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Background: Determining oxacillin susceptibility using reference methods and automated systems is crucial for treating invasive
infections caused by Staphylococcus aureus. This study compares the oxacillin susceptibility results from the two automated systems
with agar dilution and correlates them with genotypes of invasive S. aureus.

Methods: Non-duplicate S. aureus invasive isolates were collected over an 11-year period. The oxacillin susceptibility was
determined with Phoenix 100 (Jan 2011 to Aug 2018) or Vitek 2 (Sep 2018 to Dec 2021), and susceptibility for oxacillin and
cefoxitin was determined with agar dilution. Methicillin-resistant S. aureus (MRSA) was confirmed with mecA existence, and the
genotype was determined using SCCmec. The association between genotype and antibiotic susceptibility using two automated systems
and agar dilution was evaluated.

Results: A total of 842 invasive S. aureus, including 443 mecA+ MRSA and 399 mecA- MSSA, were collected. The susceptibility
rates of oxacillin determined by two automated systems and agar dilution were 68.8% (76.8% for Phoenix 100 and 57.6% for Vitek 2)
and 54.0%, respectively. When compared with the oxacillin susceptibility using agar dilution, the categorical agreement for Phoenix
100 and Vitek 2 were 0.46% and 0.88%, respectively (p < 0.001). One hundred and forty-three isolates were misinterpreted as
oxacillin-susceptible S. aureus (OSSA) using automated systems while comparing with agar dilution, among which molecularly
community-associated MRSA (CA-MRSA) outnumbered healthcare-associated MRSA (HA-MRSA) (99 vs 34, p < 0.001). There were
70 mecA+ OSSA (OS-MRSA) using agar dilution, among which 42 harbored SCCmec types were predominantly categorized as CA-
MRSA (38, p <0.001).

Conclusion: The categorical agreement of Vitek 2 in determining oxacillin susceptibility and predicting mecA existence is compar-
able with agar dilution, whereas Phoenix 100 is not. Most of those ORSA determined by agar dilution but misinterpreted as OSSA by
automated systems and OS-MRSA are categorized as CA-MRSA.
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Introduction

Staphylococcus aureus, encompassing methicillin-susceptible (MSSA) and methicillin-resistant S. aureus (MRSA), is the
predominant pathogen causing various invasive infections in both community and healthcare settings'” The crude
mortality rates of invasive infections by MRSA range from 10.2% for bacteremia to 55.6% for septic shock.” MRSA
has not only replaced MSSA, but its hospitalization rates have also surpassed those by MSSA.> Determining methicillin
resistance, mediated by penicillin-binding protein 2a (PBP2a), is essential for appropriate antibiotic treatment in clinical
practice.* Automated systems have been implemented for accurate species identification and rapid determination of
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antibiotic susceptibility,” but discrepancies between automated systems and the reference antibiotic susceptibility test
(AST) have also been reported.® The goals of this study are to compare the oxacillin susceptibility results between the
two commercial automated systems and the reference AST (categorical agreement, CA) and to investigate the association
between the discrepancy of AST results and the genotypes of MRSA.

Materials and Methods
Isolate Identification and Antimicrobial Susceptibility Tests

Invasive Staphylococcus aureus isolates cultivated from sterile sites were identified using standard microbiologic
methods and two commercial automated identification and antibiotic susceptibility test systems. These two systems,
Phoenix 100 (BD Diagnostic Systems, Sparks, Md, USA, from Jan 1st, 2011, to Aug 31st, 2018) and Vitek 2
(bioMérieux, Marcy L’Etoile, France, from Sep 1st, 2018 to Dec 31st, 2021), over an 11-year period (2011-2021)
were applied in the Chung Shan Medical University Hospital, a medical center affiliated with 1300 beds in central
Taiwan. The antibiotic susceptibility tests for S. aureus were performed using agar dilution for vancomycin, oxacillin,
and cefoxitin according to the Clinical Laboratory Standards Institute (CLSI).* Modified microbroth dilution tests,
including the PMIC/ID-25 panel of Phoenix 100 and the AST-P267 card of Vitek 2, were used for antibiotic suscept-
ibility tests of automated systems according to the respective manufacturer's guides.’” Phenotypes of oxacillin-susceptible
(OSSA) and resistant S. aureus (ORSA) were defined as minimal inhibitory concentration (MIC) against oxacillin <2 and
>4 mg/L, respectively, whether using agar dilution or the automated systems.

