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Abstract

Importance—According to the Centers for Disease Control and Prevention and governing bodies
within the American College of Surgeons, the administration of antibiotics as prophylaxis against
infection prior to a planned elective procedure is, with rare exception, routinely recommended.
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The goal of “getting to zero” infections remains a high priority for policymakers, practitioners, and
certainly for patients.

Observations—Despite the many advances in surgical technique, skin decontamination, sterile
procedure, and enhanced recovery programs, surgical site infections continue to adversely affect
procedures as diverse as dental implant surgery, joint arthroplasty, and major abdominal surgery.
Although surgical site infection rates are at historically low levels, progress has stalled in

recent reporting periods and such infections remain disabling, costly, and occasionally lethal.
Stakeholders in the field, including surgeons, infectious diseases specialists, and industry, advocate
for strategies emphasizing greater levels of intraoperative sterility or broader-spectrum antibiotic
coverage as the most appropriate path forward.

Conclusions and Relevance—The current emphasis on ever-increasing levels of
intraoperative sterility and extended-spectrum antibiotic use are not sustainable long-term
solutions. Continuing to escalate these approaches may contribute to unintended consequences
including antimicrobial resistance. Principles of antimicrobial stewardship and microbiome
sciences can be applied to inform a more effective and sustainable approach to infection
prevention in the field of surgery.

INTRODUCTION

Surgeons’ practices toward prophylactic antibiotic administration for elective surgery reflect
a perspective that prophylactic antibiotics are both safe and effective and should therefore be
maximally leveraged for the prevention of surgical site infections (SSls).> Overall, routine
preoperative antibiotic prophylaxis significantly reduces the incidence of SSIs compared
with no,23 or delayed,* systemic antibiotic prophylaxis in many procedures. However, in
the decades since the first trials of routine surgical antibiotic prophylaxis were conducted, a
new appreciation for the limitations and harms of antibiotic use has emerged and antibiotic
administration for surgical prophylaxis has grown to comprise 1 in 5 of all inpatient
antibiotic exposures.® Over the same period, the prevalence of bacteria resistant to common
antibiotic agents has increased in our communities and health systems, such that now up

to half of all SSls in the US are estimated to be resistant to the recommended prophylactic
agent, while national SSI rates have stopped decreasing.®.7 In turn, several recent studies
focused on high-risk procedures (ie, pancreas and colon surgery) have shown that use of
additional and/or broader-spectrum prophylactic antibiotics can incrementally reduce SSI
rates in this new context,®-12 an effect specifically associated with the expanded coverage

of bacteria resistant to more narrow-spectrum agents.11:13 However, a high degree of
inappropriate perioperative antibiotic use persists, both in the US and internationally.>14.15
Such expansions in the spectrum of, duration of, and indications for perioperative antibiotics
by health systems and individual surgeons represent a natural response to the persistent
problem of SSls, but are in conflict with the growing reality of antimicrobial resistance and
antibiotic stewardship programs intended to constrain harm associated with their overuse.18
In this article, we review challenges, misconceptions, and opportunities in preventing SSIs in
the era of escalating antibiotic resistance, and discuss the risks, benefits, and alternatives

of current prophylactic antibiotic prescribing practices in the context of antimicrobial
stewardship.
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Proposed Framework for Stewardship of Surgical Antibiotic Prophylaxis

Although the best approaches to optimizing antimicrobial use in surgery may vary
appropriately between practice settings and procedure types, we propose a general 5-part
framework (Table 1), based on a survey of current literature and priority areas in this field,
by which the principles of antimicrobial stewardship and the sustained effectiveness of
surgical antibiotic prophylaxis can be integrated.

