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A recent report found that generic parenteral vancomycin products may not have in vivo efficacies equivalent to those of the in-
novator in a neutropenic murine thigh infection model despite having similar in vitro microbiological activities and murine se-
rum pharmacokinetics. We compared the in vitro and in vivo activities of six of the parenteral vancomycin products available in
the United States. The in vitro assessments for the potencies of the vancomycin products included MIC/minimal bactericidal
concentration (MBC) determinations, quantifying the impact of human and murine serum on the MIC values, and time-kill
studies. Also, the potencies of the vancomycin products were quantified with a biological assay, and the human and mouse se-
rum protein binding rates for the vancomycin products were measured. The in vivo studies included dose-ranging experiments
with the 6 vancomycin products for three isolates of Staphylococcus aureus in a neutropenic mouse thigh infection model. The
pharmacokinetics of the vancomycin products were assessed in infected mice by population pharmacokinetic modeling. No dif-
ferences were seen across the vancomycin products with regard to any in vitro evaluation. Inhibitory sigmoid maximal bacterial
kill (E,,,,) modeling of the relationship between vancomycin dosage and the killing of the bacteria in mice in vivo yielded similar
E, .. and EC;, (drug exposure driving one-half E, , ) values for bacterial killing. Further, there were no differences in the phar-

macokinetic clearances of the 6 vancomycin products from infected mice. There were no important pharmacodynamic differ-
ences in the in vitro or in vivo activities among the six vancomycin products evaluated.

In order for a generic parenteral vancomycin product to be ap-
proved by the U.S. Food and Drug Administration (FDA) for
sale in the U.S. marketplace, the manufacturer usually is required
to file an abbreviated new drug application (ANDA) with the FDA
in which a reference listed drug (RLD), which may or may not be
the innovator, is identified. The active ingredient, the condition of
use, route of administration, dosage form, strength, and labeling
are those of the RLD (1, 2). Furthermore, the manufacturer of the
generic drug needs to show that its product meets established
purity, potency, quality, and identity standards. For the parenteral
vancomycin products, the purity and related substance impurities
are assessed by quantifying the percentage of the active compo-
nent of vancomycin (vancomycin factor B) and the individual
impurities in the product by a high-pressure liquid chromatogra-
phy (HPLC) method (3). The potency is measured using the bio-
assay described by the United States Pharmacopeia (USP<<81>)
(4, 5). The quality of the vancomycin product must meet the USP
standard of having not less than 80% (wt/wt) vancomycin factor B
and not more than 9% (wt/wt) of any impurity (6). The ANDA
must also provide information regarding the physical and chem-
ical characteristics, composition, method of manufacture, speci-
fications, and stability of the drug substance and the drug product
(7, 8). Pharmacokinetic and in vivo efficacy studies may be waived
for generic parenteral products (including vancomycin) during
the FDA approval process. A generic product that meets all of
these criteria for pharmaceutical equivalence and bioequivalence
is therapeutically equivalent to the RLD (9, 10).

From 2002 to 2009, Vesga et al. (11) compared the efficacies of
the innovator vancomycin product that was manufactured by Eli
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Lilly & Company (which was withdrawn from the American mar-
ket in 2004) and three generic vancomycin products for parenteral
administration, which included two products that were manufac-
tured in the United States. The vancomycin products showed
similar activities in in vitro MIC, minimum bactericidal concen-
tration (MBC), and time-Kkill studies. The potencies of the vanco-
mycin products were similar when assessed by a microbiological
assay. The protein binding rates of the vancomycin products to
mouse serum were similar. In a neutropenic mouse thigh model of
Staphylococcus aureus infection, the pharmacokinetics of the ge-
neric products generated similar or higher areas under the con-
centration-time curves (AUCs) than did the same dosage of the
innovator product as measured by a microbiological assay. How-
ever, in the mouse infection model significant differences were
noted between the innovator and some of the generic products as
well as among the generic products in regard to the amount of
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TABLE 1 Percentages of vancomycin factor B (purity) and impurities in six of the vancomycin products licensed for parenteral use in the United

States measured by the FDA by HPLC”

%

VAN product Manufacturer Lot no. VAN factor B Total impurities Largest impurity
A Mylan, Inc.’ 121L37772A 92.5 7.5 2.1
B Hospira, Inc. 204628E04 92.9 7.1 1.1
C Pfizer, Inc. 7601646 91.6 8.4 1.2
D APP Pharmaceutics, LLC 6105175 92.2 7.8 2.2
E Sandoz, Inc. BU6345 92.5 7.5 1.5
F Baxter Healthcare Corp. 2G3552/NC077974 94.6 5.4 2.4

“ The data for the vancomycin (VAN) products were provided blinded (labeled products A through F) by the FDA to the University of Florida researchers. The names of the
manufacturers of the vancomycin products were provided to the University of Florida researchers only after the experiments and analysis of the data were completed and the first

draft of the manuscript was written.
b Mylan, Inc., purchased Bioniche Pharma USA, LLC.
¢ Pfizer, Inc., purchased Akorn Strides, LLC.

bacterial killing that was observed. Further, some of the generic
products exhibited an Eagle effect in which the reductions in the
bacterial counts in the thigh muscles of mice that were seen with
lower dosages of the generic vancomycin products were followed
by a paradoxical increase in the bacterial densities at the infection
site as higher dosages were used (12). The report by Vesga and
colleagues raised concerns about the adequacy of the require-
ments established by nations for the approval of generic vanco-
mycin products for injection, and potentially all parenteral gener-
ics in general (13).

