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Delays often occur between CLSI and FDA revisions of antimicrobial interpretive criteria. Using our Regional Healthcare Eco-
system Analyst (RHEA) simulation model, we found that the 32-month delay in changing carbapenem-resistant Enterobacteria-
ceae (CRE) breakpoints might have resulted in 1,821 additional carriers in Orange County, CA, an outcome that could have been
avoided by identifying CRE and initiating contact precautions. Policy makers should aim to minimize the delay in the adoption
of new breakpoints for antimicrobials against emerging pathogens when containment of spread is paramount; delays of <1.5
years are ideal.

Delays often occur between the issuance of new diagnostic in-
terpretive criteria for microbiology laboratories by standard-

setting organizations, such as the Clinical and Laboratory Stan-
dards Institute (CLSI), and their adoption by the Food and
Drug Administration (FDA) to inform breakpoints for the
manufacturers of diagnostic tests. Delays occur due to the
FDA’s required regulatory processes and the necessity of gen-
erating data from pharmaceutical companies to support inter-
pretive criteria changes. Quantifying the impact of such delays
could help determine the value of addressing and rectifying
their causes. A recent example is the 32- to 42-month delay (de-
pending on the antimicrobial) between CLSI’s release of more-
sensitive criteria for diagnosing carbapenem-resistant Enterobac-
teriaceae (CRE), beginning with M100-S20 issuances in 2010, and
the conveyance of these new criteria to manufacturers by the FDA
(1). Such a delay could result in CRE transmission if CRE carriers
are missed (because old criteria are still in use) and are not placed
on contact precautions to reduce CRE spread (2). This is of con-
cern because CRE are considered an urgent public health threat by
the Centers for Disease Control and Prevention (CDC) (3), and
few treatment options exist for CRE infection, which can result in
high mortality. Using our Regional Healthcare Ecosystem Analyst
(RHEA)-generated simulation model of Orange County, CA
(OC) (4), we determined the impact of this delay on estimated
(i.e., potential) CRE transmission within health care facilities.

MATERIALS AND METHODS
We used our previously described Regional Healthcare Ecosystem Analyst
(RHEA) software platform (4–6) to generate a detailed agent-based model
of Orange County, CA, which included detailed representations of all 28
acute-care hospitals (including 5 long-term acute-care facilities [LTACs])
and 74 free-standing nursing homes serving adult patients, along with the
patients flowing among these locations and the community at large. We
utilized the RHEA OC model to simulate the spread of CRE (7, 8) and the
impact of changing CRE breakpoints in the early stages of OC’s epidemic
(years 4 to 5). Our model drew from detailed 2011–2012 OC patient-level

data for adult inpatient hospital and nursing home admissions (9, 10).
Table 1 shows key model inputs.

Briefly, the model represents each patient with a computational agent.
As in real life, each virtual patient moves from the community into a
virtual facility, enters a unit/ward (stratified by intensive-care units
[ICUs] and non-ICUs), and stays in one of the facility’s patient beds for a
period of time before being discharged to the community or to another
facility. Actual 2011–2012 patient data from OC determined facility-spe-
cific admission rates, length of stay (LOS), and patient transfer probabil-
ities among facilities, including instances when patients were shared be-
tween facilities after an intervening stay at home or elsewhere (9, 10).
Once a patient is admitted to a facility, a probability draw determines
which of that facility’s wards/units the patient will enter, and a draw from
a facility- and unit/ward-specific LOS distribution determines how long
the patient will remain in the ward/unit and facility. Each patient could
potentially harbor CRE based on estimates from hospital survey data and
national literature (Table 1) (7, 8). CRE carriers draw from a CRE-specific
LOS distribution (on average, 7.6 days longer than for noncarriers) gen-
erated from vancomycin-resistant enterococcus (VRE) carrier data in OC
(9). While in a health care facility, a patient interacts with other patients
directly or through health care workers. CRE carriers have a probability
each day of transmitting CRE to other patients who do not have CRE,
based on a unit- and facility-specific transmission coefficient (beta).
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Our initial conditions assume a region of CRE naïveté (i.e., a region
with no CRE cases in facilities or among recently discharged patients) at
year zero, and our model is calibrated to reach a target CRE carriage
prevalence of 25% in LTACs and 8% in nursing homes by year 7 after CRE
introduction. These target prevalence estimates were based on regional
surveillance data and published literature (11–15). We then parameter-
ized the ICU and non-ICU ward betas (Table 1), taking OC data into
account, so that CRE prevalence trends matched those currently seen in
OC facilities based on epidemiologic surveys conducted in year 4 of CRE
emergence (16).

