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Background. Antibiotics designed to decolonize carriers of drug-resistant organisms could offer substantial population health 
benefits, particularly if they can help avert outbreaks by interrupting person-to-person transmission chains. However, cost effec-
tiveness of an antibiotic is typically evaluated only according to its benefits to recipients, which can be difficult to demonstrate for 
carriers of an organism that may not pose an immediate health threat to the carrier.

Methods. We developed a mathematical transmission model to quantify the effects of 2 hypothetical antibiotics targeting 
carbapenem-resistant Enterobacteriaceae (CRE) among long-term acute care hospital inpatients: one assumed to decrease the death 
rate of patients with CRE bloodstream infections (BSIs) and the other assumed to decolonize CRE carriers after clinical detection. 
We quantified the effect of each antibiotic on the number of BSIs and deaths among patients receiving the drug (direct effect) and 
among all patients (direct and indirect effect) compared to usual care. We applied these results to a cost-effectiveness analysis with 
effectiveness outcome of life-years gained and assumed costs for antibiotic doses and for CRE BSI.

Results. The decolonizing antibiotic, once indirect effects were included, produced increased relative effectiveness and decreased 
relative costs compared to both usual care and the BSI treatment antibiotic. In fact, in most scenarios, the decolonizing drug was the 
dominant treatment strategy (ie, less costly and more effective).

Conclusions. Antibiotics that decolonize carriers of drug-resistant organisms can be highly cost-effective when considering in-
direct benefits within populations vulnerable to outbreaks. Public health could benefit from finding ways to incentivize development 
of decolonizing antibiotics in the US, where drugs with unclear direct benefits to recipients would pose difficulties in achieving FDA 
approval and financial benefit to the developer.

Keywords.  healthcare associated infections; antimicrobial resistance; mathematical models; health economics.

Healthcare-associated infections with multi-drug resistant or-
ganisms are an urgent public health threat in the United States 
[1] and worldwide. The development of new antibiotics to treat 
life-threatening infections with bacteria resistant to existing 
antibiotics is of high priority [2]. Meanwhile, actions to inter-
rupt transmission of these bacteria among healthcare patients 
can play a critical role in preventing large-scale outbreaks from 
occurring, especially if performed in settings where highly 
vulnerable patients are concentrated [3]. While healthcare 
interventions aimed at transmission mitigation are usually 
nonpharmaceutical, one exception could be the development 
and use of decolonization antibiotics [4].

Patients colonized with a drug-resistant organism (carriers) 
can be at increased risk of endogenously developing a dangerous 
infection compared to noncarriers, but also pose risk to others 
in their vicinity via transmission [4]. Therefore, decolonization 
offers both a direct benefit to the carrier receiving the antibiotic 
and an indirect benefit to the population of noncarriers down-
stream from the carrier in potential transmission chains. The di-
rect benefits of decolonizing carriers are likely small compared 
to treating patients with invasive infections, as many carriers do 
not develop health-threatening infections from a given episode 
of colonization. However, when considering a decolonization 
regime implemented in a population vulnerable to devastating 
outbreaks, the overall health benefits could be comparable or 
perhaps greater.

The potential population benefits of decolonizing antibiotics 
may be misaligned with financial incentives for companies to 
develop them. First, an antibiotic intended for use by carriers of 
an organism that may not pose an immediate threat to the re-
cipient would likely face unusually high safety standards for ap-
proval by the FDA in the U.S. Second, even if a decolonization 
antibiotic is approved for patient use, its spillover benefits, or 
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“positive externalities” in economic terms, may not be incorpo-
rated into the drug’s demand. This potential failure to account 
economically for positive externalities would be exacerbated by 
individual patients or their insurers being billed for treatments 
that have benefits primarily at the population level. This misa-
lignment is a potential market failure in that market forces may 
be resulting in the supply of decolonizing antibiotics being in-
sufficiently provisioned relative to their potential benefits.

