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objective. While previous work showed that the Centers for Disease Control and Prevention toolkit for carbapenem-resistant Enter-
obacteriaceae (CRE) can reduce spread regionally, these interventions are costly, and decisions makers want to know whether and when
economic benefits occur.

design. Economic analysis.

setting. Orange County, California.

methods. Using our Regional Healthcare Ecosystem Analyst (RHEA)-generated agent-based model of all inpatient healthcare facilities, we
simulated the implementation of the CRE toolkit (active screening of interfacility transfers) in different ways and estimated their economic
impacts under various circumstances.

results. Compared to routine control measures, screening generated cost savings by year 1 when hospitals implemented screening after
identifying ≤20 CRE cases (saving $2,000–$9,000) and by year 7 if all hospitals implemented in a regional coordinated manner after 1 hospital
identified a CRE case (hospital perspective). Cost savings was achieved only if hospitals independently screened after identifying 10 cases (year 1,
third-party payer perspective). Cost savings was achieved by year 1 if hospitals independently screened after identifying 1 CRE case and by year 3
if all hospitals coordinated and screened after 1 hospital identified 1 case (societal perspective). After a few years, all strategies cost less and have
positive health effects compared to routine control measures; most strategies generate a positive cost-benefit each year.

conclusions. Active screening of interfacility transfers garnered cost savings in year 1 of implementation when hospitals acted indepen-
dently and by year 3 if all hospitals collectively implemented the toolkit in a coordinated manner. Despite taking longer to manifest, coordinated
regional control resulted in greater savings over time.
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While previous work has shown that the Centers for Disease
Control and Prevention (CDC) toolkit for carbapenem-
resistant Enterobacteriaceae (CRE) can reduce its spread,1,2

decision makers want to know whether the benefits outweigh
the cost and at what point. Moreover, CRE are considered an
urgent public health threat,3 and a single CRE infection in the
United States can cost society up to $83,512.4 Our previous
work demonstrated that 1 part of the CDC CRE toolkit (ie,
active screening of interfacility transfers with subsequent
contact precautions) was better than measures currently used
in most healthcare facilities (eg, contact precautions only for
known carriers) in a region where CRE is newly emerging.1

The CDC CRE toolkit can be implemented in 2 ways: in
individual facilities or in a coordinated regional fashion. In the

first approach, each hospital implements the toolkit after
identifying a given number of cases. Because each hospital
makes a decision irrespective of other facilities, these are
“uncoordinated approaches.” In the second approach, all
hospitals across the region implement the toolkit when a given
number of hospitals have identified 1 CRE case (eg, 1, 10, or 20
hospitals with at least 1 case of CRE), a “coordinated
approach.”We found that these CRE control measures averted
up to 77% of transmission events by year 5; however, coordi-
nated regional approaches achieved greater reductions in CRE
prevalence than when healthcare facilities acted alone in an
uncoordinated manner.1

While these measures avert cases, saving disease-related
costs, they are each associated with different intervention and
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implementation costs (eg, communication for regional con-
trol). It has not yet been determined how much could be
invested in CRE prevention and control in a region and at what
point it becomes worthwhile from an economic standpoint.
Decision makers such as insurance companies, hospital
administrators, and health departments want to know when
the various implementations of the CRE toolkit become cost-
effective and cost-beneficial, and what the key drivers are.
To answer these questions, we use a computational simulation
model to evaluate the costs, effectiveness, cost-benefit, and
cost-effectiveness of the CDC CRE Toolkit in Orange County,
California. Our simulation used our Regional Healthcare
Ecosystem Analyst (RHEA)-generated model of all the inpa-
tient healthcare facilities and their surrounding communities
in this area.

methods

Our custom-designed RHEA software5 creates a detailed
agent-based model (ABM) of all healthcare facilities in a region
to better understand the spread and control of infectious
pathogens. We used RHEA to generate an ABM of all health-
care facilities (n= 102) in Orange Country, California (RHEA-
OC), and we simulated the spread of CRE.1 We adapted our
CRE clinical and economics outcomes model4 to include
interventions to determine the cost of CRE infection in Orange
County. The clinical and economic model translated the
number of CRE carriers and infection control measures used
into CRE infections and their associated costs and health
effects from the hospital, third-party payer, and societal per-
spectives. The Appendix provides further details for both the
RHEA-OCModel and CRE Clinical and Economics Outcomes
Model, while the Appendix Table shows the model input
parameters, values, and sources.

