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ABSTRACT The use of molecular-based diagnostic testing, such as the Luminex Verigene
system, to rapidly identify the most common bacterial isolates from blood cultures is an im-
portant tool that reduces the duration of inappropriate antibiotics and decreases mortality.
However, 5 to 15% of microorganisms recovered from blood culture are unable to be
identified by the Verigene Gram-negative (BC-GN) or Gram-positive (BC-GP) assays. In this
retrospective, observational study, we evaluate the identities and antimicrobial suscep-
tibility patterns of 229 isolates that were not identified by either the Verigene BC-GN
or BC-GP assay. The results presented here suggest that important, clinically relevant
information about antimicrobial susceptibility patterns can still be inferred even when
isolates are not identified by Verigene. We also examined changes in antibiotic use for
patients with “unidentified” Verigene results at our institution and found that this sub-
group represents an opportunity to optimize empirical antibiotic therapy.

IMPORTANCE Rapid diagnostic testing to identify bloodstream pathogens has arisen
as an important tool both to ensure adequate antimicrobial therapy is given early
and to aid in antimicrobial stewardship by allowing for more rapid deescalation of
inappropriate antimicrobial therapy. However, there is a paucity of data regarding
the significance of isolates that are not able to be identified by rapid diagnostic test-
ing. In this study, we report the identification to the species level and antimicrobial
susceptibilities among isolates that were not identified by one such rapid diagnostic
platform, the Verigene system. This study provides important insight into how a
strong understanding of the strengths and limitations of a given rapid diagnostic
platform, coupled with insight into local antibiotic susceptibility patterns, can allow
for more nuanced and thoughtful empirical antibiotic selection.
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In patients with bloodstream infections, early administration of appropriate antibiot-
ics is important to decrease mortality, morbidity, and length of hospitalization (1–4).

Therefore, it is not surprising that a major area of innovation has been the develop-
ment of rapid diagnostic tests that assist with identification of bloodstream pathogens
and markers of antimicrobial resistance hours to days earlier than is possible by tradi-
tional methods. Multiple technologies have been developed for this purpose, including
in situ hybridization, DNA microarray, and DNA amplification (5).

The Verigene system (Luminex, Northbrook, IL) applies separate DNA microarrays to
detect Gram-positive and Gram-negative blood culture isolates (BC-GP and BC-GN,
respectively). Use of BC-GP and BC-GN has been shown to decrease time to bacterial
identification for blood cultures by more than 24 h compared with traditional laboratory
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culture techniques (6–14). Multiple studies have shown that the use of Verigene not only
significantly reduces the duration of inappropriate antibiotics and expedites the time to
optimal antibiotic therapy (6, 11, 15–17) but also leads to decreased mortality, particu-
larly when it is combined with guidance from an antimicrobial stewardship program
(ASP) (12, 13, 18).

However, multiplexed rapid diagnostic tests for blood cultures are limited by the
fact that they can only detect the specific pathogens targeted. In the case of the
Verigene BC-GP, nine different Gram-positive organisms are identified at the species
level and three are identified at the genus level (see Table S1 in the supplemental ma-
terial). For Gram-negative organisms, the Verigene BC-GN microarray detects four dif-
ferent species and four different genera. Verigene can also detect three different resist-
ance genes in Gram-positive organisms (mecA, vanA, and vanB) and six different
resistance genes in Gram-negative organisms (the extended-spectrum beta-lactamase
blaCTX-M along with the blaKPC, blaIMP, blaVIM, blaNDM, and blaOXA carbapenemase genes).
The presence of a resistance mechanism is only reported when an organism is correctly
identified, however. This combination of species and genera includes the most com-
mon bacteria isolated from the bloodstream (19–21), which allows the Verigene system
to identify most clinical bloodstream isolates. This has been confirmed by multiple clin-
ical studies in which Verigene correctly identifies isolates recovered from blood cul-
tures to the genus or even species level greater than 90% of the time (8–10, 22–28).
The Verigene system performs significantly better with monomicrobial cultures, how-
ever, with estimates of accuracy for polymicrobial cultures ranging from approximately
50 to 70% for Gram-negative organisms and 60 to 75% for Gram-positive organisms (8,
9, 14, 23, 28–31).

