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Abstract

Objective: We developed a decision analytic model to evaluate the impact of a preoperative 

Staphylococcus aureus decolonization bundle on surgical site infections (SSIs), health-care–

associated costs (HCACs), and deaths due to SSI.

Methods: Our model population comprised US adults undergoing elective surgery. We evaluated 

3 self-administered preoperative strategies: (1) the standard of care (SOC) consisting of 2 

disinfectant soap showers; (2) the “test-and-treat” strategy consisting of the decolonization bundle 

including chlorhexidine gluconate (CHG) soap, CHG mouth rinse, and mupirocin nasal ointment 

for 5 days) if S. aureus was found at any of 4 screened sites (nasal, throat, axillary, perianal 

area), otherwise the SOC; and (3) the “treat-all” strategy consisting of the decolonization bundle 

for all patients, without S. aureus screening. Model parameters were derived primarily from a 

randomized controlled trial that measured the efficacy of the decolonization bundle for eradicating 

S. aureus.

Results: Under base-case assumptions, the treat-all strategy yielded the fewest SSIs and the 

lowest HCACs, followed by the test-and-treat strategy. In contrast, the SOC yielded the most SSIs 

and the highest HCACs. Consequently, relative to the SOC, the average savings per operation was 

$217 for the treat-all strategy and $123 for the test-and-treat strategy, and the average savings per 

per SSI prevented was $21,929 for the treat-all strategy and $15,166 for the test-and-treat strategy. 

All strategies were sensitive to the probability of acquiring an SSI and the increased risk if SSI if 

the patient was colonized with SA.

Conclusion: We predict that the treat-all strategy would be the most effective and cost-saving 

strategy for preventing SSIs. However, because this strategy might select more extensively for 
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mupirocin-resistant S. aureus and cause more medication adverse effects than the test-and-treat 

approach or the SOC, additional studies are needed to define its comparative benefits and harms.

Staphylococcus aureus is the most common cause of surgical site infection (SSI).1 A large 

percentage (25%–33%) of adults in the US population are colonized with S. aureus.2,3 Such 

S. aureus carriers are at 2–10 times greater risk of SSI than noncarriers.2,3 Consequently, 

screening for and decolonization of S. aureus carriers is a recommended strategy for 

SSI prevention in selected surgical patients.4–7 However, optimal S. aureus screening and 

decolonization approaches remain undefined, and practices are highly variable. This is due 

in part to the scarcity of randomized clinical trial data in outpatients and to doubts that 

patients will apply decolonization medications as reliably or effectively at home as would 

nurses in the hospital, as well as concerns about side effects, costs, and possible selection for 

antimicrobial-resistant bacteria.6,8,9

Previous cost-effectiveness analyses concluded that pre-operative S. aureus screening and 

decolonization of S. aureus carriers, or administration of an S. aureus decolonization 

regimen to all preoperative patients (without assessing S. aureus carrier status), are 

potentially cost-effective strategies for SSI prevention.10–13 However, these studies used 

decolonization efficacy estimates based on earlier trials in which hospital inpatients 

underwent supervised S. aureus decolonization, which is inapplicable to current surgical 

practice in the United States, where most surgical patients are admitted from home on the 

day of their scheduled surgery.

To overcome these limitations of the available evidence, we undertook a novel cost

effectiveness analysis based on the results of our recent randomized controlled clinical 

trial of a self-applied 3-component preoperative S. aureus decolonization bundle.14 

In that trial, preoperative 427 outpatients were screened for S. aureus carriage at 4 

body sites (nares, throat, axillae, and perianal area), and 121 S. aureus carriers were 

randomized to either the standard of care (SOC) consisting of 2 preoperative antiseptic 

soap showers (n=53 participants) or the decolonization bundle consisting of 5 days of 

self-administered nasal mupirocin, chlorhexidine gluconate (CHG) bathing, and CHG 

mouthwash (n=57 participants). The trial demonstrated a 47% difference (95% confidence 

interval [CI], 29.1%–65.7%) in the eradication of S. aureus at all screened sites between the 

decolonization bundle (eradication in 41 of 57 patients, 71.9%) and the SOC (eradication 

in 13 of 52 patients, 24.5%).14 The types of surgical patients in this trial were general 

surgery (17.3%), neurologic surgery (20%), orthopedic surgery (56.4%), and urologic 

surgery (6.4%).14 However, the trial was powered to evaluate the decolonization bundle only 

for S. aureus eradication, not SSI prevention. Given the low incidence of SSI (~2%–3%), 

evaluation for SSI prevention would have required a much larger sample size.15

Because the “test-and-treat” strategy used in our decolonization trial would miss some 

