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Abstract The availability of reproducible broth microdilution
(BMD) methods including inter log, antibiotic dilutions for
measuring Staphylococcus aureus (SA) vancomycin minimum
inhibitory concentrations (MICs) within the susceptible range
is needed to elucidate the impact of vancomycin MICs on
clinical outcomes of invasive SA infections. Here, we report
on the development of a very precise BMD method that incor-
porates the following incremental antibiotic concentrations:
0.50, 0.62, 0.75, 0.87, 1.0, 1.25, 1.40, 1.50, 1.60, 1.75, and
2.0 ug/mL. The intra- and inter-assay coefficients of variation
of this method were around 20%. The mean of the differences
in MIC values for all isolates obtained across two independent
runs performed at one center was 0.04 pg/mL [95% confidence
interval (CI), 0.011-0.07 pug/mL] and that for ten isolates mea-
sured at two different centers was 0.04 pg/mL (95% CI, 0—
13 pg/mL). Vancomycin MIC values differed by less than
0.1 pg/mL between runs for most isolates. Storage of isolates
at—20 °C for up to 3 months had no impact on the vancomycin
MIC values. The mean vancomycin MIC values obtained by
the Etest using a standard inoculum (0.5 McFarland) were sig-
nificantly higher (p <0.001) than those measured by BMD and
the MIC values measured by the two methods correlated poorly
(Rho, 0.319; p = 0.148). Nevertheless, the mean MIC values
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measured by the Etest using lower inocula (107 or 10° CFU/
mL) and those measured by BMD were comparable and cor-
related significantly (p = 0.004 for 10’ CFU/mL and p = 0.029
for 10° CFU/mL).

Introduction

Bloodstream infections caused by Staphylococcus aureus
(SA), which are either susceptible (MSSA) or resistant to
methicillin (MRSA), carry high morbidity and mortality rates
[1]. There has been controversy in recent years as to whether
or not bacteremia and endocarditis due to SA strains with
elevated vancomycin minimum inhibitory concentration
(MIC) values, but within the susceptible range (>1.5 ng/
mL), as measured by the Etest, are associated with poorer
clinical outcomes (see [2—4] for systematic reviews and me-
ta-analyses). These studies are methodologically flawed ow-
ing to the suboptimal intra- and inter-assay precision of the
vancomycin Etest method [5], so that miscategorization of
isolates as having low (<1 pug/mL) versus high (>1.5 ug/
mL) susceptibility could well have occurred [5]. In addition,
it is well known that vancomycin MIC values measured by the
Etest correlate poorly with those determined by broth
microdilution (BMD) and agar dilution assays, these currently
being the reference methods according to international agen-
cies (i.e., Clinical and Laboratory Standards Institute, CLSI,
and the European Committee on Antimicrobial Susceptibility
Testing, EUCAST) [6-8]. Conventional BMD methods use
serial 2-fold doubling dilutions of antimicrobials, whereas
the Etest method provides additional MICs that fall between
these concentrations. Thus, given the narrow MIC margin for
isolate categorization (low vs. highly susceptible), the BMD
method, as traditionally performed, is inappropriate for
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shedding light on the above issue. Here, we report on the
development of a robust BMD method that incorporates sev-
eral “inter log, dilution” concentrations of vancomycin.

Materials and methods
Bacterial isolates

In total, 50 SA isolates (MSSA, n = 28 and MRSA, n = 22)
recovered from blood cultures (BD BACTEC™ Plus Aerobic/
F and Plus Anaerobic/F medium bottles incubated in an auto-
mated continuous monitoring blood culturing instrument,
BACTEC™ FX, Becton Dickinson, BD Diagnostics,
Franklin Lakes, USA) at the Microbiology Service of
Hospital Clinico Universitario (HCU) were selected for this
study. These isolates had been cryopreserved at —70 °C in
glycerol-containing brain-heart infusion (BHI) broth for a me-
dian of 556 days (524-588 days). The isolates were genotyp-
ically characterized by means of a commercially available
DNA gene microarray (Staphylococcus aureus Genotyping
Kit 2.0; Clondiag, Jena, Germany), as previously described
[9]. For the current study, care was taken to include a wide
variety of SA clonal types; namely, among MSSA isolates:
CC5 (n=2), CC6 (n=2), CCY (n=1), CC12 (n = 3),
CCI5 (n=2), CC22 (n = 1), CC30 (n = 8), CC45 (n =17),
CC97 (n = 1), and CC121 (n = 1), and among MRSA, CC5
(n=14), CC8 (n =2), CC22 (n =3),and CC88 (n = 1). All
isolates were susceptible to vancomycin as determined by the
Etest and none were heteroresistant as assessed by the Etest
macromethod using a 2.0 McFarland inoculum [9].

