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a b s t r a c t

Background: Routine preoperative allergy testing in patients reporting penicillin and cephalosporin al-
lergies increases the number able to receive cefazolin, which should reduce the risk of infection after
total knee and hip arthroplasty (TKA/THA), but it remains unclear whether this practice is cost-effective.
Using a break-even analysis, we calculated the cost-effectiveness of routine preoperative allergy testing
for infection prevention in total joint arthroplasty patients reporting penicillin and cephalosporin
allergies.
Methods: The cost of a penicillin allergy evaluation, the cost of revision arthroplasty for prosthetic joint
infection (PJI), and baseline rates of PJI in patients receiving a noncefazolin antibiotic in the perioperative
period were derived from existing literature. A break-even economic model using these variables was
constructed to calculate the absolute risk reduction (ARR) in infection rate needed for preoperative al-
lergy testing to be cost-effective. The number needed to treat (NNT) was calculated from the ARR.
Results: Preoperative allergy testing before TKA and THA in patients reporting penicillin and cephalo-
sporin allergies was cost-effective if the initial infection rate decreased by an ARR of 0.810% (NNT ¼ 123)
and 0.655% (NNT ¼ 153) for TKA and THA, respectively. Cost-effectiveness was maintained with varying
allergy consultation costs, infection rates, and costs associated with PJI treatment.
Conclusion: Routine preoperative allergy testing and clearance are cost-effective infection prevention
strategies among patients reporting penicillin and cephalosporin allergies in the setting of elective joint
arthroplasty. Widespread adoption of this practice may considerably reduce the economic and societal
burden associated with prosthetic infections.

© 2020 Elsevier Inc. All rights reserved.
The most recent International Consensus Meeting on Musculo-
skeletal Infection (2018) concluded that the preferred perioperative
prophylactic antibiotic in patients undergoing primary total joint
arthroplasty (total knee [TKA] and hip [THA] arthroplasty) is a first-
generation or second-generation cephalosporin such as cefazolin
[1]. These first-line antibiotics are favored due to their minimal side
effect profile, effectiveness against the bacteria causing most
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prosthetic joint infections (PJIs), and synergy with the innate im-
mune system [2e4]. However, many patients undergoing primary
total joint arthroplasty (TJA) receive perioperative antibiotics other
than cefazolin owing to concerns for serious allergic reactions to
penicillin and cephalosporins [5,6].

Emerging evidence has demonstrated that the administration of
noncefazolin antibiotics is associated with significantly higher rates
of surgical site infections after various surgical procedures,
including TJA [6]. Interestingly, while 10% of the US population
reports an allergy to penicillin antibiotics [7,8], the majority are
deemed nonallergic following allergy evaluation [7,9,10]. As such,
the administration of second-line or third-line antibiotics may be
placing these patients at an unnecessary increased risk of
healthcare-associated infections and overall suboptimal outcomes
[11e14]. In fact, these concerns have led to recommendations by
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the American Academy of Allergy, Asthma, and Immunology for
formal allergy consultation and testing for all patients with un-
confirmed penicillin allergies [15].

In light of this, Wyles et al published a recent landmark study
examining the rates of PJI after TJA in patients who received either
cefazolin or alternative antibiotics in the perioperative period [5].
The rate of PJI was 32% lower in patients administered periopera-
tive cefazolin after adjusting for confounders. Furthermore, a pre-
operative allergy consultation for patients reporting penicillin and
cephalosporin allergies cleared 97% of tested patients for periop-
erative cephalosporins and increased the proportion of patients
receiving cefazolin by 27%.