S. aureus carriers (ie, due to the imperfect sensitivity of screening cultures and to newly 

acquired colonization between screening and surgery) and would impose screening costs 

and complexity, we envisioned a third approach in which all preoperative patients would 

receive the decolonization bundle without screening (ie, regardless of S. aureus carrier 

Kline et al. Page 2

Infect Control Hosp Epidemiol. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



status).14,16,17 Thus, we conducted a formal analysis of the costs and benefits of 3 different 

SSI prevention strategies: the SOC, “test and treat,” and “treat all.”

Methods

Model overview

We developed a decision analytic model to evaluate the impact of a novel preoperative 

decolonization bundle on reducing SSIs, healthcare-associated costs (HCACs), and death 

due to SSI. The decision tree was built in OpenTree (Fig. 1) and was converted to R code.18 

Analyses were performed using R Studio version 3.1.3 software (R Core Development 

Team, Vienna, Austria).

Population modeled

Our model population included men and women aged 18 years or older in the United States 

who were to undergo elective surgery, including orthopedic, urologic, neurologic, colorectal, 

cardiovascular, and general surgery.

Strategies modeled

We evaluated 3 preoperative treatment strategies: (1) the SOC; (2) the test-and-treat strategy 

consisting of administration of the decolonization bundle to surgical patients who screen 

positive for S. aureus at any of 4 swabbed body sites (ie, nasal, throat, axillary, and perianal 

area); and (3) a treat-all strategy consisting of administration of the decolonization bundle 

to all surgical patients. The self-administered decolonization bundle consisted of daily 

showering with CHG soap, twice daily gargling with CHG mouth rinse, and twice daily 

application of mupirocin nasal ointment, for 5 days prior to surgery. The SOC consisted of 

2 self-administered disinfectant soap showers prior to surgery: 1 the night before and 1 the 

morning of surgery.

Model parameters

Model parameters were derived primarily from the Kline et al14 randomized controlled trial 

of the decolonization bundle for eradicating S. aureus from the 4 screened body sites (Table 

1). Parameters not available from the trial were obtained from the literature and expert 

opinion. The prevalence of S. aureus at any of the 4 screened body sites was estimated 

from the trial, and plausible were ranges obtained from the literature to account for lower 

prevalence estimates from studies in which fewer body sites were swabbed.19 We assumed 

that all patients attended a baseline appointment at which 1 of the 3 treatment strategies was 

assigned and screening was performed (if applicable). The average number of days between 

the baseline appointment and surgery was estimated to be ~ 60 days.14 We assumed that 

patients had a low but nonzero probability of spontaneously acquiring or clearing S. aureus 
between treatment assignment and preoperative treatment administration.14 Spontaneous 

acquisition and clearance rates were derived from a longitudinal study of community

dwelling adult outpatients who underwent nasal swab culturing at 1 and 2 months post 

baseline and subsequently every 2 months for a median of 2 years.17
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The efficacies of the decolonization bundle and the SOC in eliminating S. aureus from 

all 4 sites were obtained from the recent trial.14 Adherence to treatment assignment was 

not modeled explicitly, given that treatment efficacy estimates were based on the results 

of the trial, in which 80%–90% of the decolonization-bundle group participants reported 

applying >80% of prescribed medication doses and 100% of the SOC group participants 

reported taking both preoperative showers.14 Patients with S. aureus colonization were 

assumed to be at 4.5-fold greater risk of acquiring an SSI relative to patients without 