Previous studies have found approximately 5 to 8% of Gram-positive blood culture
isolates and 5 to 15% of Gram-negative blood culture isolates are not identified by
Verigene (7, 8, 12, 22, 25, 27). While a number of these isolates are species often thought
to be contaminants in blood cultures (such as Corynebacterium, Rothia, Micrococcus,
Bacillus, and Gemella species), a substantial number of true pathogens remain unidenti-
fied (Morganella, Pasturella, Serratia, Stenotrophomonas, and certain Enterococcus and
Acinetobacter species, to name a few). In these cases, important clinical decision-making
regarding antibiotic treatment must still occur despite the absence of early pathogen
identification. There have been very few studies to date analyzing these isolates and the
clinical decision-making surrounding isolates not identified by Verigene on a large scale.
In this study, we analyzed all positive blood cultures over a 17-month period from a sin-
gle institution’s microbiology laboratory for which the Verigene system was utilized, but
no organism was identified. We further characterized these isolates based on their subse-
quent culture-based antimicrobial susceptibility testing (AST) results. In addition, we
investigated the real-world changes in antibiotic usage associated with the release of
a “not-identified” Verigene result.

RESULTS

A total of 2,085 blood culture isolates that met inclusion criteria and for which
Verigene results were available were recovered during the study period. The break-
down and distribution of these isolates are shown in Fig. 1. Of these 2,085 isolates, 52
were identified as Gram-positive rods (GPRs), leaving 2,033 isolates, of which 229
(11.3%) from a total of 204 cultures were not identified by Verigene. Nearly one-fifth of
cultures with one or more unidentified microorganisms (40/204, 19.6%) were polymi-
crobial. The 204 cultures came from 191 separate encounters, as some patients had
multiple cultures that could not be identified. The vast majority of these cultures were
collected in an emergency department or inpatient setting, with only 2 cultures (0.9%)
collected from outpatient clinics. Furthermore, as some patients had multiple hospital
encounters, there were only 187 unique patients represented among the 191 separate
encounters. The characteristics of the 189 distinct hospital encounters (outpatient
encounters excluded) are shown in Table 1. Among the hospitalized patients included
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in this study, there was an in-hospital mortality of 10.0% (19/189) and a 30-day all-cause
mortality of 14.6% (26/178). This is roughly similar, although slightly lower, to other pub-
lished estimates of the mortality rates associated with bacteremia (12, 32–34).

The 229 microbial isolates not identified by Verigene encompassed 101 isolates
that stained Gram negative (44.1%) and 128 isolates that stained Gram positive (55.8%)
(Tables 2 and 3, respectively). Among the Gram-negative organisms not identified by
Verigene, the vast majority were aerobic Gram-negative rods (GNRs), with Serratia the
most common Gram-negative genus not identified by Verigene (22 isolates, 21.8% of all
Gram-negative isolates), followed by Bacteroides with 19 isolates (18.8% of all Gram-negative
isolates). Also notable was the fact that there were 10 isolates (9.9%) of Stenotrophomonas

TABLE 1 Demographics and clinical characteristics of patients$18 years of age for whom
Verigene was unable to identify a pathogena

Parameter Value
Median age (IQR) 59 (43–69)
Median length of total hospital stay, days (IQR) 8 (5–15)
Percent requiring ICU stay 86 (45.5%)
Median length of ICU stay (IQR) 4.7 (1.9–8.0)
Percent of cultures collected in ICU (n = 204) 56 (27.3%)
In-hospital mortality 19 (10.0%)
30-day mortality (n = 178) 26 (14.6%)
aRepresents data for the 189 distinct encounters for which complete discharge data were available. Thirty-
day survival data were only available for 178 of the 189 encounters. IQR, interquartile range; ICU, intensive
care unit.

FIG 1 Flow diagram showing breakdown of isolates included in this study.
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maltophilia. Three isolates that were initially identified as GNRs on Gram stain ended up
being determined at the species level as GPRs.

Among the 128 Gram-positive isolates, most were streptococci or staphylococci,
with each genus representing 19.5% of all Gram-positive isolates. This included three
Staphylococcus aureus isolates (2.3%). One isolate was initially identified as a Gram-positive
organism but was ultimately determined to be a polymicrobial culture with Candida tropica-
lis in addition to a Gram-positive cocci (GPC) upon culture growth. Additionally, five cultures
that were identified as GPCs on initial Gram stain resulted as Acinetobacter, Veillonella, or
Neisseria species.