Measurement of vancomycin MICs by a BMD method

Frozen stocks were thawed and the isolates were subcultured
overnight on trypticase soy agar plates with 5% sheep’s blood
(BD). Vancomycin MICs were measured by using BMD
panels prepared in-house following CLSI recommendations
[10, 11]. Vancomycin powder (100 mg) with a potency of
>900 pg of vancomycin per mg was obtained from Sigma
Aldrich Chemicals (St. Louis, MO, USA). Vancomycin was
redissolved in sterile water and used to prepare antimicrobial
solutions at concentrations of 0.50, 0.62, 0.75, 0.87, 1.0, 1.25,
1.40, 1.50, 1.60, 1.75, and 2.0 ug/mL in cation-adjusted
Mueller—Hinton broths (Sigma Aldrich). A volume of
100 puL of each vancomycin solution was dispensed into U-
bottomed 96-well sterile plates (Greiner CELLSTAR, Bio-
One from Sigma Aldrich). Isolates were resuspended in sterile
demineralized water to achieve a 0.5 McFarland standard as
measured by the Vitek DensiCheck nephelometer
(bioMérieux diagnostics, Marcy—l’Etoile, France) and then di-
luted in Mueller—Hinton broth (Sigma Aldrich) to achieve a
10° CFU/mL suspension. A volume of 100 pL of the
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appropriate antibiotic dilution was dispensed per well. Then,
avolume of 5 puL of each isolate suspension was transferred to
each well. The BMD results were read visually after 24 h of
incubation at 35 °C in ambient air. We found no inter-observer
variability in MIC readings (all authors examined BMD plates
while optimizing the assay). ATCC 29213 was used for qual-
ity control. MICs were recorded as the lowest concentrations
that inhibited bacterial growth.

Measurement of vancomycin MICs by broth Etest

The Etest was performed using Etest strips from bioMérieux
(Marcy—l’Etoile, France) on Muller—Hinton agar (BD), as pre-
viously reported [5]. Three different bacterial inocula were
used in these experiments: 1 x 10® CFU/mL (0.5
McFarland), 1 x 10’ CFU/mL, and 1 x 10° CFU/mL. The
plates were read visually by EMM and RF after 24 h of incu-
bation at 35 °C in ambient air. SA ATCC 29213 was used for
quality control.

Testing schedule and data analysis

For the assessment of the intra-assay (within-run) and inter-
assay precision of the BMD method, all 50 SA isolates were
tested in quadruplicate in two different runs (run 1 and run 2).
The time elapsed between the two runs was 6 h. The same SA
subcultures were used for runs 1 and 2. Out of the 50 SA
isolates, 34 were retested in quadruplicate using frozen panels
(cryopreserved at —20 °C during 1 month). To evaluate the
inter-center reproducibility of the assay, ten isolates (five
MSSA and five MRSA) were tested (in quadruplicate) in par-
allel (same subculture, same day) at the Microbiology Unit of
Hospital San Francisco de Borja (HSFB) and at the
Microbiology Service of HCU. To assess the potential effect
of bacterial cryopreservation on vancomycin MIC values
measured by the BMD method, bacterial isolates were frozen
at —20 °C, recovered from storage at 1 and 3 months, and
subcultured once prior to repeat BMD testing (in quadrupli-
cate). The intra-assay (within-run) coefficient of variation
(CV) was calculated as follows: the CV for each isolate was
calculated by dividing the standard deviation (SD) of the set of
measurements (four for each isolate) by the mean (of four
measurements) and multiplying by 100. Finally, the average
of the individual CVs was denoted as the intra-assay CV. The
inter-assay and inter-center coefficients of variation were cal-
culated using the pooled standard deviation divided by the
overall mean of all duplicated samples (run 1 and run 2, or
run at HCU and run at HSFB) and then multiplying by 100. A
number of isolates were tested by the Etest (three different
inocula) in singlets in two different runs in order to determine
the inter-assay CV of the method. The degree of correlation
between vancomycin MIC values obtained by the BMD meth-
od and the Etest were analyzed by the Spearman’s rank test.
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The Wilcoxon signed-rank test was used for the analyses of
differences between paired samples (non-parametric distribu-
tion). p-Values <0.05 were deemed to be statistically signifi-
cant. Statistical analyses were performed with the aid of the
software SPSS version 23.

