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Abstract

Objective

We conducted a quality improvement initiative to restrict fluoroquinolone prescribing on two
inpatient units housing high-risk patients and applied a human factors approach to under-
standing the barriers and facilitators to success of this intervention by front-line providers.

Methods

This was a mixed-methods, quasi-experimental study. This study was conducted on two
inpatient units at a tertiary care academic medical center: the medical-surgical intensive
care and abdominal solid organ transplant units. Unit-level data were collected retrospec-
tively for 24 months pre- and post- fluoroquinolone restriction intervention, implemented in
July 20186, for all admissions to the study units. Our restriction intervention required antimi-
crobial stewardship pre-approval for fluoroquinolone prescribing. We explored barriers and
facilitators to optimal fluoroquinolone prescribing using semi-structured interviews attend-
ing, fellow and resident physicians, advanced practice providers and pharmacists on these
units.

Results

Hospital-onset C. difficile infection did not decrease significantly, but fluoroquinolone use
declined significantly from 111.6 to 19.8 days of therapy per 1000 patient-days without neg-
atively impacting length of stay, readmissions or mortality. Third generation cephalosporin
and aminoglycoside use increased post-restriction. Providers identified our institution’s
strong antimicrobial stewardship program and pharmacy involvement in antimicrobial
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decision making as key facilitators of fluoroquinolone optimization and patient complexity,
lack of provider education and organizational culture as barriers to optimal prescribing.

Conclusions

Fluoroquinolones can be safely restricted even among high-risk patients without negatively
impacting length of stay, readmissions or mortality. Our study provides a framework for suc-
cessful antimicrobial stewardship interventions informed by perceptions of front line
providers.

Introduction

Clostridioides difficile infection (CDI) is the leading cause of healthcare-associated diarrhea
and accounts for 12% of all hospital-acquired infections (HAIs) in the United States (US)
[1,2]. Antibiotic use is the major driver of healthcare-associated CDI [3,4], causing gut
microbiome disruption and proliferation and propagation of C. difficile. The risk of CDI dif-
fers by antibiotic class. Fluoroquinolones have been shown to greatly increase the risk of CDI
[5-8].

Antibiotic stewardship programs (ASPs) can reduce CDI incidence [8-13] through gover-
nance of high-risk antimicrobials, with restriction policies being particularly efficacious
[8,9,14-20]. Fluoroquinolone restriction to reduce CDI rates has been successfully applied
during outbreaks, [15,20,21] though the impact in the endemic setting has not been fully
described. Further, the data on fluoroquinolone restriction among special populations, such as
the immunocompromised and critically ill, are limited.

With any antibiotic stewardship intervention, attention to implementation is critical to
assess the impact on prescriber behavior, workflow and patient and institutional outcomes
[11]. Understanding not just patient and provider-level influences on prescribing, but also
work system factors, can inform a successful, sustainable intervention to optimize prescribing.

We undertook a quality improvement initiative to implement a fluoroquinolone restriction
intervention in the intensive care unit (ICU) and solid organ transplant (SOT) unit to attempt
to decrease our hospital-onset CDI (HO-CDI) rate. We interviewed front-line providers on
the pilot units to understand the work system factors influencing fluoroquinolone prescribing.
By applying human factors and ergonomics concepts, we sought to identify facilitators and
barriers to a successful restriction intervention and apply these factors to larger scale antimi-
crobial stewardship interventions.

Methods
Setting

University of Wisconsin (UW) Hospital is a 592-bed tertiary care academic center in Madison,
Wisconsin. Our fluoroquinolone restriction was instituted on two units housing patients at
high infectious risk: a 24-bed medical-surgical ICU and a 32-bed medical-surgical abdominal
SOT ward. UW Hospital performs more than 250 renal transplants and more than 100 liver
transplants annually.
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Study design

This was a mixed-methods quasi-experimental study. Pre-intervention unit-level data were
collected for a 24-month period before the intervention (July 2014 to June 2016), and for a
24-month period after the intervention (July 2016 to June 2018).