Slightly more than one-fourth (28.4%; 65/229) of the isolates were expected to be
identified by Verigene. As shown in Table 4, over one-third of these isolates were from
polymicrobial cultures. However, the overall accuracy of the Verigene was relatively
high. In total, 1,879 blood culture isolates were organisms targeted by Verigene, and
these were identified correctly more than 96% of the time.

Among the isolates not identified by Verigene, antibiograms were only constructed for
aerobic/facultative anaerobic GNRs along with aerobic/facultative anaerobic GPCs, as most
isolates from other groups of bacteria (anaerobes, GPRs, and Gram-negative cocci) were not
routinely subjected to AST at our institution. The resistance patterns for the GNRs and GPCs
included in this study are shown in Fig. 2 and 3, respectively. Susceptibility patterns catego-
rized by location are also shown, both for isolates collected in an intensive care unit (ICU)
(see Fig. S1 and S2 in the supplemental material) and a non-ICU setting (Fig. S3 and S4).

TABLE 2 Gram-negative organisms not identified by Verigenea

Genus No. of isolates
Aerobic/facultative anaerobic Gram-negative rods 71
Achromobacter 4
Aeromonas 1
Burkholderia 2
Campylobacter 2
Chryseobacterium 1
Edwardsiella 1
Escherichia coli 3
Haemophilus 3
Hafnia 1
Klebsiella pneumoniae 5
Morganella 1
Pantoea 4
Pasteurella 3
Providencia 2
Pseudomonas (non-aeruginosa) 2
Rhizobium 1
Roseomonas 1
Salmonella 2
Serratia 22
S. marcescens 20
Other Serratia spp. 2

Stenotrophomonas 10

Strictly anaerobic Gram-negative rods 27
Bacteroides 19
Fusobacterium 1
Leptotrichia 2
Prevotella 2
Tissierella 1
Other anaerobic Gram-negative rod 2

Aerobic Gram-positive rodsb 3
Bacillus 1
Lactobacillus 2

aN = 101. Boldface text indicates genus/species that should be identified via Verigene.
bInitially identified as Gram negative on Gram stain.
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Antibiotic use in the 24 h prior to and the 24 h after Verigene results became avail-
able in the electronic medical record for GNRs and GPCs is displayed in Fig. 4 and 5,
respectively. Unsurprisingly, nearly all patients (98.8%; 81/82) received antibiotics in
the 24-h period after unidentified GNRs were isolated from a blood culture (compared
to 89% prior to a positive blood culture). This included a significant increase in use of
beta-lactam antibiotics (69.5% versus 86.6%; P, 0.001), which was driven by a 13.4% increase
in piperacillin-tazobactam use (29.3% versus 42.7%; P = 0.003). Notably, the use of several anti-
biotics with antipseudomonal coverage (piperacillin-tazobactam, cefepime, levofloxacin, and
meropenem) increased despite there not being any Pseudomonas aeruginosa among the iso-
lates included in this study. There was also a corresponding decrease in the use of ceftriaxone
despite there being similar levels of resistance to ceftriaxone and piperacillin-tazobactam

TABLE 3 Gram-positive organisms not identified by Verigenea

Genus No. of isolates
Aerobic Gram-positive rodsb 2
Lactobacillus 1
Other Gram-positive rods 1

Aerobic/facultative anaerobic Gram-positive cocci 103
Aerococcus 3
Dermacoccus 1
Enterococcus 9
E. faecalis 2
E. faecium 2
Other Enterococcus spp. 5

Gemella 6
Leuconostoc 1
Micrococcus 18
Rothia 5
Staphylococcus 25
S. aureus 3
S. epidermidis 10
Other coagulase-negative Staphylococcus 12

Streptococcus 25
S. pyogenes 1
S. agalactiae 1
S. dysgalactiae 1
S. bovis 1
S. anginosus group 5
viridans Streptococcus, not anginosus group 16

Streptococcus-nutritionally deficient 9
Other Gram-positive cocci 1

Anaerobic Gram-positive cocci 17
Anaerococcus 5
Finegoldia 3
Parvimonas 3
Peptoniphilus 2
Peptostreptococcus 4

Yeastb 1
Candida 1

Aerobic/facultative anaerobic Gram-negative rodsb 2
Acinetobacter baumannii 2

Aerobic Gram-negative coccib 1
Neisseria 1

Anaerobic Gram-negative coccib 2
Veillonella 2

aN = 128. Boldface text indicates genus/species that should be identified via Verigene.
bInitially identified as Gram-positive cocci on Gram stain.
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(the most commonly used antibiotic after the identification of GNRs in this study), particu-
larly among isolates collected in an ICU (Fig. S1 and S2).

