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ABSTRACT The cefazolin inoculum effect (CzIE) has been associated with therapeutic
failures and mortality in invasive methicillin-susceptible Staphylococcus aureus (MSSA)
infections. A diagnostic test to detect the CzIE is not currently available. We developed
a rapid (;3 h) CzIE colorimetric test to detect staphylococcal-b-lactamase (BlaZ) activity
in supernatants after ampicillin induction. The test was validated using 689 bloodstream
MSSA isolates recovered from Latin America and the United States. The cefazolin MIC
determination at a high inoculum (107 CFU/ml) was used as a reference standard (cutoff
$16mg/ml). All isolates underwent genome sequencing. A total of 257 (37.3%) of MSSA
isolates exhibited the CzIE by the reference standard method. The overall sensitivity and
specificity of the colorimetric test was 82.5% and 88.9%, respectively. Sensitivity in MSSA
isolates harboring type A BlaZ (the most efficient enzyme against cefazolin) was 92.7%
with a specificity of 87.8%. The performance of the test was lower against type B and C
enzymes (sensitivities of 53.3% and 72.3%, respectively). When the reference value was
set to $32mg/ml, the sensitivity for isolates carrying type A enzymes was 98.2%.
Specificity was 100% for MSSA lacking blaZ. The overall negative predictive value ranged
from 81.4% to 95.6% in Latin American countries using published prevalence rates of
the CzIE. MSSA isolates from the United States were genetically diverse, with no distin-
guishing genomic differences from Latin American MSSA, distributed among 18
sequence types. A novel test can readily identify most MSSA isolates exhibiting the CzIE,
particularly those carrying type A BlaZ. In contrast to the MIC determination using high
inoculum, the rapid test is inexpensive, feasible, and easy to perform. After minor valida-
tion steps, it could be incorporated into the routine clinical laboratory workflow.

KEYWORDS CzIE rapid test, BlaZ, cefazolin inoculum effect, high inoculum

The clinical burden of infections caused by methicillin-susceptible Staphylococcus
aureus (MSSA) is significant (1–3). In some parts of the world, the incidence of
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invasive infection caused by MSSA is higher than that caused by methicillin-resistant S.
aureus (MRSA) (4). Cefazolin, a first generation cephalosporin, is now used by many as
the preferred therapy for MSSA infections because several studies have suggested that
it is safer, easier to administer, and as effective as anti-staphylococcal penicillins (ASP)
(5–12). In some regions of the world, it is the only preferred antibiotic that is routinely
available to treat invasive MSSA infections (13).

The cefazolin inoculum effect (CzIE) is characterized by a marked increase in the
MIC when a high bacterial inoculum, typically at least 107 CFU/ml, is used to determine
the MIC value. The CzIE has been associated with therapeutic failures and increased
mortality in deep-seated infections (13–15), and appears to vary in frequency from 3 to
20% of MSSA isolates from Asia (16–18) and the United States (19–21) up to 30 to 54%
in MSSA isolates from Latin America (13, 22, 23).

The mechanistic basis of the CzIE involves the staphylococcal b-lactamase (BlaZ)
enzymes, which belong to the molecular class A and have been classified into four
types (A to D) (24). BlaZ types A and C have been the most common types associated
with the CzIE (13, 16–23). The gold standard for identification of the CzIE is by deter-
mining cefazolin MICs at high inoculum (MIC-HI) by broth microdilution (21). However,
this procedure is technically difficult to implement in clinical laboratories. Nitrocefin is
a chromogenic cephalosporin without antimicrobial properties that is widely used for
phenotypic detection of b-lactamases in microorganisms. BlaZ hydrolyzes the b-lac-
tam ring of nitrocefin, resulting in a distinctive color change (yellow to red) (25).