In response to the Vesga et al. report, the FDA’s Office of Test-
ing and Research examined six of the parenteral vancomycin
products that were available in the United States using ultrahigh-
pressure liquid chromatography (UPLC) and high-pressure lig-
uid chromatography (HPLC) (3). The FDA reported that each of
the vancomycin products met the marketplace standards for pu-
rity established by the USP. Using an HPLC method, the FDA
found that all 6 vancomycin products had vancomycin factor B
contents of 90 to 95% (wt/wt). The total impurities were 5 to 10%,
and the individual impurities accounted for 0.5 to 2% of the prod-
uct content. By UPLC, the vancomycin factor B content ranged
from 89 to 94%, the total impurities ranged from 6 to 11%, and
thelargest impurity was no higher than 2%. In a companion study,
Hadwiger et al. (4) found that the potencies of these six vancomy-
cin products, as measured by the USP bioassay, met the market-
place standards for potency set by the USP. To complete the eval-
uation of the six vancomycin parenteral products, we repeated
many of the in vitro and in vivo tests described by the FDA and/or
by Vesga and his colleagues (3, 4, 11). Our studies used the two
methicillin-susceptible S. aureus (MSSA) strains that were in-
cluded in the Vesga et al. report and a methicillin-resistant S.
aureus (MRSA) strain purchased from the American Type Culture
Collection (Manassas, VA). Specifically, we examined the in vitro
microbiological potency of these products by MIC/MBC testing
(with and without the addition of pooled mouse and human se-
rum [MS and HS, respectively]), by 24-hour time-kill studies, and
with the microbiological assay described in the USP monograph
(5). The extents to which the six vancomycin products bound to
pooled mouse and human sera were measured by a validated lig-
uid chromatography-tandem mass spectroscopy (LC-MS/MS)
method. A population pharmacokinetic evaluation for each van-
comycin product was performed in which the vancomycin in mu-
rine plasma was measured by LC-MS/MS. Finally, the in vivo po-
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tencies of the six vancomycin products were compared using three
strains of S. aureus in a neutropenic murine thigh infection model.
Different lots of the six vancomycin products than those evaluated
in the FDA reports were used in the current studies because the
original lots had expired by the time that our studies initiated.
Also, Eli Lilly & Company stopped manufacturing the innovator
vancomycin product in 2004, and hence, it was not available for
use in this project.

MATERIALS AND METHODS

S. aureus strains. The MSSA strains GRP-0057 and ATCC 29213 were the
kind gifts of Omar Vesga (Medellin, Colombia). The methicillin-resistant
S. aureus (MRSA) strain ATCC 33591 was purchased from the American
Type Culture Collection (Manassas, VA). All isolates were stored at
—80°C in 10% glycerol. For the experiments, the bacterial isolates were
cultured overnight on blood agar plates to confirm the purity and viability
of the microbes. A few colonies were taken from the overnight agar cul-
tures and grown in cation-adjusted Mueller-Hinton II broth (CA-MHB;
BBL, Sparks, MD) to mid-log-phase growth. The bacterial suspensions
were diluted to the desired concentrations and immediately used. The
bacterial densities in the suspensions were confirmed by quantitative cul-
tures.

Antibiotics. The six vancomycin HCI products for injection were pur-
chased directly from the U.S. marketplace through local pharmacies and
supplied to investigators at the University of Florida College of Medicine
by the FDA in a blinded manner, labeled A through F. The investigators
remained blinded to the manufacturers of the drugs until the studies were
completed and the draft of the manuscript was written. Products A
through E were supplied as vials of lyophilized sterile powders. Listed in
alphabetical order, the manufacturers were APP Pharmaceuticals, Inc.;
Hospira, Inc.; Mylan, Inc. (formerly Bioniche Pharma USA, LLC); Pfizer,
Inc. (formerly Akorn Strides LLC); and Sandoz, Inc. Each vial contained 1
g of vancomycin HCI for injection. These vials were stored at room tem-
perature. Vancomycin product F (Baxter Healthcare Corp.) was a brand-
name product that was provided as a premixed, ready-to-use solution for
intravenous (i.v.) use and, hence, was functionally not blinded. It was
provided as pharmaceutical i.v. bags, each containing 1 g of vancomycin
HCl in 200 ml of frozen solution. Product F was delivered frozen and was
keptat —20°C until use. Analysis of the purity of the vancomycin products
was completed by the FDA prior to shipment using the HPLC method
previously described (3). The results of the analysis are shown in Table 1.
Also shown in Table 1 are the manufacturers of the vancomycin products,
which became known to the investigators after the experiments and anal-
ysis of the results were completed. For this project, the dosages and con-
centrations of vancomycin used in the in vivo and in vitro studies, respec-
tively, were based on the labeled weights of 1 g per container. We did not
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adjust for the purity measurements derived from the analyses conducted
by the FDA when preparing the solutions for the in vitro and in vivo
experiments. All of the vancomycin products contained no excipients
other than sodium hydroxide and hydrochloric acid used by the manu-
facturers for pH adjustment in some preparations.

Vancomycin products A through E were reconstituted with 20 ml of
sterile water for injection (Hospira, Inc., Lake Forest, IL) to a concentra-
tion of 50 mg/ml. The drugs were then diluted with sterile normal saline
for injection (Hospira, Inc.) to the desired concentrations for use in ani-
mals or CA-MHB for the in vitro experiments. The vials of reconstituted
drugs and the i.v. bag of defrosted product F were stored at 4°C for up to
14 days before they were discarded. The (working) solutions administered
to the animals or that were evaluated in the in vitro experiments were used
immediately or were stored at 4°C and were used within 24 h.

Mouse and human sera. Pooled female CD-1 mouse serum and
pooled human serum were purchased from Gemini Bio-Products (Sacra-
mento, CA). CD-1 mouse serum was selected because this strain of mouse
was used in the investigations reported by Vesga and colleagues (11). The
mouse serum was delivered frozen within 24 h after collection from mice.
Frozen human serum was delivered to the investigators within 1 week
after collection (after the screenings for blood-borne pathogens were
completed). The sera were stored at —20°C upon receipt. The mouse and
human sera were used for the susceptibility testing and protein binding
studies within 48 h of receipt. Only for the susceptibility studies, a portion
of the sera were briefly heated to inactivate complement.

Susceptibility studies. The MICs for the six vancomycin products
were determined for the three S. aureus isolates in CA-MHB using the
broth microdilution method specified by the CLSI (14, 15). The MICs
were read after the cultures had incubated at 35°C for 24 h. Subsequently,
broth microdilution susceptibility studies were conducted simultane-
ously in CA-MHB with and without 50% and 80% complement-inacti-
vated mouse and human sera in order to determine the effect of protein
binding on the biological activities of the vancomycin products. The sus-
ceptibility studies were conducted at least 6 times. MBC values were de-
termined by subculturing 0.01 ml of the bacterial suspensions onto blood
agar plates. The MBC was defined as the lowest concentration of vanco-
mycin that reduced the total colony count by at least 3 log CFU/ml in 24 h.