Outcomes

The primary quantitative outcome was rate of HO-CDI. CDI cases were defined as positive
laboratory test result for C. difficile on unformed stool in a patient with diarrhea using the Cen-
ters for Disease Control and Prevention’s National Healthcare Safety Network criteria [22].
We included all positive tests regardless of time from admission. Our institution uses the Clos-
tridioides (Clostridium) difficile toxin B PCR (Cepheid®, Sunnyvale, California).

Secondary outcomes were fluoroquinolone and alternative antimicrobial days of therapy
(DOT), length of stay (LOS), readmissions and mortality. We measured antimicrobial use as
days of therapy (DOT) per 1,000 patient days. To assess potential harms, we measured LOS,
readmissions and in-hospital mortality for the pilot units. LOS was measured in days and eval-
uated for both the study units and total index hospitalization. Readmissions were measured as
percent of patients admitted to the study units any time during the index admission who were
readmitted to any unit within 30 days of discharge. In-hospital mortality was assessed.

Intervention

In July 2016, the UW Antimicrobial Stewardship Program (ASP) instituted a fluoroquinolone
restriction intervention on two units. UW Hospital has a well-established restricted antimicro-
bial formulary, which did not include fluoroquinolones prior to 2016. For restricted antimi-
crobials, pre-authorization by an ASP physician or pharmacist prior to electronic order entry
is required. Necessary pre-authorization is obtained by ordering providers through an ASP
pager staffed by an infectious disease physician or pharmacist between the hours of 7:00 AM
to 11:00 PM seven days per week. After hours, a conditional dose can be administered at the
discretion of primary providers. Our ASP also performs daily prospective audit and review of
all inpatients on antimicrobials.

The fluoroquinolone restriction on study units was implemented in a manner similar to
other restricted antimicrobials as described above. Operationally, when a provider ordered a
fluoroquinolone, a hard stop in the electronic order entry process appeared indicating fluoro-
quinolones were restricted and required ASP approval prior to ordering. Several exemptions
to the restriction were agreed upon by the ASP, including: recommendation by infectious dis-
ease consultation, chemotherapy-induced neutropenia requiring prophylaxis, periprocedural
use for urological or select surgical procedures in patients with immediate IgE-mediated B-lac-
tam allergy, and cystic fibrosis exacerbations. Selections for exempted conditions were avail-
able at the time of order entry, allowing the provider to continue through the electronic
ordering process without seeking ASP approval if exemption criteria were met. If no exemp-
tion criteria were met, providers were required to contact the ASP pager for approval, and if
approved, indicate the approving provider in the electronic order. If a patient was transferred
to one of the intervention units with an active fluoroquinolone prescription, the prescription
required re-authorization from the ASP in the usual manner. On other hospital units, fluoro-
quinolones could be used at provider discretion without prior approval though were subject to
routine daily prospective audit and feedback in line with other antimicrobial use. Discharge
prescriptions for fluoroquinolones were not monitored or restricted.

Education and clinical decision support tools were provided to pharmacists and physicians
on study units regarding rationale for restriction and fluoroquinolone alternatives. Alternative,
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non-fluoroquinolone treatment options for common infections were posted online (available
at www.uwhealth.com/cckm). Fluoroquinolone alternatives tables and order panels to assist
decision making were available in the EMR (Epic®, Verona WI). Clinical pharmacists are pres-
ent 24 hours per day in the ICU and 16 hours per day on the SOT unit for consultation.

Concurrent infection prevention interventions

Throughout the 48-month study period, multiple concurrent and overlapping infection pre-
vention interventions were implemented to reduce HO-CDI (Table 1). Briefly, interventions
were implemented at all levels: screening select patients on admission, optimizing appropriate-
ness of CDI testing, covert isolation and hand hygiene compliance monitoring and feedback
and enhanced environmental decontamination procedures.

Pharmacy review for adherence and harm

For one month following implementation of the fluoroquinolone restriction, pharmacy ser-
vices prospectively collected data on all patients who received antimicrobials on the pilot units.
Indications selected by providers through electronic order entry were collected. Rate of AKI
after antimicrobial initiation were assessed. Adherence to the restriction policy was assessed,
defined as the selection of an appropriate alternative agent based on institutional guidance
available to prescribers as part of the education campaign. AKI was defined by the 2012 Kidney
Disease Improving Global Outcomes guidelines [23].