For each scenario, we calculated both its cost-benefit and
incremental cost-effectiveness ratio (ICER), as follows:

Cost-Benefit=Benefit� Cost=Direct Cost and

Productivity Losses of Averted

Infections� Cost of Intervention

ICER=
CostCREControl � CostBaseline

Health EffectsBaseline �Health EffectsCREControl

where health effects were measured in quality-adjusted life
years (QALYs). All past and future costs and future QALYs
were discounted to 2017 US dollars using a 3% discount rate.
The ICERs were considered cost-effective with a threshold of
$50,000 per QALY saved.

Simulations and Scenarios

Our baseline scenario assumed routine control measures of
contact precautions for patients identified as CRE carriers
(either newly identified from clinical cultures or those with a

known history of CRE). Contact precautions were estimated to
reduce transmission by 50%.6 Different scenarios modeled
CRE interventions specified the CDC CRE toolkit. Briefly, we
implemented admission surveillance testing (ie, rectal screen-
ing) for patients directly transferred to hospitals or long-term
acute-care facilities from another hospital or nursing home.
Those patients who tested positive were placed under contact
precautions, as were those with a prior history known to that
institution. These scenarios were evaluated in an uncoordi-
nated and coordinated manner, as described above.1 Uncoor-
dinated approaches simulated scenarios in which each
individual hospital acted independently, and CRE control
measures were implemented when they identified 1, 10, or 20
CRE cases were identified in their facility.
For each scenario, the number of screened patients, carriers,

and transmission events from RHEA-OC were simulated (ie, an
average of 50,000 iterations) in the clinical and economic model
using Monte Carlo techniques (consisting of 1,000 trials) varying
the distributions throughout their ranges. All results reported are
mean and 95% credibility range (95% CR) over the 10 simulated
years (median values are available in Appendix Table 2). The
sensitivity analysis varied the trigger thresholds (1, 10, and 20),
the probability of CRE infection given colonization (5% to
45%7,8), and the attributable mortality of CRE (26%–44%9).
Additional sensitivity analyses excluded time and wages for nur-
ses and technicians (ie, excluded labor costs) and varied hospi-
talization and bed day costs by ±20%.

results

Costs From the Hospital Perspective

Figure 1a shows the cumulative cost savings for each scenario
compared to routine control measures over time (5% prob-
ability of infection, 35% attributable mortality). While all
uncoordinated approaches generated cost savings after 1 year,
only a trigger threshold of 10 and 20 CRE cases garnered cost
savings in each of the 10 simulated years. With a trigger of 1,
uncoordinated approaches again garnered savings in year 5,
and by year 10 they saved a cumulative $5.2 million (95%
CR, $5.0–$5.4 million). Coordinated regional approaches were
more costly than routine control measures until year 7 (trigger
of 1 becomes cost-saving) but save up to $4.1 million (95%
CR, $3.9–$4.3 million) over 10 years.
Figure 2 shows the impact of parameters varied in sensitivity

analyses on uncoordinated and coordinated approaches with a
trigger of 10. The probability of CRE infection had the largest
impact on costs (Figure 2a and 2b). The order of parameter
impact on total costs was the same for the other triggers;
however, the magnitudes differed (eg, ranging from $15.7–
$122.0 million, 5%–45% probability of infection, across
all triggers and approaches). Increasing the probability of
infection decreases the time at which cost savings appear
(all approaches by year 4), increases the amount of savings,
and results in a change the best intervention scenario. With a
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25% probability of infection, uncoordinated approaches with a
trigger of 1 generated the greatest cost savings for years 1–6 (up
to $21.0 million) then switches to coordinated approaches
with a trigger of 1, saving ($60.9 million; 95% CR, $60.1–$61.7
million over 10 years). Thus, $278,000 could be invested in
coordination during the 7-year period for this approach to
break even. Excluding labor costs resulted in a similar trend in