Protein binding studies. The protein binding rates for the six vanco-
mycin products to mouse and human serum were determined by an ul-
tracentrifugation method using Centrifree Ultrafiltration devices (Milli-
pore, Carrigtwohill, Cork, Ireland). The protein binding studies were
conducted in duplicate on 2 days (for four trials) for 1-, 60-, and 300-mg/
liter concentrations of the vancomycin products. The concentrations of
the drugs in the serum and the supernatants were measured with a vali-
dated LC-MS/MS assay.

Vancomycin bioassay. The relative activities of the vancomycin prod-
ucts were assessed with the bioassay method using Bacillus subtilis ATCC
6633 and medium 8 as described by the USP (5). The vancomycin B
standard was obtained from USP. Initial studies were conducted with the
bioassay to identify the concentrations of the USP vancomycin standard
that produced a linear relationship between drug concentrations and the
diameters of the zones of growth inhibition. The concentration of the
vancomycin standard that was near the middle of the linear standard
curve was 25.6 mg/liter. Next, the potencies of the vancomycin products
were assessed. Briefly, 40 wl of different concentrations of the vancomycin
standard was added to three of six cylinders that were placed onto the
surface of each agar plate. One of the cylinders on each agar plate received
a 25.6-mg/liter solution of the vancomycin standard. Forty microliters of
a 25.6-mg/liter solution of one of the other vancomycin products was
added to the remaining 3 wells. After 16 h of incubation at 35°C, the
diameters of the zones of inhibition were measured with a caliper. The
potencies of vancomycin products A through F were calculated using
the standard curve that was produced with the data generated with the
vancomycin standard and by directly comparing the zones of inhibition of
the 25.6-mg/liter concentration of the vancomycin standard with the
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other vancomycin product inoculated onto that agar plate. The bioassay
was conducted three times each day for 3 days. The calculated concentra-
tions of products A through F were expressed as a percentage relative to
the biological activity of the vancomycin standard. The results of the stud-
ies were averaged. Analysis of variance (ANOVA) was applied to the data
to determine if there was a statistical difference in the activities of the
vancomycin products.

In vitro time-kill studies. S. aureus GRP-0057 in CA-MHB was incu-
bated at 35°C in a water shaker bath to achieve mid-log-phase growth. The
bacterial suspension was diluted with fresh medium to 10° CFU/ml. The
bacterial suspension was dispensed into flasks and was incubated at 35°C
in a water shaker bath. A vancomycin product was added to the flasks to
achieve vancomycin concentrations that were 0, 1, 2, 4, 10, and 20 times
the MIC for the microbe. At 0, 2, 4, 6, 8, and 24 h of incubation, a sample
was collected from each flask. The samples were washed twice with sterile
saline to prevent drug carryover before they were quantitatively cultured
on blood agar plates. After the cultures had incubated for 24 h at 35°C, the
colonies were enumerated.

In a separate series of studies, single multiples of a vancomycin MIC
(i.e., 1, 2, 4, 10, or 20 times MIC) for the six vancomycin products were
examined simultaneously in time-kill studies in order to eliminate inter-
day variability. These time-kill studies were executed using the protocol
described in the paragraph above.

Mice. Female CD-1 mice (22 to 25 g) were purchased from Charles
River Laboratories (Frederick, MD). CD-1 mice were chosen since this
strain was used in the studies reported by Vesga and colleagues (11).
Neutropenia was induced by treating each mouse with 150 mg/kg of body
weight of cyclophosphamide (Sigma-Aldrich Inc., St. Louis, MO) via the
intraperitoneal (i.p.) route 4 days prior to bacterial inoculation and 100
mg/kg of cyclophosphamide given i.p. 1 day prior to bacterial challenge.
This regimen resulted in neutropenia in mice (neutrophil count of <100
cells/ml) for at least 5 days from the time that the second dose of cyclo-
phosphamide was administered (data not shown). All experimental
methods using mice were approved by the University of Florida’s Institu-
tional Animal Care and Use Committee.

Dose-range studies and inhibitory sigmoid E, ,, (maximal effect of
the antibiotic in reducing bacterial density) effect modeling. The six
vancomycin products were evaluated simultaneously in the comparative
in vivo dose-range experiments for each of the three S. aureus strains.
Transient neutropenia in mice was induced with cyclophosphamide using
the protocol described above. One day after the second dose of cyclophos-
phamide was administered, the mice were injected in each posterior thigh
muscle with 3 X 10* CFU of an S. aureus isolate in 0.1 ml of CA-MHB. The
bacterial inoculum was confirmed by quantitative cultures. Two mice per
time point were sacrificed immediately after bacterial inoculation and 2 h
later. Both posterior thigh muscles were collected from each mouse and
were separately homogenized and quantitatively cultured in order to de-
termine the bacterial density in thigh muscles at baseline and to confirm
that the bacteria were in log-phase growth prior to the start of therapy.
The remaining infected mice were divided into six treatment groups for
each of the simultaneously tested vancomycin products. An additional
group of mice served as the untreated control arm. For strain GRP-0057,
doses ranged from 18.75 mg/kg/day through 1,200 mg/kg/day to replicate
the range of vancomycin dosages examined by Vesga et al. in their murine
studies with S. aureus GRP-0057 (11). The doses studied for ATCC 33591
ranged from 4.69 to 300 mg/kg/day, and those for ATCC 29213 ranged
from 9.88 to 300 mg/kg/day. The vancomycin products were given sub-
cutaneously (s.c.) as four equally divided doses every 6 h. The different
dosages of the vancomycin products were selected for examination for the
three S. aureus strains based on the results of pilot dose-range studies that
were conducted using 0 to 1,200 mg/kg/day of vancomycin product B
(Fig. 1). This vancomycin product had the highest purity of the blinded
generic drugs (91.6% to 92.9%). Product F was not used in the pilot study
because larger volumes of the premixed solution needed to be used to
administer the higher dosages. The dosages selected for further evaluation
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FIG 1 Pilot dose-range studies for the three S. aureus strains using vancomycin product B in the neutropenic mouse thigh infection model. The two MSSA
(GRP-0057 and ATCC 29213) strains had vancomycin MICs of 1 mg/liter. The MRSA strain ATCC 33591 had a MIC of 2 mg/liter. The error bars represent 1
standard deviation. The inset shows the effect of the vancomycin product on the three S. aureus strains at the lower dosages.

were those that were predicted to lie on the steep portion of the dose-
response curve based on the pilot experiments. At hour 26 (24 h after
initiation of treatment), two mice per group were sacrificed. Both poste-
rior thigh muscles were collected from each mouse and were separately
homogenized and quantitatively cultured. After the cultures had incu-
bated for 24 h, the colonies were enumerated. The comparative vancomy-
cin dose-range studies for the six vancomycin products were performed
twice for each bacterial strain.