S. aureus colonization.20,21 The baseline risk of SSI among patients without S. aureus 
colonization was estimated from a multistate prevalence survey in which the medical records 

of hospitalized patients were reviewed for documentation of SSI.15 Estimates for sensitivity 

and specificity of culture screening were derived from a systematic review and meta-analysis 

of methicillin-resistant S. aureus detection assays.16

Costs

The analytic perspective of this study was the medical sector. As such, only direct costs 

pertaining to healthcare were included in the model (Table 2). Costs associated with the 

treatment strategies (ie, decolonization bundle, SOC, and screening cultures) were obtained 

from the trial.14 We assumed that, on average, a nurse needed 30 minutes per patient to 

collect swabs for screening and to report patient results. The median wage for a registered 

nurse was obtained from the US Bureau of Labor Statistics.22 The plausible range for 

the attributable cost of an SSI was obtained from the Centers for Disease Control (CDC) 

evidence-based guidelines for the prevention of SSI and a study of healthcare claims 

following major elective surgery.7,23 All costs were adjusted to 2016 US dollars using the 

Consumer Price Index.24 Costs were not discounted, due to the limited model time horizon 

(see the following section). Patients under the test-and-treat strategy who lacked S. aureus 
carriage but falsely screened positive (estimated as 3%) accrued the same decolonization

bundle treatment costs as did actual S. aureus carriers.14 Patients with S. aureus colonization 

who falsely screened negative (estimated as 12%) accrued the same SOC treatment costs as 

non–S. aureus carriers.16

Model outcomes and analysis

We assessed the model outcomes of SSIs, deaths due to SSI, and direct costs for each 

treatment strategy using the base-case values of model parameters. A time horizon of 150 

days was modeled, based on the assumed time between baseline visit and surgery, plus 

90 days post surgery to capture outcomes directly related to surgery.1 Using the SOC as 

the reference, we calculated the number of SSIs prevented, the number of deaths from SSI 

prevented, and the total savings under the treat-all and the test-and-treat strategies.

We conducted a cost-effectiveness analysis in which the SOC was the reference strategy. If 

a strategy was more costly and less effective than an adjacent strategy, it was considered 

a less favorable approach.25 We conducted 1-way sensitivity analyses of model parameters 

to examine the impact of extreme values on predicted SSIs per 10,000 population. We 

also conducted a probabilistic sensitivity analysis in which we sampled values randomly 

from parameter distributions to account for the uncertainty in the parameter estimates used 
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in the model. In total, 10,000 sets of parameter values were sampled for the probabilistic 

sensitivity analysis.

In addition to conducting a base-case analysis with an average SSI cost for general 

surgery, we conducted a sensitivity analysis using surgery-specific SSI costs. This analysis 

accounted for the higher costs of SSIs associated with certain procedures, including spinal 

surgery, total knee arthroplasty (TKA), and total hip arthroplasty (THA).26,27 We used 

the patient distribution from Kline et al14 to determine the percentage of all surgical 

patients undergoing these procedures. We assessed both extremes of the ranges of these 

surgery-specific SSI costs. The general surgery SSI cost was applied to patients undergoing 

a procedure of any type other than those listed above.

Mupirocin resistance and medication side effects modeled

We used estimates from the recent Kline et al14 trial to estimate for each strategy the number 

of patients who would experience an adverse drug event or develop mupirocin resistance.

Results

Base case

Under base-case assumptions, the treat-all strategy prevented the most SSIs and resulted in 

the lowest healthcare-associated costs, followed by the test-and-treat strategy. Compared to 

the treat-all and test-and-treat strategies, the SOC was the least favorable because it resulted 

in both the most SSIs and the highest healthcare-associated costs. The base-case results from 

the decision analytic model are shown in Table 3.

For the 2 more favorable strategies, the average savings per patient were $217 for the treat

all strategy and $123 for the test-and-treat strategy, a difference of $94 per patient, whereas 

the average savings per SSI prevented were $21,929 for the treat-all strategy and $15,166 

for the test-and-treat strategy. Compared to the test-and-treat strategy, the treat-all strategy 

prevented 18 more SSIs per 10,000 patients undergoing surgery. In a threshold analysis 

based on the decolonization bundle, the efficacy thresholds below which the particular 

strategy would no longer be cost saving were 42% for the test-and-treat strategy and 28% for 

the treat-all strategy. For comparison purposes, the efficacies for S. aureus eradication in the 

Kline et al14 study were 71.9% for the decolonization bundle and 24.5% for the SOC.

