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Abstract
This study aimed to assess the performance of our in-house method for rapid direct bacterial identification (ID) and anti-
microbial susceptibility testing (AST) using a positive blood culture (BC) broth. For Gram-negative bacteria, 4 mL of BC 
broth was aspirated and passed through a Sartorius Minisart syringe filter with a pore size of 5 µm. The filtrate was then 
centrifuged and washed. A small volume of the pellet was used for ID, using matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry, and for AST, using automated broth microdilution. For Gram-positive cocci, 4 mL of BC broth 
was passed through the Minisart syringe filter. Then, 4 mL of sterile distilled water was injected in the direction opposite to 
that of the filtration to collect the bacterial residue trapped in the filter. Compared with the conventional method performed 
with pure colonies on agar plates, 94.0% (234/249) were correctly identified using the in-house method, with rates of 91.4% 
(127/139) and 97.3% (107/110) for Gram-positive and Gram-negative isolates, respectively. Of 234 correctly identified iso-
lates, 230 were assessed by AST. Categorical agreement and essential agreement were 93.3% and 94.5%, respectively, with 
a minor error rate of 3.8%, a major error rate of 3.4%, and a very major error rate of 1.6%. Our in-house preparation method 
showed good performance in rapid direct ID and AST using positive BC broths compared to the conventional method. This 
simple method can shorten the conventional turnaround time for ID and AST by at least 1 day, potentially contributing to 
better patient management.
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Introduction

Bloodstream infections (BSI) are a leading cause of mor-
bidity and mortality worldwide [1]. Rapid identification 
of an infectious pathogen and accelerated determination 
of its antimicrobial susceptibility are key components of 
treating bacterial infection [2]. Conventional blood culture 
(BC) is the standard method for diagnosing and guiding the 
treatment of patients with BSI. However, the conventional 
method requires at least a few days because an aliquot of 

positive BC must be sub-cultured on solid agar plates and 
then subjected to a series of biochemical tests [3].

Matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF MS) is a standard method 
used in clinical microbiology laboratories to rapidly iden-
tify bacteria in fresh colonies [2]. Positive BCs require at 
least one additional day to produce pure bacterial colonies 
for subsequent testing and procedures, in contrast to other 
clinical samples [3]. Efficient antimicrobial stewardship 
programs and patient management depend on the rapid 
identification of bacterial pathogens in blood cultures and 
subsequent antimicrobial susceptibility testing (AST) [4, 5]. 
Multidrug-resistant infections increase the length of hospital 
stay, and mortality can result from inappropriate or subop-
timal antibiotic use [6]. Therefore, it is crucial to reduce the 
time required for identification and AST in clinical microbi-
ology laboratories [7]. Hence, various preparation methods 
have been developed to purify bacterial biomass obtained 
directly from a positive BC broth, including serum separator 
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tubes [8–10] and chemical reagents such as saponin [11, 12], 
sodium dodecyl sulfate [13], ammonium chloride [14], and 
Triton-X [15]. In addition, molecular methods can accel-
erate microbial identification and predict antimicrobial 
susceptibility using direct blood samples or positive blood 
cultures [16]. In our previous study, we developed an in-
house preparation method for direct bacterial identification 
(ID) using a positive BC broth [17], which involved using a 
sterile filter for Gram-negative bacteria and serial washing 
for Gram-positive cocci. Compared with the microfiltration 
method, which takes approximately 15 min, the serial wash-
ing method is time-consuming (40 min) and labor-intensive. 
Therefore, we established a modified procedure for Gram-
positive cocci, employing a sterile filter that reduces the 
sample processing time from 40 to 15 min. The objective 
of this study was to assess the performance of our modified 
method for rapid direct ID and AST using positive BC broth.

Materials and methods

Test samples

This study was conducted between December 2020 and Feb-
ruary 2021 at Korea University Anam Hospital. BD BAC-
TEC Plus aerobic/F and anaerobic/F bottles were used to 
collect blood specimens, which were then incubated in a 
BACTEC Plus system (Becton Dickinson, Franklin Lakes, 
NJ, USA). Direct ID and AST were performed concurrently 
using conventional methods. BCs showing mixed morpho-
types or yeast upon Gram staining were excluded from the 
study.