Interestingly, the growth of GPCs that could not be identified by Verigene did not
result in the same degree of antibiotic usage. Over 10% of patients did not receive any
antibiotics in the 24-h period after the detection of GPCs and the release of Verigene
results. The rates of beta-lactam usage did not increase (going from 72.9% to 71.8%).
Instead, there was a significant increase in vancomycin use, going from 55.3% to 69.4%
(P = 0.017) when GPCs that could not be identified by Verigene were isolated.

DISCUSSION

In this study, we characterized the blood culture isolates not identified by Verigene
using real-world clinical microbiology laboratory results. We also provide susceptibility
patterns for these isolates that may inform more targeted empirical antibiotic treat-
ment. Verigene performed well when it came to identifying the isolates it is designed
to target, with only a small fraction of the isolates that should have been identified
being missed, and many of these were cases where the bacteria were found in polymi-
crobial cultures, a previously recognized weakness for Verigene (8, 9, 14, 23, 28–31).

Among the isolates not expected to be identified by Verigene, Serratia marcescens
represented a large proportion of the unidentified gram negatives (Table 2). Fortunately,
this species is targeted in newer generations of the Verigene assay (R. M. Humphries, perso-
nal communication with Luminex) in addition to being currently available in the research-
use-only (RUO) version of the BC-GN. Inclusion of Serratia in the Verigene assay would have
reduced the number of Gram-negative isolates not identified in this study by greater than
one-fifth (21.8%, 22/101). The total percentage of isolates not identified by the Verigene
assay would have decreased from 11.0% to 9.9% (207/2,085) if all 22 of the Serratia isolates
were identified. Notably, there were 5 isolates reported to be Klebsiella pneumoniae that
were not identified by the Verigene assay. While this suggests a higher degree of inaccuracy
among Klebsiella pneumoniae isolates, it may also reflect difficulties in correctly identifying

TABLE 4 Isolates that should have been identified by Verigene

Bacterium
No. (%) of isolates not
identified/total number

No. (%) isolated from
polymicrobial culturesb

Gram positive
E. faecalis 2/68 (3) 0/2 (0)
E. faecium 2/34 (6) 0/2 (0)
Listeria spp. 0/3 (0) NA
S. aureus 3/387 (1) 0/3 (0)
S. epidermidis 10/451 (2) 7/10 (70)
S. lugdunensis 0/3 (0) NA
Other Staphylococcus spp. 12/305 (4) 5/12 (42)
S. pyogenes 1/10 (10) 0/1 (0)
S. agalactiae 1/22 (5) 0/1 (0)
S. pneumoniae 0/13 (0) NA
S. anginosus group 6/27 (22) 1/6 (17)
Other Streptococcus spp. 18/113 (16) 8/18 (44)
Total 55/1445 (4) 21/55 (38)

Gram negative
Acinetobacter spp.a 2/21 (10) 0/2 (0)
Citrobacter spp. 0/8 (0) NA
Enterobacter spp. 0/38 (0) NA
E. coli 3/217 (1) 2/3 (67)
K. oxytoca 0/17 (0) NA
K. pneumoniae 5/77 (6) 0/5 (0)
Proteus spp. 0/12 (0) NA
P. aeruginosa 0/12 (0) NA
Total 10/434 (2) 2/10 (20)

aBoth missed Acinetobacter isolates were initially identified as Gram-positive cocci on Gram stain.
bNA, not applicable.
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K. pneumoniae by traditional microbiologic methods, as were used in this study. This was
reflected in several studies that found, once genetic sequencing techniques were applied,
many isolates initially classified as K. pneumoniae yet not identified by Verigene were, in fact,
isolates of Klebsiella variicola (29, 30).

For Gram-positive organisms, staphylococci and streptococci were the most common
organisms not identified by Verigene. This is despite there being genus-level targets for

FIG 2 Resistance patterns for aerobic and facultative anaerobic GNRs blood culture isolates not identified by Verigene.
Composite data from antibiotic susceptibility testing along with intrinsic resistance shown. Isolates were presumed to
be susceptible if susceptibility testing was not done on that isolate but was done on a separate isolate of the same
species from the same patient during the same admission. Percent susceptibility displayed reflects the percentage of
susceptible isolates among all isolates with either antimicrobial susceptibility testing data or known intrinsic resistance.
Percent susceptibility is not displayed in cases where more than 50% of isolates were not tested for susceptibility to a
given antibiotic. N = 71.

