ANALYTICAL PROCEDURES

1 AMERICAN Antimicrobial Agents
B Scirer | and Chemotherapy® -

Check for
updates

Efficient Inactivation of Clinically Relevant Antimicrobial Drug

Concentrations by BacT/Alert or Bactec Resin-Containing

Media in Simulated Adult Blood Cultures

Giulia Menchinelli,® Flora Marzia Liotti,® Liliana Giordano,® Giulia De Angelis, > {2 Maurizio Sanguinetti,®* Teresa Spanu,®*

Brunella Posteraro<d

alstituto di Microbiologia, Universita Cattolica del Sacro Cuore, Rome, Italy

bDipartimento di Scienze di Laboratorio e Infettivologiche, Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome, Italy

cIstituto di Patologia e Semeiotica Medica, Universita Cattolica del Sacro Cuore Rome, Rome, Italy

dDipartimento di Scienze Gastroenterologiche, Endocrino-Metaboliche e Nefro-Urologiche, Fondazione Policlinico Universitario A. Gemelli IRCCS, Rome, Italy

ABSTRACT We assessed the antimicrobial-inactivation capability of BacT/Alert (FA
Plus and FN Plus) or Bactec (Plus Aerobic/F and Plus Anaerobic/F) media for 40
antibiotic-bacterium combinations in simulated adult blood cultures. Aside from
high recovery rates (93.2% and 88.4%, respectively), we showed that at the lowest
but clinically relevant antibiotic concentrations, both BacT/Alert and Bactec media
recovered all the organisms tested with drugs except for Escherichia coli, which was
tested in the presence of meropenem. Delayed recoveries were mainly associated
with vancomycin.
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loodstream infections (BSls) are associated with high rates of morbidity and

mortality (1). Thus, timely and accurate diagnoses of BSls are crucial to correctly
manage infected patients (2), particularly those with infection-complicating sepsis and
septic shock (3). Often, the physician in charge empirically administers broad-spectrum
antimicrobial therapy before obtaining a microbiological diagnosis of the infection
because of the patient’s critical status (4). Blood culture (BC) is still the gold standard
for BSI detection (5). Time to detection (TTD) with today’s automated BC systems
(BacT/Alert Virtuo [bioMérieux, Marcy I'Etoile, France] and BactecFX [Becton Dickinson,
Sparks, MD]) may be significantly delayed or even unmeasurable because of slow or
absent microbial growth due to antimicrobial activity in BCs (6).

In the early 1990s, BacT/Alert FAN bottles (Organon Teknika, Durham, NC) contain-
ing Fuller's earth and absorbent charcoal were invented to enhance recovery of
microorganisms. The bottles were later improved and launched as charcoal-containing
BacT/Alert FA and FN bottles (bioMérieux). Resin-containing media such as Bactec Plus
Aerobic/F and Plus Anaerobic/F (Becton Dickinson) and, since 2013, BacT/Alert FA Plus
(aerobic) and FN Plus (anaerobic) (bioMérieux) further improved the recovery of
microorganisms from patient samples. Numerous studies evaluated a single bottle type
or compared the performance of charcoal-containing bottles with that of resin-
containing bottles in the presence of antimicrobials (7-10). In particular, a range of
antimicrobial agents that were potentially active in BCs of patients treated for BSI was
neutralized in vitro (11, 12).

Until now, few BC simulation studies (carried out using spiked BCs with whole blood,
bacteria, and antibiotics) evaluated the antimicrobial-neutralizing capability of BacT/
Alert FAN Plus media in comparison with Bactec Plus media in both anaerobic and
aerobic BC bottles. In two independent studies (13, 14), researchers compared aerobic
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media performances of BacT/Alert FA Plus bottles with those of Bactec Plus Aerobic/F
bottles by testing bacteria and antibiotics (Pseudomonas aeruginosa and antipseudo-
monal B-lactams, in one case [14]). However, investigating both aerobic and anaerobic
BC bottles is important for improving treatment outcomes in septic patients (15).
Therefore, provision of more in vitro data on the capability of BC bottles to overcome
the inhibitory effect of preadministered antibiotics in contrived clinical scenarios is es-
sential (16). With this in mind, we aimed to assess the effects of antimicrobial inacti-
vation in BacT/Alert FAN Plus or Bactec Plus media by measuring the TTD and organism
growth for several antibiotic-bacterium combinations in simulated adult aerobic and
anaerobic BCs. Specifically, we mimicked antibiotic blood concentrations of patients
under antimicrobial drug treatment.

(Part of this study was presented at the 28th European Congress of Clinical Micro-
biology and Infectious Diseases [ECCMID], Madrid, Spain, 21 to 24 April 2018 [17].)