Molecular Typing

The authors extracted the genomic DNA from each S. aureus isolate using as a template for primers annealing and
amplification of the mecA gene with polymerase-chain reaction (PCR).® Methicillin-resistant (MRSA) and susceptible
S. aureus (MSSA) were defined based on the presence or absence of mecA. Multiplex PCR was employed to identify the
SCCmec types of MRSA strains.” SCCmec types I-V were identified by comparing the PCR banding patterns of S. aureus
reference strains: ATCC 10442 (SCCmec type 1), N315 (SCCmec type II), 85/2082 (SCCmec type 1), MW2 (SCCmec type
IVa), WIS (SCCmec type V). Isolates initially determined to be SCCmecV were further analyzed using specific primers (ccrC-
FR) and were compared with the SCCmecV' reference strain TSGH-17."° Molecularly community-associated MRSA (CA-
MRSA) was defined as those harboring SCCmec 1V, V, and Vr, and healthcare-associated MRSA (HA-MRSA) was defined as
those harboring SCCmec 1, 11, and 111" Oxacillin-susceptible mecA-positive S. aureus (OS-MRSA) was defined as an isolate
harboring mecA with oxacillin MIC < 2 mg/L using agar dilution."?

Statistical Methods

SPSS software (PAWS Statistics 18.0.0; SPSS Inc., Chicago, IL, USA) was employed for statistical analyses. The
difference between two categorical variables was determined using Fisher’s exact test. A p-value <0.05 indicated
a significant difference. The categorical (inter-rater) agreement of susceptibility results from automated systems and
agar dilution (reference) was measured using Cohen’s kappa coefficient.

Results

Specimen Distribution

A total of 842 non-duplicate invasive S. aureus isolates were collected during the study period (2011-2021). The majority
of the invasive isolates originated from blood (732, 86.9%), followed by those from bronchoalveolar lavage (BAL) (60,
7.1%), pleural effusion (16, 1.9%), ascites (12, 1.4%), synovial fluid (12, 1.4%), and cerebrospinal fluid (10, 1.2%)
(Table 1). Of these, 443 (52.6%) S. aureus harbored the mecA gene (MRSA), and the remaining 399 S. aureus isolates
without mecA were classified as MSSA.
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Table | The Yearly Distribution of Sources and the Antibiotic Susceptibility Rates of 842 Invasive Staphylococcus aureus Isolates (443 mecA+MRSA and 399 mecA-MSSA) (2011-2021)

Year (No. of Isolates, mecA+ MRSA/ mecA- MSSA)
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2011-2021

Source (no.)
Ascites (12) 0/0 0/0 2/1 1/0 2/0 1/0 0/0 2/0 2/0 1/0 0/1 1171
BAL (60) 0/0 0/0 4/1 4/0 1/0 3/0 710 5/0 32 15/0 14/3 56/4
Blood (732) 23/20 54/18 0/0 712 9/8 54/59 43/67 44/39 32/69° 44/58 35/47 345/387
CSF (10) 0/0 0/0 0/0 2/0 0/0 0/0 4/0 1/0 1/0 2/0 0/0 10/0
Pleural effusion (16) 0/0 0/0 2/1 2/0 0/1 0/3 4/0 2/0 0/0 0/0 1/0 11/5
Synovial fluid (12) 0/0 0/0 0/1 3/1 2/0 0/0 0/0 3/0 1/0 0/0 1/0 10/2
Total no. 23/20 54/18 8/4 19/3 14/9 58/62 58/67 57/39 39/69 62/58 51/50 443/399
Antibiotic
susceptibility (%)*

Vancomycin 100/100 94.5/100 100/100 100/100 100/100 100/100 94.8/98.5 100/100 100/100 100/100 100/100 98.6/100

Oxacillin 21.7/100 32.7/100 12.5/100 15.8/66.7 28.6/100 22.4/93.5 8.6/97.0 17.5/97 .4 2.6/100 6.5/93.1 11.8/98.0 15.8/96.5