DISCUSSION/OBSERVATION

1. Avoid antibiotics in contexts where studies indicate they are not beneficial.

The risk-benefit calculation for antibiotic use is most straightforward in clinical scenarios
for which strong evidence is available to demonstrate a lack of benefit. For example,

in elective laparoscopic cholecystectomy without acute inflammation, surgical antibiotic
prophylaxis has demonstrated minimal or no reduction in SSis for low-risk patients.17-20
Similarly, no benefit from routine antibiotic prophylaxis has been shown for laparoscopic
sleeve gastrectomy, laparoscopic roux-en-Y gastric bypass,?! endoscopic polypectomy,22
and open or transoral thryroidectomy or parathyroidectomy.23 For outpatient procedures
such as ophthalmologic, dermatologic, fertility, or dental procedures, antibiotic use remains
common, but has been shown to be unnecessary in many cases.14:24-27

The challenge of identifying additional procedures for which antibiotic prophylaxis can
safely be omitted in light of advances in surgical care (eg, laparoscopy and minimally
invasive techniques, enhanced recovery pathways) is more complex. There is significant
ethical concern related to the peeling back of a generally effective intervention.28 Trials
conducted to reassess the current need for antibiotic prophylaxis in open mesh hernia
repair,2% abdominal hysterectomy,3° orthognathic surgery,3! and noninstrumented spine
surgery32 each concluded that antibiotics remain necessary in these contexts. A particular
need for caution exists in procedures for which the consequences of a single excess
infection can be devastating and irreversible. For example, one trial of a third-generation
cephalosporin vs no antibiotic in craniotomy confirmed substantially higher rates of bone
flap infection, meningitis, and abscess formation in the control group, with consequences
among affected patients including death and coma.33 We suggest that candidate procedures
for omission of antibiotic prophylaxis meet at least 2 preliminary criteria for consideration:
(1) changes in technique have resulted in fundamentally lower risk of infection (eg,
transperineal vs transrectal prostate biopsy34) and (2) most infections are expected to be
treatable without irreversible consequence. Prior to initiating any type of study in which
preprocedural prophylactic antibiotics are withheld, a consensus panel should be assembled,
consisting of surgeons, infectious diseases specialists, clinical trialists, medical ethicists, and
patients, to make patient safety the first and foremost concern.

Continuation of antibiotic prophylaxis into the postoperative period represents another major
contributor to the global burden of inappropriate inpatient antibiotic exposure.>14.15.35 A
sufficient body of evidence now exists to broadly question the value of postoperative
antibiotic prophylaxis in uncomplicated surgical procedures.3¢ For breast surgery,3’
pediatric surgery,38 liver resection,39 cardiac surgery,49-41 pacemaker implantation,*2
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oromaxillofacial surgery,*3 sarcoma resection,** orthopedic surgery,*® and spine surgery,*®
studies have shown no difference in SSI frequency when omitting or reducing the duration
of postoperative antibiotic prophylaxis. In contrast, postoperative antibiotic durations

longer than 24 hours have repeatedly been shown to be associated with increases in
Clostridioides difficiléinfection, acute kidney injury, and antibiotic-resistant infection.40.4447
The Society for Healthcare Epidemiology of America/Infectious Diseases Society of
America/Association for Professionals in Infection Control and Epidemiology Practice
Recommendation® on postoperative antibiotic prophylaxis has notably been revised in its
most recent update to emphasize that prophylaxis should be discontinued at the time of
incision closure in the operating room, irrespective of the presence of postoperative drains.

Given the demonstrated lack of benefit and significant attributable harms, postoperative
antibiotic ordering practices represent a clear opportunity for immediate change. Currently,
most US health systems have antimicrobial stewardship programs, but few have adopted
protocols reflecting current guidelines for appropriate postoperative antibiotic prescribing
or provide feedback to practitioners on postoperative prescribing patterns..6Automated
decision support tools are an appealing solution to this problem, but require a level of
customization not available in standard system builds.® Without careful adaptation, routine
“clicking” to pass through electronic menus and sidestep alerts and nondefault options in
the interest of time has been observed®® and may perpetuate prescribing of prophylactic
antibiotics when none are needed. More nuanced decision support algorithms have shown
the potential to improve appropriate postoperative antibiotic use®! and should be explored as
standard elements of electronic health platforms.

Consider Antimicrobial Strategies With Lower-Risk Profiles—Antimicrobial
strategies involving nonsystemic administration or using agents with more favorable risk
profiles should be considered. These strategies include:

Combined Oral Antibiotic and Mechanical Bowel Preparation: Several randomized
clinical trials have now shown that combined preoperative oral antibiotic and mechanical
bowel preparation reduce colorectal SSIs by approximately 50%, but consistent use has
lagged in the US.52 Many antimicrobials used in these regimens are minimally absorbed
from their key site of action in the gastrointestinal tract (neomycin and kanamycin), are
not associated with C difficile infection (metronidazole), and/or are not considered high-
risk agents from an antimicrobial stewardship perspective. Although there is compelling
evidence for the effectiveness of this approach in SSI prevention, considerations regarding
dysbiosis and selection for transmissible resistance genes®? remain given the potency of
these exposures on gut microbiota.