 Our goal for this work was to quantify the potential direct 
and indirect benefits of the use of a decolonizing antibiotic in 
a high-risk setting compared to those of an antibiotic targeted 
for treatment of invasive infections only. Given the economic 
implications [5], we sought to quantify antibiotic effects not 
only with health outcomes (infections and deaths prevented) 
but also with cost-effectiveness outcomes. Cost-effectiveness 
analysis (CEA) measures the costs and benefits of a new treat-
ment or prevention strategy compared to an existing approach. 
Examples of costs in these analyses can include treatment, pro-
gression of illness, or complications which can be paid for by an 
insurer or by patients out of pocket. A common effectiveness 
measure is the quality-adjusted life-year (QALY). Results from 
a CEA can be presented as incremental cost-effectiveness ratios 
(ICERS) which are calculated by taking the ratio of the differ-
ence in cost and the difference in effectiveness between the two 
strategies under consideration.

Economic evaluations can be conducted alongside a clinical 
trial or using observational data. However, they are commonly 
performed using simulation models because no head-to-head 
study has been conducted of the 2 treatment strategies or be-
cause a number of considerations (such as the impact of the 
treatment on quality of life or the effect on healthcare costs 
years or decades in the future) simply cannot be measured in 
existing studies or databases.

While the presence of positive externalities in infectious di-
sease treatments and prevention strategies is well-understood 
from a theoretical standpoint, few efforts have been made to 
quantify these effects for specific interventions. One reason for 
this is the difficulty in measuring transmission of infectious 
pathogens in a real-world setting. A mathematical simulation 
model, which can track the actions of specific hypothetical pa-
tients and healthcare providers through explicit assumptions 
and emergent properties, can overcome this barrier. Through 
this approach, we can measure indirect effects by identifying 
transmissions and, therefore, infections that would have been 
prevented through treatment or prevention efforts undertaken 
on other patients. These types of simulation models are called 
“dynamic” models because they allow interventions to affect 
the probability of disease both in treated and untreated indi-
viduals in a nonlinear manner over time [6]. They differ from 
the more common static models, which are appropriate for 
nontransmissible diseases. Because in these static models the 
probability of disease exposure is independent of intervention 

strategies, the probability of disease does not change over time. 
A recent systematic literature review showed that there are few 
published studies that use dynamic models for CEAs for treat-
ment and prevention strategies of healthcare-associated infec-
tions (HAIs) [7].

For our analyses, we chose to develop a dynamic compart-
mental model to simulate the effect of 2 hypothetical antibiotics 
targeting carbapenem-resistant Enterobacteriaceae (CRE) 
among long-term acute care hospital (LTACH) inpatients. One 
antibiotic was assumed be targeted at the treatment of blood-
stream infections (BSIs) and the other targeted at decolonizing 
clinically identified carriers. We examined these 2 drugs sepa-
rately compared to no treatment, as well as head-to-head. We 
hypothesized that our model’s inclusion of both direct and indi-
rect antibiotic effects would show the decolonizing antibiotic to 
be cost-effective and that, under certain circumstances, a decol-
onizing antibiotic might be more cost-effective than one used 
only for treatment of infections.

METHODS

Compartmental Model

We developed a mathematical model representing the portion 
of LTACH inpatients in 7 different states of CRE colonization, 
infection, and contact precaution status (Fig. 1):

 • Susceptible (S): not colonized with CRE; no prior CRE 
detection

 • Colonized and undetected (C): undetected CRE carrier
 • Colonized and clinically detected (CD): clinically detected 

CRE carrier; no prior CRE BSI
 • Colonized with ongoing BSI (CB): CRE carrier with currently 

unresolved BSI
 • Colonized with resolved BSI (CR): CRE carrier with prior 

BSI, now recovered
 • Susceptible and surveillance detected (SD): not colonized 

with CRE; prior CRE clinical detection; no prior CRE BSI
 • Colonized and surveillance detected (SR): not colonized with 