Results
Precision assessment of the BMD assay

The original vancomycin MIC values of the isolates selected
for this study, as measured by the Etest, are shown in Fig. la.
Likewise, the vancomycin MIC values distribution of isolates
measured in the first and second runs are depicted in Fig. 1b, c,
respectively. The modal MIC value was 0.75 pg/mL in both
runs, and the mean MIC values obtained in the first and sec-
ond runs were 0.70 pg/mL [95% confidence interval (CI),
0.65-0.74 pg/mL] and 0.74 pug/mL (95% CI, 0.70-0.79 ng/
mL), respectively. The intra-assay CVs were 22.4% and
20.9% in runs 1 and 2, respectively, the standard deviation
being 0.15 pg/mL in both runs. The mean of the differences
of MIC values for all isolates obtained across the two runs was

Fig. 1 Distribution of
vancomycin minimum inhibitory
concentration (MIC) values
among isolates used in the study
(n = 50). a Original MIC values
measured by the Etest.
Vancomycin MIC values
measured by broth microdilution
(BMD) in the first (b) and second
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0.04 ug/mL (95% CI, 0.011-0.07 pg/mL) and the standard
deviation of the differences was 0.119 pg/mL. In fact, the
vancomycin MIC values differed less than 0.1 pg/mL be-
tween runs for most isolates (z = 36) and no more than
0.5 pg/mL for all isolates. The inter-assay CV was 21.7%.
The mean of the differences of MIC values for ten isolates
obtained across a single run performed in parallel at two dif-
ferent centers (HCU and HSFB) was also 0.04 pg/mL (95%
CI, 0-0.08 pg/mL) and the standard deviation of the differ-
ences was 0.12 pg/mL.

Comparable intra- and inter-assay CVs were observed
when frozen vancomycin plates were used for vancomycin
MIC measurements (intra-assay CV of 21.9% and inter-
assay CV of 22.1%). In addition, the MIC values measured
when using frozen plates (mean, 0.74 pg/mL; 95% CI, 0.68—
0.79 pg/mL) were similar to those measured in the two runs.

Effect of cryopreservation on vancomycin MIC values
A decrease in vancomycin MIC values measured by BMD
methods has been reported to occur following SA cryopreser-

vation for a variable period of time [8, 12]. We evaluated
whether this was the case in our experimental conditions. A
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total of 15 SA isolates (MSSA, n =9 and MRSA, n = 6) were
cryopreserved for 1 or 3 months, then thawed and reassayed in
quadruplicate. As shown in Fig. 2, cryopreservation had no
impact on vancomycin MIC values [median of the mean van-
comycin MIC values for each isolate: 0.62 pg/mL at baseline
previous to cryopreservation, 1 month, and 3 months
(p =0.569 and p = 0.924 for the differences between baseline
and 1 month and baseline and 3 months values, respectively].

Correlation between vancomycin MIC values measured
by BMD and the Etest

A total of 17 SA isolates (MSSA, n = 8 and MRSA, n =9)
were tested by the Etest method at the time of the second
BMD run using three different inocula. The data are shown
in Fig. 3. The mean vancomycin MIC values obtained by the
Etest using a standard inocula (0.5 McFarland) (mean,
1.13 pg/mL; 95% CI, 0.98-1.29 ug/mL) were significantly
higher (b < 0.001) than those measured by BMD (mean
0.75 pg/mL; 95% CI, 0.70-0.79 png/mL), and the MIC values
measured by the two methods correlated poorly (Rho, 0.319;
p = 0.148). Nevertheless, the mean MIC values obtained by
the Etest using lower inocula (mean of 0.77 and 0.74 pg/mL
for 107 or 10° CFU/mL, respectively) and those measured by
BMD were comparable and correlated significantly (p = 0.004
for 10’ CFU/mL and p = 0.029 for 10° CFU/mL).

Inter-assay coefficient of variation of the Etest method

The precision of the Etest for SA vancomycin MIC measure-
ment using three different bacterial inocula was evaluated
next. The vancomycin MICs of 17 SA isolates (see above)
were measured in two different runs using the same SA sub-
cultures. We observed that the inter-assay CV of the Etest
decreased steadily in parallel to that of bacterial inocula.
Specifically, the mean of the differences between runs was
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Fig. 2 Effect of cryopreservation on vancomycin MIC values. Baseline
MIC values and those measured after 1 month and 3 months of storage at
—20 °C are shown. The MIC value of each isolate is the mean of four
replicates. The bars indicate median values
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0.133 pg/mL (95% CI, —0.061 to 0.168 pug/mL) when the
standard inoculums was used, 0.057 pug/mL (95% CI,
-0.051 to 0.167 pg/mL) for a 1 x 107 inoculum, and
0.034 pg/mL (95% CI, —0.006 to 0.075 pug/mL) for a 1 x
10° inoculum.