An inhibitory sigmoid E, ., effect model was fitted to the data: E =
E.on — [(Epax X dose™)/(dose™ + EC5,™)], where E is microbial effect,
E.,, is the microbial density in the control arm at 24 h after therapy
initiation (26 hours after infection), E, . is the maximal effect of the
antibiotic in reducing the bacterial density in logs, dose is the drug expo-
sure for 24 h, ECy, is the exposure for which there is 50% of maximal kill,
and H is the Hill constant. Comparisons across groups for a bacterial
isolate were made by examining the point estimates of E, ,, and EC and
their 95% confidence intervals, as these parameter values relate drug ex-
posure to microbial kill.

The inhibitory sigmoid E_,, effect model employed inverse of the
observation variance weighting as the best approximation to the ho-
moscedastic assumption. The ADAPT V package of programs (16) was
employed to obtain point estimates of parameter values and their atten-
dant 95% confidence intervals.

Single-dose pharmacokinetic studies for the vancomycin products.
Neutropenic mice were challenged in each posterior thigh muscle with
3 X 10* CFU of MSSA strain GRP-0057. Two hours later, mice were given
a single dose of a vancomycin product at 10, 20, or 40 mg/kg via the s.c.
route. At 20, 40, 60, 80, 100, 120, 140, and 160 min after drug administra-
tion, 3 mice per group were sacrificed. Blood was collected from individ-
ual mice by cardiac puncture and was placed on ice in vials containing
EDTA. The plasma was frozen at —80°C. The concentration of drug in
plasma was measured by LC-MS/MS. All pharmacokinetic data were pop-
ulation modeled with the program Non-Parametric Adaptive Grid
(NPAG) (17) using a two-compartment model with first-order input.
Cohorts of animals at a specific dose and at a specific time point had their
concentration data averaged. The variances were employed in an inverse-
observed-variance weighting scheme to give the best approximation to the
homoscedastic assumption. As the dynamic driver for vancomycin bac-
terial kill for S. aureus is AUC/MIC ratio (18, 19), the point estimate of
clearance and its attendant 95% confidence interval were employed as the
metric for comparing the six different vancomycin products.

LC-MS/MS assay. Frozen CD-1 mouse and human sera were obtained
from Gemini Bio (West Sacramento, CA), thawed, and aliquoted into
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vials and stored at —20°C until further use. HPLC-MS-grade water, ace-
tonitrile, formic acid, and methanol were obtained from Fisher Scientific
(Pittsburgh, PA). Vancomycin HCI hydrate was obtained from Sigma-
Aldrich (St. Louis, MO). Linezolid as an internal standard was purchased
from Curascript, Inc. (Orlando, FL), in an i.v. bag of 2-mg/ml solution.

The samples (vancomycin in plasma) were treated as follows: 25 ml of
internal standard solution was added to a 50-ml sample aliquot prior to
adding acetonitrile (200 ml) for protein precipitation. The resulting solu-
tions were centrifuged, and 200 ml of the supernatant was dried and
reconstituted with 100 ml HPLC water for analysis by LC-MS/MS.

The HPLC-MS/MS assay was done using a Thermo TSQ Vantage mass
spectrometer coupled with a Shimadzu Prominence UFLC system. Chro-
matographic separation was performed using a Thermo Scientific Hyper-
sil Gold C,4 column, 50 by 2.1 mm, 3-pm pore diameter, at a flow rate of
0.450 ml/min using a linear gradient of 0.1% (vol/vol) formic acid in
water and 0.1% (vol/vol) formic acid in acetonitrile. Vancomycin concen-
trations were calculated by monitoring the vancomycin MS/MS transition
from m/z 725 — m/z 144 and linezolid from m/z 338.0 — m/z 235.1. The
total analysis run time was 6.0 min. The concentration range was split into
lower and upper curves, from 0.28 to 90 mg/liter and 90 to 450 mg/liter,
respectively. Quality controls showed that overall accuracy and precision
ranged from 81 to 125% and 0.20 to 6.53%, respectively. The lower limit
of quantitation was 0.28 mg/liter. The lower limit of detectability was
0.028 mg/liter.

RESULTS

MIC and MBC values and impact of serum protein binding. The
susceptibility studies were performed at least 6 times per strain for
each vancomycin product. The impacts of 50 and 80% human
serum (HS) and murine serum (MS) on the MIC values were also
determined. The average MIC and MBC values of six vancomycin
products for the three S. aureus isolates are displayed in Table 2.
The data are shown as vancomycin A through F to reflect the
blinding of the products at the time that the experiments were
conducted. For the two MSSA strains GRP-0057 and ATCC
29213, the MIC:s for the six vancomycin products were 1 mg/liter
when the susceptibility studies were conducted in CA-MHB. The
MBC values in CA-MHB were 2-fold higher than the MIC values.
The addition of 50% and 80% human serum and 50% mouse
serum to the CA-MHB had no effect on the MIC and MBC values
for these S. aureus strains. However, the addition of 80% mouse
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TABLE 2 MICs and MBCs for 6 vancomycin products against three strains of S. aureus by a broth microdilution method using cation-adjusted
Mueller-Hinton broth alone and with 50% and 80% complement-inactivated pooled human serum and mouse serum*”

Geometric mean value, mg/liter (range)