Cefoxitin 17.4/100 30.9/100 12.5/100 5.3/66.7 7.1/55.6 24.1/100 8.6/98.5 17.5/82.0 0/91.7 3.2/94.8 5.9/100 12.9/95.0

Notes: “agar dilution test; "one MRSA isolated from a central venous catheter (CVC) tip.
Abbreviations: mecA+MRSA, methicillin-resistant Staphylococcus aureus with mecA gene; MSSA, methicillin-susceptible Staphylococcus aureus without mecA gene; BAL, bronchoalveolar lavage; CSF, cerebrospinal fluid.
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Antimicrobial Susceptibility Results Using Two Automated Systems and Agar Dilution
Table 1 demonstrates the yearly distribution and total susceptibility results of 842 invasive S. aureus isolates (including
443 MRSA and 399 MSSA) using agar dilution. Vancomycin remained the most effective antibiotics against MRSA and
MSSA, with susceptibility rates of 99.3% and 100%, respectively. The susceptibility rates of oxacillin, and cefoxitin for
MRSA/MSSA were for 15.8%/96.5% and 12.9%/95.0%, respectively. Six (1.4%) vancomycin-intermediate S. aureus
(VISA) isolates with vancomycin MIC of 4 mg/L were identified, but no vancomycin-resistant S. aureus (VRSA) was
found. Table 2 lists the yearly distribution of oxacillin susceptibility determined with agar dilution and two automated
systems (Phoenix 100 and Vitek 2). A significant discrepancy in OSSA/ORSA phenotypes between agar dilution (455/
387) and automated systems (579/263) was observed. Similarly, significant inconsistency existed between mecA4 gene
presence and oxacillin resistance determined by either agar dilution or the two automated systems. For example, the
number/percentage of mecA+OSSA (ie OS-MRSA) determined by agar dilution and two automated systems were 70/
15.8% and 190/42.9%, respectively (Table 2).

Comparative Analysis of Antimicrobial Susceptibility with Molecular Typing Results

Table 3 presents the comparative analysis and categorical agreement of antibiotic susceptibility results from agar dilution
and two automated systems with mecA presence. The sensitivity of ORSA detection using two automated systems
compared with the reference method (agar dilution) was low (63.0%), especially with Phoenix 100 (46.9%) (p < 0.001).
The sensitivity of predicting mecA presence using two automated systems was insufficient (57.1%), which was
significantly lower with Phoenix 100 (41.0%) (p < 0.001). In contrast, the sensitivity rates of agar dilution using
oxacillin and cefoxitin for mec4 gene prediction were comparable (84.2% with oxacillin and 87.1% with cefoxitin,
respectively). A similar sensitivity rate in predicting mecA gene presence using Vitek 2 was also observed (82.9%). The
categorical agreement (CA) represented as Cohen’s kappa coefficient (x) of oxacillin susceptibility between automated

Table 2 Comparative Analysis of Distribution of the Phenotypes Determined by BD Phoenix'" 100 or Vitek 2 Automated Systems
and Agar Dilution and with Genotypes of 842 Invasive Staphylococcus aureus Isolates (201 1-2021)

Source/Year Year (No. of Isolates, mecA+ MRSA/ mecA- MSSA)
2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2011-2021

Phenotypes (no.) Phoenix/Vitek 2%

OSSA 23 36 5 5 20 114 110 82 8l 57 46 579

ORSA 20 36 7 17 3 6 15 14 27 63 55 263
Agar dilution

OSSA 25 36 5 5 13 69 71 48 70 58 55 455

ORSA 18 36 7 17 10 51 54 48 38 62 46 387
Genotypes (no.)

mecA- MSSA 20 18 4 3 9 62 67 39 69 58 50 399

mecA+ MRSA 23 54 8 19 14 58 58 57 39 62 51 443
Genotypes vs Phoenix/Vitek 2%

mecA- OSSA 20 17 4 9 62 67 39 68 55 45 389

mecA+ ORSA 20 35 7 17 3 15 14 26 60 50 253

mecA- ORSA 0 | 0 0 0 0 0 | 3 5 10

mecA+ OSSA 3 19 | 2 I 52 43 43 13 2 | 190
Genotypes vs oxacillin agar dilution

mecA- OSSA 20 18 4 2 9 56 66 38 69 54 49 385

mecA+ ORSA 18 36 7 16 10 45 53 47 38 58 45 373

mecA- ORSA 0 0 0 I 0 6 | | 0 4 | 14

mecA+ OSSA 5 18 | 3 4 13 5 0 | 4 6 70

Notes: “The BD Phoenix 100 compact system has been used from Jan 2008 till Aug 3Ist, 2018, and the Vitek 2 compact system has been instituted since September Ist,
2018 till December 31st, 2021).