Discussion

Here, we report on the development of a BMD method that
incorporates incremental vancomycin concentrations within
the susceptible range not only in between the conventional
log, dilutions, but also in between those on the Etest scale,
whose precision and repeatability exceeds by far that general-
ly accepted for dilution-based reference MIC methods (£ 1
log, dilution). In fact, the vancomycin MIC values measured
within individual runs, across the two runs at one center, and
across one run performed at two different centers differed by
less than 0.1 pg/mL for most isolates and no more than 0.5 pg/
mL for all isolates. BMD assays measuring vancomycin MICs
at 0.25 pg/mL intervals, thus mimicking vancomycin concen-
trations on Etest strips, have been previously developed [8, 13,
14]. In one of these studies [8], the authors evaluated the
standard deviation of the log, MICs obtained by testing five
isolates in quintuplicate in the same day (within-run precision)
and found that this was below 1, this being slightly higher that
than observed in the current study. In addition, the intra- and
inter-assay CVs for our BMD method were around 20%,
which is an acceptable figure when handling discrete variables
[15].

It is of interest the fact that vancomycin MIC values mea-
sured when using frozen plates were comparable to those de-
termined in non-cryopreserved plates. Thus, MIC plate
batches may be prepared using the same lots of reagents,
stored, and used at the investigators’ convenience, with no
impact on vancomycin MIC values.

Previously published data indicated that cryopreservation
of SA isolates beyond 6—12 months resulted in significant
decreases of vancomycin MIC values with respect to those
measured at baseline [8, 12]. This effect is noticeable even
after 3 months of storage when the Etest is used for vancomy-
cin MIC measurements [5]. With the idea of conducting a
prospective multicenter study to evaluate the impact of van-
comycin MICs, as measured by our BMD method, on SA
bacteremia clinical outcome, and considering that MIC testing
of cryopreserved isolates every 1-3 months would be a feasi-
ble schedule, we evaluated the effect of storage at —20 °C
during 1 and 3 months on vancomycin MIC values. We found
this storage period to have no impact on the vancomycin MIC
values. This finding is of relevance to surveillance programs
handling frozen isolates.

In agreement with previous studies [6-8, 13, 16], vanco-
mycin MIC values measured by the Etest using a standard
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Fig. 3 Vancomycin MIC values
measured by BMD and the Etest
(using three different inocula).
The BMD MIC values depicted
for each isolate is the mean of four
replicates measured in run 2
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inoculum (0.5 McFarland) were higher than and correlated
poorly with those measured by BMD. We tested the hypoth-
esis that this is the result of the higher inoculum density used
in the former method, as hinted by Charlton et al. [8]. To our
knowledge, here, we show, for the first time, that this was,
indeed, the case. In effect, vancomycin MIC values measured
by the Etest when using lower inocula (either 107 or 10° CFU/
mL) were comparable to and correlated significantly with
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those measured by BMD. Thus, vancomycin MIC values
measured by the Etest and BMD can be harmonized simply
by using smaller inocula in the former assay. This is, in our
opinion, a relevant finding that must be taken into consider-
ation in future prospective studies aimed at elucidating the
impact of vancomycin MIC values on clinical outcomes, clar-
ifying treatment decisions based upon vancomycin MICs
within the susceptible range, and interpreting experimental
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evidences of vancomycin MIC creep. In addition, an improve-
ment in the precision of the Etest method was achieved by
decreasing the bacterial inocula.

Our study has several limitations. First, despite the inclu-
sion of a wide range of SA clonal types in this study, selection
biases cannot be completely ruled out (in particular for MRSA
isolates). Second, the age of the colonies (and, thus, the phase
of bacterial growth) used for BMD testing were not similar
(the time elapsed between runs was 6 h). It is uncertain as to
what extent this may have influenced vancomycin MIC
measurements.

In summary, we developed a robust BMD assay for mea-
suring SA vancomycin MICs within the susceptible range.
Methods such as the one described herein, which certainly
requires extensive inter-center validation, are needed to eluci-
date the impact of vancomycin MICs on the clinical outcomes
of invasive SA infections.
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