CRE; prior recovery from CRE BSI

Patients were colonized in state C at admission with importa-
tion rate pa, with the remainder of admitted patients susceptible 
in state S. Patients in state S move to state C (acquire coloniza-
tion due to transmission) at the acquisition rate α proportional 
to the prevalence of patients in one of the colonized states:

α = β (C + (1 − ε) (τdCD + τbCB + τrCR))

The parameter β, the baseline transmission rate, defines how 
the acquisition rate depends on the prevalence of carriers 
in the LTACH. A  susceptible patient acquires colonization 
from undetected carriers at rate βC, where C is the preva-
lence of undetected carriers, and from detected carriers at rate 
β (1 − ε) (τdCD + τbCB + τrCR), where CD, CB, and CR are the 
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prevalence of carriers in each of the detected/infected states, ε 
is the effectiveness of contact precautions at reducing transmis-
sion compared to the baseline, and the τx parameters are the 
differential transmissibility factors associated with differential 
shedding due to being state CX.

Patients in state C could clear colonization at rate γ , progress 
to BSI at rate δb or other clinical detection at rate δc. Patients in 
state CD or CR. (clinically detected CRE but no ongoing BSI) 
could also progress to BSI onset at rate δb or clear colonization 
at rate γ . State CB patients (ongoing BSI) could recover from 
BSI at rate ρ  but could not fully clear colonization until after 
BSI recovery. Those in state SD or SR  (cleared colonization after 
clinical detection or BSI recovery) remained under contact pre-
cautions, and we assumed that those precautions reduced their 
rate of CRE re-acquisition by the same factor, (1 − ε), that they 
reduced transmissibility.

We assumed patients were admitted to the LTACH at a con-
stant rate and removed by death or live discharge at rates that 
could depend on the patient’s state. Death occurred at rate ωb 
for BSI patients (state CB) and rate ω  for all other patients. To 
model live discharge, we followed results from our previous 
studies [3, 8], which showed that LTACH length of stay distri-
butions are well captured by a mixture of an exponential and a 
gamma probability distribution. Here, we modified this frame-
work to allow discharge dependency on disease states by super-
imposing a compartmental “stay-stage state” on the disease state 
model. A fraction px  of patients were admitted and remained 
in stay-stage state 0, where non-BSI patients followed the ex-
ponential stay distribution and were discharged at a constant 
rate rx. The remaining patients were admitted into stay-stage 
state 1 and followed an Erlang-distributed stay duration, which 
is equivalent to the gamma distribution with integer shape pa-
rameter k. Patients in state 1 through k− 1 were not eligible for 
live discharge but would progress to the next sequential integer 
stay-stage state at constant rate re, while non-BSI patients who 
reached stay-stage state k were discharged at rate re. BSI patients 

in disease state CB were not eligible for live discharge regardless 
of their stay-stage state.

Parameter Value Assumptions and Calibration

Values for most of our described model parameters were cali-
brated to published data from Chicago-area LTACHs [9], in-
cluding stabilized admission and cross-sectional CRE carriage 
prevalence, CRE clinical detection and BSI rates, all-cause mor-
tality rates, and length of stay statistics (Table 1). We used the 
pre-intervention data from the cited study to represent a LTACH 
without an active surveillance program to identify nonclinically 
detected carriers for contact isolation.

Estimates for effectiveness of contact precautions ε, the clear-
ance rate for CRE carriage γ , the surveillance test sensitivity σ
, and the CRE BSI death and recovery rates ωb and ρ  were not 
identifiable from these published LTACH data, so we independ-
ently obtained these values from other sources (Table  2). We 
assumed the effectiveness of contact precautions at reducing 
transmission to be 50% (ie, detected CPE carriers, assumed to 
be under contact precautions, transmit to other patients at a 
rate 50% less than undetected carriers). We used this assump-
tion in previous publications [3, 8, 10], based on data from 
comparing contamination levels on healthcare provider hands 

Figure 1. Patient states and state transition rates Squares depict possible states with respect to CRE in the compartmental model. Arrows between squares depict possible state 
transitions during the LTACH stay and are labeled with rate parameters; arrows into squares from outside point to possible states at admission and are labeled with probabilities of 
each admission state. Patients in any state can be removed via death or live discharge (not depicted)—see Supplementary material for full mathematical specification.