Taking advantage of this chromogenic substrate, we showed in preliminary assays
that nitrocefin rapidly and accurately identified the strains that display the CzIE by
detecting the presence of staphylococcal b-lactamase in bacterial supernatants after
they were induced with ampicillin (26). Indeed, we observed significant differences
(P, 0.001) in the hydrolysis of nitrocefin after 30min by supernatants of S. aureus
TX0117 (14) (positive control for the CzIE) compared to the supernatant of strains that
did not exhibit the CzIE (TX0117c and ATCC 29213) (Fig. S1 in the supplemental mate-
rial). Of note, the hydrolysis of nitrocefin was also readily detectable by visual inspec-
tion. Thus, these findings suggested that the CzIE was highly correlated with the pres-
ence of BlaZ in the extracellular milieu (26). Here, we describe a novel rapid
colorimetric test that uses the chromogenic cephalosporin nitrocefin to detect the
strains that display the CzIE in a cohort of bloodstream MSSA isolates recovered from
Latin America and the United States (25).

MATERIALS ANDMETHODS
Bacterial isolates, typing of b-lactamase, and phylogenetic analysis. Two sets of MSSA isolates

were included in the study. The first set (n= 640) consists of isolates collected as part of a multicenter
surveillance study of bloodstream infections in nine countries of Latin America (2011 to 2014) and, more
recently (2018 to 2019), from one hospital in Pereira, Colombia (1, 23). The second set includes an
archived collection of S. aureus bloodstream isolates (n= 49) recovered from the United States as part of
two repositories (the Duke University repository and the International Collaboration on Endocarditis
[ICE] cohort study) (21). The isolates recovered from Latin America were sent to our reference laboratory
in Bogota, Colombia. Isolates collected in the United States were sent to and stored in Houston, TX
(University of Texas [UT] Health Center for Antimicrobial Resistance and Microbial Genomics).

Typing of the staphylococcal b-lactamase was performed through whole-genome sequencing using
BLASTX searches against S. aureus BlaZ ATCC 29213 (GenBank accession ODV53133.1). We classified BlaZ
based on the amino acid residues at positions 128 and 216 (27, 28). Sequence types (ST) and clonal com-
plexes (CC) were assigned according to the PubMLST database (29). The genetic relationship among the
isolates was investigated by a core genome phylogenetic analysis. The core genome was defined using
Roary v3.13.0, selecting the orthogroups in 95% of the analyzed genomes (30). Orthologous nucleotide
sequences, defined by Roary, were aligned with the MUSCLE algorithm and concatenated to construct a
phylogenetic matrix (31). Phylogeny was reconstructed with RAxML v8.2.11 using the GTRGAMMA and
100 rapid bootstrap replicates (32). Tree visualization and annotation was performed using the online
tool Interactive Tree of Life v5.5.1 (https://itol.embl.de) (33).

Determination of the cefazolin inoculum effect. The cefazolin inoculum effect (CzIE) was eval-
uated by broth microdilution using standard and high bacterial inocula (5� 105 CFU/ml and 5� 107

CFU/ml, respectively) (22, 34). Cefazolin MIC assessments were performed in triplicate and evaluated by
three independent investigators. Controls included S. aureus TX0117, a strain that harbors a type A BlaZ
and exhibits the CzIE. This strain was recovered from a patient with endocarditis and failure of cefazolin
(14). S. aureus strain ATCC 29213 harbors type A BlaZ but does not exhibit the cefazolin inoculum effect,
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and is widely used as a quality control strain for in vitro susceptibility testing. In addition, we also
included a MSSA strain that does not possess BlaZ (ATCC 25923). The CzIE was defined as a MIC of
$16mg/ml at high inoculum and of#8mg/ml at standard inoculum (21).