Preoper ative Decolonization: Despite many randomized clinical trials indicating that

the application of mupirocin and other topical decontaminants can rid the nares of
Staphylococcus aureus, the single-most prevalent SSI pathogen, its routine use and the
optimal approach to implementation remain controversial. It is surprising that there is little
evidence to explain the mechanism by which decolonization of the nares shortly before
surgery is seemingly efficacious in preventing SSI at remote surgical sites. For example, if
S aureus is present in the nares, it is also frequently present in the gastrointestinal tract and
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other anatomical regions more proximal to the surgical site.>*5 While awaiting improved
understandings of the mechanism and most effective approach to decolonization, the risks
of resistance and adverse effects from topical antimicrobials used as part of a short-term
preoperative protocol appear small®6 relative to their demonstrated benefit in many studies.
Decolonization for several procedure groups has recently been upgraded to an “essential
practice” in US consensus guidelines.*8

Targeting Bacterial Virulence Rather Than Viability: Most health care—associated
infections, including SSls, are now appreciated to arise from bacteria colonizing patients
prior to admission.>’-59 By targeting the factors that drive these organisms from states
of colonization to infection, rather than targeting the bacteria themselves, it may be
possible to reduce infectious complications of surgery without the risks of dysbiosis

and antimicrobial resistance that attend traditional antibiotic and antiseptic agents.59
Antivirulence pharmaceuticals for a wide variety of applications are in development,
including the prevention of SSis.6

Use of L ocal Antimicrobial Application to the Skin: For dermatologic surgery, the
effectiveness of systemic antibiotic prophylaxis remains controversial. Most guidelines
recommend administering prophylaxis either in the setting of increased risk (eg, lower
extremity and groin procedures) or in the presence of existing cardiac or orthopedic
prostheses.%2 Recently, the effectiveness of microdose antibiotics added to local anesthetic
has demonstrated a significant reduction in local infections compared with placebo, with
presumably less systemic exposure.53

Maximize the Effect of Antibiotic Prophylaxis Through More Targeted Use—
Despite the goal of eliminating perioperative antibiotic use in nonbeneficial scenarios,

it is clear that preoperative surgical prophylaxis remains a highly important intervention

in many procedures? and that differences in the timing® and spectrum?®564 of activity

of these medications translate to clinically meaningful differences in SSls. It is also
increasingly apparent that prior infection®® or preoperative colonization®® with antibiotic-
resistant bacteria is associated with substantial excess SSI risk that can be partially offset
by use of a prophylactic agent to which the resistant organism is susceptible.11:13 Current
guidelines for surgical prophylaxis are fairly uniform and account for high-level procedural
differences,87 but not for the wide range of individual and geographical factors known to be
associated with SSI microbiology and resistance. Targeted selection of prophylactic agents
tailored to the patient, procedure, and surgical context potentially offers a more efficient
approach to maximizing the effectiveness of prophylaxis in the age of rising antimicrobial
resistance while minimizing adverse individual and population-level harms.

This framework is conceptually similar to the selective addition of vancomycin to standard
prophylactic agents such as cefazolin for patients colonized with methicillin-resistant S
aureus (MRSA), which is supported by limited evidenceb8 and included as a practice for
consideration requiring further research in current guidelines.8” Extension of that paradigm
to other classes of resistant bacteria has been explored. For example, a study of personalized
ertapenem prophylaxis based on the results of preoperative screening for extended-spectrum
B-lactamase—producing Enterobacterales suggested a benefit in colorectal surgery with no
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measurable increase in C difficile infection or selection for postoperative colonization

with resistant strains.11:69 Surrogate clinical, procedural, or geographical factors associated
with resistant infection available in electronic health records could also be leveraged to
complement laboratory-based methods. Aside from the question of effectiveness, substantial
barriers to realizing such an approach currently exist. The relevant populations, sampling
strategies, diagnostic technologies, clinical protocols, and oversight structure remain to be
defined. This issue is acknowledged, but remains to be addressed, in the latest global
guidelines for SSI prevention.”®