Despite recent evidence in favor of routine preoperative allergy
testing in the TJA setting, no formal analysis has been performed to
assess its economic feasibility. As such, we used a break-even
economic model to determine whether routine allergy consulta-
tion and testing in patients presenting with penicillin and cepha-
losporin allergies before TJA is a cost-effective intervention.
Table 1
Cost-Effectiveness of Penicillin Allergy Testing for Infection Prevention in Total Knee
and Hip Arthroplasty.a

Cost of Penicillin Allergy
Evaluation, $ (USD)

Initial Infection
Rate, %

Break-Even
Infection Rate, %

ARR, %

Total Knee Arthroplasty
100.00 3.04 2.681 0.359
175.00 3.04 2.412 0.628
225.71 3.04 2.230 0.810
500.00 3.04 1.246 1.794
750.00 3.04 0.349 2.691

Total Hip Arthroplasty
Methods

We utilized a break-even analysis to determine the cost-
effectiveness of routine preoperative allergy testing in patients
presenting with penicillin and cephalosporin allergies. Break-even
economic modeling, first described by Hatch et al (Figure 1), es-
tablishes the effectiveness that an infection prevention interven-
tionmust have in order to offset the costs of its routine use [16]. The
variables utilized in the equation are the initial infection rate, the
total cost of treating an infection, and the cost of the intervention.
When solved for IRf (the final break-even infection rate with
routine penicillin allergy testing), a percentage is obtained. If the
intervention can reduce the infection rate to or below this
threshold, then its use is economically justified. Calculating the
difference between the initial and final infection rate yields the
absolute risk reduction (ARR), which then can be used to calculate
the number needed to treat (NNT). Furthermore, by holding certain
variables constant, while changing others, the model has the power
to show the economic viability of the intervention over a range of
costs and infection rates.

The values used for the break-even variables were obtained
from the literature. As this study did not involve protected health
information, institutional review board approval was not required.

The initial infection rate usedwas 3.04%. This represents the rate
of PJI in patients who did not receive cefazolin as prophylaxis before
TKA or THA as reported by Wyles et al [5]. The most common an-
tibiotics used for patients who did not receive preoperative cefa-
zolin in their study were clindamycin and vancomycin. However,
because of the potential variability in infection rates, we also per-
formed a sensitivity analysis to study a broad range of initial
infection rates (1%-10%).

The costs associated with treating a PJI after TKA and THA used
in our analysis were $27,870 and $34,445, respectively. These costs
were adjusted for inflation to reflect 2020 costs (USD) and were
derived from the costs reported by Kamath et al [17] who reported
the average hospitalization costs for revision knee and hip arthro-
plasty to treat PJI. We chose these costs as they were among the
Fig. 1. Calculating break-even infection rate using the initial infection rate, cost of
treatment, and cost of intervention [16]. St, total annual suspected-allergy surgeries; Ct,
total cost of treating infection; Cd, cost of allergy consultation and testing; IRi, initial
infection rate; IRf, break-even infection rate.
most recently reported data and likely an underestimation of the
total cost of treating a PJI because they did not include the cost of
both stages of a 2-stage treatment (the most commonly performed
method of treatment in the United States) or the antibiotic
administration between stage 1 and stage 2, because we did not
want to overestimate the cost-effectiveness of our intervention.
However, studies have shown significant variability in costs asso-
ciated with treating PJIs, leading us to consider a wide range of
potential costs ($10,000-$400,000). Our upper limit ($400,000)
was chosen based on the report by Parisi et al who used a Markov
analysis to determine the long-term costs associatedwith treating a
PJI after THA [18].

Standard penicillin allergy skin testing in the United States uses
the major antigenic determinant benzylpenicilloyl with dilutions of
penicillin G, providing a negative predictive value of 95% [7,19].
Standard practice involves administering an observed test dose
challenge of amoxicillin to patients with a negative penicillin skin
test, increasing the negative predictive value to nearly 100% [19,20].
A board-certified allergist/immunologist typically performs this
evaluation. The cost of penicillin allergy evaluation (penicillin skin
testing plus one-step amoxicillin drug challenge performed by an
allergist/immunologist) used in our analysis was $225.71. We
derived this cost from a report by Blumenthal et al who estimated
the cost associated with a penicillin allergy evaluation using time-
driven activity-based costing to be $220 [19]. The components of
this cost include estimated personnel costs ($98), consumables
costs ($119), and space costs ($3) [19]. We adjusted this cost for
inflation to represent 2020 costs (USD) and performed a sensitivity
analysis across a large spectrum of costs to account for variability
between institutions.
Results

