses (bolded values in Tables 3
and 4). After initiation of the model-recommended
doses, TDM must be performed to individualize the
subsequent doses to target ormaintain the optimal drug
exposure.

Conclusion
The optimization of vancomycin dosing in ESKD
patients receiving IHD has been a challenge because of
multifaceted patient and dialysis variables influencing
pharmacokinetics and a paucity of data regarding
optimal vancomycin dosing to attain the efficacy target
of AUC24h ≥400 mg·h/L. Our in silico study usedMCS
to predict the initial doses that are most likely to attain
an AUC24h ≥400 mg·h/L in these patients with MRSA
infections with a MIC of 1 mg/L in 4 different clinical
scenarios as follows: (1) intradialytic administration of
an LD of 35 mg/kg and an MD of 15 mg/kg in high-
flux IHD, (2) intradialytic administration of an LD of
30 mg/kg and an MD of 7.5 mg/kg in low-flux IHD,
(3) postdialytic administration of an LD of 25 mg/kg
and an MD of 10 mg/kg in high-flux IHD, and (4)
postdialytic administration of an LD of 25 mg/kg and
anMD of 7.5 mg/kg in low-flux IHD. After the model-
recommended initial dosing, TDM targeting predial-
ysis concentration of 20 mg/L can assist clinicians in
individualizing the subsequent optimal doses. In the
absence of an appropriate pharmacokinetic study, the
findings from this in silico study can guide clinicians’
selection of more appropriate vancomycin doses attain-
ing AUC24h ≥400 mg·h/L, whereas clinical validation is
necessary to confirm our dosing recommendations.
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