Unit level data

Our data analytics team provided unit-level data for 24 months pre- and 24 months post-inter-
vention, including LOS, readmissions, deaths, and HO- CDI cases. Antimicrobial prescribing
data were extracted from the EMR by our data analytics team and was validated iteratively by
investigators (M.B. and J.T.).

Table 1. Concurrent infection prevention interventions to reduce CDI at UW Hospital.

Month- | Study Design Period(s)

Year Impacted
Expanded duration of isolation precautions from 30 to 90 days from most Oct-15 I (partial)and II (all)
recent positive
Implementation of CDI testing algorithm for all inpatients Dec-15 I (partial)and II (all)
Admission screening of bone marrow transplant patients on one of the pilot | Dec-15 I (partial)and II (all)
units
Covert isolation and hand hygiene compliance observations and feedback to | Dec-15 I (partial)and II (all)
nursing unit and hospital leadership
Electronic medical record alert to test symptomatic patients on admission Jun-16 I (partial)and II (all)
Ultraviolet light cleaning Sep-16 I
Electronic medical record alert not to test asymptomatic patients or those Oct-16 I
receiving laxatives
Pre-existing fluorescent marking system of high touch objects (HTO) was Dec-16 II
doubled from the 16 CDC and vendor recommended high touch objects to
32.
Established antimicrobial stewardship program staffed by infectious disease I (all) and II (all)

physicians and pharmacists performing daily prospective audit and feedback
and front-line restriction of several antimicrobials.

https://doi.org/10.1371/journal.pone.0237987.t001
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Provider interviews and conceptual framework

We conducted semi-structured interviews of providers on the pilot units, including attending
physicians, fellows, residents, advanced practice providers and pharmacists. Interviews were
conducted until emergent themes were clearly identified. Interviews were conducted following
the implementation of the restriction intervention. We used the Systems Engineering Initiative
for Patient Safety (SEIPS) framework to develop our interview guide (online supplement) and
as a framework to examine the process of antibiotic decision-making. This model depicts a
work system defined by the interaction of five elements: the individual who performs the tasks
using fools in a physical environment and within an organizational infrastructure. Research
related to SEIPS examines job and systems design, quality improvement, and technology
implementation that affect patient safety outcomes related to patients, organizations and staft
[24]. The SEIPS model emphasizes the interactions among work systems components, recog-
nizing that all changes in a given work system influence the remaining elements. This model is
well suited to describe influences on the complex decision making behind antimicrobial
prescribing.

In our provider interviews, we focused on (1) perception of fluoroquinolone utility, (2)
indications used for fluoroquinolone use, (3) perception of the relationship between fluoro-
quinolone use and CDI, and (4) barriers to an intervention successfully restricting fluoroquin-
olone use. Three pilot interviews were conducted after which the interview guide was refined.
Interviews were conducted by two trained investigators after a joint interview facilitated con-
cordance in question-asking. Interviews were audio-recorded and transcribed verbatim. Tran-
scripts were coded by two investigators using a deductive method with components of SEIPS
as predetermined themes.

Data management and statistical analysis

Pairwise comparisons between pre and post-intervention mean estimates of all primary and
secondary outcomes was performed using the two-sample t-test. An assessment of normality
was performed for continuous variables using qq-plots. Five-point moving averages were used
to smooth the HO-CDI data. Interrupted time series analysis was subsequently conducted
using Prais-Winsten regression to account for first-order autocorrelation between measure-
ments. All statistical analyses were conducted in STATA using an alpha significance level of
<0.05.

Qualitative data was coded into categories within the SEIPS framework (people, organiza-
tion, tools/technology, tasks, and environment) using DeDoose® (SocioCultural Research
Consultants, LLC, Manhattan Beach, California). Emergent themes within each SEIPS compo-
nent were identified and categorized as a facilitator or barrier to optimizing fluoroquinolone
prescribing. DeDoose® provides the opportunity to analyze frequency of code co-occurrence
(the number of times the researchers coded constructs together). This information allowed the
research team to identify themes coded together for the same passage of text.