At a cost of $225.71 and a cost of $27,870 for treating PJI after
TKA, routine preoperative allergy consultations for patients with
reported penicillin and cephalosporin allergies would be cost-
effective if the initial infection rate decreased by an ARR of
0.810%, from 3.04% to 2.23% (Table 1). At the same cost of $225.71
and a cost of $34,445 for treating PJI after THA, routine preoperative
allergy consultation in the same populationwould be cost-effective
if the initial infection rate decreased by an ARR of 0.655%, from
3.04% to 2.385%. In other words, routine allergy consultation is
economically substantiated if it prevents at least 1 infection out of
123 TKA or 1 infection out of 153 THA (NNT). When considering
100.00 3.04 2.750 0.290
175.00 3.04 2.532 0.508
225.71 3.04 2.385 0.655
500.00 3.04 1.588 1.452
750.00 3.04 0.863 2.177

Bolded values denote actual cost.
ARR, absolute risk reduction; USD, United States Dollar.

a Presumes a baseline infection rate (cohort not receiving cefazolin) of 3.04% and
treatment cost of $27,870 (TKA) and $34,445 (THA).



Table 2
Maintaining Constant the Cost of Penicillin Allergy Testing and the Cost of Treating
Infection, While Varying Initial Infection Rate.a

Initial Infection
Rate, %

Total Knee Arthroplasty Total Hip Arthroplasty

Break-Even
Infection Rate, %

ARR, % Break-Even
Infection Rate, %

ARR, %

1.00 0.190 0.810 0.345 0.655
2.00 1.190 0.810 1.345 0.655
3.04 2.230 0.810 2.385 0.655
5.00 4.190 0.810 4.345 0.655
10.00 9.190 0.810 9.345 0.655

ARR, absolute risk reduction.
a Presumes cost of penicillin allergy testing is $225.71, with an infection treat-

ment cost of $27,870 (TKA) and $34,445 (THA).

Table 3
Maintaining Constant the Cost of Penicillin Allergy Testing and Initial Infection Rate,
While Varying the Cost of Treating Infection.a

Cost of Treating Infection
(TKA or THA), $ (USD)

Break-Even Infection
Rate, %

ARR, %

10,000 0.783 2.2571
15,000 1.535 1.5047
25,000 2.137 0.9028
50,000 2.589 0.4514
150,000 2.890 0.1505
400,000 2.984 0.0564

ARR, absolute risk reduction; USD, United States Dollar; TKA, total knee arthro-
plasty; THA, total hip arthroplasty.

a Presumes cost of penicillin allergy testing is $225.71, with an initial infection
rate of 3.04%.
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both higher and lower infection rates, while maintaining the cost of
an allergy consultation and treatment of PJIs, these ARRs did not
vary (Table 2).

Due to the variation in costs associated with treating PJIs, we
calculated the break-even ARR over awide range of treatment costs,
while maintaining the cost of an allergy consultation and the initial
infection rate. Our analysis demonstrated that increasing the costs
to treat a PJI after both TKA and THA led to improved cost-
effectiveness (Table 3).
Discussion

Recent changes in the national healthcare climate have placed
an increased emphasis on optimizing costs while continuing to
improve patient care. The literature has become increasingly
focused on reducing PJI, as it is one of the most dreaded and
expensive complications following TJA. Primary THA volume is
projected to grow between 71.2% and 145% and TKA between 85%
and 147% by the year 2030 [21]. Furthermore, total hospitalization
costs for PJIs in the United States are expected to exceed $1.6 billion
in 2020 [22]. Given these staggering numbers, the implementation
of cost-effective infection prevention strategies is essential to limit
the economic burden associated with TJA. In this investigation, we
illustrate the cost-effectiveness of preoperative allergy testing in
patients presenting with penicillin and cephalosporin allergies in
order to reduce infection after TJA across a range of testing costs,
infection rates, and treatment costs. In concordance with previous
published break-even cost analyses [16,23,24], the economic anal-
ysis demonstrated in this study provides a valuable model that can
be used by many institutions with differing input variables.