Rapid colorimetric test to detect the CzIE. Figure 1 shows technical details on the test. Nitrocefin
was prepared as a stock solution at a concentration of 5mg/ml in dimethyl sulfoxide (DMSO) (Sigma-
Aldrich, USA) and then diluted to 400mM in phosphate-buffered saline (PBS) at 0.1 M, pH7.0. The solution
was preserved in a foil-wrapped tube at 4°C. S. aureus strains were cultured in brain heart infusion (BHI)
agar (Oxoid Limited, UK). Following incubation for 18 to 24 h at 37°C, morphologically similar colonies
were selected with a 1-ml calibrated sterile loop. The loop was inoculated into a 2-ml tube containing 1ml
of BHI broth with ampicillin (150mg/ml, freshly prepared). The suspension was vortexed vigorously for
2min to ensure homogenization and incubated at 35 61°C for 10min. After incubation, the suspension
was vortexed again for 2 min. Then, a second incubation step of 10min at 35 61°C followed by vortexing
(2min) was carried out. The two-step procedure permits extracellular b-lactamase to be homogeneously
distributed in the broth. Next, the solution was centrifuged at 5,000 rpm for 10min (room temperature).
While avoiding aspiration of the bacterial cell pellet, 25ml of the supernatant was transferred into a 0.2-ml
tube containing 25ml of freshly dispensed nitrocefin solution (400mM). The tubes were incubated at room
temperature (15 to 25°C, mean of 22°C) and protected from light, followed by visual inspection to monitor
color change at 15, 30, 45min, 1 h, and 2h. A positive result was interpreted as any change in color from
yellow to red from 15min to 2 h (Fig. 1). The control strains S. aureus TX0117, ATCC 29213, and ATCC
25923 were included in the standardization of the test. Development and rapid test validation were per-
formed in parallel in both the Colombian and U.S. laboratories.

Statistical analysis. We initially evaluated the sensitivity and specificity of the complete data set
and, subsequently, calculations were made based on BlaZ types and the MIC-HI using MedCalc for
Windows, version 15.0 (MedCalc Software, Ostend, Belgium). We used published prevalence ranges to
calculate positive and negative predictive values (PPV and NPV, respectively) in each country (35). A re-
ceiver operating characteristic (ROC) curve for predictions of diagnostic performance was constructed
using the complete data set of MSSA isolates and the Scikit-learn (36) module for Python programming
language. The area under the curve (AUC) and 95% confidence interval (CI) of the AUC were calculated.

Data availability. The genomes of the Latin American and U.S. isolates were submitted to the NCBI
GenBank database under the BioProject numbers PRJNA580194, PRJNA595347, PRJNA291213 and
PRJNA648430.

RESULTS
Development and validation of the CzIE rapid test. The CzIE rapid test was vali-

dated in 689 MSSA bloodstream isolates recovered from Latin America (n=640) and
the United States (n=49) (Table 1). Overall, 257 (37%) MSSA isolates exhibited CzIE.
The CzIE in MSSA from Latin America was 40% (range 31% to 55%), and 10% from

FIG 1 Methodology of the CzIE rapid test. (A) Methodology of the rapid test (as described in the
Materials and Methods section). (B) S. aureus quality controls. Tubes from left to right correspond to
MSSA TX0117 (BlaZ-positive exhibiting the CzIE), ATCC 29213 (BlaZ-positive lacking the CzIE), and
ATCC 25923 (BlaZ-negative lacking the CzIE). Change of color to red indicates a positive result
(presence of CzIE), whereas a yellow color is suggestive of a negative result.
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archived U.S. isolates (Table 1). The global sensitivity of the test was 82.5%, with a
specificity of 88.9% (Table 1). The diagnostic performance of the CzIE rapid test
showed variation among countries. For example, Colombia provided the highest
number of strains (n= 186) and 39% exhibited the CzIE. The sensitivity and specificity
of the CzIE rapid test when applied to MSSA isolates from Colombia was 84.9% and
91.2%, respectively. In contrast, Venezuela provided 23 MSSA and 10 (43%) exhibited
CzIE. In these isolates, the rapid test had a low sensitivity (60%) but a high specificity
(100%). Of note, in 49 archived isolates available from United States, only 5 were pos-
itive for CzIE. The sensitivity and specificity of the test was 80% and 93.2%, respec-
tively (Table 1).