Inclusion of surgery-specific costs for spinal surgery, TKA, and THA increased the total 

savings for the treat-all and the test-and-treat strategies. Specifically, the ranges of savings 

per SSI prevented were $30,694–$58,626 for the treat-all strategy and $23,931–$51,863 

for the test-and-treat strategy. The ranges of savings per patient undergoing surgery were 

$305–$582 for the treat-all strategy and $195–$422 for the test-and-treat strategy.

One-way sensitivity analyses

In a 1-way sensitivity analyses for the outcome of SSIs, all 3 strategies were highly sensitive 

to both the probability of acquiring an SSI and the risk of SSI given colonization with S. 
aureus, but they were relatively less sensitive to treatment efficacy. Parameters pertaining 

to SSI risk similarly had the greatest impact on costs. When the prevalence of S. aureus 
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carriage was set at the lowest plausible value (15%), the SOC remained less favorable 

than the treat-all and the test-and-treat strategies. However, when the relative risk of SSI 

among S. aureus-colonized patients was <3.5 and the prevalence of S. aureus was ≤15% 

or the risk of SSI was ≤1%, the test-and-treat strategy became more costly than the SOC 

while remaining more effective in preventing SSIs. With test-and-treat strategy, the use of 

the highest plausible values for culture sensitivity and specificity increased the savings per 

infection prevented by $363 and the number of infections prevented per 10,000 population 

undergoing surgery by 4. Under no combination of extreme screening or treatment costs was 

the test-and-treat strategy less expensive than the treat-all strategy.

Probabilistic sensitivity analysis

In 10,000 simulations of the decision analytic model, based on the different parameter sets 

that were generated for probabilistic sensitivity analysis, the median savings per infection 

prevented were $20,355 (IQR, $14,488–$26,615) for the treat-all strategy and $14,480 (IQR, 

$8,103–$21,407) for the test-and-treat strategy. The respective median numbers of infections 

prevented per 10,000 population undergoing surgery were 164 (IQR, 81–281) for the treat

all strategy and 120 (IQR, 70–223) for the test-and-treat strategy. The respective median 

numbers of deaths prevented per 10,000 population undergoing surgery were 4 (IQR, 2–8) 

for the treat-all strategy and 3 (IQR, 2–6) for the test-and-treat strategy. The most costly 

strategy was the SOC in 91% of simulations and the test-and-treat strategy in the remaining 

9% of simulations. In 100% of simulations, the treat-all strategy both prevented the most 

SSIs and was least costly.

Mupirocin resistance and adverse drug events

Using estimates from the recent trial, the number of instances of mupirocin-resistant S. 
aureus per 10,000 patients treated would be 52 for the treat-all strategy and 46 for the 

test-and-treat strategy, whereas the SOC would yield no mupirocin resistance (Fig. 2).14 

Adverse drug events from applied medications would be most numerous in the treat-all 

strategy, with 3,460 patients per 10,000 treated experiencing at least 1 adverse drug event, 

compared to 3,039 for the test-and-treat strategy and 2,860 for the SOC (Fig. 2). These 

include all participant-reported adverse drug events from the recent trial (as recorded by 

patients in a drug diary), including minor complaints such as dry skin and unpleasant taste.14 

Because no serious adverse drug events occurred in the recent trial,14 none were projected 

here.

Discussion

In this study, we developed a decision analytic model to evaluate the impact on healthcare

associated costs, SSIs, and deaths due to SSI of a preoperative decolonization bundle 

directed toward S. aureus colonization in outpatient surgery clinic patients. To our 

knowledge, this study is the first to use clinical trial data to inform a cost-effectiveness 

analysis of this 3-component, self-applied, outpatient decolonization bundle in SSI 

prevention. Based on the decolonization efficacy estimates from the recent trial, and other 

parameters taken from the literature, our decision analytic model showed that screening and 

decolonization with the decolonization bundle (ie, the test-and-treat strategy) is cost-saving. 
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Moreover, a treat-all strategy in which all preoperative patients receive the decolonization 