Table 1. Data from Hayden et al [9] Used for Model Calibration

Value (symbol) Data

Admission CRE positivity fraction (a) 0.206

Cross-sectional facility CRE positivity fraction (f) 0.458

CRE clinical detection rate per 1000 patient days (d) 3.7

CRE BSI onset rate per 1000 patient days (b) 0.9

Inpatient mortality rate per admission (m) 0.215

Days of stay: mean; 25th, 50th, 75th percentiles (µ; l25, l50, l75) 33.8; 16, 
28, 43

When calibrating our model to the positivity fraction data, we assumed the test sensitivity 
σ was 0.85, such that the actual CRE importation rate from admissions was a/σ and the 
cross-sectional prevalence of CRE carriers was f/σ.

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
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after interacting with colonized patients with and without con-
tact precautions [11]. We assumed a clearance rate of 1/387 
per day [12], surveillance test sensitivity of 85% [13, 14], BSI 
death probability of 60.5% and mean time from BSI onset to 
death of 7  days [15]. We also assumed that the transmissi-
bility parameters representing state-specific shedding effects 
τD = τB = τR = 3.  This assumption means that clinically de-
tected CRE patients (with or without a BSI) have 3-fold higher 
transmissibility compared to colonized patients who have not 
been clinically detected. While it is plausible to assume that 
clinically detected patients have infections that cause them to 
shed more organisms, quantitative data are scarce, so we tested 
sensitivity to this assumption via an alternate assumption that 
undetected patients shed equally to clinically detected patients 
(τD = τB = τR = 1) (Supplemental Table 1).

With those values fixed, we simultaneously calibrated the 
CRE importation rate pa, acquisition rate α , BSI progres-
sion rate δb, progression rate to non-BSI clinical detection 

δc , non-BSI death rate ω , and live discharge parameters to 
match the equilibrium cross-sectional carriage prevalence 
(scaled by the assumed test sensitivity), clinical detec-
tion incidence, BSI onset incidence, and overall death and 
length of stay statistics reported in the published data [9] 
(Table 1). Then we solved for the baseline transmission rate 
β that produced the calibrated acquisition rate (Table 2 and 
Supplemental Methods).

New Antibiotic Effects Model

For the BSI treatment antibiotic, we assumed the new an-
tibiotic would be given to all patients with CRE BSI at de-
tection. The effect of the drug was to decrease the BSI 
death rate ωb and to change the BSI recovery rate ρ  such 
that the probability of death from BSI would match an esti-
mate of BSI death probability from carbapenem-susceptible 
Enterobacteriaceae (29.8%) [15] and the average time to 
death would remain 7 days.

Table 2. Model Parameter Values

Parameter Value Source

CRE BSI onset rate of CRE carriers (δb) 0.0017 / d calibration [9]

CRE non-BSI clinical detection rate of CRE carriers (δc) 0.0066 / d calibration [9]

Non-BSI death rate (ω) 0.0058 / d calibration [9]

Exponential length of stay probability (px) 0.44 calibration [9]

Exponential non-BSI discharge rate (rx) 0.020 / d calibration [9]

Erlang stage transition rate / non-BSI discharge rate (re) 0.15 / d calibration [9]

Erlang shape parameter (k) 5 calibration [9]

Baseline CRE transmission rate (β) 0.044 / d calibration [9]

Contact precaution effectiveness (ε) 0.5 literature [11]

Clinical state CRE transmissibility factors (τd = τb = τr) 3 assumption

BSI death rate...   

 ...without BSI treatment antibiotic (ωb) 0.086 / d literature [15]

 ...with BSI treatment antibiotic (ωbtrt) 0.043 / d assumption [15]

BSI recovery rate...   