Accuracy of the CzIE rapid test varies with the type of b-lactamase. The CzIE has
been associated with the presence of staphylococcal b-lactamases type A and C (13,
16–23). The type A enzyme seems to have enhanced activity against nitrocefin and
cefazolin, whereas type C has more affinity for cephalothin than cefazolin (37). Of
note, BlaZ type C was the most common in MSSA bloodstream isolates included in
the study, followed by type A, with variations observed across the countries (Fig. S3).
Indeed, when we evaluated the performance of the rapid test stratified by b-lacta-
mase type, the test performed better in detecting the CzIE in MSSA isolates that har-
bored type A BlaZ than other types (Table 2), with sensitivity and specificity of 92.7%
and 87.8%, respectively. For type C, sensitivity and specificity were lower (72.3% and
82.7%, respectively), consistent with the decreased ability of type C enzyme to hydro-
lyze nitrocefin (37). The lower performance of the test against enzymes that do not
have a robust ability to hydrolyze nitrocefin was evident when evaluating its per-
formance against MSSA isolates harboring type B b-lactamase (37) (sensitivity of
53.3%). Of note, the rapid test exhibited 100% specificity against strains that lack
blaZ (Table 2).

The receiver operating characteristic (ROC) analysis for the whole data set of MSSA
isolates and the overall AUC of 0.85 (95% CI: 0.83 to 0.88) indicated a good diagnostic
accuracy of the CzIE rapid test (Fig. 2). Likewise, the tests exhibited an AUC value of
0.90 (95% CI: 0.85 to 0.95) for BlaZ type A isolates, supporting the robust performance
of the test against MSSA harboring staphylococcal type A enzymes.

Recently, some particular allotypes of BlaZ were associated with the CzIE in clinical
isolates of MSSA recovered from Latin America (23). However, when we analyzed dis-
crepant results of the rapid test (false positives and false negatives) to determine
whether there was association with BlaZ allotypes (Table S1), we did not find any
correlation.

TABLE 1 Diagnostic performance of the rapid test for detection of the CzIE in MSSA isolates recovered from selected hospitals in Latin
America and the United States

Country
(no. of isolates)

CzIE by broth microdilution “gold standard”

% sensitivity
(95% CI)

% specificity
(95% CI)

Present Absent

No. (%)
of MSSA

Rapid test

No. (%)
of MSSA

Rapid test

No. (%) MSSA
positive

No. (%) MSSA
negative

No. (%) MSSA
negative

No. (%) MSSA
positive

Argentina (n= 82) 45 (55) 40 (89) 5 (11) 37 (45) 34 (92) 3 (8) 88.9 (76.0–96.3) 91.9 (78.1–98.3)
Brazil (n= 75) 23 (31) 14 (61) 9 (39) 52 (69) 42 (81) 10 (19) 60.87 (38.5–80.3) 80.8 (67.5–90.4)
Colombia (n= 186) 73 (39) 62 (85) 11 (15) 113 (61) 103 (91) 10 (9) 84.9 (74.6–92.2) 91.2 (84.3–95.7)
Chile (n= 85) 26 (31) 22 (85) 4 (15) 59 (69) 49 (83) 10 (17) 91.2 (84.3–95.7) 83.1 (71.0–91.6)
Ecuador (n= 64) 26 (41) 21 (81) 5 (19) 38 (59) 35 (92) 3 (8) 80.8 (60.7–93.5) 92.1 (78.6–98.3)
Guatemala (n= 55) 23 (42) 19 (83) 4 (17) 32 (58) 27 (84) 5 (16) 82.6 (61.2–95.1) 84.4 (67.2–94.7)
Mexico (n= 10) 4 (40) 4 (100) 0 6 (60) 5 (83) 1 (17) 100 (39.76–100) 83.3 (35.9–99.6)
Peru (n= 60) 22 (37) 20 (91) 2 (9) 38 (63) 35 (92) 3 (8) 90.9 (70.8–98.9) 92.1 (78.6–98.3)
Venezuela (n= 23) 10 (43) 6 (60) 4 (40) 13 (57) 13 (100) 0 60 (26.2–87.8) 100 (75.3–100)
USA (n= 49) 5 (10) 4 (80) 1 (20) 44 (90) 41 (93) 3 (7) 80 (28.4–99.5) 93.2 (81.3–98.6)
Total (n= 689) 257 (37) 212 (82) 45 (18) 432 (63) 384 (89) 48 (11) 82.5 (77.3 86.9) 88.9 (85.5–91.7)
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Correlation between the CzIE rapid test and the cefazolin MICs at high
inoculum. Among MSSA isolates harboring type A and type C BlaZ, 137/186 (74%)
and 101/205 (49%) exhibited the CzIE, respectively, using the gold standard MIC deter-
mination (high inoculum). We postulated that the CzIE was highly correlated with the