The ethics committee of the Fondazione Policlinico Universitario A. Gemelli IRCCS
approved the study (approval number 48781/17). We used resin-containing aerobic and
anaerobic bottles in both BacT/Alert Virtuo (BacT/Alert FA Plus and FN Plus) and Bactec
FX (Bactec Plus Aerobic/F and Plus Anaerobic/F) systems. We chose the 13 most
commonly used antimicrobial drugs to treat specific BSIs and paired them with the
most frequently isolated Gram-negative (n =4) and Gram-positive (n = 4) bacterial
species, for which we showed full susceptibility against specific antibiotics tested (Table
1). We obtained antibiotics from their respective manufacturers and the bacterial
species from the American Type Culture Collection (ATCC) as reference strains. Each
antibiotic was diluted in sterile water from freshly prepared stock solutions, so that
0.5 ml of a given dilution provided enough of the drug to reach the intended drug
concentration in a bottle spiked with whole blood (see below). C,,,,, corresponded to
the peak plasma concentrations achievable after standard dosage of the drug in a 70-kg
adult with normal renal function (http://www.eucast.org/fileadmin/src/media/PDFs/
EUCAST _files/Breakpoint_tables/v_9.0_Breakpoint_Tables.pdf), and two other concen-
trations corresponded to one-half and one-quarter of the C,,,., (C/2 and C/4, respec-
tively) (Table 1). The C,,,,, concentrations were estimated and did not exactly reflect the
actual concentrations in vivo (e.g., in patients with renal failure). Before testing, the
bacterial strains were subcultured twice overnight on standard solid media at 37°C, and
their MICs were determined with the broth microdilution method according to the ISO
20776-1/2006 procedure as recommended by EUCAST (18). In our BC simulation model
(19), each bottle was spiked with 8-ml banked whole blood (obtained from the Division
of Transfusion Medicine at our institution), 0.5-ml antibiotic solution (obtained as
described above), and 0.5-ml bacterial suspension (50 to 100 CFU, achieved after
diluting a suspension of ~5 X 108 CFU/ml in phosphate-buffered saline). Resins are
equally useful in the presence of lower and higher microbe quantities, as those present
in blood during BSls (20), but we decided on a more stringent experimental approach
and used only one inoculum in the study. We included a positive (i.e., antibiotic-free
bottle) and a negative (i.e., only blood-containing bottle) control for each simulated BC.
The latter controls served to confirm the sterility of the blood, which we previously
checked with a culture. In total, 40 antibiotic-organism combinations were tested in
triplicate with each of the three different drug concentrations in both aerobic and
anaerobic bottles, except for Bacteroides fragilis and P. aeruginosa, which were only
tested under anaerobic or aerobic conditions, respectively. We immediately loaded the
spiked bottles into the respective BC instruments and incubated them up to 5 days
(120 h) or until they showed positive results. The positive (growth detection) or
negative (no growth detection) signal was the endpoint used to calculate the TDD for
each bottle (i.e., calculated from when the bottle entered into the BC system). After
that, we subcultured the BC broth onto standard solid media to confirm positive or
negative detections and/or to exclude contaminations. Statistical analyses were done
using the Intercooled Stata program version 11 and GraphPad Prism 7. In each BC
simulation, we calculated the number of positive bottles detected with both BC
systems by the total number of bottles tested, as well as the mean TDD for the positive
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TABLE 1 Organism and antimicrobial drug combinations tested by the simulated adult blood culture model
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Drug concentration (ug/ml)®

Species (strain) Drug MIC (ng/ml)? Crnax C/2 C/4
Gram-negative organism
Bacteroides fragilis (ATCC 25285) Meropenem 0.12 50 25 12,5
Metronidazole 0.5 25 12.5 6.3
Piperacillin-tazobactam 0.06 368/23 184/11.5 92/5.8
Escherichia coli (ATCC 25922) Ceftaroline 0.06 39 19.5 9.75
Ciprofloxacin 0.016 39 1.95 0.97
Gentamicin 0.5 12 6 3
Levofloxacin 0.06 9.5 4.75 2.38
Meropenem 0.06 50 25 125
Piperacillin-tazobactam 2 368/23 184/11.5 92/5.8
Tigecycline 0.12 1.5 0.75 0.37
Klebsiella pneumoniae (ATCC 700603) Ceftaroline 0.5 39 19.5 9.75
Ciprofloxacin 0.25 39 1.95 0.97
Gentamicin 2 12 6 3
Levofloxacin 0.06 9.5 4.75 2.38
Meropenem 0.12 50 25 125
Piperacillin-tazobactam 8 368/23 184/11.5 92/5.8
Tigecycline 0.5 1.5 0.75 0.37
Pseudomonas aeruginosa (ATCC 27853) Ciprofloxacin 0.5 3.9 1.95 0.97
Gentamicin 1 12 6 3
Meropenem 0.25 50 25 12.5
Piperacillin-tazobactam 4 368/23 184/11.5 92/5.75
Gram-positive organism
Enterococcus faecalis (ATCC 29212) Ampicillin 0.5 47 235 11.75
Linezolid 2 20 10 5
Tigecycline 0.12 1.5 0.75 0.37
Vancomycin 2 50 25 12.5
Methicillin-susceptible Staphylococcus aureus (ATCC 29213) Ceftaroline 0.12 39 19.5 9.75
Daptomycin 0.25 57 28.5 14.25
Linezolid 2 20 10 5
Tigecycline 0.06 1.5 0.75 0.37
Vancomycin 0.5 50 25 12.5
Methicillin-resistant Staphylococcus aureus (ATCC 43300) Ceftaroline 0.5 39 19.5 9.75
Ciprofloxacin 0.5 3.9 1.95 0.97
Gentamicin 1 12 6 3
Linezolid 2 20 10 5
Tigecycline 0.25 1.5 0.75 0.37
Vancomycin 1 50 25 12.5
Streptococcus pneumoniae (ATCC 49619) Ciprofloxacin 0.12 3.9 1.95 0.97
Linezolid 0.5 20 10 5
Penicillin G 0.25 40 20 10
Vancomycin 0.12 50 25 12.5

aMICs of the antimicrobial drugs for each organism tested were determined by the EUCAST broth microdilution method according to standard procedures (18).
bFor each antimicrobial drug tested, concentrations corresponding to the plasma peak (C,,,,), half (C/2), and quarter (C/4) levels are indicated. The C,,, values were
those reported in online documents by EUCAST (http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Breakpoint_tables/v_9.0_Breakpoint_Tables.pdf).

bottles. The TTD for bottles that were negative at 5 days was expressed as >120 h.
Thus, we compared the rates of detection and the differences in TTDs between BC
systems and between aerobic (BacT/Alert FA Plus and Bactec Plus Aerobic/F) and
anaerobic (BacT/Alert FN Plus and Bactec Plus Anaerobic/F) bottles with the McNemar’s
test or the paired t test, as appropriate. We considered all differences with P values of

<0.05 statistically significant.