Ethics and reporting

This was a quality improvement initiative and was deemed exempt from institutional review
board oversight. We followed SQUIRE 2.0 guidelines in the reporting of our quality improve-
ment study [25]. Verbal consent was obtained from interviewees prior to semi-structured
interviews. Qualitative analysis was conducted in a de-identified manner, preventing attribu-
tion of statements to any particular interviewee.
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Results

The average HO-CDI rate in the study units was lower in the post-intervention period (11.8 vs
22.2 infections per 10,000 patient days, p = 0.001). However, time series analysis (Table 2, Fig
1) showed no significant change in HO-CDI rate at the time of intervention implementation
(reduction of 3.4 infections/10,000 PD, p = 0.20). Time series analysis demonstrated an
increase in the trend of the infection rate in the post-intervention period (increase of 0.8 infec-
tions/10,000 patient days, per month, p = 0.002).

In our combined medical-surgical ICU and abdominal SOT ward, fluoroquinolones are
used most commonly for pneumonia, intraabdominal infections and urinary tract infections
(Table 3). Fluoroquinolone use decreased from an average of 111.6 DOT/1000 patient-days in
the pre-intervention period to 19.8 DOT/1000 patient-days post-intervention (p<0.001). Total
antimicrobial days of therapy in the pre-intervention period was 1664 DOT/1000 patient-days
and in the post-intervention period, 1543 DOT/1000 patient-days. The average readmission
rate, LOS on intervention units, and use of fourth generation cephalosporins decreased post-
intervention. In contrast, use of third generation cephalosporins, aminoglycosides, and pipera-
cillin-tazobactam increased post-intervention (Table 4).

Pharmacy services review

In the one-month period following implementation of the fluoroquinolone restriction inter-
vention, 138 antimicrobial treatment courses were prescribed to 129 patients on the pilot
units. Indications for all antimicrobial prescribing for this time period are listed in S1 Table,
with the most common being urinary tract infection on the SOT unit and sepsis or septic
shock in the ICU. Among the 129 patients, 40 (31%) had an antimicrobial allergy label in their
chart. Twenty-two of these 40 (55%) patients had beta-lactam allergy. Overall adherence to the
fluoroquinolone restriction policy was 84.6%, with syndrome specific policy adherence indi-
cated in S1 Table. Six patients developed AKI (11.5%).

Provider interviews

We conducted twelve interviews among residents, fellows, attending physicians, advanced
practice providers and pharmacists. The person component of the work system was discussed
most frequently, with person as facilitator ranking the highest (52 times coded) and person as

Table 2. Patient outcomes and antimicrobial utilization.

Pre Post p-value
Readmission rate (%) 18.7 17.3 0.028
Length of stay, total encounter (days) 8.6 8.4 0.20
Length of stay on study units (days) 5.0 4.7 0.009
In-hospital mortality (%) 7.7 8.4 0.10
HO-CDI per 10,000 patient-days 22.2 11.8 0.001
Fluoroquinolones® 111.6 19.8 <0.001
Carbapenems® 40.4 46.3 0.32
Third Generation Cephalosporins® 88.1 109.0 <0.001
Aminoglycosides® 3.2 4.8 0.04
4™ Generation Cephalosporins® 109.1 37.6 <0.001
Piperacillin/Tazobactam® 134.8 199.6 0.001

*All antibiotics are reported in days of therapy per 1,000 patient days

https://doi.org/10.1371/journal.pone.0237987.1002
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Fig 1. Interrupted time-series analysis, hospital-onset Clostridioides difficile infection.

https://doi.org/10.1371/journal.pone.0237987.9001

barrier ranking second highest (41 times coded). The next most frequently coded SEIPS com-
ponents were organization as facilitator (39 times coded) and tools and technology as facilita-
tor (38 times coded). Organization as a barrier was coded 23 times. Person and facilitator
codes were used together 8 times during the interviews. The second most frequently co-occur-
ring codes were organization and facilitator (7 times). However, the categories of persons,
organizations and tasks were co-coded as barriers almost as often (6 times). The category of
environment was co-coded with barrier five times. We have highlighted emergent themes,
with the most common barriers and facilitators to optimizing fluoroquinolone prescribing
with epitomizing quotes in Table 5. Patient complexity, lack of provider education, and

Table 3. Time series analysis hospital onset-Clostridioides difficile infection.