FIG 2 Receiver operational characteristic (ROC) curve and area under the ROC curve (AUC) to evaluate the diagnostic
performance of the CzIE rapid test. (A) ROC curve for the complete set of MSSA isolates (n= 689). (B) ROC curves for BlaZ
type A isolates (n= 186). The dotted lines represent random chance (AUC = 0.5).

TABLE 2 Performance of the CzIE rapid test stratified by type of b-lactamase

S. aureus tested
(no. of isolates)b

Nitrocefin
rapid test
result

CzIE MIC by gold
standarda

% sensitivity
(95% CI)a

% specificity
(95% CI)aPresence Absence

Total of MSSA (n= 689) Positive 212 48 82.5 (77.3–86.9) 88.9 (85.5–91.7)
Negative 45 384
Total 257 432

BlaZ type A (n= 186) Positive 127 6 92.7 (87–96.4) 87.8 (75.2–95.4)
Negative 10 43
Total 137 49

BlaZ type B (n= 157) Positive 8 24 53.3 (26.6–78.7) 83.1 (75.9–88.9)
Negative 7 118
Total 15 142

BlaZ type C (n=205) Positive 73 18 72.3 (62.5–80.7) 82.7 (74–89.4)
Negative 28 86
Total 101 104

BlaZ type D (n=5) Positive 4 0 NA NA
Negative 0 1
Total 4 1

BlaZ nontypeable (n= 1) Positive 0 0 NA NA
Negative 0 1
Total 0 1

BlaZ negative (n= 135) Positive 0 0 NA 100
Negative 0 135
Total 0 135

aCzIE, cefazolin inoculum effect, identified by broth microdilution at high inoculum; CI, confidence interval; NA,
not applicable.

bThe nontypeable BlaZ indicates the presence of lysine (K) at position 119 and serine (S) at amino acid position
207 in the BlaZ protein (9).
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extracellular amount of the enzyme and that isolates with higher cefazolin MIC-HI are
most likely to fail therapy with cefazolin. Our cutoff for determining the CzIE effect was
$16mg/ml based on previous analyses that suggested this value was the lowest MIC
likely to correlate with poor clinical outcomes (13). Thus, we evaluated the perform-
ance of the CzIE rapid test stratified by MIC-HI. Table 3 shows that the sensitivity of the
test markedly increased (98.2%) in isolates with type A BlaZ that exhibit MICs of
$32mg/ml, suggesting that the test would be reliable in strains that release robust
amounts of type A enzyme.

Positive and negative predictive values of the CzIE rapid test.We estimated the
effectiveness of the rapid test using positive and negative predictive values (PPV and
NPV, respectively) (35). Since there are limited data on the prevalence of the CzIE in
MSSA, we incorporated published data available for bloodstream isolates from partici-
pating countries (13, 19, 21–23), contributing .10 isolates. Table 4 shows that the NPV
ranged from 81.4% to 95.6% overall, whereas the PPV ranged from 59.8% to 100% in
Latin American countries. In the United States, few studies have investigated the fre-
quency of CzIE in MSSA from different clinical sources, with wide variations in preva-
lence estimates of the CzIE (19–21). Due to the limited number of isolates available
from the United States, we used different estimates of prevalence. Using prevalence
estimates ranging from 25% to 4%, respectively, the NPV ranged from 93.3% to 97.7%.
In contrast, the PPV exhibited wide variations (from 32.8% to 79.6%) (Table 4).