Sample preparation for conventional ID and AST

A small volume of BC fluid was sub-cultured on appropri-
ate solid media and used for Gram staining. After overnight 
incubation, fresh colonies were transferred onto the sam-
ple spots on a steel target slide. After the spots were dried, 
1.0 μL matrix solution was added and air-dried at room tem-
perature. The target plate was identified by MALDI-TOF MS 
using a Microflex LT system (Bruker Daltonics, Bremen, 
Germany). The manufacturer’s suggested criteria were used 
to interpret identification scores: a score of > 2.0 indicated 
species-level identification, a score of ≥ 1.7 indicated genus 
identification, and a score of < 1.7 indicated unreliable 
identification.

AST was performed using the MicroScan WalkAway sys-
tem (Beckman Coulter, Sacramento, CA, USA) or VITEK 
2 system (bioMérieux, Marcy-l’Etoile, France) depending 
on the species to be identified. For Gram-negative bacilli 
(NM44 panel) and Gram-positive cocci (PM28 panel), 
except Streptococcus spp., the MicroScan system was used 

with the Prompt inoculation system and RENOK rehydrat-
ing inoculator (Beckman Coulter). The Prompt inoculation 
system utilizes a unique wand to standardize the inocula 
without turbidity measurements. For AST of Streptococcus 
spp., a colony suspension of 0.5 McFarland turbidity was 
used with the VITEK 2 ST03 panel.

Sample preparation for rapid ID and AST

For Gram-negative bacteria, 4 mL was aspirated from a posi-
tive BC broth, filtered through a Minisart syringe filter with 
a pore size of 5 µm (Sartorius, Göttingen, Germany), and 
transferred into two 2-mL tubes. The filtrate was centrifuged 
at 13,000 rpm for 2 min. After decanting the supernatants, 
the pellets were washed twice with 1 mL sterile distilled 
water (DW) and centrifuged at 13,000 rpm for 2 min. An 
appropriate amount of the pellet from one tube was applied 
to a steel target and allowed to air-dry. The matrix solution 
(1.0 μL) was added to the sample and air-dried at room tem-
perature. This sample was used for the mass spectrometric 
analysis. In addition to bacterial proteins, pellets obtained 
directly from positive BC broths contain blood proteins, 
which leads to background noise in MALDI-TOF MS [18]. 
Hence, cutoff scores of 1.7 and 1.5 were regarded as reliable 
for identifying species and genus, respectively, following 
previous research [19, 20]. A score < 1.5 was considered as 
unreliable identification [21]. For AST, a small volume of 
the pellet in the second tube was used in the MicroScan 
system. The sample processing time was ~ 15 min.

For Gram-positive cocci, 4 mL of BC broth was passed 
through the Minisart syringe filter membrane with a pore 
size of 5 µm (Sartorius). However, because of clustering, 
Gram-positive cocci could not be filtered; they adhered to 
the filter membrane as a residue. Therefore, 4 mL of ster-
ile DW was injected in the direction opposite to that of the 
filtration to collect the bacterial residue trapped in the fil-
ter. The residue (in DW) was centrifuged at 13,000 rpm for 
2 min. After decanting the supernatant, the pellet in each 
tube was washed twice, as described above. Each pellet was 
identified by MALDI-TOF MS and AST using the Micro-
Scan or VITEK 2 system, depending on the genus type, as 
described above. The sampling processing time was approxi-
mately 15 min, much shorter than the 40 min required for 
bead-beating and serial washing, which we previously used 
for Gram-positive cocci [17].

Addition of isolates with known resistant 
mechanisms

The inclusion of isolates with known resistance mechanisms 
is important in the current study. Since testing prospective 
isolates obtained during the study period may result in an 
underrepresentation of key resistant strains, we additionally 
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included 26 isolates of frozen stocks from clinical samples 
for the analysis. Four isolates of carbapenemase-producing 
Klebsiella pneumoniae, five isolates of multidrug-resistant 
(MDR) Pseudomonas aeruginosa, four isolates of MDR Aci-
netobacter baumannii, one isolate of carbapenemase-resist-
ant (CR) A. baumannii, five isolates of vancomycin-resistant 
Enterococcus faecium, and seven isolates of methicillin-
resistant Staphylococcus aureus (MRSA) were included. The 
bacteria used for contrived samples represented different 
clinical isolates, not clonal isolates from the same organism 
from the same patient.