the time to and amount of cost savings, with uncoordinated
approaches resulting in larger savings (saving up to $6.5
million; 95% CR, $5.7–$7.4 million over 10 years with a trigger
of 1). Coordinated approaches (trigger of 1) resulted in saving
$6.0 million (95% CR, $5.8–$6.1 million) over 10 years, more
than uncoordinated approaches with triggers ≥10 ($5.6 million
saved; 95% CR, $4.6–$6.5 million).
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figure 1. Cumulative cost savings of carbapenem-resistant Enterobacteriaceae (CRE) control measures with various triggers compared to
routine control measures (A) from the hospital perspective, (B) from the third-party payer perspective, and (C) from the societal
perspective. The model assumes a base case of 5% probability of infection and 35% attributable mortality.
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D
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figure 2. The impact of parameters varied in sensitivity analyses on uncoordinated and coordinated approaches with a trigger of 10 from
(A) the hospital perspective with an uncoordinated approach, (B) the hospital perspective with a coordinated approach, (C) the third-party
payer perspective with an uncoordinated approach, (D) the third-party payer perspective with a coordinated approach, (E) the societal
perspective with an uncoordinated approach, and (F) the societal perspective with a coordinated approach. The vertical line shows the total
cost over 10 years when all parameters on the y-axis are held at their midpoint values. The width of the bar represents the variability in total
cost when the parameter is ranged from its minimum to maximum.
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Costs From the Third-Party Payer Perspective

As Figure 1b shows, most CRE control measures never save
costs from the third-party payer perspective, and only an
uncoordinated approach with a trigger of 10 generated cost
savings during year 1. Table 1 shows the breakdown of
cumulative costs, where the sum of the intervention cost and
the direct cost represent costs to third-party payers. Figure 2
(c and d) shows the impact of key parameters. While the
parameter rank did not change for other trigger thresholds,
total cost ranged from $12.2 to $70.3 million (when varying
the probability of infection). With a 25% probability of
infection uncoordinated approaches with a trigger of 1 and 10
lead to cost savings ($21,000–$116,000) during year 1, while
coordinated approaches resulted in cost savings by year 3
(saving $73,000 with a trigger of 1). Varying the cost of hos-
pitalization only increased or decreased the total cost by ≤ $5.2
million (Figure 2).

Productivity Losses

Table 1 shows cumulative productivity losses, as well as when
control approaches result in lower productivity losses com-
pared to routine control measures. Productivity losses
increased proportionally with an increase in the probability of
infection (ie, were 5 times higher with a 25% probability of
infection) and were ~ 1.2 times higher when increasing the
attributable mortality to 45%.

Costs From the Societal Perspective

The sum of all costs gives total societal costs (Table 1). Only
uncoordinated approaches with a trigger of 1 or 10 generated
cost savings during year 1 (trigger of 1: $119,210; 95% CR,
$92,765–$145,655) (Figure 1c). The pattern for the approach
accruing the greatest cost savings varies; however, by year 7,
coordinated approaches with a trigger of 1 generated the lar-
gest cost savings, yielding savings of $32.6 million (95% CR,
$30.3–$34.9 million) over 10 years. The next best approach
(uncoordinated with a trigger of 1) would save $30.7 million
(95% CR, $28.4–$33.0 million) over 10 years. The cost dif-
ference between strategies in any given year is what could be
invested into that strategy over the period and still break even.
For example, $540,000 could be invested into coordination
over an 8-year period for coordinated approaches to break
even with uncoordinated approaches (trigger of 1).