TABLE 3 Performance of the CzIE rapid test according to b-lactamase type and high inoculumMIC

BlaZ type
(no. of isolates)

Cz MIC at HId

(no. of isolates)
Rapid test
result

CzIE detected by broth
microdilution gold standardd

% sensitivity
(95% CI)d

% specificity
(95% CI)d

No. isolates with
CzIE present (%)

No. isolates with
CzIE absent (%)

Type A (n=186) $32mg/ml (n=113) Positive 111 (98) 0 98.2 (93.8–99.8) NAa

Negative 2 (2) 0
Total 113 0

16mg/ml (n= 24) Positive 16 (67) 0 66.7 (44.7–84.4) NAa

Negative 8 (33) 0
Total 24 0

#8mg/ml (n= 49) Positive 0 6 (12) NAc 87.8 (75.2–95.4)
Negative 0 43 (88)
Total 0 49

Type B (n= 157) $32mg/ml (n=12) Positive 6 0 50.0 (21.1–78.9) NAa

Negative 6 0
Total 12 0

16mg/ml (n= 3) Positive 2 0 66.67 (NAb) NAa

Negative 1 0
Total 3 0

#8mg/ml (n= 142) Positive 0 24 NAc 83.10 (75.9–88.7)
Negative 0 118
Total 0 142

Type C (n= 205) $32mg/ml (n=56) Positive 42 (75) 0 75.0 (61.6–85.6) NAa

Negative 14 (25) 0
Total 56 0

16mg/ml (n= 45) Positive 31 (69) 0 68.9 (53.4–81.8) NAa

Negative 14 (31) 0
Total 45 0

#8mg/ml (n= 104) Positive 0 18 (17) NAc 82.7 (74.0–89.4)
Negative 0 86 (83)
Total 0 104

aNot applicable due to inability to estimate the value. To calculate the specificity, the number of false positives (FP) and number of true negatives (TN) derived from the
column that indicates “absence of the CzIE” are required. Therefore, we were unable to estimate this value since FP = 0 and TN = 0.

bNot applicable due to small sample size.
cNot applicable due to the inability to estimate the value. To calculate the sensitivity, the number of true positive (TP) and number of false negative (FN) derived from the
column that indicates “presence of the CzIE” are required. Therefore, in these cases we were unable to estimate this value since TP = 0 and FN = 0.
dCzIE, cefazolin inoculum effect, identified by broth microdilution at high inocula (107 CFU/ml); CI, confidence interval; HI, high inoculum.
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Phylogenetic analyses of U.S. MSSA and the CzIE. Our recently published data
showed that bloodstream MSSA isolates from Latin America belonged to a variety of
genetic lineages and that CC30 was the predominant lineage among MSSA exhibiting
the CzIE (23). Here, we reconstructed the phylogenetic tree using core genes of Latin
American strains (23) and included U.S. isolates. Similar to our previous findings in
Latin America, we show an important genetic heterogeneity among U.S. MSSA, but no
distinct genetic differences between U.S. and Latin American MSSA isolates (Fig. S2).
The 49 U.S. isolates were distributed in 18 STs and the most common clonal lineage
was CC5 (28%, n= 14), followed by CC15 (12%, n=6) and CC8 (10%, n=5).

DISCUSSION

We have developed a novel, rapid colorimetric test to identify the presence of CzIE
in clinical isolates of MSSA. Although the impact of CzIE on the outcome of MSSA-
infected patients treated with cefazolin is incompletely understood, a growing number
of studies (13, 15) have reported an association of the CzIE with increased mortality
and worse outcomes. These data are supported by animal models that confirm the
CzIE leads to cefazolin treatment failure (38). In this context, it seems reasonable to
assume that identifying the CzIE may be a useful tool when treating severe MSSA infec-
tions with cefazolin. However, detecting the CzIE is not a trivial task. While the “gold
standard” for the CzIE detection is to perform high-inoculum MIC determinations, there
are no current standardized guidelines for the execution of this method, resulting in
the utilization of additional personnel, resources, and time (i.e., MIC determinations at
high inoculum size usually should be performed in triplicates), and requiring expertise
in interpretation of results. Furthermore, results are only available after 2 to 3 days and
the test requires highly trained personnel. In consequence, the gold standard would
not be readily adopted in the clinical microbiology workflow. Therefore, developing a
reliable and low-cost rapid test to identify MSSA isolates exhibiting the CzIE could
potentially be a major advantage when making therapeutic decisions for MSSA
infections.