 ...without BSI treatment antibiotic (ρ) 0.056 / d literature [15]

 ...with BSI treatment antibiotic (ρtrt) 0.100 / d assumption [15]

CRE clearance rate...   

 ...without decolonization antibiotic (γ) 1 / (387 d) literature [12]

 ...with decolonization antibiotic (γdcl) 1 / (3 d) assumption

Equilibrium CRE acquisition rate, without new antibiotics (α)...   

 ...with pa = 0.242 [9] 0.0259 / d calibration [9]

 ...with pa = 0.1 0.0190 / d model result

 ...with pa = 0.01 0.0115 / d model result

 ...with pa = 0.001 0.0102 / d model result

Equilibrium CRE acquisition rate, with BSI treatment antibiotic αtrt...   

 ...with pa = 0.1 0.0195 / d model result

 ...with pa = 0.01 0.0122 / d model result

 ...with pa = 0.001 0.0110 / d model result

Equilibrium CRE acquisition rate, with decolonization antibiotic αdcl...   

 ...with pa = 0.1 0.0120 / d model result

 ...with pa = 0.01 0.0040 / d model result

 ...with pa = 0.001 0.0015 / d model result

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
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For the decolonizing antibiotic, we assumed the new antibi-
otic would be given to all patients with clinical detection of CRE 
at detection. The effect of the drug was to increase the clearance 
rate γd of CRE carriage such that the average time to clearance 
was 3 days. Patients with active BSI were still assumed to be in-
eligible for full clearance until after the BSI was resolved.

For each antibiotic, we quantified its effect by comparing the 
equilibrium reached by the calibrated model without new anti-
biotics to the equilibrium reached by the model with parameter 
values altered by the antibiotic, for a given constant CRE im-
portation rate. We tested 3 different importation probabilities 
(pa = 0.001, pa = 0.01, and pa = 0.1) to represent different 
scenarios of endemicity of CRE in the healthcare region of the 
LTACH. For a given pa value, we first calculated the equilibrium 
acquisition rate α consistent with the calibrated transmission 
rate and other parameters. Then we calculated the rates of death 
and CRE BSI per admission among all patients and among re-
cipients of the antibiotic (Supplementary Material). The antibi-
otic effects were quantified as the reduction in the number of 
BSIs and deaths among antibiotic recipients (direct effect) and 
among all patients (total effect, ie, direct plus indirect effect) 
compared to usual care.

For each antibiotic type, we also generated results assuming 
that, in addition to the primary modeled drug effects described 
above, the antibiotics decreased transmissibility from patients 
receiving them while still carrying CRE. Specifically, for the 
BSI treatment antibiotic we reduced τB and τR by 90%, and for 
the decolonizing antibiotic we reduced τD, τB, and τR by 90% 
(Supplemental Table 2).

Cost-Effectiveness Analyses

We used our compartmental model to conduct CEAs of 3 com-
parisons using a lifetime time horizon: (1) the treatment antibi-
otic vs. usual care, (2) the decolonizing antibiotic vs. usual care, 
and (3) the decolonizing antibiotic vs. the treatment antibiotic. 
Our effectiveness measure was life-years (LYs) gained. Because 
our model considered patients in an LTACH, we assumed that 
patients entering our model were age 68. According to actuarial 
life tables from the US Social Security Administration, the life 

expectancy for a 68-year-old individual is 15.77 for males and 
18.07 for females. Because the individuals in our model have 
been admitted to an LTACH and therefore have had higher mor-
tality rates than the general population, we lowered the value of 
our LY input to 12 years, which amounted to 10.25 years after 
applying a 3% annual discount rate.

We included costs from the VA perspective which included 
the cost of the antibiotic and the cost of a healthcare-associated 
CRE BSI. The assumed cost of the new drug was $4000 and the 
cost of a CRE BSI was $54 614. For the decolonization scenario, 
a $25 surveillance test was performed on all patients in order to 
detect CRE carriage.