Factor Intervention units

Coefficient | p-value

Intercept (HO-CDI per 10,000 patient days) 29.4 <0.001
Slope pre-intervention (change in HO-CDI per 10,000 patient days per month) -0.7 <0.001
Immediate effect at time of intervention (HO-CDI per 10,000 patient days) -34 0.20
Difference between pre- and post-intervention slopes (HO-CDI per 10,000 patient days per 0.8 0.002
month)

https://doi.org/10.1371/journal.pone.0237987.t1003
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Table 4. Most common indications for fluoroquinolone use on pilot units.

Medical-Surgical ICU Abdominal SOT ward

Pre-intervention Post-intervention Pre-intervention Post-intervention
Lower respiratory tract infection/Pneumonia 43.6% 44.9% 19.4% 18.0%
Abdominal/Pelvic 19.8% 28.6% 32.5% 38.0%
Bloodstream 14.7% 0.0% 5.3% 8.0%
Urinary tract infection 10.1% 8.2% 21.9% 26.0%
Upper respiratory tract infection 5.8% 2.0% 4.6% 0.0%
Cellulitis 1.9% 12.2% 2.1% 0.0%
Meningitis 0.5% 0.0% 0.0% 0.0%
Surgical Wound 1.0% 2.0% 3.9% 2.0%
Head and Neck infection 0.5% 0.0% 1.1% 0.0%
Musculoskeletal/Osteomyelitis 0.5% 0.0% 0.4% 2.0%
Transplanted Organ 0.7% 0.0% 8.5% 6.0%
Neutropenic Fever 0.0% 2.0% 0.0% 0.0%
Non-infectious 0.0% 0.0% 0.4% 0.0%
Intravenous Line 0.0% 0.0% 0.0% 0.0%
Other 0.0% 0.0% 0.0% 0.0%

All indications expressed as percentage of total fluoroquinolone days of therapy.

ICU: intensive care unit; SOT: solid organ transplant

https://doi.org/10.1371/journal.pone.0237987.t1004

organizational culture were identified as barriers. Strength of the ASP and pharmacy involve-
ment in antimicrobial decision making were identified as key facilitators of successful fluoro-
quinolone restriction (Fig 2).

Discussion

An antimicrobial stewardship intervention to restrict prescribing of fluoroquinolones can lead
to substantial decrease in their use, even among high-risk patients. While we did not observe a
reduction in HO-CDI following our intervention, we did demonstrate fluoroquinolones could
be restricted among critically ill and immunocompromised patients without negatively
impacting LOS, readmission rate and mortality on our pilot units. Following restriction of flu-
oroquinolones, we did observe an increase in third-generation cephalosporin and aminoglyco-
side prescribing, though overall antimicrobial days of therapy did not increase. Fortunately,
despite the increase in aminoglycoside use we did not observe a high rate of in AKI. Indica-
tions for prescribing in our population are similar to mirror those in another successful fluoro-
quinolone restriction [26], with respiratory, urine and abdominal infections being the most
common indications, though our focus on high-risk patients is unique.

One potential explanation for lack of HO-CDI reduction is that our pilot study was con-
ducted in the endemic setting. In contrast to our study, in previous observational studies in the
endemic setting, fluoroquinolone restriction alone [16,26] or as part of a campaign to restrict
other antibiotics [17-19,27] has reduced HO-CDI. Like our study, many of these studies are
limited by lack of control for patient-specific factors, with the exception of two in the outbreak
setting [15,20]: one of which failed to demonstrate clear relationship between fluoroquinolone
use and HO-CDI after multivariate analysis [15]. Studies in the epidemic setting demonstrated
reduction in HO-CDI with fluoroquinolone restriction, especially among centers with a high
burden of fluoroquinolone-resistant C. difficile [15,20,21]. In both the epidemic and endemic
setting, fluoroquinolone restriction had particular impact on fluoroquinolone-resistant
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Table 5. Barriers and facilitators to fluoroquinolone prescribing optimization, coded by Systems Engineering Initiative for Patient Safety (SEIPS) framework com-
ponent with illustrating provider quotes.