The probability of infection followed by attributable mor-
tality were the largest drivers of total cost (Figure 2e and 2f).
Across all triggers, the total cost ranged from $29.8 to $337.4
million (5%–45% probability of infection). With a 25%
probability of infection (35% attributable mortality), only
uncoordinated approaches garnered cost savings in year 1
(trigger of 1 and 10, saving $145,565–$843,520). Uncoordi-
nated approaches at a trigger of 1 provided the most cost
savings through year 4 ($27.4 million in 4 years) before

switching to coordinated approaches (trigger of 1) for the next
6 years (during years 5–10, saving $197.5 million; 95% CR,
$186.3–$208.7 million over 10 years). Increasing CRE’s attri-
butable mortality to 44% (5% probability of infection) resul-
ted in uncoordinated approaches (trigger of 1 and 10) saving
costs in year 1, while it took at least 3 years for a coordinated
approach to generate savings. Excluding labor costs, all unco-
ordinated approaches generated cost savings in year 1 and
garnered the largest cost savings during years 1–7 (trigger of 1,
≤ $17.4 million compared to routine control measures).
Coordinated approaches with a trigger of 10 resulted in savings
in year 1, with all triggers generating savings in year 2. With a
trigger of 1, coordinated approaches saved the most during
years 8–10 (saving $34.4 million; 95% CR, $32.2–$36.6 million
over 10 years).

Cost-Effectiveness and Cost-Benefit

Table 2 shows the incremental cost-effectiveness for cumula-
tive costs and health effects for each scenario compared to
routine control measures for each perspective. From the hos-
pital perspective, it took a few years for approaches to become
cost-effective (eg, coordinated trigger of 1 in year 3), while all
become dominant (ie, cost less and save health effects) com-
pared to the baseline by year 10. The time until cost-effective is
faster from the societal perspective, with all becoming domi-
nant compared to the baseline by year 6. Overall, uncoordi-
nated approaches tended to be more cost-effective than
coordinated approaches.
Figure 3 shows the cumulative cost-benefit of CRE control

approaches each year and which strategies garner the largest
cost-benefit over time (for the base case 5% probability of
infection and 35% attributable mortality). The approach
yielding the highest cost-benefit varied with the probability of
infection and attributable mortality. For example, uncoordi-
nated approaches with a trigger of 1 yielded the highest cost-
benefit by year 5 with a 44% attributable mortality (5% and
25% probability of infection), while coordinated approaches
with a trigger of 1 yielded the highest cost-benefit with a 45%
probability of infection, regardless of the attributable
mortality.

discussion

We found that both coordinated and uncoordinated regional
approaches involving implementation of active screening of
interfacility transfers per the CDC CRE toolkit generated cost
savings within a few years of implementation across a wide
variety of thresholds for when the intervention should begin.
Uncoordinated approaches tended to garner cost savings
during year 1 for all perspectives but not for all trigger
thresholds. Coordinated approaches with lower trigger
thresholds are more robust and generate larger cost savings
over time. However, the savings take longer to manifest
because these approaches tend to cost more upfront; the
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table 1. Breakdown of Cumulative Costs for Carbapenem-Resistant Enterobacteriaceae (CRE) Control Strategies Over Timea

Year Since Initial Introduction of CRE into Orange County, CA

1 2 3 4 5 6 7 8 9 10

Cumulative Intervention Costs, Mean (95% Credibility Range)
Routine Control Measures … … … … … … … … … …

Uncoordinated, trigger of 1 50,891

(42,114–78,409)

416,620

(359,150–568,041)

1,132,906

(978,476–1,535,253)

2,020,733

(1,738,408–2,772,187)

2,983,785

(2,552,221–4,172,375)

3,975,948

(3,373,362–5,688,510)

4,980,106

(4,183,412–7,310,321)

5,991,537

(4,983,693–9,073,194)

7,008,920

(5,767,507–10,961,457)

8,030,929

(6,527,259–12,971,656)

Uncoordinated, trigger of 10 2,405

(1,836–4,245)

25,800

(19,463–46,482)

86,034

(64,394–157,029)

241,727

(182,764–433,914)

615,531

(469,844–1,086,605)

1,215,980

(927,530–2,148,888)

1,990,084

(1,507,414–3,561,374)

2,894,480

(2,169,264–5,271,740)

3,887,376

(2,880,241–7,217,971)

4,932,390

(3,616,589–9,337,557)

Uncoordinated, trigger of 20 224

(171–392)

11,597

(8,746–20,810)

45,175

(33,067–85,676)

114,131

(81,649–223,507)