FIG 3 Resistance patterns for aerobic GPCs blood culture isolates not identified by Verigene. Composite data from
antibiotic susceptibility testing along with intrinsic resistance shown. Isolates were presumed to be susceptible if
susceptibility testing was not done on that isolate but was done on a separate isolate of the same species from the
same patient during the same admission. Percent susceptibility displayed reflects the percentage of susceptible
isolates among all isolates with either antimicrobial susceptibility testing data or known intrinsic resistance. Percent
susceptibility is not displayed in cases where more than 50% of isolates were not tested for susceptibility to a given
antibiotic. N = 103.
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both Streptococcus and Staphylococcus included in the microarray, which is indicative of
the inherent difficulty in making a highly sensitive probe against such large and variable
genera. However, it is also possible that reliance on traditional microbiological methods,
as was the case during the study period, resulted in some misidentifications.

Among the GNRs isolated in this study, as shown in Fig. 2, there was a very high
degree of susceptibility to levofloxacin both in terms of absolute numbers of sensitive
isolates and percent susceptibility (94% among isolates tested). A similar antibiogram
was seen for isolates collected in an ICU (see Fig. S1 in the supplemental material).
Overall, the isolates included in this study were less susceptible to antibiotics than the
overall GNR antibiogram (for all isolates, whether or not they were identified by the
Verigene; data not shown) for this time period. For most antibiotics, the percentage of
susceptible isolates among GNRs included in this study was 10 to 20% lower than what was
seen in the general GNR antibiogram. The notable exceptions were the fluoroquinolones
(ciprofloxacin and levofloxacin) and trimethoprim-sulfamethoxazole, as all three of these
antibiotics had much higher susceptibility rates among the isolates in this study than the
general GNR antibiogram. Although S. marcescens was the most common GNR isolate in
this study, S. marcescens isolates during the study period actually demonstrated more sus-
ceptibility than the overall GNR antibiogram, suggesting they were not the factor that was
driving the higher rates of resistance seen in this study.

A much smaller percentage of Gram-positive isolates had susceptibility testing done.
This reflects that many of these isolates are species that are not routinely subjected to AST.
While this makes it harder to generalize about antimicrobial susceptibility, vancomycin
was clearly the superior choice for empirical Gram-positive antibiotic coverage. Not only
was vancomycin the most frequently tested, it also was the antibiotic with the greatest

FIG 4 Change in antibiotic utilization after detection of GNRs not identified by Verigene. Shown is the percentage of patients receiving a given antibiotic
who had GNRs isolated from a blood culture but not identified by Verigene (for whom antibiotic administration data were available). Pre represents any
use of the given antibiotic in the 24-h period prior to the Gram stain and Verigene result, while post represents any use of the antibiotic in the 24 h
following the Gram stain and Verigene result. N = 82. TZP, piperacillin-tazobactam; CFZ, cefazolin; CRO, ceftriaxone; CAZ, ceftazidime; FEP, cefepime; MEM,
meropenem; CIP, ciprofloxacin; LVX, levofloxacin; GEN, gentamicin; VAN, vancomycin; DAP, daptomycin; SXT, sulfamethoxazole-trimethoprim; MTZ, metronidazole.
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degree of susceptibility (88.7%). Vancomycin resistance was noted only among some of
the Enterococcus isolates, the majority of which still retained susceptibility to penicillins.
This contrasts with the overall GPC antibiogram, however, which showed a greater than
98% susceptibility to vancomycin (data not shown).

There were several limitations to this study. Most notably, as this study was done at
a single site, institutional practices and local antibiotic susceptibility patterns undoubt-
edly had a strong influence on both the antibiograms reflected in Fig. 2 and 3 and the
empirical antibiotic decision-making reflected in Fig. 4 and 5. Since all antibiotic use
occurs in the context of the local microbiologic milieu, any study of antibiotic suscepti-
bility patterns is inherently limited in its generalizability. This potentially limits the clini-
cal utility of pooled data gathered from a multisite study. However, our study suggests
there is potential for ASPs to utilize their own institutional-level data to construct simi-
lar antibiograms for unidentified isolates locally. It is possible that this information
could be used to inform empirical therapy while awaiting traditional susceptibility
results. However, the breakdown of the identities of the isolates shown in Tables 2 and
3 that were not originally identified by the Verigene is likely more broadly applicable.
The success rate in this study for identifying organisms that the Verigene would be
expected to recognize (97.7% for Gram-negative organisms and 95.6% for Gram-posi-
tive organisms) aligns with other studies (8–10, 14, 22–31).