We obtained 1,752 BacT/Alert (FA Plus and FN Plus) or Bactec (Aerobic/F Plus and
Anaerobic/F Plus) media-containing BC bottles to study 13 antibiotic and 8 bacterial
organism combinations (Table 1). Of the bottles, 888 were aerobic (spiked with all the
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FIG 1 Percent recovery in aerobic (BacT/Alert FA Plus and Bactec Aerobic/F Plus) or anaerobic (BacT/Alert FN Plus and Bactec Anaerobic/F Plus) bottles

containing antibiotics by organism.

organisms except for B. fragilis), and 864 were anaerobic (spiked with all the organisms
except for P. aeruginosa). The overall percent recovery of organisms with BacT/Alert
Plus media was 93.2% (816/876 bottles) and with Bactec Plus media was 88.4%
(774/876 bottles). This overall difference was statistically significant (P < 0.001). Statis-
tically significant differences were also evident between BacT/Alert and Bactec media
in aerobic bottles (94.2% [418/444] versus 90.9% [404/444]; P < 0.001) and anaerobic
bottles (92.1% [398/432] versus 85.6% [370/432]; P < 0.001), respectively. Of BC bottles
without antibiotics (drug-free controls), 100% (480/480) yielded all the organisms
tested. We further stratified the results by organism type (Fig. 1). Differences were
statistically significant in favor of BacT/Alert Plus media, most notably for B. fragilis and
Klebsiella pneumoniae in anaerobic BC bottles (P < 0.05). We did not observe statisti-
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cally significant differences for Escherichia coli, P. aeruginosa, Enterococcus faecalis,
methicillin-susceptible Staphylococcus aureus (MSSA), methicillin-resistant S. aureus
(MRSA), or Streptococcus pneumoniae organisms.

Tables 2 and 3 summarize the TTDs for the aforementioned Gram-negative and
Gram-positive bacterial species, respectively, in both BacT/Alert and Bactec aerobic and
anaerobic Plus media with antibiotics compared with the same media without antibi-
otics. The highest ATTDs (=3 h) were noticed for meropenem-P. aeruginosa (aerobic),
meropenem-K. pneumoniae (anaerobic), and piperacillin-tazobactam-B. fragilis (anaer-
obic) in BacT/Alert FAN Plus media and for meropenem-P. aeruginosa (aerobic) and
ceftaroline-E. coli (anaerobic) in Bactec Plus media for Gram-negative organisms recov-
ered at the antibiotic C,,,, (Table 2). The highest ATTDs (=3 h) in BacT/Alert or Bactec
media, respectively, were noted for ampicillin-E. faecalis (aerobic/anaerobic), vancomycin-
MSSA (aerobic/anaerobic), ceftaroline-MRSA (anaerobic or aerobic/anaerobic), tigecycline-
MRSA (anaerobic or aerobic), and vancomycin-MRSA (aerobic/anaerobic) for Gram-positive
organisms recovered at the antibiotic C,,,, (Table 3). Furthermore, the highest ATTDs
were evident for linezolid-S. pneumoniae (anaerobic), gentamicin-MRSA (anaerobic),
and ciprofloxacin-MRSA (anaerobic) in only BacT/Alert FAN Plus media and for linezolid-
MRSA (aerobic/anaerobic) in only Bactec Plus media. Interestingly, at the antibiotic (/4
(1/4 C,,,.,), ATTDs for the aforementioned antibiotic-Gram-negative organism combina-
tions were nearly zero (Table 2), whereas ATTDs for the aforementioned antibiotic-
Gram-positive organism combinations had values much higher than zero (Table 3). The
only exceptions were ampicillin-E. faecalis and linezolid-S. pneumoniae combinations.
More interestingly, only ATTDs for meropenem tested with E. coli and (only in aerobic
media) K. pneumoniae at the three drug concentrations remained unmeasured, because
no growth was detected in both BacT/Alert and Bactec media (Table 2). Finally, overall
TTDs (aerobic/anaerobic) in BacT/Alert FAN Plus media were significantly shorter than
in Bactec Plus media for both Gram-negative (11.08/11.85 h versus 13.28/14.77 h; P <
0.0001, for all comparisons) and Gram-positive (11.86/12.06 h versus 14.30/15.36 h; P <
0.0001, for all comparisons) bacterial species.