RESULTS

Figure 2 shows the results for deaths prevented across a range of 
importation levels of CRE (0.10%, 1%, and 10%) for the 3 com-
parisons. Deaths prevented by the BSI treatment antibiotic are 
mostly captured by its direct effect on recipients. Including in-
direct effects slightly reduces the total death-reduction benefit 
compared to considering only direct effects. This was because 
we assumed that the BSI treatment antibiotic has no effect on 
transmissibility and BSI-recovered patients remain colonized 
in the facility, thus the higher recovery rate produced slightly 
higher facility transmission rates. For the decolonization an-
tibiotic, on the other hand, including indirect effects led to 
2- to 40-fold increases in deaths prevented compared to only 
including its direct effects. When comparing the 2 antibiotics, 
with importation rates of 0.10% and 1%, the inclusion of in-
direct effects resulted in the decolonizing antibiotic preventing 
more deaths than the BSI treatment antibiotic.

The BSIs prevented from each analysis are presented in Fig. 3. 
The direct effect for this outcome was slightly negative for the 
BSI treatment antibiotic because it cannot prevent the recipient’s 
first BSI (it is administered after onset), and recovered recipients 
who otherwise might have died have a small risk of contracting 
a second BSI. The indirect effect for the BSI treatment antibiotic 
on BSIs prevented was also slightly negative due to transmission 
from successfully treated but still colonized patients. For the de-
colonization antibiotic, inclusion of the indirect effect yields BSI 

Figure 2. Model results—deaths prevented

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
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prevented results that are 4- to 30-fold larger as when only con-
sidering direct effects. In the head-to-head comparison, under 
all importation rate assumptions and whether indirect effects 
were included or not, the decolonizing drug led to fewer BSIs 
(ie, more BSIs prevented) than the treatment drug.

In the CEAs for the BSI treatment antibiotic, relative to usual 
care, the addition of indirect effects led to slightly higher in-
cremental costs and slightly lower incremental effectiveness 
(Fig. 4). However, in all scenarios, the incremental cost-effec-
tiveness ratios were quite small (ranging from $1796/LY to 
$1821/LY when only direct effects were considered and from 
$2134/LY to $3287/LY when indirect effects were included), 
indicating that this treatment antibiotic would be cost-effec-
tive. In the case of the decolonizing antibiotic, compared to 
usual care, the incremental effectiveness was positive regardless 
of whether indirect effects were included. But the inclusion of 
indirect effects caused the incremental costs to become nega-
tive. In other words, when both direct and indirect effects were 
included, the decolonizing antibiotic was dominant compared 
to usual care. In the head-to-head comparison of the decolon-
izing and BSI treatment antibiotics, when only direct effects 
were considered in the analysis, the costs were relatively equal 
but the effectiveness clearly favored the BSI treatment antibi-
otic. However, with indirect effects included, the decolonizing 
antibiotic was substantially less costly than the BSI treatment, 
and, with importation rates of 0.10% and 1%, the decolonizing 

antibiotic dominated (ie, was both less costly and more effective 
than) the BSI treatment antibiotic.

Our results were somewhat sensitive to reducing the assumed 
relative transmissibility of clinically detected/infected CRE pa-
tients compared to undetected carriers. Under these alternate 
assumptions, the indirect effects of the decolonizing antibiotic 
were diminished, such that it prevented fewer deaths than the 
BSI treatment antibiotic under each example importation rate 
(Supplemental Fig. 1). The BSI prevention results were similar 
(Supplemental Fig. 2), and the decolonizing antibiotic was no 
longer dominant compared to the BSI treatment drug at low im-
portation rates (Supplemental Fig. 3). When adding the additional 
assumption that each antibiotic reduces transmission from recipi-
ents by 90% while still colonized, the outcome comparisons were 
similar to our main analysis in deaths prevented (Supplemental 
Fig. 4) and BSIs prevented (Supplemental Fig. 5), and the decol-
onizing antibiotic was dominant compared to the BSI treatment 
antibiotic at low importation rates (Supplemental Fig. 6).