Quote Element identified SEIPS
component
“Oftentimes it’s difficult to . . . focus on every detail on, for every patient, especially Barriers Person
when . .. the antibiotics that they’re on is kind of the least of their issues.” Patient factors: complexity of acute illnesses and underlying
“They’re [fluoroquinolones] good for troubled kidneys and the urinary tract comorbidities
infections and bacteremia” Provider belief about necessity to “double cover” for
“So there were still perceptions and beliefs that double coverage of pseudomonas Pseudomonas aeruginosa
empirically was necessary kind of ignorant of patients’ past culture history and local
antibiogram”
“I think that it’s exceedingly helpful to have our pharmacists here because they doit | Facilitator Close involvement of pharmacists in patient care Person
every day.”
“...antibiotics are an area that’s really complicated. It takes a lot of time and Barrier Lack of time to learn alternative regimens well Task
experience to learn well.”
“...they get broad coverage and full workup. And then generally the workup is Facilitator Culture-directed de-escalation of empiric therapy Task
negative and the antibiotics are deescalated, you know.”
INTERVIEWER: “How frequently do you see providers consulting the antibiogram Barrier Tools/
for B4/62 Lack of awareness of antibiogram/poor visibility of Technology
RESPONDENT: “What antibiogram?” antibiogram
“There are rounding checklists in the ICU, and on that checklist is cultures and Facilitator Tools/
antibiotics intended to bring up the discussion of narrowing. And that certainly Standardized rounding checklists Technology

worked in like Foley and line usage. . . . I think the same concept can easily be applied
and is frequently, not as consistently as lines and drains, but can be applied with

antibiotics.”
“.. .for my experience the last five years I've been here, very much kind of a go-to Barrier Organization
class of antibiotics that I definitely think that we’ve used very frequently.” Optimizing fluoroquinolone use not perceived as
organizational priority
“I know those weren’t exactly cheap to run all the sensitivities and all their isolates. Facilitator Organization
But I think .. . as an institution, that’s an important place to invest, because we have Strong antimicrobial stewardship presence

to do our own local stewardship. And, you know, I think we’ve done a really good job
of that. We don’t have these pan-resistant organisms that other tertiary . . . centers are

seeing.”
“.. .afternoon or evening or overnight from the emergency department, the resident Barrier Environment
probably comes up with the initial regimen.” Lack of strong pharmacy support in one unit overnight, when
many empiric regimens are selected for new admissions
“Pharmacists are available 24/7 in TLC.” Facilitator Environment

Constant access to pharmacists in the ICU

B4/6: abdominal solid organ transplant unit
ICU: intensive care unit

TLC: Trauma and Life Center, the name of UW Hospital intensive care unit

https://doi.org/10.1371/journal.pone.0237987.t1005

C. difficile [16,19,27]. We did not measure the rate of fluoroquinolone-resistant C. difficile; if
low in this endemic setting, this may account for the lack of reduction in HO-CDI through
restriction. The multiple, concurrent infection prevention interventions may have influenced
the decreasing trend in HO-CDI observed on the pilot units prior to implementation of the
fluoroquinolone restriction.