Our findings agree with the recent findings of other researchers that the present ex
vivo (using human blood and simulated antibiotic concentrations)/in vitro study pro-
vides further support for a worthwhile use of BacT/Alert (FA Plus and FN Plus) or Bactec
(Plus Aerobic/F and Plus Anaerobic/F) antimicrobial-inactivating BC media (13, 14). We
tested a range of Gram-negative and Gram-positive bacterial species against clinically
effective concentrations of three to seven antibiotics per species. Apart from the peak
(P) concentration (i.e., C,,,,), We selected for each antibiotic two descending concen-
trations (i.e., (/2 and C/4) that were higher than the midpoint (M) and/or through (T)
concentrations tested elsewhere (8, 9, 14). Therefore, consistent with the study by
Mitteregger et al. (10), we ensured that the antibiotic levels of C/2- or C/4-spiked BCs
were still higher than the expected antibiotic-inactivating capability for aerobic/anaer-
obic BC media so that organism recoveries could occur in BC bottles containing
still-active (above the MIC) antibiotic concentrations. Importantly, aside from the overall
high recovery rates by both systems (93.2% and 88.4%, respectively), we showed that
either BacT/Alert (FA Plus and FN Plus) or Bactec (Plus Aerobic/F and Plus Anaerobic/F)
media allowed for the recovery of all organisms tested at the antibiotic (/4 in =1
replicate of 40 antibiotic-organism combinations (Tables 2 and 3). The only exceptions
were that E. coli in the presence of C/4 meropenem failed to grow in any aerobic or
anaerobic bottle, and K. pneumoniae in the presence of C/4 meropenem and B. fragilis
in the presence of C/4 metronidazole grew only in BacT/Alert FN Plus. In fact, BacT/Alert
FN Plus was able to recover K. pneumoniae isolates at all levels of meropenem, not just
at C/4. In the study by Grupper et al. (14), P. aeruginosa ATCC 27853, the sole bacterial
species tested and able to be compared, grew in <26 h in all BacT/Alert FA Plus and
Bactec Plus Aerobic/F bottles in the presence of meropenem T concentrations. In our
study, the same species grew in ~13 and ~17 h in all BacT/Alert FA Plus and Bactec
Plus Aerobic/F bottles, respectively in the presence of meropenem C/4 concentrations.
Despite differences in the bacterial inoculum between that study and ours (7 to 30 and

July 2019 Volume 63 Issue 7 e00420-19

Antimicrobial Agents and Chemotherapy

aac.asm.org 5


https://aac.asm.org

Menchinelli et al.

Antimicrobial Agents and Chemotherapy

TABLE 2 Times to detection of Gram-negative organisms recovered from BacT/Alert or Bactec aerobic (AE) and anaerobic (ANA) Plus

media at each antimicrobial drug concentration tested in blood culture triplicates

BacT/Alert Plus media

Bactec Plus media

Recovery
(no. of
replicates/  Mean TTD? Mean
total) (h) ATTDe (h) Recovery TTD® (h) ATTDe (h)
Organism and drug Concentration® AE ANA AE ANA AE ANA AE ANA AE ANA AE ANA
B. fragilis
Meropenem Crnax - 3/3 - 3087 - 235 - 0/3 - >120 - NAe
/2 - 3/3 - 2932 - 0.80 - 0/3 - >120 - NA
C/4 - 3/3 - 2749 - -1.03 - 1/3 - 3326 - 1.03
No drug - 3/3 - 2852 - - 3/3 - 32.23
Metronidazole Crnax - 0/3 - >120 - NA - 0/3 - >120 - NA
/2 - 0/3 - >120 - NA - 0/3 - >120 - NA
/4 - 1/3 - 36.08 - 5.62 - 0/3 - >120 - NA
No drug - 3/3 - 3046 - - 3/3 - 3311 -
Piperacillin-tazobactam  C, .« - 1/3 - 3259 - 3.57 - 0/3 - >120 - NA
c/2 - 3/3 - 29.54 - 0.52 - 1/3 - 4800 - 14.36
/4 - 3/3 - 2852 - —05 - 3/3 - 4630 - 12.66
No drug - 3/3 - 29.02 - - 3/3 - 33.64
E. coli
Ceftaroline Cinax 3/3 173 1111 11.02 175 2.07 0/3 1/3 >120 1356 NA 3.24
/2 3/3  3/3 9.49 1004 013 1.09 1/3 373 1346 1228 3.00 1.96
C/4 3/3 373 9.28 9.37 —0.08 042 3/3  3/3 1195 1091 149 0.59
No drug 3/3 373 9.36 8.95 3/3  3/3 1046  10.32
Gentamicin Cinax 3/3 273 9.27 9.20 0.07 —0.08 3/3 3/3 1115 1296 046 1.71
c/2 3/3 373 9.59 8.75 0.39 —-053 3/3 3/3 1112 1143 043 0.18
/4 3/3 373 9.28 8.38 0.08 -0.9 3/3  3/3 1072 11.18  0.03 —0.07
No drug 3/3 373 9.20 9.28 3/3  3/3 1069 11.25
Meropenem Crnax 0/3  0/3 >120 >120 NA NA 0/3  0/3 >120 >120 NA NA
/2 0/3  0/3 >120 >120 NA NA 0/3 0/3 >120 >120 NA NA
C/4 0/3 0/3 >120 >120 NA NA 0/3 0/3 >120 >120 NA NA
No drug 3/3 373 9.31 8.89 3/3 373 11.19  11.93
Piperacillin-tazobactam  C, .. 3/3 373 1035 9.95 0.64 0.80 3/3  2/3 1369 1450 240 2.14
/2 3/3 373 1022 942 0.51 0.27 3/3  3/3 13.07 1343 178 1.07
/4 3/3 373 1030 931 0.59 0.16 3/3  3/3 1237 1243  1.08 0.07
No drug 3/3 373 9.71 9.15 3/3  3/3 11.29 1236
Tigecycline Cinax 0/3 0/3 >120 >120 NA NA 0/3 0/3 >120 >120 NA NA
/2 1/3 173 10.14 1030 0.66 1.31 2/3  2/3 1234 1292 0.69 0.75
/4 2/3 273 9.50 10.15  0.02 1.16 2/3  3/3 11.95 1248 0.30 0.31
No drug 3/3 373 9.48 8.99 3/3  3/3 11.65 1217
Ciprofloxacin Cinax 3/3 373 10.08 10.14 —-0.01 152 3/3  3/3 1140 1132 0.19 0.58
c/2 3/3 373 9.53 9.40 —0.56 0.78 3/3 373 1118 1126 —0.03 052
/4 3/3  3/3 10.09 891 0.00 0.29 3/3  3/3 1118 11.19 —-0.03 045
No drug 3/3 373 10.09 8.62 3/3 373 1121 10.74
Levofloxacin Cinax 3/3 373 1021 9.34 0.37 0.28 3/3  3/3 1215 1210  0.74 0.73
/2 3/3 373 10.15 935 0.31 0.29 3/3  3/3 1145 1145 0.04 0.08
C/4 3/3 373 9.46 8.69 -038 —037 3/3 3/3 1148 1132  0.07 —0.05
No drug 3/3 373 9.84 9.06 3/3  3/3 1141 1137
K. pneumoniae
Ceftaroline Cinax 3/3 373 1116  11.20 0.12 0.47 3/3  3/3 13.15 13.08 0.98 0.23
c/2 3/3 373 11.22 1081 0.18 0.08 3/3  3/3 1326 13.20 1.09 0.35
/4 3/3 373 11.07 1057 0.03 -0.16 3/3 3/3 1252 1248 035 —0.37
No drug 3/3 373 11.04 10.73 3/3  3/3 1217 12.85
Ciprofloxacin Cinax 3/3  3/3 1032 1045 117 0.99 3/3  3/3 1146 1126 0.07 —0.11
c/2 3/3 373 1012 10.19  0.97 0.73 3/3 373 11.29 1130 -0.10 —0.07
/4 3/3 373 9.57 9.90 0.42 0.44 3/3  3/3 1138 1128 —0.01 —0.09
No drug 3/3 373 9.15 9.46 3/3  3/3 1139 1137
Gentamicin Cinax 3/3 373 10.10  9.85 0.25 0.53 3/3  3/3 1143 1139  0.24 0.11
/2 3/3 373 10.08 931 0.23 —-0.01 3/3 3/3 1149 1138 0.30 0.10
/4 3/3 373 9.42 9.42 —043 0.10 3/3  3/3 1121 11.19  0.02 —0.09
No drug 3/3  3/3 9.85 9.32 3/3  3/3 1119 11.28
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TABLE 2 (Continued)