Isolates that were non-susceptible to at least one agent 
in ≥ 3 antimicrobial categories were defined as MDR [21]. 
Carbapenem-resistant Enterobacterales (CRE) were classi-
fied as isolates resistant to any carbapenem. All CRE isolates 
were tested for detecting and differentiating the five main 
carbapenemase families (NDM, IMP, VIM, OXA-48-like, 
and KPC) using the NG Test CARBA-5 immunochromato-
graphic assay (NG Biotech, Guipry, France). The production 
of extended-spectrum beta-lactamase (ESBL) was identi-
fied by interpretation of the antibiogram obtained by the 
MicroScan NM44 panel according to the CLSI guidelines 
[22]. ESBL-producing enterbacterales were defined by ≥ 3 
twofold decrease in the minimum inhibitory concentration 
(MIC) for either antimicrobial agent (ceftazidime or cefotax-
ime) tested in combination with clavulanate vs. the MIC of 
the agent when tested alone (e.g., ceftazidime MIC = 8 μg/
mL; ceftazidime-clavulanate MIC = 1 μg/mL). The MICs 
of ceftazidime-clavulanate and cefotaxime-clavulanate were 
used only for ESBL diagnosis and were not included in the 
AST agreement results between the conventional and rapid 
methods.

Simulated blood cultures were performed using 26 con-
trived samples stored at − 80 °C. The samples were thawed 
and cultured overnight on blood agar plates at 37 °C. The 
resulting fresh bacterial colonies were suspended in phos-
phate-buffered saline to achieve a turbidity of 0.5 McFarland 
standard. This contained approximately 1.5 ×  108 colony-
forming units (CFU)/mL and then serially diluted to a final 
1 ×  104 CFU/mL. Then, 0.1 mL of this bacterial suspension 
(1000 CFU) was combined with 5 mL of sterile human 
blood to be discarded and inoculated into a BD BACTEC 
Plus aerobic/F bottle [23]. These contrived samples were 
further processed in the same method described above for 
the conventional and rapid methods.

Comparison of conventional and rapid methods

In this study, the conventional MALDI-TOF MS identifi-
cation method was used as the reference method, and all 
direct identification results were compared to those obtained 
using this approach. Rapid identification results were catego-
rized as correct at the species level (same species with score 

of ≥ 1.7), correct at the genus level (same species with score 
of < 1.7 but ≥ 1.5), unreliable (score < 1.5), or misidentified 
(different species with score of ≥ 1.7), in accordance with 
the reference method.

To compare the AST results of the direct and conventional 
methods, MIC was categorized as susceptible, intermediate, 
or resistant, following the CLSI guidelines [22]. Accuracy of 
the direct AST is measured in categorical agreement (CA) 
and essential agreement (EA), essential agreement of evalua-
ble results (EAER) [24, 25]. CA is the proportion of isolates 
that yielded the same susceptibility category (i.e., suscepti-
ble, intermediate, or resistant) by the conventional method 
and the direct method. EA is the percentage of isolates with 
a MIC value within a single doubling dilution of the corre-
sponding conventional method. Acceptance criteria for CA 
and EA should be ≥ 90% [24, 26]. EAER is the proportion 
of isolates with on-scale MIC results within a  1log2 dilution 
for the direct and conventional methods. CA discrepancies 
are classified into three types of error. Minor error (mE) 
indicated that the result was resistant or susceptible by the 
conventional method and intermediate by the direct method 
or vice versa. Major error (ME) indicated that the isolate 
was categorized susceptible by the conventional method and 
resistant by the direct method (false resistance). Very major 
error (VME) indicated that the conventional method result 
was resistant and the direct method result was susceptible 
(false susceptibility). For mE error rate calculations, the total 
number of tested isolates were used as the denominator. For 
ME, the number of susceptible isolates were used as the 
denominator. VME was calculated using the number resist-
ant isolates as the denominator. ME and VME rates that are 
acceptable are typically < 3% of susceptible and resistant 
isolates tested, respectively [24, 26].