S. aureus ATCC 29213

S. aureus GRP-0057

S. aureus ATCC 33591

Vancomycin
product Condition MIC MBC MBC/MIC ~ MIC MBC MBC/MIC MIC MBC MBC/MIC
A MHBalone 117 (1-2)  15(1-2) 128(1-2)  1.08(1-2) 1(1-1) 0.93(0.5-1) 2 (2-2) 3(2-4)  15(1-2)
50% HS 1(1-1) 25(1-4) 2.5 (1-4) 1(1-1) 15(1-2)  1.5(1-2) 2(2-2) 2(2=2)  1(1-1)
80% HS 1(1-1) 2(2-2) 2(2-2) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 2(2-2)  1(1-1
50% MS 1(1-1) 2(2-2) 2(2-2) 1(1-1) 15(1-2)  1.5(1-2) 2 (2-2) 3(2-4)  15(1-2)
80% MS 2(2-2) 4 (4-4) 2(2-2) 2(2-2) 2(2-2) 1(1-1) 2(2-2) 3(24) 15(1-2)
B MHBalone 1 (1-1) 15(1-2)  1.5(1-2) 1(1-1) 15(1-2)  1.5(1-2) 2(2-2) 3(2-4) 15(1-2)
50% HS 1(1-1) 15(1-2)  1.5(1-2) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 2(2=2)  1(1-1)
80% HS 1(1-1) 2(2-2) 2(2-2) 1(1-1) 1(1-1) 1(1-1) 1.5(1-2)  3(24) 2024
50% MS 1(1-1) 15(1-2)  1.5(1-2) 117 (1-2)  2(2-2) 1.71 (1-2) 2(2-2) 2(222)  1(1-1)
80% MS 2(2-2) 2(2-2) 1(1-1) 2(2-2) 3 (2-4) 1.5 (1-2) 2(2-2) 3(24) 15(1-2)
C MHBalone 1 (1-1) 15(1-2)  1.5(1-2) 108 (1-2) 15(1-2) 139 (1-2) 2(2-2) 3(2-4)  15(1-2)
50% HS 1(1-1) 1(1-1) 1(1-1) 1(1-1) 15(1-=2)  1.5(1-2) 2(2-2) 2(2-2)  1(1-1)
80% HS 1(1-1) 15(1-2)  1.5(1-2) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 2(222)  1(1-1)
50% MS 1(1-1) 15(1-2)  1.5(1-2) 117 (1-2)  25(1-4)  2.14 (1-4) 2(2-2) 2(2=2)  1(1-1)
80% MS 2(2-2) 3 (2-4) 1.5 (1-2) 1.5 (1-2) 2(2-2) 1.33 (1-2) 2(2-2) 3(2-4)  1.5(1-2)
D MHB alone 1 (1-1) 2(2-2) 2(2-2) 125(1=2)  1(1-1) 0.8 (0.5-1) 2(2-2) 3(24) 15(1-2)
50% HS 1(1-1) 1(1-1) 1(1-1) 1(1-1) 1.5(1-2)  15(1-2) 2(2-2) 2(2-2)  1(1-1)
80% HS 1(1-1) 2(2-2) 2(2-2) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 2(222)  1(1-1)
50% MS 1(1-1) 15(1-2)  1.5(1-2) 117 (1-2)  1(1-1) 0.85(0.5-1)  2(2-2) 2(2=2)  1(1-1)
80% MS 2(2-2) 4 (4-4) 2(2-2) 2(2-2) 4 (4-4) 2(2-2) 2(2-2) 3(2-4)  1.5(1-2)
E MHB alone 1 (1-1) 15(1=2)  1.5(1-2) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 3(24) 15(1-2)
50% HS 1(1-1) 1(1-1) 1(1-1) 1(1-1) 15(1-2)  1.5(1-2) 2 (2-2) 2(2-2)  1(1-1)
80% HS 1(1-1) 15(1-2)  1.5(1-2) 1(1-1) 15(1-2)  1.5(1-2) 2(2-2) 2(2=2)  1(1-1)
50% MS 1(1-1) 1.5(1-2)  15(1-2) 1.33(1-2)  3(2-4) 2.26 (2-4) 2(2-2) 2(2-2)  1(1-1
80% MS 2(2-2) 3 (2-4) 1.5 (1-2) 2(2-2) 3 (2-4) 1.5 (1-2) 2 (2-2) 3(2-4) 15(1-2)
F MHB alone 1 (1-1) 1.5(1-2)  15(1-2) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 2(2-2)  2(2-2)
50% HS 1(1-1) 1(1-1) 1(1-1) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 2(222)  1(1-1)
80% HS 1(1-1) 2(2-2) 2(2-2) 1(1-1) 1(1-1) 1(1-1) 2(2-2) 2(2=2)  1(1-1)
50% MS 1(1-1) 2(2-2) 2(2-2) 1.33(1-2)  3(2-4) 2.26 (2-4) 2(2-2) 3(2-4)  1.5(1-2)
80% MS 2(2-2) 4 (4-4) 2(2-2) 2(2-2) 2(2-2) 1(1-1) 2(2-2) 3(2-4)  15(1-2)

“ Abbreviations: MHB, Mueller-Hinton broth; HS, human serum; MS, murine serum; VAN, vancomycin.

serum to the CA-MHB increased the MIC and MBC values for the
six vancomycin products by 2-fold.

For the MRSA strain ATCC 33591, the MIC in CA-MHB was 2
mg/liter for all of the vancomycin products. The MBCs were the
same as or 2-fold higher than the MICs. For this bacterial strain,
the addition of human and mouse serum to the CA-MHB did not
affect the MIC or MBC values.

Microbiologic assay. The 25.6-mg/liter concentration for van-
comycin products A through F produced zones of inhibition that
were 100.2 = 4.5,101.6 £ 3.7,102.1 = 4.2,99.7 = 3.7,99.3 * 4.7,
and 100.6 * 4.6%, respectively, of the zone of inhibition for this
concentration of the USP vancomycin standard. Based on the mi-
crobiological data, there was no statistical difference between the
potencies of vancomycin products A through F (P = 0.64 by one-
sided ANOVA).