BacT/Alert Plus media Bactec Plus media
Recovery
(no. of
replicates/  Mean TTD? Mean
total) (h) ATTDe< (h) Recovery TTD? (h) ATTDe< (h)
Organism and drug Concentration® AE ANA AE ANA AE ANA AE ANA AE ANA AE ANA
Levofloxacin Cinax 3/3  3/3 1061 1030 033 —-0.10 3/3 3/3 1240 1288 —0.01 053
/2 3/3  3/3 10.31 1030 0.03 —-0.10 3/3 3/3 12.37 1243 —0.04 0.08
c/4 3/3  3/3 10.16 1039 —0.12 —0.01 3/3 3/3 1219 1235 —0.22 0.00
No drug 3/3  3/3 10.28 10.40 3/3  3/3 12.41 12.35
Meropenem Crnax 0/3 3/3 >120 1492 NA 4.67 0/3  0/3 >120 >120 NA NA
/2 0/3 3/3 >120 12.75 NA 2.50 0/3 0/3 >120 >120 NA NA
c/4 0/3  3/3 >120 11.60 NA 1.35 0/3  0/3 >120 >120 NA NA
No drug 3/3  3/3 10.14 10.25 3/3  3/3 12.28 12.55
Piperacillin-tazobactam  C,, ., 3/3  3/3 9.46 9.43 0.07 0.11 3/3 3/3 11.37 10.87 1.08 —0.08
/2 3/3  3/3 9.92 9.44 0.53 0.12 3/3  3/3 10.84 1087 0.55 —0.08
/4 3/3  3/3 9.27 9.13 -0.12 —0.19 3/3 3/3 10.42 10.75 0.13 —0.20
No drug 3/3 373 9.39 9.32 3/3  3/3 10.29 10.95
Tigecycline Cinax 3/3  3/3 11.16  11.20 0.28 0.36 3/3  3/3 13.15 13.08 0.87 0.81
/2 3/3  3/3 11.22 10.81 0.34 —-0.03 3/3 3/3 13.26 13.20 0.98 0.93
c/4 3/3  3/3 11.07 1057 0.19 —-0.27 3/3 3/3 1252 1248 0.24 0.21
No drug 3/3  3/3 10.88 10.84 3/3  3/3 12.28 12.27
P. aeruginosa
Ciprofloxacin Corax 33 - 1533 - 1.89 - 173 - 1715 - 1.23 -
/2 33 - 1486 - 1.42 - 33 - 1640 - 0.48 -
c/4 3/3 - 1475 - 1.31 - 3/3 - 16.07 - 0.15 -
No drug 3/3 - 1344 - 33 - 1592 -
Gentamicin Crnax 173 - 1436 - 1.22 - 2/3 - 16.20 - 0.54 -
/2 3/3 - 13.54 - 0.40 . 3/3 - 1533 - —-033 -
/4 33 - 13.19 - 0.05 - 33 - 15.07 - -0.59 -
No drug 3/3 - 13.14 - 3/3 - 15.66 -
Meropenem Crnax 3/3 - 1948 - 5.91 - 3/3 - 3701 - 19.77 -
/2 3/3 - 1432 - 0.75 - 3/3 - 20.14 - 2.90 -
c/4 33 - 1359 - 0.02 - 33 - 1727 - 0.03 -
No drug 33 - 1357 - 33 - 17.24 -
Piperacillin-tazobactam  C, ., 3/3 - 1420 - 1.03 - 3/3 - 16.80 - 1.55 -
/2 33 - 1396 - 0.79 - 33 - 16.26 - 1.01 -
c/4 3/3 - 1334 - 0.17 - 3/3 - 16.14 - 0.89 -
No drug 3/3 - 1317 - 33 - 1525 -