We evaluated an intervention (i.e., active surveillance and contact pre-
cautions) that follows the CDC-recommended CRE toolkit (2). Scenarios
entailed all hospitals and LTACs performing active rectal CRE surveil-
lance for all direct transfers from another hospital or nursing home and
placing patients who are known carriers or who newly test positive for
CRE on contact precautions (a single room; gown and glove use for staff).
We assumed that screening was performed by chromogenic agar (with a
1-day turnaround time) and that contact precautions had 50% effective-
ness in reducing CRE transmission (a combination of the efficacy of per-
sonal protective equipment and health care worker compliance and ap-
propriate use of the equipment) (17–19). We assumed that contact
precaution status was relayed when patients were directly transferred be-
tween hospitals. Patients returning to a hospital where their CRE carriage
status was previously known were automatically placed on contact pre-
cautions upon readmission. In nursing homes, only residents with CRE
infections (assumed to be 50% of known CRE carriers) were placed on
contact precautions for 10 days.

We compared surveillance scenarios using old breakpoints and new
breakpoints for imipenem. We assumed that the sensitivity of a single
rectal swab for CRE (70%) did not differ based on relative carbapenem
resistance (20). The difference in the detection of CRE carriers was based
on the impact of misclassification due to the old breakpoints (sensitivity,
76.3%; specificity, 99.7%) and new breakpoints (sensitivity, 90.1%; spec-
ificity, 97.3%) for imipenem. Our misclassification estimates were derived
from MIC data for 18,283 isolates of Klebsiella spp., Enterobacter spp., and
Escherichia coli collected globally and 464 clinical isolates (399 Klebsiella
spp., 41 Enterobacter spp., and 24 E. coli isolates), collected as part of a

2012–2013 global surveillance study, that carried genes encoding serine-
or metallo-beta-lactamases (see the supplemental material for details).
These isolates were molecularly characterized using a combination of the
Check-MDR CT101 microarray (Check-Points B.V., Wageningen, the
Netherlands) and multiplex PCR assays (21). We used CRE rather than
carbapenemase-producing Enterobacteriaceae (CPE) for the definition of
breakpoints and as the main target of intervention. The reason for this
choice is that in U.S. hospitals, clinical microbiology laboratory methods
seek out CRE based on phenotypic criteria (i.e., identification of these
resistant organisms using standard microbiologic techniques for antimi-
crobial susceptibility testing). Sensitivity analyses increased the sensitivity
of the test for the old breakpoints by 5% and 10% (to 80.1% and 83.9%,
respectively) to simulate the application of phenotypic carbapenemase
detection assays (e.g., modified Hodge test [MHT], CarbaNP) to isolates
that meet criteria short of phenotypic resistance. Each experimental sce-
nario was run 50 times, each consisting of 1,000 Monte Carlo trials. The
results reported are the means and distributions from each experiment
and the differences and 95% confidence intervals (95% CI) of the differ-
ence between scenarios with the old and new breakpoints. The CRE prev-
alence presented is based on true CRE carriage status, regardless of iden-
tification.

RESULTS

Table 2 shows the CRE prevalence countywide and in acute-care
hospitals, LTACs, and nursing homes for old and new breakpoints
at 6-month intervals over 5 years. The difference in countywide
prevalence between the old and new breakpoints does not become
statistically significant until 8 months after use (0.008 [95% CI,
0.001 to 0.015]). The difference in CRE prevalence becomes more
pronounced over time; at 2.5 years, the difference in prevalence
was 0.038 (95% CI, 0.028 to 0.048). LTACs experienced the great-
est reduction in CRE prevalence from the change in breakpoints,
resulting from fewer transmission events due to contact precau-
tion use among a larger number of identified carriers.

Figure 1 shows the cumulative countywide number of CRE

TABLE 1 RHEA model input parameters, values, and sources

Parameter Valuea Source or reference

Targeted point prevalence at yr 7 from CRE
emergence in OC

In LTACs 25 11–14
In nursing homes 8 26

Ratio of carriers to clinical isolates 8:1 15, 16, 27; M. Lin, Rush University, Chicago, IL, personal
communication

Transmission coefficient
ICUs 0.00025095 Parameterized by model
Non-ICUs 0.0001673 Parameterized by model
LTACsb 0.00467996 (0.00411885–0.00834316) Parameterized by model
Nursing homesb 0.000057895 (0–0.00053513) Parameterized by model