Abbreviations: mecA+MRSA, methicillin-resistant Staphylococcus aureus with mecA gene; MSSA, methicillin-susceptible Staphylococcus aureus without mecA gene; ORSA,
oxacillin-resistant Staphylococcus aureus determined by agar dilution; OSSA, oxacillin-susceptible Staphylococcus aureus determined by agar dilution.
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systems and the agar dilution test was 0.603, significantly lower among Phoenix 100 and agar dilution than Vitek 2 (p <
0.001). A significant decrease in CA with mecA gene presence was also observed in the subgroup of the Phoenix system
(x=0.379, p <0.001) (Table 3). The analysis of CA among agar dilution and mecA gene presence showed that the « value
is slightly higher among cefoxitin (0.815) than oxacillin (0.799) (Table 3).

Among the 443 mecA+ MRSA isolates, 412 (93.0%) were classified as SCCmec type I to V, including SCCmec I (3,
0.7%), SCCmec 11 (41, 9.2%), SCCmec 111 (80, 18.0%), SCCmec IV (185, 41.8%), SCCmec V (53, 12.0%), and SCCmec
Vr (50, 11.3%). Thirty-one (7.0%) mecA+ MRSA isolates could not be typed by multiplex PCR, and no mecC gene was
identified within this subset. The association between false-negative results (ie, 143 ORSA by agar dilution but
misinterpreted as OSSA by Phoenix 100 or Vitek 2) and mecA gene presence/SCCmec types is shown in Table 4.
Those with false-negative results assigned by the two automated systems (including 120 isolates by Phoenix 100 and 23
isolates by Vitek 2) were significantly associated with mecA+ presence (p = 0.01) and CA-MRSA (p < 0.001).

A total of 70 OS-MRSA (oxacillin MIC < 2 mg/L) isolates were identified using agar dilution, and their distribution
and proportion stratified by oxacillin MICs were as follows: MIC < 0.25 mg/L, 13.4% (9/67); MIC = 0.5 mg/L, 13.6%
(30/220); MIC = 1 mg/L, 14.6% (19/130); and MIC = 2 mg/L, 31.6% (12/38). Among the 70 OS-MRSA, 42 isolates
were classified with SCCmec types (2 with SCCmec I; one each with SCCmec II and III; 23 with SCCmec 1V; 9 with

Table 3 Comparative Analysis and Categorical Agreement (Kappa Coefficient) of Antibiotic Susceptibility Results from Agar Dilution
and Compact Automated Systems (Phoenix® and Vitek® 2) with mecA Gene Existence of 842 Invasive Staphylococcus aureus Isolates
(2011-2021)

Comparative Variables Sensitivity | Specificity | False Positive | False Negative | Cohen’s k value® | p value®
Automated system vs agar. dilution 63.0% 95.8% 4.2% 37.0% 0.603
Phoenix system vs agar dilution 46.9% 97.3% 2.7% 53.1% 0.461 <0.001
Vitek 2 system vs agar dilution 85.7% 93.8% 6.2% 14.3% 0.886
Automated system vs mecA existence 57.1% 97.5% 2.5% 42.9% 0.531
Phoenix system vs mecA existence 41.0% 99.5% 0.5% 59.0% 0.379 <0.001
Vitek 2 system vs mecA existence 82.9% 95.1% 4.9% 17.1% 0.894
Cefoxitin agar dilution vs mecA existence 87.1% 95.0% 5.0% 12.9% 0.815
Oxacillin agar dilution vs mecA existence 84.2% 96.5% 3.5% 15.8% 0.799

Notes: *categorical agreement (ie, Interrater reliability); ®difference between sensitivity rates and k value of Phoenix 100 and Vitek 2 automated systems.