253,838

(179,294–504,518)

566,525

(399,033–1,130,053)

1,100,293

(772,702–2,203,039)

1,819,146

(1,268,009–3,676,727)

2,684,073

(1,852,251–5,492,167)

3,657,703

(2,495,701–7,581,038)

Coordinated, trigger of 1 859,336

(771,902–995,373)

1,905,819

(1,708,726–2,218,941)

2,953,316

(2,637,882–3,458,020)

3,979,842

(3,540,364–4,711,246)

4,990,969

(4,421,678–6,004,660)

5,989,506

(5,278,122–7,329,678)

6,978,503

(6,108,599–8,735,577)

7,961,112

(6,922,847–10,144,989)

8,939,191

(7,715,371–11,575,142)

9,913,970

(8,480,975–13,140,007)

Coordinated, trigger of 10 8,035

(6,852–11,167)

692,814

(596,987–936,425)

1,777,394

(1,530,855–2,405,600)

2,845,854

(2,439,942–3,895,334)

3,902,930

(3,324,104–5,443,567)

4,953,540

(4,188,465–7,058,435)

6,001,955

(5,028,834–8,756,451)

7,051,643

(5,851,125–10,549,764)

8,103,929

(6,643,965–12,441,169)

9,158,899

(7,412,396–14,428,155)

Coordinated, trigger of 20 … 73,480

(60,715–114,468)

854,863

(712,484–1,304,402)

1,935,397

(1,615,777–2,940,118)

3,014,790

(2,508,548–4,617,601)

4,086,086

(3,378,551–6,357,151)

5,155,120

(4,219,125–8,173,468)

6,225,257

(5,041,203–10,080,080)

7,297,340

(5,837,646–12,109,392)

8,370,110

(6,617,946–14,264,832)

Cumulative Direct Costs, Mean
(95% Credibility Range)

Routine control measures 116,140

(101,375–134,005)

497,839

(440,850–565,298)

1,076,429

(946,208–1,232,917)

1,919,532

(1,681,443–2,207,231)

3,023,289

(2,644,302–3,480,975)

4,368,582

(3,818,937–5,033,452)

5,931,829

(5,183,797–6,837,451)

7,677,776

(6,707,470–8,852,286)

9,563,281

(8,352,934–11,028,172)

11,550,506

(10,087,168–13,321,444)

Uncoordinated, trigger of 1 83,765

(72,925–95,977)

273,032

(240,870–309,332)

508,808

(446,051–579,208)

812,377

(709,832–927,499)

1,187,503

(1,035,919–1,357,382)

1,639,484

(1,429,296–1,875,332)

2,176,030

(1,896,487–2,490,189)

2,803,660

(2,443,023–3,209,578)

3,525,084

(3,070,837–4,036,337)

4,340,289

(3,780,499–4,970,570)

Uncoordinated, trigger of 10 111,778

(97,917–129,258)

391,326

(347,392–446,385)

719,270

(634,842–825,683)

1,140,703

(1,004,056–1,312,803)

1,683,536

(1,479,650–1,941,137)

2,357,675

(2,070,535–2,721,458)

3,166,455

(2,779,434–3,656,905)

4,108,485

(3,605,101–4,746,411)

5,173,715

(4,538,007–5,978,403)

6,350,100

(5,568,260–7,338,950)

Uncoordinated, trigger of 20 115,540

(100,535–132,747)

447,474

(394,753–508,172)

850,979

(745,991–971,855)

1,356,980

(1,185,797–1,552,630)

1,970,749

(1,719,274–2,257,452)

2,726,091

(2,376,423–3,126,025)

3,642,879

(3,174,035–4,180,248)

4,717,395

(4,108,871–5,415,437)

5,937,360

(5,170,249–6,817,065)

7,286,685

(6,344,172–8,368,339)

Coordinated, trigger of 1 98,355

(85,867–113,406)

272,884

(241,110–310,617)

474,211

(417,218–542,326)

731,506

(642,008–838,474)

1,051,716

(920,554–1,207,443)

1,439,974

(1,259,164–1,654,952)

1,903,668

(1,663,636–2,189,741)