As a prerequisite to refining evidence-based protocols for surgical prophylaxis and
understanding the role of antimicrobial resistance in the US, more epidemiologic data

on SSI microbiology are needed. Data collected by the US Centers for Disease Control

and Prevention (CDC) National Healthcare Safety Network capture case-level pathogen

and resistance patterns, but are limited in scope to colorectal surgery and abdominal
hysterectomy at a national level and are not available for research or policy development
outside of the CDC, limiting the potential utility of that resource. Conversely, large,
accessible registries such as the American College of Surgeons National Surgical

Quality Improvement Program or Society of Thoracic Surgeons National Database and
commercially available research datasets capture SSI occurrence across more diverse
procedure groups, but do not include corresponding laboratory data from wound cultures.
Even in landmark clinical studies addressing SSls, the microbiological results underlying the
findings are often not reported.’? The absence of such data in these key sources may reflect
their inherent complexity relative to other laboratory data such as hemoglobin or white blood
cell measurements; however, the unrealized public health value of these results, generated
daily in the course of clinical care and clinical trials, is immense.

Leverage Nonantibiotic SSI Prevention Measures—A number of complementary,
nonantibiotic strategies exist to facilitate the same objective of SSI prevention served by
antibiotics. Given anticipated increases in SSIs caused by bacteria resistant to standard
prophylactic agents3 and the diminishing marginal returns of efforts to further sterilize

the operating room environment,’2-74 these alternative evidence-based strategies represent
“win-win” practices that should be more consistently emphasized.

Temperature and Glucose M anagement: Maintenance of established targets for
normothermia and euglycemia, both strongly associated with reduction in SSI risk, remains
inconsistent across a wide range of practice settings and procedure types.’® The association
between perioperative hyperglycemia and SSIs appears to be similar for both patients with
diabetes and those without diabetes,’® indicating that broader screening for hyperglycemia
in surgical patients may be beneficial.

Closed Incision Negative Pressure Wound Therapy: Randomized clinical trials of
negative pressure wound therapy after primary closure of surgical incisions for the
prevention of SSls have shown effectiveness for the prevention of SSls across various
emergency and elective procedures. The overall weight of evidence has gradually shifted in
favor of this technique in updates to high-profile meta-analyses’”:’8 and is now supported
by expert recommendation in the US.58 Although significant heterogeneity exists among
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studies (even those performed among similar populations), it appears likely that routine use
of negative pressure wound therapy will ultimately be favored for some high-risk patient and
procedure groups.

Oral Hygiene: Preoperative oral hygiene interventions prior to elective surgery to address
dental caries, gum disease, or ongoing mouth infections may decrease SSI rates.”® This
approach considers that mouth organisms existing in chronic asymptomatic infections (eg,
gingivitis, dental caries) may find their way to the operative site through the bloodstream
and cause SSIs.89 The causal pathway by which this may occur and whether improving oral
hygiene prior to surgery mitigates risk remain to be determined.

Dietary Prehabilitation and Probictics: Preoperative dietary habits have been associated
with differences in overall surgical complications including SSls, anastomotic leakage, and
postoperative ileus.8! Similarly, a high-fat, low-fiber “Western diet” has also been shown to
be associated with increased rates of anastomotic leak in mice, but such an effect can be
reversed by short-term (ie, 2-day) consumption of a plant-based, high-fiber, low-fat diet.82
Taken together, there is emerging evidence that dietary prehabilitation for high-risk patients
may have benefits in reducing SSI rates via effects on the gut microbiome. Probiotics,
synbiotics, and fecal transplants are also conceptually appealing avenues for preservation
of protective gut flora during exposure to antibiotics and surgical stress83; however,
important fundamental questions preceding human trials remain, related to safety,84 specific
composition of probiotic consortia, complementation of the baseline microbiome, and other
factors.