Table 4 The Association Between False Negative Results/True Positive Results by Phoenix 100/Vitek 2
Automated Systems and mecA Existence/SCCmec Types

Genotypes False Negative OSSA Identified | True Positive ORSA Identified | p value
by Automated Systems (no.) by automated Systems (no.)

mecA- S. aureus 10 4

mecA+ S. aureus 133 240 0.01

SCCmec type

| 0 |

Il 5 35

1] 29 50

v 59 22

\ 22 22

Vr 18 3

uTt 10 |

CA-MRSA 99 47 <0.001

HA-MRSA 34 86

Abbreviations: OSSA, oxacillin-susceptible Staphylococcus aureus determined by agar dilution; ORSA, oxacillin-resistant
Staphylococcus aureus determined by agar dilution; SCCmec, staphylococcal cassette chromosome mec; UT, untypable; CA-
MRSA, molecularly community-associated MRSA (including SCCmeclV, V, and V1); HA-MRSA, molecularly healthcare-associated
MRSA (including SCCmedl, Il, and Ill).
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Figure | The prevalence and the trends of molecularly community-associated (CA-MRSA), molecularly healthcare-associated methicillin-resistant S. aureus (HA-MRSA), and
oxacillin-susceptible mecA-positive S. aureus (OS-MRSA) during || years (2011-2021).

SCCmec V; 6 with SCCmec V1, and 28 untyped). OS-MRSA was more strongly associated with CA-MRSA than HA-
MRSA (38 vs 4, p < 0.001). The prevalence and trends of CA-MRSA, HA-MRSA, and OS-MRSA are depicted in
Figure 1. The prevalence of CA-MRSA surpassed that of HA-MRSA starting in 2014, and OS-MRSA steadily increased
from 2011 to 2016 before decreasing thereafter.

Discussion

Invasive infections caused by S. aureus have affected specific populations in both community and healthcare settings, exerting
a substantial negative impact on patient outcomes and public health.>'*'* Appropriate empirical and targeted antibiotics,
based on susceptibility results, are essential for clinical cure and microbial eradication.>'"'*!> Commercial automated
systems aid medical technicians in accurately identifying microorganisms and in determining antimicrobial susceptibility
efficiently.™'®!” Although previous literatures have reported excellent CA among automated systems and reference methods

671719 some discrepancies have also been reported.'*” We have

in determining the susceptibility of clinical S. aureus strains,
observed significant inconsistency in oxacillin susceptibility results between the two automated systems, BD Phoenix 100 and
Vitek 2. Consequently, we conducted a longitudinal study to analyze the CA of antibiotic susceptibility among two automated
systems and agar dilution and to correlate the susceptibility inconsistency with genotypes of invasive S. aureus.

The proportion of OSSA in this study was 54.5%, aligning closely with a 5-year national surveillance in Taiwan from
2016 to 2021 (57%),”! but higher than the SMART study (46.1%) in 2020.>* A slight increase in VISA (1.4%) prevalence
was noted compared with the SMART study (0.3%).> These results suggest that susceptibility rates of S. aureus to
oxacillin (OSSA phenotype) vary by region and setting, and that VISA was rarely identified in Taiwan.*’

Previous publications demonstrated excellent CA between automated systems and reference methods. Fahr et al
conducted a European collaborative two-center trial and revealed a CA of 97% between the Phoenix system and the broth
microdilution (BMD) test.'"® Comparative performance analysis of the Phoenix PMIC/ID102 panel and Vitek 2 system
also exhibited excellent CA with BMD (99.8% for Phoenix and 99.7% for Vitek 2, respectively).” However, our results
differed considerably from these findings. The CA between the Phoenix system and the reference agar dilution was very
low (46.9%), significantly lower than that of the Vitek 2 system (85.7%, p < 0.001). Additionally, we noted a lesser
degree of discrepancy between the present study and previous reports regarding CA between the Vitek 2 system and agar

dilution. We speculate that differences in CA between the Phoenix system and reference methods in the present study and
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previous reports may result from the prevalence and evolutionary changes of S. aureus strains, especially OS-MRSA, in
different geographic areas.