Additionally, as this was a retrospective, observational study, it is difficult to discern
what role the Verigene results played in clinical decision-making surrounding antibiotic
selection. Our study design, unfortunately, did not allow for us to control for patient’s
clinical statuses when assessing empirical antibiotic choices. Although Fig. 4 and 5 give
some window into how antibiotic selection changed due to the presence of an unidentified

FIG 5 Change in antibiotic utilization after detection of aerobic GPCs not identified by Verigene. Shown here is the percentage of patients receiving a
given antibiotic who had aerobic GPCs isolated from a blood culture but not identified by Verigene (for whom antibiotic administration data were
available). Pre represents any use of the given antibiotic in the 24 h prior to the Gram stain and Verigene result, while post represents any use of the
antibiotic in the 24 h following the Gram stain and Verigene result. N = 85. AMP, ampicillin; TZP, piperacillin, tazobactam; CFZ, cefazolin; CRO, ceftriaxone;
CAZ, ceftazidime; FEP, cefepime; ATM, aztreonam; CIP, ciprofloxacin; LVX, levofloxacin; GEN, gentamicin; VAN, vancomycin; DAP, daptomycin; MTZ, metronidazole.
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blood culture isolate, it does not acknowledge the role that prior blood cultures or cultures
from other sites may have played in antibiotic selection. It is also possible that many patients
were clinically stable or improving on the antibiotic regimen initially selected, so no changes
were made. As this was a descriptive study, no ASP guidance was provided based on the
Verigene results outside the routine ASP activity at our institution. Implementing an ASP
intervention based on the Verigene results would likely lead to a more pronounced differ-
ence in the pre- and postantibiotic usage.

There were some clear trends in antibiotic usage that coincided with the timing of the
Verigene results. Antibiotic usage was greater after GNRs were isolated from blood cul-
tures compared to when GPCs were isolated. It is possible that this difference in empirical
antibiotic decision-making reflects differences in the clinical context between patients
who develop Gram-negative bacteremia versus Gram-positive bacteremia. It is also con-
ceivable that this reflects the fact that clinicians are more likely to attribute GPCs in a
blood culture that are unidentified to a skin contaminant than they are for unidentified
GNRs. Given the challenges inherent in trying to classify bacteria as potential contami-
nants, we included all isolates tested on the Verigene system in our study and did not
remove any isolates, even ones that were likely to have been contaminants.

It is also possible that the presence of GPRs in some blood cultures affected the an-
tibiotic usage patterns seen. GPRs made up a very small portion (2.5%, 52/2085) of the
samples run on the Verigene system. This is reflective of the fact that since GPRs are of-
ten contaminants in cultures and only one genus of GPRs (Listeria) is targeted by
Verigene, they are not routinely analyzed. A lack of understanding of the role GPRs are
playing in antibiotic selection is a potential limitation of this study.

For unidentified GNRs, there was frequent broadening of antibiotics to cover resist-
ant GNRs and Pseudomonas, despite a lack of microbiological evidence to justify this
approach. For GPCs, while vancomycin use increased, it remained less than 70% de-
spite it being a good empirical choice given the high level of susceptibility among the
isolates in this study. Overall, the results from this study suggest there are opportuni-
ties for providing additional antimicrobial guidance, even when rapid diagnostic test-
ing cannot provide a microbial identity.

The mortality rates among patients included in this study are very similar to the mor-
tality rates seen when looking at composite estimates of all bloodstream infections,
regardless of organism (19, 20, 34). This reinforces the fact that even when an organism
cannot be identified by rapid diagnostic testing, bacteremia still demands careful consid-
eration given its high associated morbidity and mortality. As this study demonstrates,
there is still a great deal of useful clinical information to be discerned from rapid micro-
biological diagnostic testing, even in the absence of a clear result. A strong understanding
of the strengths and limitations of a given rapid diagnostic platform, such as the Verigene
system, coupled with insight into local antibiotic susceptibility patterns can allow for
more nuanced and thoughtful empirical antibiotic selection.