Expression, processing, and extracellular release of BlaZ in S. aureus is complex and
requires the participation of multiple enzymes (24). Here, we present a novel nitroce-
fin-based colorimetric test that was developed based on the observation that detec-
tion of the extracellular b-lactamase activity (as opposed to membrane-bound b-lacta-
mase) in supernatants of MSSA strains correlated with the presence of CzIE in
prototypical strains (Fig. S1). Nitrocefin has been broadly used for detection and

TABLE 4 Positive and negative predicted values of the rapid test according to the reported
prevalence of the CzIE in bloodstream MSSA from Latin America and the United States

Country % Prevalencea Sensitivityb Specificityb PPVc NPVc Source
Argentina 55 88.9 91.9 92.8 87.6 (13)
Brazil 32 60.9 80.8 59.8 81.4 (23)
Colombia 39d 84.9 91.2 86.0 90.4 (22, 23)
Chile 32 91.2 83.1 70.1 92.0 (23)
Ecuador 41d 80.8 92.1 87.7 87.3 (22, 23)
Guatemala 44 82.6 84.4 80.6 86.1 (23)
Perú 32d 90.9 92.1 84.4 95.6 (22, 23)
Venezuela 30.5d 60 100 100 85.1 (22, 23)
United States 25 80.0 93.2 79.6 93.3 (21)e

4 80.0 93.2 32.8 99.1 (19)
10 80.0 93.2 56.6 97.7 This study

aPrevalence of the CzIE in MSSA isolates recovered from bloodstream infections in each country, as reported
previously. Only prevalences based on cefazolin MIC$ 16mg/ml at high inoculum were included.

bSensitivity and specificity of the rapid test calculated in this study.
cPositive predictive values (PPV) and negative predictive values (NPV) were calculated taking into consideration
previous reported prevalences.
dThe value represents prevalence mean of two reported studies.
eThe prevalence of CzIE in this study correspond to isolates recovered from 24 hemodialysis patients.
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characterization of S. aureus b-lactamase (BlaZ) (39, 40). Furthermore, the profile of
nitrocefin breakdown has been key for the classification of BlaZ into the different types
(A, B, C, or D) (37). Although routine nitrocefin disk testing is unable to discriminate
between released and membrane-bound b-lactamase, when we evaluated disks with
bacterial supernatants (after induction with ampicillin), we noted that the nitrocefin
seem to work well with control strains but did not perform properly when a larger col-
lection of isolates (previously characterized for the CzIE) was tested. In contrast, nitro-
cefin solution permitted a proper visualization of the enzymatic activity of released
BlaZ in these isolates and, therefore, was used as the preferred colorimetric substrate
to develop the rapid test. Furthermore, in the process of test development, we used
control strains to assess different time points. In the validation process with a large set
of isolates, we noted that those isolates exhibiting the CzIE but harboring enzymes
with less affinity to cefazolin could be detected if the period was extended to 2 h. After
2 h, the negative controls also turned color and could no longer be discriminated.
Therefore, based on these observations, we decided to extend the reading of the rapid
test to up to 2 h. Subsequently, using our robust collection of MSSA isolates from Latin
America and the United States characterized for the CzIE, we aimed to validate the
rapid colorimetric CzIE test.