Enhanced Recovery Programs. Enhanced recovery programs and fast-track surgical
pathways include many improvements in surgical care that have independently been

shown to reduce SSIs. These programs include the use of minimally invasive techniques,
elimination of drains, and normothermia. Although the added association of other common
bundle elements (eg, nonopioid analgesia, nutritional optimization, early hospital discharge)
with infection is unclear, these programs have several benefits and have been associated with
reduced rates of SSls for some groups.8> Additional evidence-based SSI prevention practices
such as preoperative screening and decolonization, glucose management, appropriate use

of combined antibiotic or mechanical bowel preparation, use of cephalosporins for patients
with reported penicillin allergies, and avoidance of postoperative antibiotic prophylaxis
could reasonably be incorporated into these pathways to facilitate practice standardization in
this domain.

Consider New Models of SSI Pathogenesis—Significant further advancements in SSI
prevention will likely require an improved fundamental understanding of SSI pathogenesis.
Although SSls can certainly occur as a result of direct intraoperative contamination of the
wound, and changes in antiseptic practice targeting this mechanism of SSls have yielded
gains over preceding decades, current data from both the Agency for Healthcare Research
and Quality and CDC indicate that rates of SSls are no longer decreasing.5.7 Next-generation
techniques being developed for microbiome science could be used to identify, characterize,
and track potential pathogens before, during, and after surgery (Figure 1) to better define
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(1) the specific origins of strains causing SSls, (2) the routes by which those strains achieve
entry into the surgical site, and (3) the mechanisms by which SSI-causing bacteria evade
current prevention measures and express virulence and antibiotic resistance traits.

The first step in any of these investigations will be to consider the possibility that
endogenous sites of colonization may be the source of most SSls.>” For example, among
SSls caused by S aureus, approximately 80% are genetically similar to endogenous strains
colonizing the patient nares.86 However, whether this finding is true of infections caused
by other SSI pathogens, how colonization or decolonization is associated with infection

at a remote surgical site remains ill defined,>#:5° and other outstanding questions remain.

Is the presence of MRSA in the nares a surrogate for colonization more proximal to the
surgical site? Or can bacteria present in high numbers in remote reservoirs be translocated to
the surgical site by indirect means, as suggested by the “Trojan Horse” hypothesis of SSIs?
80 For a given procedure, what are the most relevant reservoirs to target for preoperative
screening and decolonization?

Standard culture methods have been used to explore these questions in the past, but are
constrained in the type and number of bacteria that can be characterized, limiting practical
clinical inferences into the complex pathogenesis of SSlIs. In contrast, newer culturomic
technologies (special media and techniques for isolating large numbers of diverse bacteria)
and metagenomic technologies (sequencing-based classification of host and microbial
populations) are capable of characterizing the events leading to infection with substantially
higher resolution. Deploying next-generation technologies to define the distribution of
relevant bacterial strains and their virulence or resistance traits over time and anatomical
space may inform more effective prevention strategies beyond current uses of antibiotics and
environmental sterility measures.

Conclusions

The anticipated global increase in colonization of healthy individuals with antimicrobial-
resistant organisms will be reflected in a rapidly changing microbial landscape within our
hospitals and communities, and demands a coordinated and proactive effort to address.
Development of effective and sustainable programs for perioperative antibiotic use in SSI
prevention will require incorporating antimicrobial stewardship as a key component of
surgical quality. Use of new data sources and technologies to illuminate novel models of
SSI pathogenesis and more targeted methods of prevention should be considered as essential
elements of this approach.
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Figure 1: Application of next-generation technologiesto under stand the pathogenesis and
antimicrobial resistance patterns of SSIs.

Samples from various patient- (A) and environmental (B) reservoirs can be sampled
throughout the perioperative period and preserved. High-throughput microbiome analyses
(C) can then be performed when an SSI develops and its associated pathogen(s)

can be isolated and cultured (D). Strain-level comparisons of genome sequence and
antimicrobial resistance genotypes/phenotypes of the SSI pathogen can be compared with
preserved samples to examine potential sources of infection and the genetic progression of
antimicrobial resistance (E).
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Table 1.

Proposed 5-Part Framework for Stewardship of Surgical Antibiotic Prophylaxis

Framework for Stewardship of Surgical Antibiotic Prophylaxis

a b W N

Avoid antibiotics in contexts where studies indicate they are not beneficial
Consider antimicrobial strategies with lower-risk profiles

Maximize the effect of antibiotic prophylaxis through more targeted use
Leverage nonantibiotic surgical site infection prevention measures

Consider new models of surgical site infection pathogenesis
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