Increased risk of readmission for CRE carriers
on discharge

80 22; D. Terashita, Los Angeles County Department of Public
Health, Los Angeles, CA, personal communication

Persistent carriers (remaining colonized) 30 28, 29
Loss rate at 12 moc 50 30
Sensitivity of single rectal swabs 70 20
Screening test sensitivity 91 (85–92) 31–33
Screening test specificity 94 (89–97) 31–33
Test turnaround time (days) 1 34
a Values are percentages unless indicated otherwise.
b The range represents the minimum and maximum coefficients across all facilities.
c Assumes a linear loss for the remaining 70% of carriers that experience a loss rate.
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carriers over time (averaged over trajectories) by facility type. A 1
year delay would result in an average 264.2 additional carriers due
to transmission (95% CI, �30.8 to 559.1) across all OC facilities.
Differences were statistically significant at 1.5 years (the approxi-
mate length of the delay). Thus, delaying new-breakpoint use by
1.5 years resulted in an average of 618.1 (95% CI, 163.2 to 1,072.9)
more CRE carriers countywide. A 2.5-year delay in using new
breakpoints would have resulted in an average of 1,821.0 (95% CI,
1,009.6 to 2,632.4) more CRE carriers countywide. Even though
the new breakpoints identified more existing CRE carriers, their
identification resulted in fewer cases of transmission due to the use
of contact precautions. Over a 5-year period, assuming contact
precautions were promptly initiated, using the new breakpoints
resulted in 8,497.9 fewer CRE carriers countywide (95% CI,
6,560.4 to 10,435.4) than if the delay had occurred. These figures
correspond to averages of 7, 13, 31, and 106 fewer transmission
events in all health care facilities countywide by use of the new
breakpoints over 1-, 1.5-, 2.5-, and 5-year periods, respectively. A
2.5-year delay in implementing new breakpoints resulted in a total
of 261 (95% CI, 198 to 323) additional carriers among acute-care
hospitals, 659 (95% CI, 600.3 to 717.5) additional carriers among
LTACs, and 901 (95% CI, 171 to 1,631) additional carriers among
nursing homes (2%, 5%, and 1% increases in the numbers of CRE
carriers, respectively). The impact in OC by facility type can be
determined by taking the difference between the number of car-
riers with the old and new breakpoints at a given point in time.

Decreasing the difference between the old and new breakpoints
(i.e., increasing old-breakpoint sensitivity by 5% and 10%) had
little impact on the prevalence of CRE with the delay in new-
breakpoint use. Both resulted in a statistically significant differ-
ence in countywide prevalence after 8 months of use (0.009 [95%
CI, 0.016 to 0.001] with a 5% increase and 0.008 [95% CI, 0.015 to
0.001] with a 10% increase), which became more pronounced
over time (0.034 [95% CI, 0.045 to 0.023] with a 5% increase at 2.5
years). Likewise, the difference in the cumulative number of
countywide carriers remained statistically significant at 1.5 years
(the approximate length of the delay) for both increases in old-
breakpoint sensitivity evaluated. Delaying new-breakpoint use by
1.5 years resulted in an average of 593.9 (95% CI, 120.9 to 1,066.9)

TABLE 2 Simulated impact of changing diagnostic breakpoints on CRE prevalence countywide and by facility type in Orange County, CA, at half-
year time points over a 5-year period

Facility type and diagnostic
breakpoints

CRE prevalencea at the following time (yr):

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Countywide (all facilities [n � 102])
Old breakpoints 1.25 (0.02) 1.42 (0.02) 1.62 (0.02) 1.83 (0.02) 2.05 (0.02) 2.28 (0.02) 2.53 (0.03) 2.78 (0.03) 3.04 (0.03) 3.33 (0.03)
New breakpoints 1.24 (0.02) 1.41 (0.02)* 1.60 (0.02)* 1.80 (0.02)* 2.01 (0.03)* 2.23 (0.03)* 2.47 (0.03)* 2.70 (0.03)* 2.96 (0.03)* 3.23 (0.03)*

Acute-care hospitals (n � 23)
Old breakpoints 0.36 (0.01) 0.40 (0.01) 0.45 (0.01) 0.49 (0.01) 0.55 (0.01) 0.60 (0.01) 0.65 (0.01) 0.71 (0.01) 0.77 (0.01) 0.83 (0.01)
New breakpoints 0.36 (0.00)* 0.40 (0.01)* 0.44 (0.01)* 0.48 (0.01)* 0.53 (0.01)* 0.58 (0.01)* 0.63 (0.01)* 0.68 (0.01)* 0.74 (0.01)* 0.79 (0.01)*