Interestingly, the overall prevalence of the CzIE was 37%, ranging from 10% (U.S.) to
55%, although U.S. isolates were mainly from archived isolates. This is an important
issue since the use of cefazolin as first line therapy for MSSA has increased in the last
few years. Thus, it is possible that the frequencies reported here, especially among U.S.
isolates, may be underestimated. The overall sensitivity and specificity of the test were
82.5% and 88.9%, respectively. The availability of whole-genome sequencing in all of
our isolates allowed us to identify the most common BlaZ types associated with CzIE.
As expected, the accuracy of the CzIE rapid test varied with the type of b-lactamase.
Type A is by far the most efficient in hydrolyzing cefazolin and nitrocefin compared to
type C or type B (37). Thus, it is not surprising that the test performs much better in iso-
lates that harbor type A BlaZ, with sensitivity and specificity of 92.7% and 87.8%,
respectively. In contrast, the test sensitivity in isolates with type C and B was less ro-
bust (72.3% and 53.3%, respectively). The lower performance is likely related to the
poorer activity of type B and C enzymes against nitrocefin. However, we noted that in
certain countries with high prevalence of type B and C enzymes, the test still per-
formed well (e.g., Guatemala, Table 1 and Fig. S3). To explain this phenomenon, we
recently showed (23) that there is much more variation in BlaZ sequences than previ-
ously thought. Indeed, within the same type, there were many variants (allotypes) that
may have differential activity against nitrocefin. Thus, we analyzed all cases of false
positives and negatives to evaluate if an association of performance of the CzIE could
be identified with any particular allotype. However, we were not able to identify any
individual allotype association (Table S1). Thus, our results suggest that the variability
in the performance of the test seen in strains with the same BlaZ types could be due in
part to kinetic differences between the allotypes that belong to the same BlaZ type.
Moreover, our results suggest that unidentified variations between strain backgrounds
may impact the performance of the test. Furthermore, the type of enzyme circulating
in each country is likely to be determined by the type of cephalosporin used in therapy
(e.g., cefazolin versus cephalothin).

We also carried out an analysis of test performance based on the MIC-HI. The cutoff
of 16mg/ml of cefazolin was chosen based on our previous data showing that this MIC
value correlates with mortality in patients with bacteremia (13), and our initial results
indicated that 62% of false negatives exhibited MICs close to the cutoff value. Thus, we
investigated the performance of the CzIE in isolates with MICs of $32mg/ml, which are
more likely to exhibit a strong CzIE and also cause therapeutic problems with cefazolin,
since we assume they release larger amounts of the enzyme into the extracellular mi-
lieu. Thus, by evaluating an alternative cutoff value of $32mg/ml, the sensitivity of the
CzIE increased to 98.2% for type A enzymes, suggesting that the test would be able to
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identify most isolates with a robust CzIE, which could be the ones with the greatest
clinical impact. Of note, the specificity of the rapid CzIE test was 100% in isolates that
lacked blaZ.

We also calculated the PPV and NPV values using published and estimated preva-
lences of the CzIE, as it was difficult to determine the overall prevalence of this phe-
nomenon in the participating countries. We believe that, in the context of CzIE, high
sensitivity and NPV would be the most informative characteristics of a test to aid in
therapeutic decisions. Our estimates suggest that the test has a good NPV at low and
high prevalence (Table 4).

Our study has several limitations. First, the isolates included in the cohort are mainly
from Latin America (93%) and, thus, measures of performance of the test could vary
when applied to isolates from other geographical locations, as the pretest probability
would be influenced by the prevalence of the CzIE in each region. Second, the test was
developed in a research laboratory and real-world performance of the test needs to be
validated. Third, only isolates causing bloodstream infections were included in this
cohort, and it is unclear if the results would apply to isolates recovered from other
infections. Finally, we did not assess clinical outcomes in the present cohort due to the
lack of reliable information in all patients and it is beyond the scope of this report. We
used a cutoff value of$16mg/ml that was previously associated with increased mortal-
ity in MSSA bacteremia (13).

In summary, we have developed a simple, inexpensive, and novel nitrocefin-based
test to identify MSSA isolates exhibiting CzIE. This test would provide important infor-
mation that is not currently available in any clinical microbiology laboratory with
results available in 3 h. The test is easy to perform and does not require specialized
equipment or reagents and interpretation is straightforward, suggesting lower barriers
to implementation and suitability even in resource-limited locations.
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