MATERIALS ANDMETHODS
Study design. This retrospective study analyzed the identities of blood cultures tested using the

Verigene BC-GP and BC-GN panels between April 2017 and August 2018. All positive blood culture
reports from patients 18 years or older with Verigene test(s) performed by the Vanderbilt University
Medical Center (VUMC) clinical microbiology laboratory were manually reviewed, including blood cul-
tures drawn in the emergency department, the hospital wards, and outpatient settings. Records for
which no organism was identified by Verigene, or for which multiple organisms were present and at
least one was not identified by Verigene, were included for further analysis. For patients with multiple
hospital encounters or multiple isolates not identified during the same encounter, all isolates subjected
to Verigene testing were included for further review.

Data collection. For the positive blood cultures with no organism identified by Verigene, the follow-
ing data were extracted from the patient’s medical record: age at time of culture, time of culture, time of
Verigene result, hospital length of stay, whether they were in an ICU at the time the culture was
obtained, ICU length of stay (if applicable), mortality prior to discharge, and 30-day mortality. The use of
antimicrobials 2 days prior to the time of blood culture collection and up to 7 days after blood culture
results was recorded. If patients were not hospitalized at the time at which Verigene results became
available (whether due to discharge or death), they were not including in further analysis regarding
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changes in antimicrobial usage. Data were entered into secure REDcap forms and analyzed in Microsoft
Excel and GraphPad Prism. This study was approved by the VUMC institutional review board.

Blood culture analysis. Blood cultures were performed using a Bactec FX (BD, Sparks MD) and
Bactec plus aerobic and lytic anaerobic medium. Blood cultures were incubated a total of 5 days prior to
being discarded as negative. Gram stain-directed BC-GP or BC-GN testing was available on a continuous
basis and was performed at the time of the first positive blood culture with a unique Gram stain, per
patient per hospital encounter. If the patient had a previous positive blood culture within 3 days, no mo-
lecular testing was performed, assuming the current Gram stain was consistent with the previous culture
result. Cultures with Gram-negative rods (GNRs) were tested by BC-GN, and cocci (GPCs) were tested by
the BC-GP. If both GNRs and GPCs were seen, both BC-GN and BC-GP panels were tested. Select Gram-
positive rods (GPRs) were tested by BC-GP; however, as GPRs are not routinely tested by the Verigene at
VUMC, they were excluded from further analysis. Results were reported to the medical record; if no tar-
get was detected, this too was reported in the electronic medical record, with reference to the VUMC an-
tibiotic stewardship website for information on the test panels, and targets. All positive blood cultures
were subcultured to blood, chocolate, and/or MacConkey agar plates following laboratory protocols,
upon completion of the Gram stain. Colonial growth was identified using the Phoenix (BD) ID cards, API
strips (bioMérieux, Durham NC), and spot biochemicals. If no colonial growth was evident at 24 h, or if
Gram stain was suggestive of an anaerobic organism, blood cultures were subcultured to Brucella blood
agar and incubated anaerobically for 48 h; anaerobic growth was identified by using RapidID ANA II
(ThermoFisher, Lenexa, KS). If an identification was not possible, isolates were referred to the Tennessee
Department of Health State Laboratory for identification. For each organism, targeted by the Verigene
assay, the total number of isolates during the study period was determined by adding the number of
isolates of a given organism identified correctly by the Verigene assay to the number of unidentified iso-
lates of that organism. Isolates were considered to be from a polymicrobial culture if there were any
other organisms present in the culture, regardless of whether the other organisms were identified by
Verigene or not.

Antimicrobial susceptibility testing. AST results recorded in the medical record were used for this
analysis. Susceptibility testing was performed using the Phoenix system (BD) PMIC 304 and NMIC 106
panels for Gram-positive and Gram-negative organisms, respectively. Information regarding which anti-
biotics are tested in these panels is included in Table S2 in the supplemental material, along with infor-
mation on which species did not have routine antimicrobial susceptibility testing performed.
Susceptibility testing for anaerobes, when performed, was performed by ARUP reference laboratories.
Bacterial species with known intrinsic resistance to specific antimicrobial agents/classes were counted as
resistant for those antibiotics, regardless of whether additional resistance testing was done (35).

Statistical analysis. Changes in antibiotic use pre- and post-Verigene results were analyzed using a
two-tailed binomial test. All statistical analysis was done using GraphPad Prism v9.0 (GraphPad
Software). A P value of,0.05 was considered significant.
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