aFor each antibiotic tested, C,,,,, /2, and (/4 drug concentrations are those specified in Table 1.

bFor each organism-antibiotic combination tested, the mean time to detection (TTD) was calculated by summing the TTDs of single blood culture replicates. TTDs
values are rounded to the nearest decimal.

<For each organism-antibiotic combination tested, ATTD is the difference of TTD of the antibiotic-containing blood culture by that of the antibiotic-free blood culture
(no-drug control). Boldface values are the clinically significant ATTD values (=3 h) obtained for some organism-antibiotic combinations at the C,..,, C/2, and/or C/4
tested.

d—, Lack of data because the organism was cultured only in anaerobic (ANA) (B. fragilis) or aerobic (AE) (P. aeruginosa) bottles.

eNA, not applicable (no organism growth in any bottle).

50 to 100 CFU/bottle, respectively), we could equitably compare our results with those
of Grupper et al. (14). Conversely, Mitteregger et al. (10) showed the recovery of
meropenem-susceptible P. aeruginosa isolates (MIC, 0.094 ug/ml) in BacT/Alert FA Plus
bottles containing meropenem P concentrations. If a larger inoculum (up to 100
CFU/ml) in the study by Mitteregger et al. contributed to these conflicting findings, it
remains unknown. In one clinical study, Zadroga et al. (11) assessed the recovery of
bacteria in patient BCs in relation to prior antimicrobial administration. Surprisingly, the
researchers reported residual piperacillin concentrations above the MIC in BacT/Alert
FAN bottles, which contain activated charcoal instead of the polymeric beads found in
the FA Plus and FN Plus bottles, sampled near the P or M and not in those sampled near
the T concentration. Notably, Zadroga et al. (11) observed the recovery of bacteria in
Bactec Plus BC bottles from the same patients who were administered piperacillin-
tazobactam before collection. Taken together, these data suggest that the variability in
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TABLE 3 Times to detection of Gram-positive organisms recovered from BacT/Alert or Bactec aerobic (AE) and anaerobic (ANA) Plus

media at each antimicrobial drug concentration tested in blood culture triplicates