bundle (regardless of S. aureus status) was cost-saving compared to both the SOC and the 

test-and-treat strategy.14

Despite the limited evidence from randomized clinical trials involving outpatients that 

preoperative S. aureus screening and decolonization prevents SSIs, several studies involving 

hospitalized patients have demonstrated potential benefits with this approach.21,31–36 The 

recent Kline et al14 trial involving outpatients that served as the basis for the present cost

effectiveness analysis demonstrated that the 3-drug decolonization bundle was significantly 

more effective than 2 showers in eradicating S. aureus carriage from 4 body sites prior 

to surgery. Although the trial demonstrated that patients were able to apply the multidrug, 

multidose regimen reliably and effectively at home, it did not assess the clinical outcome of 

SSIs. The results of our decision analytic model provide evidence that supports conducting 

a larger clinical trial to assess experimentally the impact of this decolonization bundle on 

SSIs.

From a medical cost perspective, our findings support offering the decolonization bundle 

to all preoperative elective surgery patients for self-administration at home for 5 days prior 

to surgery. However, this approach would expose non–S. aureus carriers to medication 

unnecessarily, with attendant risks of side effects (eg, allergic reactions and irritated or dry 

skin) and possible selection for resistance to CHG and/or mupirocin, as can occur in S. 
aureus with prolonged administration of these drugs.37,38 In addition, only S. aureus carriers 

would be at risk for developing these drug-resistant S. aureus strains.

An additional consideration for the treat-all strategy is that patients would not know their S. 
aureus carrier status and consequently might be less motivated to apply the decolonization

bundle medications compared to patients who test positive for S. aureus in the test-and

treat strategy. Decreased adherence to the decolonization-bundle medications would be 

expected to lower the efficacy of the decolonization bundle. Our threshold analysis, however, 

suggested that resistance (or other factors, including nonadherence to the decolonization 

bundle) would need to reduce the efficacy of the decolonization bundle to <28% (from 

the 71.9% observed in the recent trial) before the treat-all strategy would no longer be 

cost-saving in comparison to the SOC.14

The potential long-term adverse health impacts resulting from the unintended consequence 

of widespread S. aureus decolonization efforts need to be balanced against the costs and 

deaths caused by S. aureus SSIs.23,26,27,39 Our analysis suggests that this balance may differ 

by surgery type. Total joint replacement and spine surgeries can result in deep SSIs that lead 

to prolonged hospitalization and disability. Our analysis showed that the savings per SSI 

prevented by the treat-all strategy increased by 40%–167% for THA and TKA procedures 

compared to general surgery. We acknowledge that the mix of surgical patients across 

institutions varies widely. Each institution would need to consider case mix when deciding 

what strategy to use.

From a societal perspective, the human and heath economic burden of SSIs should be 

balanced against the costs, potential side effects, and selection for S. aureus resistant to 
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mupirocin or CHG that could result from the decolonization bundle. A clinical trial to 

study these outcomes in the real-world setting of busy surgical clinics, surgery centers, and 

acute-care hospitals is warranted.
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Fig. 1. 
Decision analytic trees. The trees were designed to evaluate the impact of a preoperative 

(pre-op) decolonization bundle on reducing surgical site infections (SSIs), healthcare

associated costs, and death due to SSI. Carrier and noncarrier refer to carriage of 

Staphylococcus aureus (SA). (A) 3 strategies. (B) Subtree of strategy efficacy.
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Fig. 2. 
Surgical site infections (SSIs), muprocin resistance, and side effects from medications 

modeled for a population of 10,000 surgical patients. Modeled patients assigned to 1 of 

3 preoperative treatment strategies: “treat all,” “test and treat,” and the standard of care 

(SOC).
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Table 3.

Base-Case Results per 10,000 Population Undergoing Surgery

Variable Decolonization Strategy

SOC Test and Treat Treat All

Surgical site infections, no. 358 277 259

Prevented SSIs, no. N/A 81 99

Deaths due to SSI, no. 4 3 3

Prevented deaths due to SSI, no. N/A 1 1

Total cost savings, $ N/A 1,235,114 2,178,307

Note. SOC, standard of care; N/A, not applicable; SSI, surgical site infection.
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