Protein binding rates. The protein binding rates for vancomy-
cin products A through F in pooled mouse serum ranged between
41.8 and 47.3% (Table 3). In pooled human serum, the protein
binding rates for the vancomycin products ranged between 33.8
and 36.8%.
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Time-kill studies. The MIC was 1 mg/liter for all of the vanco-
mycin products for the MSSA isolate GRP-0057. The exposure-
response relationship for vancomycin product A in the time-kill
study is shown in Fig. 2A for this S. aureus isolate. All of the other
vancomycin products performed similarly, with regrowth ob-
served with the 1X MIC and reduction in the bacterial density
with the 2X to 20X MICs (data not shown). The 4 X to 20X MIC
time-kill curves overlapped each other. In a separate series of
time-kill experiments, the 1 X MICs for the six vancomycin prod-
ucts were examined simultaneously, followed by time-kill studies
evaluating the 2X, 4X, 10X, and then the 20X concentrations.
Figure 2B through F shows the antimicrobial effects of individual
multiples of MICs for time-kill studies using MSSA strain GRP-
0057. For each multiple of MIC, the six vancomycin products
performed similarly.

Population pharmacokinetic analyses by vancomycin prod-
uct. The concentration-time profiles for 10, 20, and 40 mg/kg
given s.c. for the six vancomycin products are shown in Fig. 3.
There was a delay in the initial distribution of the highest dosage of
vancomycin product A (Fig. 3C) and the C,,,, (maximum con-
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TABLE 3 Protein binding rates for the six vancomycin products in pooled mouse and human sera“

Binding rate (% * 1 SD) for vancomycin product:

Vancomycin
Serum concn (mg/liter) A B C D E F
Mouse 1 431599 468+ 43 43.0+83 47+ 44 409 +37 40.6 + 6.5
60 43.6 + 6.9 440+ 5.5 479+ 2.8 357 = 4.2 46.9 3.2 43134
300 47.5 *11.0 40.3 = 13.4 50.9 £ 5.7 45.1 = 4.5 48.4 = 4.0 459 = 5.6
Mean binding rate 4793 43777 47356 418+ 44 45437 43252
Human 1 40.1 = 6.4 35.6 £9.2 42,4 *+ 3.1 374 = 8.7 33.1 6.1 35.1 £5.7
60 413 = 7.1 37.0 £ 1.6 35.6 £ 4.2 33344 357 2.8 322 *+55
300 27.9 £ 6.2 33.3 £ 8.4 324 £ 48 30.7 = 8.1 34.6 = 2.6 429 = 5.5
Mean binding rate 36.4 £ 6.5 353 £ 6.4 36.8 = 4.1 33.8 7.1 34.5* 3.9 36.7 = 5.6

“ The protein binding experiments were conducted in duplicate on two separate days (four samples for each vancomycin product and dose).

centration of drug in serum) values of this dose of vancomycin rived from the single-dose pharmacokinetic studies showed that
product A and the 20-mg/kg dose of vancomycin product C were  the 95% confidence intervals for the clearances of vancomycin in
lower than the values for the other vancomycin products. Other-  the six products overlapped, indicating that the clearances of van-
wise, the pharmacokinetic profiles for the vancomycin products  comycin for the products were not statistically different (Fig. 4).

were similar. Population pharmacokinetic analysis of the data de- We chose to present the pharmacokinetic analysis as total
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FIG 2 Time-kill studies for MSSA strain GRP-0057 for the six vancomycin products with exposures ranging from 1X MIC through 20X MIC. (A) All the
multiples of MICs conducted in a single study for vancomycin product A. The results were similar for the other vancomycin products (data not shown). (B to F)
Studies in which the microbiological activities of the six vancomycin products were examined simultaneously for a single multiple of the MIC. The MIC for the
six vancomycin products for this S. aureus strain was 1 mg/liter.
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FIG 3 Concentration-time curves for single doses of the six vancomycin products delivered to mice with S. aureus thigh infections at 10 mg/kg (A), 20 mg/kg (B),
and 40 mg/kg (C) via the s.c. route. The error bars represent 1 standard deviation.
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FIG 4 Mean plasma clearances (liters/h) and 95% confidence intervals for
six vancomycin products as determined by a population pharmacokinetic
model in mice with thigh infections due to MSSA strain GRP-0057.
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clearances because the pharmacodynamic driver for vancomycin
for bacterial kill is the AUC/MIC ratio (18, 19). As the MIC is a
fixed value, differences would need to be explained by AUC, which
is calculated using the equation AUC = dose/clearance (CL).
Since the vancomycin in the six parenteral products does not dif-
fer in total clearance, any mg/kg dose of the vancomycin products
is expected to generate similar AUC values.

Comparative dose-range effects of the six vancomycin prod-
ucts in a neutropenic mouse thigh infection model. The compar-
ative dose-range studies for MSSA strain GRP-0057, the S. aureus
strain used by Vesga et al. (11) in their in vitro and in vivo evalua-
tions of several vancomycin products, are shown in Fig. 5. Overall,
in our comparative experiments, the six vancomycin products
produced similar amounts and rates of reduction of the bacterial
counts per dosage (Fig. 5 and accompanying inset). Also, all of the
vancomycin products had similar maximal killing effects, reduc-
ing the bacterial density for this S. aureus strain by approximately
5log CFU/ml. Vancomycin product A had an outlier for the mean

January 2015 Volume 59 Number 1


http://aac.asm.org

10
8
1 s
2 4 ~4—Product A
8 © 2
=0 ~@-Product B
w 6 0 20 40 60 80 100
B me/kg/d ~&—Product C
"
o 4
® ——Product D
= 2
~~Product E
g ~o-Product F
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

mg/kg/d

FIG 5 Dose-range study for six vancomycin products in a neutropenic murine
thigh infection model with the total daily dose given as four equally divided
doses administered every 6 h. The mice were infected with S. aureus strain
GRP-0057. The results are the averages of two experiments. The error bars
represent 1 standard deviation. The outlier data point for 150 mg/kg/day for
vancomycin product A was not statistically different from the quantitative
culture results for the same dose of the other vancomycin products (P > 0.05).
The inset shows the overlapping of the antimicrobial activities for the steep
portion of the dose-response curves, which underscores the similarity of anti-
microbial effects of the vancomycin products. The inhibitory sigmoid E_,,
analysis of all of the data derived from the dose-response studies for this strain
and two other S. aureus strains are shown in Table 4.

quantitative culture value for the 150-mg/kg/day dose. However,
the value was statistically similar to the quantitative culture results
for the same dose of the other vancomycin products (P = 0.61 by
ANOVA). An Eagle effect was not observed for the higher dosages,
which included the same total daily dosages examined by Vesga
and colleagues (11).