Perioperative antibiotics are routinely administered in the TJA
setting to decrease the risk of PJI. The most recent International
Consensus Meeting on Musculoskeletal Infection (2018) concluded
that the most appropriate perioperative prophylactic antibiotic in
TJA is a first-generation or second-generation cephalosporin [1].
However, alternatives to cefazolin are frequently administered to
patients reporting penicillin allergies due to concern for cross-
reactivity. A study by Blumenthal et al [6], which included pa-
tients undergoing hip and knee arthroplasty, found that patients
with a reported penicillin allergy had a significantly increased risk
of surgical site infection attributed to the use of noncephalosporin
perioperative antibiotics. A landmark investigation by Wyles et al
[5] assessed the efficacy of preoperative antibiotic allergy testing in
TJA and rates of PJI based on perioperative antibiotic choice. The
authors demonstrated that rates of PJI were significantly higher in
patients who received noncefazolin antibiotics for perioperative
TJA prophylaxis. In this study, preoperative antibiotic allergy
testing was performed in 11.5% of patients undergoing arthroplasty
based on prior documented penicillin allergies, and 97% of these
patients were ultimately cleared to receive cephalosporins.
Despite recent evidence supporting the use of preoperative
penicillin allergy testing, its cost remains a concern and potential
barrier to widespread implementation. Wyles et al reported that
preoperative allergy consultation and testing prevented between
$976,494 and $1,141,006 of complication-related hospitalization
charges in their cohort that would have been associated with PJI.
However, no additional literature exists regarding the cost-benefit
of preoperative antibiotic allergy testing in TJA. Before such a
testing protocol can be widely implemented by institutions, a
dedicated analysis of its cost-effectiveness in reducing PJI is
necessary.

In this study, we show that the implementation of preopera-
tive penicillin allergy testing is a cost-effective measure in the
prevention of PJI after THA and TKA. The most impactful deter-
minant of cost-effectiveness is the cost of an intervention itself. In
terms of preoperative allergy testing, the cost will certainly vary
among different institutions based on test type and the overall
care pathway. Utilizing time-driven activity-based costing, Blu-
menthal et al found that penicillin allergy evaluation costs $220,
with a range of $40 to $537 [6]. At a cost of $225.71, the ARR for
preoperative penicillin allergy testing to be cost-effective is
0.810% for TKA and 0.655% for THA. This corresponds to a NNT of
123 and 153 for TKA and THA in suspected-allergy patients,
respectively. In other words, preoperative penicillin allergy
testing needs to prevent 1 infection out of 123 suspected-allergy
TKAs and 153 suspected-allergy THAs to be cost-effective. Wyles
et al found that the NNT with cefazolin to prevent 1 PJI was 164
at 1 year and 84 at 10 years [5]. Given this, the numbers pre-
sented in our study are certainly attainable. At a price point
under 50% of that reported in the literature, the ARR for cost-
effectiveness is 0.359%. However, doubling the price requires an
ARR of 1.794% to maintain cost-effectiveness. Institutions plan-
ning to implement preoperative penicillin allergy testing as an
infection prevention strategy should scrutinize their own care
pathways in order to minimize cost.

Secondly, our data show that the cost of treating a PJI also alters
cost-effectiveness. The cost of PJI treatment varies widely in the
literature [4,17,18,25e29]. We chose to use the costs to treat a PJI
reported by Kamath et al as they were among the most recent
values published in the literature and likely an underestimate of the
true cost. This was done in order to prevent an overestimation of
our intervention’s cost-effectiveness. Using a cost of $100,000 for
treating a PJI, the ARR needed for preoperative penicillin allergy
testing to remain cost-effective is 0.226%. A recent Markov analysis
performed by Parisi et al showed that lifetime costs associated with
PJI after THA approach nearly $400,000 [18]. In our analysis, this
treatment cost would necessitate an ARR of just 0.056% (NNT ¼
1786) for preoperative penicillin allergy testing to be a cost-
effective strategy in preventing PJI.
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Lastly, our study found that baseline PJI rate does not impact
cost-effectiveness. PJI rates may vary considerably based on a
number of institution-related and patients-specific factors
[18,30e40]. Here we demonstrate that the ARR needed for cost-
effectiveness remained constant at 0.810% for TKA and 0.655% for
THA for initial infection rates between 1% and 10%.