Results

Comparison of conventional and rapid ID results

A total of 249 nonduplicate monomicrobial positive BCs, 
including 26 contrived samples—139 Gram-positive isolates 
and 110 Gram-negative isolates—were used in this study 
(Table 1). Compared to the conventional method, 94.0% 
(234/249) were correctly identified at the species level using 
the rapid direct method, with rates of 91.4% (127/139) and 
97.3% (107/110) for Gram-positive and Gram-negative iso-
lates, respectively. The unreliable identification rate was 
greater for Gram-positive bacteria (6.5%, 9/139) than that for 
Gram-negative bacteria (0%, 0/110). The misidentification 
rates for Gram-positive and Gram-negative bacteria were 0% 
(0/139) and 2.7% (3/110), respectively.
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Comparison of conventional and rapid AST results

Of the 234 correctly identified isolates, four Bacteroides 
spp. were excluded, and the remaining 230 (127 Gram-
positive and 103 Gram-negative) were assessed for anti-
microbial susceptibility (Table 2). In total, 4052 isolate/
antimicrobial agent combinations were analyzed. The CA, 
EA, and EAER between the direct and reference methods 
were 93.3% (3782/4052), 94.5% (3752/3972), and 91.8% 
(270/294), respectively, with an mE rate of 3.8% (156/4052), 
an ME rate of 3.4% (88/2350), and a VME rate of 1.6% 

(26/1582). CA, EA, and EAER among the Gram-positive 
isolates were 93.3% (1703/1826), 94.1% (1643/1746), and 
91.0% (181/199), respectively. The mE, ME, and VME rates 
were 4.0% (73/1826), 3.1% (31/1007), and 2.4% (19/785), 
respectively. The Gram-negative isolates showed a CA of 
93.4% (2079/2226), EA of 94.7% (2109/2226), and EAER of 
93.7% (89/95), with an mE rate of 3.7% (83/2226), ME rate 
of 4.2% (57/1343), and VME rate of 0.9% (7/797).

The overall AST agreement for S. aureus was high 
(> 90%) for both CA and EA (Supplementary Table S1). 
Fifteen isolates of MRSA were successfully detected based 

Table 1  Comparison of bacterial identification using direct and conventional methods

Results by the conventional method Performance of the direct method

Bacteria No. of isolates Genus (%) Species (%) Unreliable Misidentified
Gram-positive bacteria 139 130 (93.5) 127 (91.4) 9 (6.5%) 0 (0%)
Enterococcus faecalis 1 1 (100) 1 (100) 0 0
Enterococcus faecium 34 33 (97.1) 31 (91.2) 1 0
Staphylococcus aureus 16 16 (100) 16 (100) 0 0
Staphylococcus capitis 11 10 (90.9) 10 (90.9) 1 0
Staphylococcus caprae 2 2 (100) 2 (100) 0 0
Staphylococcus epidermidis 46 41 (89.1) 40 (87.0) 5 0
Staphylococcus haemolyticus 5 4 (80.0) 4 (80.0) 1 0
Staphylococcus hominis 14 14 (100) 14 (100.0) 0 0
Staphylococcus intermedius 1 0 (0) 0 (0) 1 0
Staphylococcus lugdunensis 1 1 (100) 1 (100.0) 0 0
Staphylococcus pettenkoferi 1 1 (100) 1 (100) 0 0
Staphylococcus simulans 1 1 (100) 1 (100) 0 0
Streptococcus agalactiae 3 3 (100) 3 (100) 0 0
Streptococcus dysgalactiae 1 1 (100) 1 (100) 0 0
Streptococcus oralis 1 1 (100) 1 (100) 0 0
Streptococcus salivarius 1 1 (100) 1 (100) 0 0
Gram-negative bacteria 110 107 (97.3) 107 (97.3) 0 (0.0%) 3 (2.7%)
Escherichia coli 46 46 (100) 46 (100) 0 0
Klebsiella pneumoniae 23 23 (100) 23 (100) 0 0
Klebsiella oxytoca 1 1 (100) 1 (100) 0 0
Klebsiella variicola 1 0 (0) 0 (0) 0 1 Klebsiella pneumoniae
Citrobacter freundii 1 1 (100) 1 (100) 0 0
Enterobacter aerogenes 1 1 (100) 1 (100) 0 0
Enterobacter cloacae complex 2 2 (100) 2 (100) 0 0
Escherichia hermannii 1 1 (100) 1 (100) 0 0
Proteus mirabilis 2 2 (100) 2 (100) 0 0
Acinetobacter baumannii 12 11 (91.7) 11 (91.7) 0 1 Acinetobacter nosocomialis
Acinetobacter nosocomialis 2 1 (50) 1 (50) 0 1 Acinetobacter baumannii
Pseudomonas aeruginosa 10 10 (100) 10 (100) 0 0
Achromobacter xylosoxidans 1 1 (100) 1 (100) 0 0
Shewanella putrefaciens 1 1 (100) 1 (100) 0 0
Stenotrophomonas maltophilia 2 2 (100) 2 (100) 0 0
Bacteroides fragilis 3 3 (100) 3 (100) 0 0
Bacteroides ovatus 1 1 (100) 1 (100) 0 0
Total 249 237 (95.2) 234 (94.0) 9 (3.6%) 3 (1.2%)
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on cefoxitin screening and oxacillin agreement. For staphy-
lococci other than S. aureus (SOSA), AST agreement was 
high for most antibiotics except gentamicin, erythromy-
cin, and trimethoprim-sulfamethoxazole (Supplementary 
Table S2 and S3). Among the six isolates of Streptococcus 
spp., only two mEs were found: benzylpenicillin in S. sali-
varius, and tetracycline in S. dysgalactiae (Supplementary 
Table S4). The AST agreement in Enterococcus spp. was 
high for most antibiotics except teicoplanin and rifampin 
due to the high numbers of mE (12.5% and 34.4%, respec-
tively) (Supplementary Table S5). The rapid AST method 
successfully detected 16 isolates of vancomycin-resistant 
enterococci (VRE) by vancomycin agreement results. For 
E. coli, the CA/EA/EAER were 92.0%, 93.5%, and 90.0%, 
respectively (Supplementary Table S6). The ME was high 
(> 3%) for E. coli, mainly due to the large number of ME 
for cefoxitin (14.6%) and cefotaxime (13.3%). AST agree-
ment rates in K. pneumoniae were high in CA (93.5%), EA 
(94.7%), and EAER (94.7%), with no VME (0%) (Supple-
mentary Table S7). Enterobacterales other than E. coli and 
K. pneumoniae showed good AST agreement (Supplemen-
tary Table S8). Of the 12 Acinetobacter spp., 11 were A. 
baumannii, seven were MDR A. baumannii, and four were 
CR A. baumannii. The AST agreement for Acinetobac-
ter spp. was 96.1%, 96.1%, and 100% for CA/EA/EAER 
(Supplementary Table S9). For all the antimicrobial agents 
tested, the correlation was high (> 91%), except tetracycline, 
for which the agreement was 75% due to a high mE. In the 
case of P. aeruginosa, the AST agreement was very high 
(greater than 97.7%) without ME or VME (Supplementary 
Table S10). Other non-Enterobacterales showed a high AST 
agreement between the conventional and rapid methods 
(Supplementary Table S11).