2,450,112

(2,140,645–2,819,965)

3,082,867

(2,692,998–3,549,736)

3,804,025

(3,322,521–4,381,463)

Coordinated, trigger of 10 116,712

(102,201–134,233)

476,180

(423,497–540,254)

828,781

(732,173–945,637)

1,224,976

(1,078,932–1,400,889)

1,691,679

(1,487,535–1,938,193)

2,241,031

(1,968,498–2,570,647)

2,883,764

(2,531,216–3,310,393)

3,627,008

(3,181,933–4,165,339)

4,471,074

(3,920,922–5,136,260)

5,414,381

(4,746,796–6,221,337)

Coordinated, trigger of 20 115,783

(101,111–132,968)

505,429

(447,997–572,014)

1,054,686

(928,283–1,201,995)

1,639,859

(1,438,502–1,873,727)

2,275,721

(1,993,035–2,604,321)

2,997,165

(2,623,338–3,433,247)

3,823,121

(3,344,950–4,382,247)

4,761,147

(4,164,473–5,459,808)

5,807,769

(5,078,874–6,662,119)

6,957,952

(6,083,751–7,983,324)

Cumulative Productivity Losses, Mean
(95% Credibility Range)

Routine control measures 503,471

(160,240–1,306,235)

533,952

(186,081–1,320,695)

3,045,356

(991,422–7,836,427)

6,704,897

(2,171,435–17,330,955)

11,495,823

(3,708,023–29,760,815)

17,335,148

(5,566,502–44,910,704)

24,120,517

(7,726,077–62,515,063)

31,698,905

(10,138,046–82,176,878)

39,883,055

(12,742,811–103,410,319)

48,508,726

(15,488,099–125,789,267)

Uncoordinated, trigger of 1 364,233

(115,319–970,679)

379,318

(125,009–982,521)

1,405,835

(451,973–3,714,899)

2,727,504

(868,396–7,237,138)

4,360,720

(1,385,853–11,589,645)

6,328,549

(2,010,528–16,833,894)

8,664,551

(2,752,077–23,059,320)

11,397,696

(3,617,867–30,343,131)

14,538,765

(4,612,355–38,714,057)

18,088,161

(5,736,122–48,173,169)

Uncoordinated, trigger of 10 494,376

(141,175–1,348,234)

516,657

(162,066–1,361,937)

1,968,958

(575,705–5,322,571)

3,835,278

(1,103,616–10,412,295)

6,239,216

(1,786,966–16,968,182)

9,224,644

(2,637,735–25,109,878)

12,806,329

(3,660,529–34,877,650)

16,978,116

(4,851,834–46,254,715)

21,695,493

(6,198,939–59,119,685)

26,905,115

(7,686,611–73,327,080)

Uncoordinated, trigger of 20 508,260

(163,323–1,542,416)

535,412

(180,317–1,564,439)

2,312,697

(757,138–6,970,795)

4,541,438

(1,477,537–13,750,441)

7,244,854

(2,348,971–21,965,665)

10,571,844

(3,409,463–32,062,074)

14,609,944

(4,700,376–44,316,486)

19,342,773

(6,221,210–58,679,191)

24,716,250

(7,947,909–74,986,069)

30,659,511

(9,857,700–93,022,068)

Coordinated, trigger of 1 437,947

(138,301–1,244,338)

452,083

(148,330–1,255,654)

1,349,674

(430,814–3,805,979)

2,496,797

(795,699–7,065,297)

3,924,419

(1,249,807–11,121,596)

5,655,425

(1,798,288–16,039,898)

7,722,752

(2,451,135–21,913,792)

10,159,009

(3,220,488–28,835,924)

12,980,079

(4,111,363–36,851,424)

16,195,281

(5,126,701–45,986,771)

Coordinated, trigger of 10 523,598

(154,108–1,441,357)

552,405

(177,407–1,467,703)

2,136,275

(645,224–5,827,763)

3,915,962

(1,170,178–10,726,869)

6,012,374

(1,784,931–16,497,849)

8,480,037

(2,512,994–23,290,809)