Antimicrobial Agents and Chemotherapy

BacT/Alert Plus media

Bactec Plus media

Recovery
(no. of
replicates/
total) Mean TTD? ATTD< Recovery =~ Mean TTD? ATTD<
Organism and drug Concentration” AE ANA AE ANA AE ANA AE ANA AE ANA AE ANA
E. faecalis
Ampicillin Crnax 3/3 373 18.75 1779 9.08 8.06 2/3 1/3 1528 1650 3.17 4.23
C/2 3/3 3/3 1128 1130 1.61 1.57 3/3 3/3 13.97 1435 1.86 2.08
c/4 3/3 373 1095 1032 1.28 0.59 3/3 3/3 1228 1329 0.7 1.02
No drug 3/3 373 9.67 9.73 3/3 3/3 1211 1227
Linezolid Crnax 3/3 3/3 9.66 9.81 0.20 -0.11 3/3 3/3 1130 1152 -0.01 0.14
C/2 3/3 373 9.28 9.27 —-0.18 —0.65 3/3 3/3 11.25 1154 —0.06 0.16
c/4 3/3  3/3 9.15 9.24 —-0.31 —-068 3/3 3/3 10.50 1138 —0.81 0.00
No drug 3/3 3/3 9.46 9.92 3/3  3/3 1131 1138
Tigecycline Crnax 3/3 373 10.53 1138 1.04 2.16 3/3 3/3 1339 1345 203 2.26
C/2 3/3 3/3 9.32 9.84 —0.17 0.62 3/3  3/3 1193 1229 0.57 1.10
C/4 3/3 3/3 9.21 9.27 -0.28 0.05 3/3 3/3 11.09 1144 —-0.27 0.25
No drug 3/3 3/3 9.49 9.22 3/3 3/3 1136 11.19
Vancomycin Crnax 3/3 373 1099 1070 1.31 0.72 3/3 3/3 1285 1371 075 1.62
C/2 3/3 3/3 1086 1042 1.18 0.44 3/3 3/3 1239 1340 0.29 1.31
c/4 3/3 3/3 1090 10.66 1.22 0.68 3/3  3/3 1228 13.20 0.18 1.1
No drug 3/3 3/3 9.68 9.98 3/3 3/3 1210 12.09
Methicillin-susceptible S. aureus
Ceftaroline Crnax 3/3 3/3 1182 1220 0.89 2.73 0/3  0/3 >120 >120 NA4 NA
C/2 3/3 373 10.94 1045 0.01 0.98 3/3 3/3 16.93 16.77 5.45 4.32
Cc/4 3/3 3/3 1036 9.71 —0.57 0.24 3/3 3/3 1434 13.78 286 1.33
No drug 3/3 373 1093 947 3/3  3/3 1148 1245
Daptomycin Crnax 3/3 373 10.20 9.54 —-0.02 048 3/3 3/3 1276 1262 133 0.29
C/2 3/3 3/3 1030 9.25 0.08 0.19 3/3  3/3 11.77 1233 034 0.00
Cc/4 3/3 373 1040 9.16  0.18 0.10 3/3 3/3 1143 1240 0.00 0.07
No drug 3/3  3/3 10.22  9.06 3/3  3/3 1143 1233
Linezolid Crnax 3/3 3/3 11.70 1049 1.52 1.24 3/3  3/3 11.97 13.08 0.61 1.08
/2 3/3 3/3 11.90 1017 1.72 0.92 3/3 3/3 1211 1321 075 1.21
c/4 3/3 3/3 1046 9.83 0.28 0.58 3/3  3/3 1146 1238 0.10 0.38
No drug 3/3 3/3 10.18 9.25 3/3 3/3 11.36  12.00
Tigecycline Crnax 3/3 3/3 1094 1090 —-0.18 0.88 3/3  2/3 1228 1285 0.66 0.29
C/2 3/3 373 10.89 9.90 —-0.23 -0.72 3/3 3/3 1149 1330 -0.13 0.74
Cc/4 3/3 3/3 11.07 9.89 -0.05 -0.13 3/3 3/3 11.34 1295 —-0.28 0.39
No drug 3/3 373 11.12  10.02 3/3 3/3 11.62 1256
Vancomycin Crnax 3/3 273 15.52 1341 3.51 3.51 3/3 2/3 2549 3632 12.53 23.71
C/2 3/3 3/3 1457 1324 3.34 3.34 3/3  3/3 2145 2394 8.49 11.33
Cc/4 3/3 373 1392 1205 215 2.15 3/3 3/3 1823 1882 5.27 6.21
No drug 3/3  3/3 11.19  9.90 3/3  3/3 1296 12.61
Methicillin-resistant S. aureus
Ceftaroline Crnax 3/3 373 13.88 19.84 1.32 9.21 3/3  3/3 17.64 2178 4.34 7.27
/2 3/3 373 13.84 1760 1.28 6.97 3/3 3/3 1735 1828 4.05 3.77
c/4 3/3 3/3 13.23 16.14 0.67 5.51 3/3  3/3 1596 16.80 2.66 2.29
No drug 3/3 373 1256 10.63 3/3 3/3 13.30 14.51
Ciprofloxacin Crnax 3/3 3/3 13.62 1632 1.93 6.00 3/3 3/3 13.63 14.84 0.08 —0.06
C/2 3/3 373 1251 15.08 0.82 4.76 3/3 3/3 1337 1477 —-0.18 —0.13
C/4 3/3 373 1255 1420 0.86 3.88 3/3 3/3 1332 1432 -0.23 -0.58
No drug 3/3 3/3 11.69 10.32 3/3  3/3 13.55 14.90
Gentamicin Crnax 3/3 3/3 13.85 16.66 2.10 6.29 3/3 3/3 13.17 1429 -037 0.10
c/2 3/3  3/3 1268 16.40 0.93 6.03 3/3  3/3 13.29 1407 -025 -0.12
Cc/4 3/3 373 1255 1540 0.80 5.03 3/3 3/3 13.20 1408 —034 -—0.11
No drug 3/3 3/3 11.75 1037 3/3 3/3 13.54 14.19
Linezolid Crnax 3/3 373 1280 12.02 137 1.37 3/3  3/3 18.57 1952 5.27 4.44
/2 3/3 3/3 1290 11.00 035 0.35 3/3 3/3 17.65 1854 4.35 3.46
c/4 3/3 3/3 1146 11.09 044 0.44 3/3  3/3 16.20 1847 290 3.39
No drug 3/3 373 11.98 10.65 3/3 3/3 13.30 15.08
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TABLE 3 (Continued)