Discussion

While the conventional method for bacterial ID and AST 
takes 48–96 h from the time a blood culture is flagged as 
positive [27], various direct testing methods provide results 
within 6–24 h [22]. The clinical benefits of these rapid 
methods include a shortened time to optimal therapy and 
improved antibiotic stewardship in patients with sepsis [28]. 
In addition, rapid diagnostic testing was associated with sig-
nificant reductions in mortality risk and length of hospital 
stay in the presence of an antimicrobial stewardship program 
[29]. This study describes a simple, straightforward, and 
cheap method to obtain a rapid ID and AST directly from 
positive blood cultures. The modified in-house method pro-
vided reliable ID and AST results for bacteria causing BSI.

The correct identification rate at the species level in 
earlier reports varied between investigations (90–100% 
for Gram-negative isolates and 73–92% for Gram-positive 

isolates) [2, 8–15, 17]. This variation is most likely the result 
of differences in preparation techniques, proportions of dif-
ferent bacteria recovered, and criteria defined for correct 
identification [30]. However, direct identification of Gram-
positive bacteria is less accurate than that of Gram-negative 
bacteria, regardless of the preparation method used. In our 
study, the correct identification rates of Gram-positive and 
Gram-negative bacteria were 91.4% and 97.3%, respectively. 
This trend was also observed in previous reports using com-
mercially available and validated kits such as Sepsityper 
Kit (Bruker Daltonics GmbH, Bremen, Germany) [19, 31, 
32]. In our study, the relatively low identification rate for 
Gram-positive isolates was mainly due to SOSA, such as 
Staphylococcus epidermidis (40/46, 87.0%). SOSA are 
generally recognized as contaminants when recovered from 
BC broth. The accuracy of our method was improved when 
these strains were excluded. The correct species identifica-
tion rates for Staphylococcus aureus, Enterococcus spp., and 
Streptococcus spp. reached a maximum of 94.7% (54/57). 
Although the reason for the relatively poor identification of 
Gram-positive cocci is not apparent, several possible rea-
sons have been proposed [33]. First, owing to their thick 
cell walls, less protein is extracted from Gram-positive bac-
teria than that from Gram-negative bacteria. Hence, higher 
amounts of Gram-positive bacteria may be necessary relative 
to the amount of Gram-negative bacteria needed. Second, 
misidentification is possible because some Gram-positive 
cocci share highly similar protein structures. Regardless of 
the cause, the results of the direct approach should be care-
fully scrutinized if Gram-positive cocci are detected in BC 
bottles.