Inhibitory sigmoid E,,,,, modeling was applied to the compar-
ative dose-range data for data shown in Fig. 5 for MSSA strain
GRP-0057 and for the two other S. aureus strains. All of the data

Activities of Six Parenteral Vancomycin Products

generated from the dose-range studies were used in the modeling.
Table 4 shows the estimated E,,, values and ECs,s and the respec-
tive 95% confidence intervals derived from the inhibitory sigmoid
E, .. modeling of the dose-response effects for the six vancomycin
products when they were examined simultaneously in mice that
were infected with the three S. aureus strains. In addition, the
coefficients of determination (r?) for the overall fit of the inhibi-
tory sigmoid E,,,, model to the data for each of the 18 dose-range
studies (three bacterial isolates and 6 vancomycin generic prod-
ucts) are shown.

For the three S. aureus isolates examined, the 95% confidence
intervals were overlapping for both E . and ECs, estimates for
the six vancomycin products tested for the three S. aureus strains
( Fig 6). This indicates that the six vancomycin products produced

E, . bacterial killing effects that were not statistically different for
each bacterium, and the dose producing half-maximal bacterial
kill was also not different. None of the data points were excluded
from the analysis.

DISCUSSION

In this project, we did not find significant differences in the in vitro
and in vivo microbiological activities among six of the vancomycin
products for parenteral use, which were marketed in the United
States. Vesga et al. (11) performed an extensive evaluation of the
innovator product (vancomycin manufactured by Eli Lilly &
Company) and three generic vancomycin products, two of which
were manufactured in the United States. They found no in vitro
differences in the antimicrobial activities among the four products
based on MIC and MBC measures, time-kill studies, and a micro-
biological assay. Furthermore, they reported that the serum pro-
tein binding rates and the vancomycin serum pharmacokinetics of
the different products in infected mice were similar. However,

TABLE 4 E_ . and EC;, values and respective 95% confidence intervals derived by fitting the inhibitory sigmoid E,,,, equation to all of the dose-

response data for the three Staphylococcus aureus isolates for six of the parenteral vancomycin products available in the United States
Vancomycin

Bacterial isolate product E o (95% CI°) ECs,” (95% CI) >

GRP-0057 A 4.425 (2.822 t0 6.027) 37.31 (17.89 to 56.72) 0.947
B 4.977 (4.232 t0 5.721) 50.70 (36.96 to 64.44) 0.999
C 5.217 (4.917 to 5.517) 39.75 (32.97 to 46.52) 0.995
D 4.892 (4.611 t0 5.172) 45.15 (38.96 to 51.33) 0.999
E 4.920 (4.530 to 5.311) 38.29 (36.63 to 39.96) 0.975
F 4.985 (4.698 to 5.271) 43.43 (25.50 to 61.35) 0.989

ATCC 33591 A 4.981 (4.754 to 5.209) 22.33 (14.17 to 30.50) 0.985
B 5.349 (3.720 to 6.979) 24.88 (—5.339 t0 55.10) 0.966
C 5.372 (3.670 to 7.073) 18.97 (—3.333 to 41.26) 0.847
D 5.093 (4.001 to 6.185) 17.50 (10.80 to 24.20) 0.989
E 5.440 (5.145 to 5.736) 22.59 (15.85 to 29.34) 0.985
F 4.934 (4.460 to 5.409) 18.34 (14.74 to 21.93) 0.950

ATCC 29213 A 5.675 (5.318 to 6.032) 17.10 (13.43 to 20.77) 0.922
B 5.728 (5.250 to 6.206) 14.87 (8.064 to 21.67) 0.961
C 5.369 (4.852 to 5.886) 18.21 (15.20 to 21.22) 0.621
D 5.893 (5.462 to 6.324) 27.35 (10.59 to 44.10) 0.996
E 6.078 (4.650 to 7.507) 29.37 (4.692 to 54.05) 0.861
F 5.898 (5.284 to 6.511) 29.47 (12.92 to 46.02) 0.967

@ E hax 1s the maximal cell kill generated by the product.

b ECs, is the vancomycin product dose that produces half the maximal cell kill.
¢ CI, confidence interval.

4 value for inhibitory sigmoid E, . relationship.
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for the three S. aureus isolates for six of the parenteral vancomycin products available in the United States.

these investigators found major differences between the innovator
and generic products in the amount of bacterial killing generated
in a neutropenic murine thigh infection model. Indeed, there were
differences noted among generics as well as between generics
and the innovator product. Surprisingly, in some instances the
amount of bacterial killing by some of the vancomycin products
reached a maximum and then declined with increasing drug ex-
posure. Such behavior is worrisome, as many patients have life-
threatening S. aureus infections. Given that guidelines for the use
of vancomycin now recommend exposures that would push into
the range where less activity was seen in the Vesga et al. paper (11),
such drug behavior would increase the risk of patient mortality.
The findings reported by Vesga and colleagues prompted the
FDA to evaluate the quality and potency of the six vancomycin
products for injection that were available for clinical use in the
United States at the time that those studies were initiated. The
FDA measured the purity (percentage of the active component of
vancomycin [vancomycin factor B]) and the amount of impurities
in these vancomycin preparations using UPLC and HPLC meth-
ods (3). No differences were found in the amounts of active drug
substance, vancomycin factor B, in the products. The purity of the
vancomycin products ranged from 90 to 95% by HPLC and 89 to
94% by UPLC, levels which met the marketplace standards for
vancomycin factor B of not less than 80%. Also, none of the indi-
vidual impurities in the vancomycin products exceeded the USP
maximum standard of 9%. Importantly, the amount of crystalline
degradation product 1 (CDP-1), a degradation by-product of van-
comycin factor B that might decrease the activity of vancomycin
factor B (11), was no more than 2% in any of the vancomycin
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products. Spiking the six vancomycin products with 9% CDP-1
decreased the potency of the six vancomycin products from 97 to
112% to 98 to 105% (4). These values are well within the USP
potency criteria for vancomycin products of 90 to 115% (6). Thus,
the amount of CDP-1 measured in the vancomycin products was
unlikely to have an impact on the activity of these products.