Given our findings, we believe that the implementation of
routine preoperative allergy testing in patients presenting with
penicillin and cephalosporin allergies before TJA is a cost-effective
infection prevention strategy. As institutions begin to implement
preoperative allergy testing protocols, it is important to understand
how to best interpret potential results. Penicillin allergy testing has
a negative predictive value above 99%, indicating that surgeons can
have a very high degree of confidence in the safe administration of
cefazolin to patients who ultimately test negative [15,41]. In pa-
tients who have a positive test, penicillin desensitization is a safe,
efficient, and effective option that may be considered [42e44].
Some institutions alternatively administer a test dose of cefazolin to
patients with reported penicillin and cephalosporin allergies on the
day of surgery. If, however, the patient shows cephalosporin
sensitivity, a change to vancomycin can significantly delay the
operation, which is not cost-effective or efficient. However, the
current standard of care is to have patients undergo a formal
evaluation with an allergist. Using this approach, the patient’s
ability to tolerate cefazolin is known before the day of surgery and
situations where a test dose is unable to be administered are
avoided. Finally, a number of patients receive vancomycin as their
sole perioperative antibiotic on the basis of methicillin-resistant
Staphylococcus aureus (MRSA) colonization. However, multiple
prior investigations have demonstrated that cefazolin and vanco-
mycin work in synergy against MRSA [5,45,46]. Furthermore, van-
comycin has relatively poor coverage for the numerous other
bacteria responsible for PJI. Given this, patients with known MRSA
colonization and reported penicillin allergies should still undergo
formal preoperative allergy evaluation and receive cefazolin in
addition to vancomycin if appropriate.

The major strength of this study involves the use of an economic
model to determine cost-effectiveness in a scenario where the low
baseline infection rate precludes a randomized controlled trial.
Prospective studies investigating PJI are often unrealistic given the
large sample size needed to achieve statistical power. Furthermore,
a randomized controlled trial examining cost and antibiotic choice
in patients with reported penicillin allergies would not be ethically
justified given the mounting evidence indicating the superiority of
cefazolin. For these reasons, our break-even model is especially
valuable.

A number of limitations to our study should be acknowledged.
First, PJI rates likely vary widely based on host factors and
practice setting. To address this, we performed our calculations
across a broad range of baseline infection rates. Second, the cost
of treating PJI used here represents a national average and may
actually underestimate that cost at distinct institutions. However,
the cost-effectiveness of preoperative penicillin allergy testing for
infection prophylaxis is actually strengthened as the true cost of
PJI treatment increases. In addition, we did not consider the role
of penicillin desensitization in suspected-allergy patients ulti-
mately determined to have IgE-mediated reactions to penicillin.
This would require a complex contingency analysis beyond the
scope of our economic model. Furthermore, accurate cost ana-
lyses of modern penicillin desensitization protocols are not
available. The implications of penicillin desensitization in TJA
remain an avenue for future study. Finally, this model is unable to
account for barriers individual institutions may face in attempt-
ing to implement a preoperative penicillin allergy-testing
program.
Conclusion

In this study, we used a break-even economic model to
demonstrate that routine preoperative allergy consultation and
testing in patients reporting penicillin and cephalosporin allergies
is a highly cost-effective intervention for preventing PJI after TJA.
This practice remains cost-effective at a range of testing costs,
treatment costs, and initial infection rates. The model utilized here
provides a valuable resource for individual institutions to evaluate
the economic impact of implementing such a preoperative allergy
testing protocol into their own practice. Widespread adoption of
allergy testing for antibiotic prophylaxis may considerably reduce
the economic and societal burden associated with prosthetic
infections.
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