Antimicrobial Agents and Chemotherapy

BacT/Alert Plus media

Bactec Plus media

Recovery
(no. of
replicates/
total) Mean TTD? ATTD< Recovery Mean TTD® ATTD<
Organism and drug Concentration” AE ANA AE ANA AE ANA AE ANA AE ANA AE ANA
Tigecycline Conax 3/3 3/3 1525 1455 233 415 3/3 3/3 1794 1801 4.27 290
C/2 3/3 3/3 1446 13.88 1.54 3.48 3/3  3/3 18.15 1734 4.48 2.23
C/4 3/3 373 1392 1322 1.00 2.82 3/3 3/3 17.12 1542 3.5 0.31
No drug 3/3  3/3 1292 10.40 3/3  3/3 13.67 15.11
Vancomycin Crnax 3/3 373 16.19 20.27 4.5 9.69 3/3 3/3 2526 38.05 11.63 22.48
C/2 3/3 3/3 1546 1480 3.42 4.22 3/3 3/3 2244 26.61 8.81 11.04
c/4 3/3 3/3 1400 13.89 1.96 3.31 3/3 3/3 2033 19.22 6.70 3.65
No drug 3/3 3/3 12.04 10.58 3/3 3/3 13.63 15.57
S. pneumoniae
Ciprofloxacin Crnax 3/3  3/3 1242 1224 1.19 0.99 3/3  3/3 13.55 1351 048 0.13
C/2 3/3 3/3 1220 11.26 0.97 0.01 3/3  3/3 13.17 1347 0.0 0.09
C/4 3/3 3/3 11.88 11.24 0.65 —-0.01 3/3 373 13.05 1336 —0.02 -—0.02
No drug 3/3 3/3 1123 11.25 3/3  3/3 13.07 1338
Linezolid Crax 3/3 3/3 11.26  19.51  0.19 7.13 3/3 3/3 13.66 1640 0.53 242
C/2 3/3 3/3 11.89 13.83 0.82 1.45 3/3  3/3 13.29 1481 0.16 0.83
C/4 3/3 373 11.74 1241 0.67 0.03 3/3  3/3 13.19 15.12  0.06 1.14
No drug 3/3 3/3 11.07 1238 3/3 3/3 13.13 1398
Penicillin G Crnax 3/3 373 1250 1495 1.63 2.52 3/3  2/3 16.71 1740 2.60 2.95
C/2 3/3 3/3 1132 1252 045 0.09 3/3 3/3 15.13 15.88 1.02 1.43
c/4 3/3 3/3 1163 1226 0.76 —-0.17 3/3 3/3 15.03 1530 0.92 0.85
No drug 3/3 373 10.87 1243 3/3 3/3 1411 1445
Vancomycin Crnax 3/3 0/3 1132 >120 0.14 NA 0/3  0/3 >120 >120 NA NA
C/2 3/3  2/3 1122 1225 0.04 0.22 1/3 0/3 1950 >120 7.06 NA
Cc/4 3/3 2/3 11.28 12,19 0.10 0.16 3/3  2/3 1643 1735 3.99 4.25
No drug 3/3  3/3 11.18 12.03 3/3  3/3 1244 13.10

aFor each antibiotic tested, C,,,,, (/2, and (/4 are those specified in Table 1.

bFor each organism-antibiotic combination tested, the mean time to detection (TTD) was calculated by summing the TTDs of single blood culture replicates. TTDs are

rounded to the nearest decimal.

For each organism-antibiotic combination tested, ATTD is the difference of TTD of the antibiotic-containing blood culture by that of the antibiotic-free blood culture
(no-drug control). Boldface values are the clinically significant ATTD values (=3 h) obtained for some organism-antibiotic combinations at the C,,,,, C/2, and/or C/4

tested.
9NA, not applicable (no organism growth in any bottles).

BC performances across the studies may not only depend on antimicrobial-binding
media but also on combinations of bacteria and antibiotics in BCs (16).

In terms of TTD, the other parameter evaluated here, at the antibiotic C/4, delays
=3 h with respect to detection in control (antibiotic-free) bottles were noticed in 12
bacterium-antibiotic pairs across all Gram-positive bacteria except for E. faecalis.
Among Gram-negative bacteria, B. fragilis with metronidazole (BacT/Alert FN Plus) and
piperacillin-tazobactam (Bactec Plus Anaerobic/F) also showed delays of =3 h. Eight
(66.6%) of the 12 Gram-positive cases included MRSA tested with ceftaroline, cipro-
floxacin, gentamicin, or vancomycin in BacT/Alert FN Plus; linezolid or vancomycin in
Bactec Plus Anaerobic/F; tigecycline in Bactec Plus Aerobic/F; and vancomycin in both
Bactec Plus Aerobic/F and Plus Anaerobic/F. Two (16.7%) cases involved MSSA, and 2
(16.7%) involved S. pneumoniae, all tested with vancomycin in both Bactec Plus
Aerobic/F and Plus Anaerobic/F. Looking at these cases, differences in TTD did not favor
the Bactec Plus Aerobic/F and/or Plus Anaerobic/F media for 8 drug-organism combi-
nations and BacT/Alert FN Plus media for 4 combinations. Notably, 7 (58.3%) of 12 cases
involved vancomycin, i.e., 2 with MSSA, 3 with MRSA, and 2 with S. pneumoniae. Thus,
it is plausible that the type/species of bacterium and/or its interaction with a specific
antibiotic in a complex milieu such as that of the BC bottle can affect the outcome of
antibiotic inactivation by the resin within the BC bottle media.

In conclusion, within the limitations of a simulated study (16), we showed a relative
rather than an absolute advantage for BacT/Alert (FA Plus and FN Plus) media compared
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with Bactec (Plus Aerobic/F and Plus Anaerobic/F) media. At concentrations almost equiv-
alent to the lowest possible levels of antibiotics in plasma, both BacT/Alert and Bactec Plus
media were efficient against 13 antibiotics, with the exception of E. coli with meropenem
in all bottles and K. pneumoniae with meropenem in BacT/Alert FA Plus and Bactec Plus
Aerobic/F and Plus Anaerobic/F bottles. Clinically relevant delays in TTD (=3 h) were
noticed with vancomycin, particularly when tested in Bactec Plus media. Ultimately, opti-
mizing the time of draw for and the collection of BCs (i.e., just before the next antibiotic
dose and with complete aerobic and anaerobic sets) may help maximize the efficiency of
BacT/Alert or Bactec Plus media for the recovery of bloodstream bacterial pathogens.
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