LTACs (n � 5)
Old breakpoints 3.65 (0.06) 3.78 (0.07) 3.91 (0.06) 4.05 (0.06) 4.19 (0.06) 4.35 (0.06) 4.51 (0.06) 4.67 (0.06) 4.83 (0.08) 5.00 (0.06)
New breakpoints 3.55 (0.05)* 3.60 (0.06)* 3.66 (0.05)* 3.74 (0.05)* 3.85 (0.05)* 3.96 (0.05)* 4.09 (0.06)* 4.22 (0.07)* 4.36 (0.07)* 4.49 (0.05)*

Nursing homes (n � 74)
Old breakpoints 1.53 (0.02) 1.78 (0.02) 2.04 (0.03) 2.33 (0.03) 2.63 (0.03) 2.95 (0.03) 3.29 (0.04) 3.63 (0.04) 3.99 (0.04) 4.39 (0.04)
New breakpoints 1.53 (0.02) 1.77 (0.03) 2.02 (0.03)* 2.31 (0.03)* 2.60 (0.04)* 2.91 (0.04)* 3.23 (0.04)* 3.56 (0.04)* 3.90 (0.05)* 4.28 (0.05)*

a Expressed as a percentage (with the standard deviation in parentheses). Asterisks indicate that the difference between new breakpoints and old breakpoints is statistically
significant.

A. Acute care hospitals

B. Long-term acute care hospitals

C. Nursing homes
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FIG 1 Simulated impact of changing diagnostic breakpoints on the cumula-
tive total number of CRE carriers averaged over trajectories by facility type in
Orange County, CA, at half-year intervals over a 5-year period.
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or 545.4 (95% CI, 97.9 to 1,580.5) more CRE carriers countywide
with a 5% or 10% increase in old-breakpoint sensitivity, respec-
tively.

DISCUSSION

Our model indicated that the delay between CLSI and FDA revi-
sions of antimicrobial interpretive criteria likely resulted in a sta-
tistically significant increase in CRE cases due to ongoing trans-
mission. While the number may not seem large, delays (from 1 to
5 years) resulted in 264 to 8,498 additional CRE carriers county-
wide, which could have been avoided had the delay not occurred.
Decreasing the difference between the sensitivities of the old and
new breakpoints, representing additional testing, had little impact
on the CRE epidemiology for the various delays. LTACs, which are
well known epidemiologically as focal points for concentrating
CRE (12, 22), would experience the greatest reduction in CRE
prevalence with the new breakpoints, due to the use of contact
precautions on a great number of identified carriers. The effects
on LTACs are due to their having greater importation of CRE
among admitted patients, generally higher transmission coeffi-
cients (calibrated based on studies in the literature [11–14]), lon-
ger patient LOS, smaller sizes (e.g., bed capacity), and substantial
interconnectivity with other facilities. Although nursing homes
did not perform surveillance testing, they do experience a decrease
in prevalence due to the downstream effect of increased carrier
detection leading to contact precautions that reduce transmission.

Assuming nationwide conditions similar to those that we mod-
eled in OC, the shortest delay between issuances could have pre-
vented thousands of CRE transmission events. These delays have
important ramifications, especially since CRE pose an urgent pub-
lic health threat, are difficult to treat, and are associated with high
mortality (3). If CRE prevalence were higher before the new
breakpoints were implemented, the impact would be even greater,
since more CRE carriers would be identified and placed on contact
precautions, thus preventing more transmission events. The new
CRE cases generated by delays could, in turn, affect the economy
in several ways. First these CRE infections would consume medi-
cal resources such as personnel time, procedures, antibiotics, and
other costs. Second, infections could lead to absenteeism and pre-
senteeism productivity losses for patients and caregivers. Third,
premature mortality resulting from CRE would also lead to pro-
ductivity losses. It should be noted that while more-sensitive di-
agnostic criteria reduce overall CRE prevalence (due to reduced
transmission following higher levels of detection and contact pre-
caution use), interpretative criteria should not become too inclu-
sive and should remain clinically relevant for appropriate care and
antibiotic use.