Borderline oxacillin-resistant S. aureus (BORSA), first described in 1986, does not harbor mecd and exhibits
borderline or intermediate susceptibility to oxacillin with MIC of 1-8 mg/L.>* Resistance mechanisms to methicillin
and p-lactams include overproduction of staphylococcal B-lactamase,>* penicillin-binding protein (PBP) mutations,** and
methicillinase production.”® Treatment failures with penicillinase-resistant penicillins (PRPs) have been reported for
invasive infections caused by BORSA.?’ We identified only 14 (1.6%) mecA-negative invasive ORSA isolates, support-
ing the theory that mecA-mediated resistance accounts for the majority of ORSA.

The CLSI and several other publications have recommended using cefoxitin susceptibility (disk diffusion or dilution
methods) to enhance the detection of mecA-mediated ORSA, with sensitivity rates ranging from 98% to 100%.*-'*?° As
depicted in Table 3, the sensitivity rates of oxacillin and cefoxitin using agar dilution in detecting mecA presence are
84.2% and 87.1%, respectively, significantly lower than previous reports. This discrepancy can be attributed to the
increasing prevalence of mecA+ OSSA (OS-MRSA) (70, 15.8%) in Taiwan compared to 0% in the U.S.” and in Northern
Bavaria, Germany,”® 1.2-1.8% in Shanghai,'**° and 9.0% in Kunming,?® China. These results underscore the challenges
in accurately identifying mecA using reference methods. The mechanism of OS-MRSA has been delineated by Chen
et al, revealing that CA-MRSA strains harboring ST59-SCCmec IV and V genotypes with mecA promoter mutations are
responsible for the OS-MRSA phenotype.30 Our study has further confirmed that the OS-MRSA phenotype primarily
occurs among molecularly CA-MRSA (SCCmec 1V, V, and VT) (Table 4) and centralizes at an oxacillin MIC of 2 mg/L,
which is consistent with previous literatures.'>**2**!-32 Clinical application of penicillinase-resistant penicillins and p-
lactams for treating invasive OS-MRSA should be approached with caution, as the oxacillin resistance (growing on
tryptone soy agar with oxacillin of 32 mg/L) is inducible among OS-MRSA with little antibiotic resistance.'?

Junkins et al found that cefoxitin was useful in automated systems to enhance the detection of ORSA and mecA. In 16
instances (9 on Phoenix and 7 on Vitek 2), an oxacillin MIC in the susceptible range was correctly altered to resistant based on
the cefoxitin susceptibility result.” Our study has indicated significant discordance between automated systems and mecA (CA
0.531, Table 3), with more pronounced discordance observed using the Phoenix 100 than the Vitek 2 (CA, 0.379 vs.0.894, p <
0.001). Most false-negative OSSA determined by the automated systems harbor mecA4 (p < 0.001) (Table 4), suggesting a re-
evaluation of cefoxitin for enhancing the detection of mecA using particular automated systems.

After correlating the false-negative OSSA phenotype using automated systems with genotypes, most of these isolates
were found to belong to CA-MRSA (SCCmec 1V, V, and V). As molecularly CA-MRSA has gradually surpassed HA-

MRSA in communities and healthcare settings,>'"'*%°

the prevalence of false-negative OSSA phenotypes with the use
of automated systems is expected to increase. Therefore, the development of new and practical phenotypic tools for
detecting OS-MRSA is urgently needed.

This study had several limitations. First, the number of isolates collected during 2013-2015 was relatively small due
to a faculty shortage, which might cause sample size bias. Second, further molecular profiles, such as multilocus
sequencing typing (MLST) and whole-genome sequencing (WGS), were lacking and have been scheduled for the next
project due to budget constraints. Third, the epidemiologic and clinical characteristics of the host were not surveyed for
risk stratification or outcome evaluation due to anonymized data. Lastly, few mecA/mecC negative ORSA and VISA
isolates were identified in this single-center study, necessitating further studies such as WGS and proteomic profiles for

clarification of the resistance mechanisms.

Conclusion

The present study provides insights into the inconsistency in antibiotic susceptibility, mainly OS-MRSA, among
automated systems and the agar dilution test. Vitek 2, unlike Phoenix 100, has comparable categorical agreement with
agar dilution concerning oxacillin susceptibility and mecA gene detection. OS-MRSA is closely related to CA-MRSA
and centralizes at an oxacillin MIC of 2 mg/L, raising concerns about the treatment efficacy for invasive OS-MRSA

infections using semi-synthetic penicillins and -lactams.
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