DISCUSSION

We constructed a dynamic simulation model and used this 
model to conduct a CEA for the use of a decolonization anti-
biotic for clinically detected CRE carriers in a LTACH. When 
comparing the new antibiotic to no drug or to a drug for treat-
ment of CRE BSI, we found lower incremental cost and higher 
incremental effectiveness, largely attributable to the inclusion 

Figure 4. Cost-effectiveness analysis results Note: The assumed CRE importation level for each particular model run is indicated next to each dot

Figure 3. Model results—bloodstream infections prevented

http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
http://academic.oup.com/cid/article-lookup/doi/10.1093/cid/ciaa1590#supplementary-data
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of indirect effects via within-facility transmission reduction. In 
fact, in many scenarios, the size of the indirect effect was larger 
than that of the direct effect.

This finding demonstrates the importance of considering the 
nonlinear effects of transmission reduction when conducting 
economic evaluations of infection treatment and prevention 
strategies. Our results show that if these indirect effects were 
neglected, the new antibiotic would appear to lead to an in-
crease in cost and an improvement in effectiveness. However, 
when quantifying the full population effect we found a number 
of plausible situations in which these new drugs became the 
dominant strategy by yielding cost savings as well. This can have 
important ramifications in this era of rising healthcare costs. 
While many new technologies are shown to be cost-effective (ie, 
yielding QALYs or LYs at an incremental cost below $100 000), 
it is rare that an intervention can achieve true cost savings. 
Demonstrating the magnitude of this cost savings can provide 
government decision makers with estimates of the amount of 
investment needed to overcome the market failure caused by fi-
nancial incentives being misaligned, due to the presence of sig-
nificant positive externalities.

An important insight from our analysis is that the decolon-
izing agent led to fewer BSIs than the treatment drug regard-
less of whether these calculations included indirect effects. 
Also, due to the effect of transmission reduction on reducing 
large-scale outbreak risk, the decolonizing agent led to fewer 
infection-related deaths than the treatment agent in low impor-
tation scenarios, which are most commonly present in acute 
care hospitals. In economic analyses, the inclusion of these in-
direct effects led the decolonizing drug to be less costly than 
the treatment drug under all importation rate assumptions and 
even dominant when importation rates were assumed to be low.

There is little incentive for companies to pursue development 
of antibiotics targeted for decolonization, likely because of the 
low or unclear immediate direct benefit to most potential recipi-
ents. This lack of well-documented direct benefit would create 
difficulties for FDA approval in the U.S., especially if there are 
potentially harmful side effects to the recipient. The safety profile 
required for approval of a decolonizing antibiotic might be held 
to high standards, similar to those for a vaccine to be adminis-
tered to healthy subjects. The lower direct benefit also poses ec-
onomic difficulties when the drug cost is borne by the recipient 
or the recipient’s insurer, but the benefits manifest largely among 
nonrecipients. Finding systemic ways to alleviate these barriers 
to development could prove highly beneficial for public health.

If developed and available for wide use in healthcare facil-
ities, the market for such decolonizing drugs could be substan-
tially larger than for infection treatment agents, especially for 
endemic organisms for which carriage is more common than 
infection. Identification of carriage for some high-priority or-
ganisms like CRE remains scarce in many regions, where use 
of a decolonizing antibiotic would be infrequent. However, our 

findings suggest that decolonizing those infrequently identified 
carriers could contribute substantially to preventing explosive 
outbreaks in high-risk facilities.

A region or facility with currently low CRE rates might be 
tempted to forego use of decolonizing antibiotics until detections 
rise above some threshold. However, our prior modeling study 
showed that even short delays in mitigation response to emerging 
CRE outbreaks can result in the intervention’s benefits material-
izing slowly, with many more cumulative transmissions occurring 
compared to immediate or preemptive intervention [3].