11,367,165

(3,363,248–31,238,466)

14,705,782

(4,345,884–40,428,976)

18,497,291

(5,461,818–50,866,206)

22,734,583

(6,708,956–62,530,581)

Coordinated, trigger of 20 491,897

(151,237–1,309,943)

523,249

(176,887–1,379,643)

2,859,711

(907,696–7,601,740)

5,348,954

(1,676,700–14,230,700)

8,053,823

(2,508,331–21,433,879)

11,122,748

(3,451,893–29,606,555)

14,636,249

(4,532,144–38,963,157)

18,626,481

(5,758,968–49,589,311)

23,078,665

(7,127,824–61,445,666)

27,971,380

(8,632,123–74,475,172)

NOTE. Uncoordinated approaches, each individual hospital acted independently and implemented active screening of interfacility transfers followed by contact precautions when they identified the trigger number of cases in their facility; coordinated regional approaches, all hospitals in the region implement

control measures when a trigger number of hospitals in a region identified at least 1 CRE case in their facility
aAssuming base case with 5% probability of infection and 35% attributable mortality. Sum is total cost from societal perspective, while intervention costs plus direct costs is total cost from third-party payer perspective
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table 2. Cumulative Cost-Effectiveness (Cost per QALY Saved) for Each Scenario Compared to No Specific Control Measures From Each Perspectivea

Year Since Initial Introduction of CRE into Orange County, California

1 2 3 4 5 6 7 8 9 10

Hospital Perspective
Uncoordinated, trigger of 1 Dominant 3,173 2,903 14 Dominant Dominant Dominant Dominant Dominant Dominant
Uncoordinated, trigger of 10 Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Uncoordinated, trigger of 20 NA Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Coordinated, trigger of 1 408,900 101,896 41,597 19,475 8,616 2,458 Dominant Dominant Dominant Dominant
Coordinated, trigger of 10 NA 636,017 67,053 27,027 12,236 4,934 704 Dominant Dominant Dominant
Coordinated, trigger of 20 NA Dominated Dominated 81,278 29,153 13,975 6,873 2,936 595 Dominant

Third-Party Payer Perspective
Uncoordinated, trigger of 1 5,874 12,406 12,992 10,169 7,371 5,112 3,432 2,216 1,357 803
Uncoordinated, trigger of 10 Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Uncoordinated, trigger of 20 NA Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Coordinated, trigger of 1 416,071 110,668 51,549 29,545 18,614 12,324 8,350 5,750 3,993 2,916
Coordinated, trigger of 10 NA 653,278 77,841 37,560 22,430 14,884 10,451 7,657 5,812 4,796
Coordinated, trigger of 20 NA Dominated Dominated 94,718 40,573 24,781 17,299 13,088 10,460 9,128

Societal Perspective
Uncoordinated, trigger of 1 Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Uncoordinated, trigger of 10 390 Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Uncoordinated, trigger of 20 NA Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Coordinated, trigger of 1 383,020 64,475 6,754 Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Coordinated, trigger of 10 NA 629,745 38,986 Dominant Dominant Dominant Dominant Dominant Dominant Dominant
Coordinated, trigger of 20 NA Dominated Dominated 53,392 48 Dominant Dominant Dominant Dominant Dominant

NOTE. CRE, carbapenem-resistant Enterobacteriaceae; ICER, incremental cost-effectiveness ratio; QALY, quality-adjusted life year; NA, no ICER value because no QALYs are saved;
dominant, strategy is less costly and provides health benefits compared to no specific CRE control measures; dominated, strategy is more costly and does not provide health benefits
compared to no specific CRE control measures; uncoordinated approaches, each individual hospital acted independently and implemented active screening of interfacility transfers
followed by contact precautions when they identified the trigger number of cases in their facility; coordinated regional approaches, all hospitals in the region implement control measures
when a trigger number of hospitals in a region identified at least 1 CRE case in their facility.
aAssuming base case with 5% probability of infection and 35% attributable mortality.
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additional intervention costs for all hospitals are not
outweighed by the averted cost of CRE infections in the first
few years. Either implementation could save up to $5.5–$25.3
million over time from the hospital and societal perspectives.
Additionally, CRE control approaches garnered health bene-
fits, thus in many situations, approaches were found to be
economically dominant. This finding should be a prime
motive for implementation because most infection prevention
and control measures require additional costs to result in
health benefits.