Among the Gram-negative bacilli, one Acinetobacter 
nosocomialis isolate was misidentified as Acinetobacter 
baumannii, and one A. baumannii isolate was misidentified 
as A. nosocomialis. Because the clinical outcomes and anti-
biotic sensitivity of members of closely related and clinically 
important Acinetobacter spp. vary [34], their direct identi-
fication warrants careful evaluation. Otherwise, inadequate 
clinical care and inappropriate antibiotic use are unavoid-
able. In addition, one Klebsiella pneumoniae isolate was 
misidentified as Klebsiella variicola, which corroborated the 
difficulty in differentiating between the two species using 
protein spectra [35]. Consequently, at present, direct ID and 
MALDI-TOF MS employing any preparation procedure can-
not completely replace conventional techniques for bacterial 
identification.

For AST, the overall CA and EA values between the 
rapid and conventional methods were high (93.3% and 
94.5%, respectively). Generally, the acceptable rates for 
CA and EA are ≥ 90% [24, 26]. The CA/EA for Gram-
positive and Gram-negative isolates were 93.3%/94.1% and 
93.4%/94.7%, respectively, indicating that performance of 
the rapid method was acceptable. The differences in sample 
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processing techniques, commercial AST panels, and antibac-
terial agents make it challenging to compare our results with 
those of other recent investigations. However, the agreement 
was comparable to those of earlier studies [3, 23, 32, 36].

Resistance to antimicrobials is a primary global health 
concern. MRSA is associated with worse clinical outcomes 
than those produced by methicillin-sensitive S. aureus [37]. 
Accurate and timely laboratory diagnosis and susceptibility 
testing are critical for treating, controlling, and preventing 
MRSA infections [38]. Our study showed that 100% CA/
EA agreement was observed with oxacillin, suggesting that 
our method is suitable for rapidly detecting MRSA. VRE is 
a major cause of healthcare-associated infections, especially 
in patients with weakened immune systems. VRE infec-
tion results in higher mortality and extended hospital stays 
[39]. In our study, Enterococcus spp. isolates showed 100% 
agreement with vancomycin, indicating that our method 
effectively identifies VRE. Additionally, ESBL and carbap-
enemases contribute to a significant burden of morbidity 
and mortality globally, and their prompt identification from 
positive blood cultures is critical for the timely adminis-
tration of effective antimicrobial therapy for BSI caused 
by Enterobacterales [40]. In our study, among 22 ESBL-
producing Enterobacterales (Supplementary Table S6, S7, 
and S8), 95.5% (21/22) of ESBL was correctly identified 
by the direct method based on the MicroScan NM44 panel 
antibiogram (data not shown); one ESBL E. coli isolate was 
identified as a CR strain. In addition, all five carbapenemase-
producing Klebsiella pneumoniae strains (all KPC types) 
were correctly detected, given that 100% CA/EA agreements 
with carbapenem antimicrobial agents were accomplished 
(Supplementary Table S7), which was confirmed by the 
NG-test CARBA-5 for carbapenemase production. Among 
the 77 Enterobacterales, only one VME was found for imi-
penem susceptibility in one E. coli isolate (Supplementary 
Table S6, S7, and S8). This false susceptibility may result 
in the possible misdiagnosis of carbapenemase-producing 
Enterobacterales, resulting in the administration of inappro-
priate antibiotics.