Policy makers should aim to minimize the delay in the adop-
tion of new breakpoints for antimicrobials. Streamlining the pro-
cess for updating breakpoints could reduce this delay and the need
for clinical laboratories to perform their own validation of new
breakpoints, since the laboratory equipment on which assays are
run is FDA regulated and is developed using interpretive criteria
issued by the FDA. As of this writing, equipment manufacturers
(e.g., bioMérieux [Vitek 2] and Beckman Coulter [MicroScan])
have not installed software containing the revised FDA break-
points. Thus, even when the FDA and CLSI have set interpretive
criteria, there may be continued underreporting of CRE if manu-
facturers have not released software with the new FDA/CLSI
breakpoints (23). In the absence of streamlining, laboratories may

want to consider implementing new sensitivity criteria when they
are released by the CLSI. While there will always be delays while
technologies catch up to guideline changes, the overall time
should be minimized; under the conditions modeled, delays
of �1.5 years would be ideal, since new breakpoints do not result
in a statistically significant impact until then.

We attempted to be conservative in estimating the impact of
breakpoint delays. While our estimates for the sensitivity and
specificity of the old breakpoints did not account for supplemen-
tal laboratory testing methods (e.g., MHT, PCR testing), we did
conduct a sensitivity analysis to estimate the potential impact of
increasing sensitivity using supplemental testing methodologies.
Additionally, we did not evaluate the impact of different chromo-
genic agars missing certain resistance mechanisms, since this
would affect the old and new breakpoints in the same way, and the
incremental difference between them would be relatively un-
changed. We chose to model the sensitivity and specificity associ-
ated with imipenem rather than those associated with mero-
penem, which were slightly higher (sensitivity, 91.6%; specificity,
99.3%). We did not assume differential transmission in CRE-in-
fected versus CRE-colonized patients. Additionally, our sponta-
neous CRE loss rate and persistent carriage rate may be underval-
ued, since persistent carriers are typically detected using rectal
swabs. The sensitivity of such swabs is dependent on the detectable
levels of CRE; they are not efficient at detecting CRE that may still
be present at very low levels. Thus, CRE carriage could be longer,
allowing for more transmission and worse outcomes of delays in
interpretive criteria.

Our analysis is subject to several limitations. First, we assumed
that the delay in implementing the new breakpoints was uniform
across all facilities. Manufacturers must use FDA breakpoints, al-
though it is possible that a subset of laboratories could have per-
formed independent verification studies to implement CLSI
breakpoints ahead of FDA breakpoint changes. However, a survey
of members of the Emerging Infections Network and a survey of
microbiology laboratories in Rhode Island suggest that a minority
of facilities surveyed implemented such changes (24, 25). Second,
our results depict the “true” number of CRE carriers and show a
decrease in CRE prevalence after more-sensitive interpretative cri-
teria are implemented and patients are appropriately placed on
contact precautions. It is important to keep in mind that because
a higher proportion of cases are detected after the implementation
of a more-sensitive breakpoint, there would likely be a surveil-
lance artifact showing an increase in total CRE carriers detected.
Additionally, we did not include the potential for CRE carriers to
be placed on contact precautions for other reasons (e.g., cocolo-
nization). Third, all models are simplifications of real life and as
such cannot represent every CRE event or outcome. Our model
considers only CRE carriers and does not explicitly represent CRE
infection (apart from those found via clinical cultures and our
nursing home assumption) separately from colonization. In this
model, those with CRE colonization did not convert to CRE in-
fection; thus, we are unable to determine the difference between
breakpoints on infection versus colonization. While we did use
CRE carriage as the primary outcome measure, raising the preva-
lence of CRE colonization could raise the incidence of CRE infec-
tion. It is possible that clinically apparent CRE infections increase
transmission. However, placing patients on contact precautions
could also reduce this increase, and currently there are a dearth of
data on how such infections affect transmission. Our model does
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not include comorbidities that may affect CRE transmission. We
modeled a region in the early stages of a CRE epidemic (years 4 to
5 in a region of naïveté) and did not fully explore the impact of
breakpoint changes at later stages or in a setting of higher ende-
micity. We assumed that all hospitals employed CRE control mea-
sures; in reality, this may not be the case. It should be noted that in
the absence of CRE-specific LOS data, we used VRE LOS data as a
proxy, and VRE likely has a lower mortality rate than CRE. Addi-
tionally, our model does not include pediatric facilities (or their
patients) or account for effects on health care facilities outside OC.

Conclusions. Delays in the issuance of new interpretive crite-
ria can lead to statistically significant increases in the number of
CRE cases, potentially resulting in 1,821 additional CRE carriers
in Orange County, CA, for a 32-month delay. While there will
always be delays while technologies catch up, policy makers
should aim to minimize the overall length of delays in the adop-
tion of new breakpoints for antimicrobials.
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