While this is the first study to provide evidence that exter-
nalities are an important aspect of economic evaluations of new 
treatment or prevention strategies for MDRO bacteria, several 
studies have explored this phenomenon within the context of 
influenza. For example, Lugner et al. (2010) compared dynamic 
and static models of anti-viral therapy during an influenza pan-
demic [6]. They showed that, in dynamic models, ICERs can 
vary by the size of the pandemic, the proportion of cases that 
are treated, and age-specific clinical attack rates. Pradas-Velasco 
et  al. (2008) also compared static and dynamic CEA models 
[16]. They modeled an influenza epidemic and found that the 
indirect effect of vaccination can be greater than the direct ef-
fect, indicating the importance of taking positive externalities 
into account in such models.

Our study had limitations. As with any modeling study, pro-
jected results depend on assumptions that may not be accurate. 
While we matched our assumptions to published data wherever 
possible, some key parameter value assumption did not have 
strong data-based justification. In particular, the relative trans-
missibility of clinically detected or invasively infected CRE pa-
tients compared to undetected carriers in hospitals is unknown, 
as the transmitter to an acquisition is rarely identified defini-
tively during CRE outbreaks. This assumption is important for 
quantifying the indirect, transmission-reduction effect of antibi-
otic administration when the antibiotic is directed toward clin-
ical cases only. We showed that when our default assumptions for 
post-infection transmissibility were changed, the indirect antibi-
otic effects were altered more strongly for the decolonizing anti-
biotic (Supplemental Figures), suggesting that our results for that 
drug are less robust to that key source of uncertainty. In addition, 
given that the medications explored in our model are hypothet-
ical, the values of the inputs used in our calculations of cost-effec-
tiveness (ie, LYs gained, cost of treatments, and cost of CRE BSIs) 
are our best guesses of the actual values of these parameters. In 
sensitivity analyses, we explored ranges for each which yielded 
similar results to those reported here.

Another limitation is that our results may not extrapolate to 
settings other than the highly vulnerable LTACHs on which our 
model was based, where high transmissibility and long length of 
stay likely amplify the projected indirect effects of the decolo-
nization drug. However, given the high importance attached to 
LTACHs for their role in potentially driving regional outbreaks 
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of CRE and other high-urgency, drug-resistant threats [17], it 
may be of equally high importance to consider the potential 
benefits of new antibiotics and other interventions introduced 
in those settings [3].

Our model does not represent potentially important nuances 
and difficulties of the administration of new antibiotics in real-
world settings. For example, imperfect compliance with or re-
fusal of our assumed antibiotic administration plans could alter 
resulting impacts. We also quantified the new antibiotic impacts 
using the long-term equilibrium reached after the antibiotic has 
been regularly administered for some time, which ignores the 
transitional period after the antibiotic is first introduced during 
which the benefits might not yet be realized.

We assumed that the treatment and decolonizing antibiotic 
would be targeted to patients with BSI and to CRE carriers iden-
tified by a positive clinical test, respectively. These were chosen 
as illustrative test cases that could be matched to incidence data. 
In a real-world setting, the target recipients would vary; for ex-
ample, it would also be possible to identify candidates for de-
colonization via active surveillance. As regular surveillance for 
CRE is not normally performed outside of special interventions 
[9] a CEA for this scenario would have to include the costs of 
performing surveillance, in addition to the costs of antibiotic 
administration to those who test positive, and likewise would 
need to separate the benefits due to decolonization vs. the other 
benefits of detecting carriers, such as implementing contact pre-
cautions [8] to reduce transmission before decolonization is 
achieved.

In conclusion, we found that use of a decolonization anti-
biotic could be highly cost-effective when accounting for its 
effect on reducing transmission in high risk settings. In some 
instances, administering a decolonization antibiotic could be a 
dominant, cost-saving strategy compared to a new antibiotic for 
treating invasive infections. The fact that the benefits of decol-
onization manifested largely at the population level rather than 
among antibiotic recipients could explain the lack of incentive 
for decolonization drug development. Finding ways to alleviate 
this potential market inefficiency could be highly beneficial for 
public health.
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