A. baumannii and P. aeruginosa are innately resist-
ant to many antibiotics and, more crucially, are capable of 
developing resistance to almost any antimicrobial treatment 
[41]. These organisms are nosocomial pathogens of clini-
cal concern and are of public health significance, mainly 
because of their exceptional adaptability to the clinical set-
ting [42, 43]. Treatment complications, adverse effects on 
clinical outcomes, and increased treatment costs are associ-
ated with nosocomial isolates of MDR A. baumannii and P. 
aeruginosa [44]. MDR A. baumannii and P. aeruginosa can 
spread easily from patient to patient on healthcare person-
nel's hands in the hospital setting [45]. Hence, accurate and 
rapid identification of MDR A. baumannii and P. aeruginosa 
is crucial for proper patient management and appropriate 

infection control in the clinical setting. Given that no VME 
occurred for either A. baumannii or P. aeruginosa in our 
study (Supplementary Table S9 and 10), the direct method 
successfully identified all MDR and CR strains. Overall, our 
preparation method resulted in good agreement between 
direct and conventional AST; therefore, the adoption of the 
direct preparation method in a clinical setting could improve 
patient management. However, it is advisable to correlate 
direct AST results with conventional AST because of the 
potential for false susceptibility, as observed in the current 
and previous studies [3, 46].

VME (false susceptibility) are the greatest concern, 
as they may result in the administration of inappropri-
ate antibiotics, which can be fatal, particularly in criti-
cally ill patients where these antibiotics are commonly 
used as first-line therapy [47]. The data obtained in this 
study included 1.6% VME, which was below the accept-
able criteria (< 3%). However, the overall ME rate of 3.4% 
of our in-house filter method was beyond the CLSI cri-
teria (> 3%). Discordant AST results between the direct 
and conventional methods might result from differences 
in inoculum size. We used the Prompt inoculation Wand 
(Beckman Coulter) to transfer bacterial biomass to Micro-
Scan AST cards in this study, except for Streptococcus 
spp. Compared to the three colonies on solid agar plates 
picked up by the Prompt inoculation Wand and using the 
conventional AST method, for which the manufacturer’s 
instructions were followed, “appropriate amounts” of bac-
terial sediment were picked up by the wand and utilized 
for the direct AST method. Hence, it is possible that the 
initial inoculum density of the bacterial isolates may dif-
fer between the two methods. The inoculum effect is the 
phenomenon of diminished antibacterial activity at inocula 
higher than those used for susceptibility testing [48]. In 
our study, the direct AST method showed the tendency to 
read high, in comparison to the reference method, based 
on higher ME than VME (Table 2). The inoculum effect 
can compromise the accuracy of technologies that do not 
use a uniform inoculum size because even small variations 
in the inoculum can have a significant impact on the deter-
mined MIC [49, 50]. Previous study demonstrated that the 
inoculum effect was associated with beta-lactam/beta-lac-
tamase inhibitor combinations against E. coli [48], which 
was corroborated by our findings of high ME for beta-
lactam antibiotics in E. coli (Supplementary Table S6). 
ME may prevent the patients from receiving a proper anti-
biotic and result in the use of more expensive second-line 
antibiotics, contributing to higher healthcare costs [47]. 
Therefore, it is advised to apply the same inoculum density 
for our direct AST method as for the conventional AST by 
measuring McFarland turbidity of bacterial suspension in 
future studies or in a real clinical setting. Other confound-
ing factors of our direct preparation method, such as the 
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presence of red blood cells, cellular debris, constituents of 
BC media, and technical errors, may also have contributed 
to the AST discrepancy.

This study had several limitations. First, given the small 
sample size drawn from a single clinical microbiology labo-
ratory, only a restricted range of bacterial species was exam-
ined. Another limitation of this study was the omission of 
polymicrobial bacteremia. Therefore, direct ID and AST are 
only practical for blood specimens considered monomicro-
bial and free of the skin or mucosal contaminants. Third, 
the discrepant identification of closely related species was 
not resolved using a more accurate approach, such as whole-
genome sequencing. In addition, although we used the term 
“rapid” for this study, we did not measure the turnaround 
time for the filter method compared to the conventional 
method. Thus, future studies are necessary to evaluate the 
turnaround time of the filter method for ID and AST. Lastly, 
as previously stated, a high ME could be related to the differ-
ence in inoculum density for AST between the conventional 
and direct methods. Nevertheless, the present study showed 
that the in-house filter method is promising, given that it 
was able to provide > 90% CA and EA with the conventional 
method on the clinical samples. Agreement rates could have 
been higher with the same inoculum density between the 
methods.

Conclusion

Our method has the major benefit of providing accurate 
results for ID and AST 1 day earlier than the conventional 
ID/AST methods, which are considered the gold stand-
ard. Our in-house method is straightforward, quick, and 
affordable for rapid direct ID and AST using positive BC 
broths. Additional studies are required to further assess its 
potential role in clinical management and antimicrobial 
stewardship program.
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