To complete this evaluation, our laboratory investigated both
the in vitro and in vivo activities of the six vancomycin products
that were assessed by the FDA. Concordant with the findings of
Vesga et al. (11), we did not detect differences in the in vitro mi-
crobiological activities of any of the vancomycin products as mea-
sured by MIC and MBC. The addition of 50% or 80% human
serum or murine serum to the test system had similar effects on
the MICs and MBCs of the vancomycin products. In the time-kill
studies, the six vancomycin products performed similarly. There
was regrowth at 1X MIC. Higher multiples of MICs produced
sustained bacterial killing over the 24-hour experiments. There
was little difference in the amount of bacterial killing between the
4X, 10X, and 20X MIC arms. An Eagle effect was not observed
with any of the concentrations examined. Also, the pharmacoki-
netic studies that were conducted in infected mice demonstrated
that there was also no difference in the clearances (and, hence,
AUCs) between the vancomycin products.

In contrast to Vesga et al., we did not find a statistical difference
for E,, or ECss across any of the vancomycin products evaluated
in the mouse thigh infection model. Examination of the 95% con-
fidence intervals about the point estimates demonstrates overlap
for all products for an individual bacterial isolate for both param-
eter estimates. These estimates are the measures of bacterial kill in

January 2015 Volume 59 Number 1


http://aac.asm.org

vivo. In the evaluations for strain GRP-0057, all the coefficients of
determinations (1*) were greater than 0.9, indicating an acceptable
fit of the model to the data. For isolate ATCC 33591, five of six had
7* values in excess of 0.9. Generic product C had an r* of 0.847.
This value was caused by one outlier point (observed value of
6.749 logs; predicted value of 4.633 logs). We did not remove the
point, and it did not affect the estimation of E_,.. As we were
seeking to exclude a process like that seen by Vesga et al. (11),
where higher exposures generated less cell kill, we felt that it was
unwise to exclude data points that the model “did not fit.” The
highest exposure produced an effect that was accurately predicted
by the model and showed no tendency toward the loss of activity
that was reported by Vesga et al. for some of the generic vancomy-
cin products that they evaluated. For isolate ATCC 29213, four of
six evaluations had r* values in excess of 0.9. Product C had a value
0f0.621, while product E had a value 0f 0.861. For product C, there
were two outliers in the middle of the exposure range, with ob-
served values of 6.616 logs and 6.045 logs being predicted as 3.418
and 3.057 logs, respectively. The last two exposures produced ef-
fects well predicted by the model. Finally, for product E, we saw a
single outlier, where the observed value was 6.216 logs and the
predicted was 3.818 logs. This was in the middle of the exposure
range, and subsequent higher exposures had effects well predicted.
Indeed, examining the confidence intervals for E, ,, surrounding
the four outlier outcomes demonstrates that they were all well
estimated.

The innovator vancomycin product is no longer produced by
Eli Lilly & Company and, therefore, was not available for use in the
current project. However, in the studies in which we infected mice
with the same S. aureus GRP-0057 strain that was used by Vesga et
al., the amount of bacterial killing by the vancomycin products
used in our in vivo studies approximated those for the innovator in
the murine experiments reported by Vesga et al. Furthermore, for
mice infected with the S. aureus strain GRP-0057, we did not ob-
serve the paradoxical regrowth with the same higher dosages of
vancomycin that were evaluated by Vesga et al. Hence, we are
confident that the loss of activity seen in the Vesga et al. paper (11)
did not occur in the current evaluation.

Recently, Tattevin et al. (13) compared the activities of six ge-
neric vancomycin products for injection in a rabbit model of
staphylococcal endocarditis. Two of the vancomycin products
were purchased in the United States, two in France, and one each
in Spain and Switzerland. They found no difference in the potency
of the drugs in time-kill studies. The pharmacokinetics of the
products were similar, as were the amounts of killing of the bac-
teria in the cardiac vegetations and spleens of rabbits with exper-
imental S. aureus endocarditis and bacteremia.

Is there an explanation for the discordance with the Vesga et al.
paper? In order to minimize differences between the two labora-
tories, two of the three S. aureus strains (GRP-0057 and ATCC
29213) evaluated in the current project were kindly provided by
0. Vesga. We also used the same gender and strain of mice em-
ployed by Vesga et al. (female CD-1 mice), albeit from a different
colony of mice. Although the innovator product is no longer man-
ufactured by Eli Lilly & Company and, hence, was not available for
examination in the current project, the amount of killing of S.
aureus GRP-0057 by the vancomycin products examined in our
project approximated the degree of killing reported by Vesga and
colleagues. Vesga et al. did examine different vancomycin prod-
ucts (and lots) than our laboratory did. The findings of Hadwiger

January 2015 Volume 59 Number 1

Antimicrobial Agents and Chemotherapy

Activities of Six Parenteral Vancomycin Products

etal. (4), in which the addition of 9% CDP-1 to the six vancomy-
cin products available in the United States had no effect on the
drug potency, strongly suggest that CDP-1 was not responsible for
the discordant results. Finally, and, perhaps most importantly, the
studies conducted by Vesga et al. (11) stretched over 7 years. In
2005 and 2009, two new vancomycin products that entered the
marketplace were examined by Vesga and colleagues. These van-
comycin products were manufactured in the United States by Bax-
ter Healthcare Corp. and Hospira, Inc., using the protocols of the
innovator, Eli Lilly & Company. In the in vitro and in vivo exper-
iments conducted by Vesga et al., these products performed as
well as the innovator (11). The vancomycin products manufac-
tured by Baxter Healthcare Corp. and Hospira, Inc., were included
in our project. It may be that the time frame of evaluation and
change in products over time may be important.

We felt that the current study was required to document the
relative in vitro and in vivo activities of the vancomycin products
currently available in the United States. The findings of Hadwiger
et al. and Nambiar et al. (3, 4), which examined the quality and
potency of six of the vancomycin products sold in the U.S. mar-
ketplace today, together with the in vitro/in vivo pharmacody-
namic analysis described in the current report, support the con-
clusion that there is no concern regarding the effectiveness of the
parenteral vancomycin products in use today in the United States.
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