As the prevalence of CRE rises,10–13 it is important to con-
sider investment in infection control and prevention measures
for CRE. Our results show that CRE control measures are
economically worthwhile, when returns are achieved, and how
it varies by strategy overtime; this shows how much can be
invested into prevention and control measures. Both uncoor-
dinated and coordinated CRE control approaches generated
substantial cost savings (eg, millions of dollars) over time.
While these savings are above the cost of the interventions,
they do not include any costs necessary to implement such
interventions. The cost ceiling between 2 strategies is the
amount that can be spent on additional implementation costs.
For example, what could be spent on coordination? For
regional approaches, this may require the use of a database,
registry, or public health entity to coordinate CRE control
actions, and for uncoordinated approaches, it may require
informing on the part of public health when to activate
screening. If the costs to implement and maintain these are less
than the costs for routine control measures (or any other
strategy), the overall approach will still generate cost savings.
Decision makers can use our results to determine investment
for the approach that best fits their situation.

While routine screening for CRE is not commonly
performed given that CRE is generally rare, it would likely
result in higher total costs than either uncoordinated and

coordinated approaches with a trigger of 1 but would garner
similar health effects. Therefore, routine screening as a base-
line would likely increase the cost-effectiveness of both unco-
ordinated and coordinated approaches. Routine screening
would be affected by communication of CRE status and
subsequent use of contact precautions. Although we assume
100% communication on direct transfer, a patient’s CRE
status is not always communicated to other healthcare facilities
despite being in an age of capable electronic communication.
In the absence of an accepted standard for the transfer of CRE
information between facilities, this is often done manually and
may not be reliable.14 Thus, our results highlight the value of
having foresight in implementing infection prevention and
control measures. Economically effective decisions involve
investing early in the epidemic of an emerging pathogen such
as CRE, instead of waiting until more cases accrue. Investment
can often be difficult to justify when cases are few; however,
our model helps identify meaningful thresholds at which
investment can be cost-effective and cost-beneficial, and it
shows when cost savings can occur.
Our model was conservative regarding the costs and health

effects of CRE infections. For example, we did not adjust
attributable length of stay for carbapenem resistance, which
may further increase a patient’s length of stay, nor did we
include costs associated with patient movement, such as
transportation of a nursing home resident to a hospital. While
our model represents a large diversity of facility types and sizes
and serves a diverse population, cost-effectiveness may vary for
regions in which CRE is already endemic; however, it may be
similar for regions with a similar epidemiology (ie, where CRE
is an emerging infection).
Our study has several limitations. All models, by definition,

are simplifications of reality15 and therefore cannot account
for every possible event or outcome. We did not consider any
costs that may be incurred outside the duration of
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figure 3. Cost-benefit over time compared to no specific carbapenem-resistant Enterobacteriaceae control measures from the societal
perspective (5% probability of infection; 35% attributable mortality).
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hospitalization (eg, continued treatment or home healthcare).
We used utility values associated with each outcome, but they
are not CRE specific, nor did we adjust for CRE that may lead
to more severe outcomes. Our model drew from literature of
varying quality, and results may change as better data become
available. Our estimated costs to Orange County are subject to
additional limitations from the RHEA model, such as minimal
community transmission, exclusion of pediatric facilities and
their patients, and the inability to evaluate high-risk patient
characteristics that may drive transmission (eg, ventilator use
or other comorbidities).

Implementing either uncoordinated and coordinated
approaches to CRE control was cost-effective in all scenarios
explored and often resulted in cost savings of millions of
dollars within 10 years. Although implementing active
screening of interfacility transfers followed by contact
precautions cost more than routine control measures, unco-
ordinated approaches generally garnered cost savings within 1
year, while coordinated regional approaches garnered cost
savings between year 4 and 7, depending on perspective. While
it took longer for regional approaches to manifest savings, they
tended to accumulate greater savings over time.
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