Another possible explanation for our intervention’s lack of clear impact on HO-CDI rates
is the rise in use of third generation cephalosporins and aminoglycosides, though fortunately
without an increase in antimicrobial days of therapy overall. Other centers have seen increased
use of alternative antimicrobials following fluoroquinolone restriction, specifically anti-pseu-
domonal penicillins [17], azithromycin [15], and aztreonam [15]. Others report no difference
in antimicrobial consumption [16,19,26]. Given the frequency of fluoroquinolone use for
pneumonia in our sample, we are not surprised by a resultant rise in ceftriaxone, an established
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Fig 2. Components of the work system influencing fluoroquinlone prescribing. Components of the work system identified as barriers (B) or
facilitators (F) to optimizing fluoroquinolone use by provider interviews on pilot units.

https://doi.org/10.1371/journal.pone.0237987.9002

beta lactam treatment alternative. In our institution at the time, there was a strong culture of
providing two empiric gram-negative agents to patients with sepsis, particularly among
patients in the ICU, which likely explains the increase in aminoglycoside therapy following flu-
oroquinolone restriction. This phenomenon of “squeezing the balloon”, that is, limiting avail-
ability of an agent resulting in an increase in use of other agents is an important unintended
consequence to monitor [28]. Fortunately, despite more frequent aminoglycoside use there
was not a high rate of AKI post-intervention. While we included fourth generation cephalo-
sporins and piperacillin-tazobactam in our analysis, sequential drug shortages within our
study period probably explain why utilization of these agents changed in opposite directions.

It is interesting to note the high frequency of antimicrobial allergy among patients receiving

fluoroquinolones, suggesting a need to better elucidate antimicrobial allergies to optimize
prescribing.
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Our interviewees identified the strength of our institution’s ASP and the involvement of
clinical pharmacists as key facilitators to the success of the fluoroquinolone restriction inter-
vention. Clearly defining and dedicating resources to the ASP is necessary for success [29,30].
The importance of pharmacy involvement in ASPs as well as assistance with antimicrobial
optimization at the patient level has been well described [30,33,37,31]. Key facilitators of suc-
cess for our institution’s ASP initiatives as well as those from the literature has informed a
larger scale restriction intervention.

Front line providers identified several barriers to successfully implementing a fluoroquino-
lone restriction intervention. Patient complexity can complicate antimicrobial prescribing
[29], which is certainly relevant in our cohort of critically ill and immunocompromised
patients in whom the restriction intervention was piloted. A lack of provider education regard-
ing appropriateness and fluoroquinolone alternatives was emphasized. Lack of education has
been identified in previous qualitative work as a barrier to successful ASP interventions [31-
33]. Similarly, others have identified provider education as a facilitator of success [29,34,35],
either provided during the process of preauthorization or through more dedicated education
campaigns [35].

Other institutions have also identified organization barriers to successful ASP initiatives.
Specifically, a lack of allocated time and resources limits the impact of the ASP [33,34,36,37]
and buy-in from leadership is necessary for success [37]. Hierarchy within the medical team,
particularly relevant in academic medical centers, can also be a barrier to success. Junior doc-
tors and trainees often do not feel empowered to counter the prescribing practices of their
senior colleagues, which can be at odds with recommendations from the ASP [33,38]. Despite
the barriers identified by front-line staff in our study, which comport with those identified by
previous investigators, we implemented a fluoroquinolone restriction intervention with great
success among the highest-risk patients in our institution.

Our study has several limitations. First, our small, single-site sample limits generalizability
though we feel is reflective of critically ill and SOT patients seen at many tertiary academic
medical centers. The uncontrolled nature of the unit-level data used to compare outcomes lim-
its our ability isolate the effect of the fluoroquinolone restriction on HO-CDI rates. Regarding
secondary outcomes, our study was designed to query readmissions within our hospital system
and patients admitted to other systems may have led to undercounting of readmissions. It is
possible that inability to adjust for patient level factors affected our results. There were several
concurrent HO-CDI control measures implemented during the study period (Table 1), further
complicating our ability to make causal inferences. By conducting time series analysis we
attempted to isolate the influence of fluoroquinolone restriction, however, it is likely the influ-
ence of concurrent interventions remains and cannot be fully controlled for. As our institution
offers only C. difficile detection by PCR, we may be detecting both colonization and infection;
however, the testing methodology did not change in the pre- and post-intervention periods.
We did not measure fluoroquinolone susceptibility of C. difficile and did not aggregate data
based on NAP1 positivity, and it is likely that fluoroquinolone restriction would have greater
impact in the setting of known fluoroquinolone resistant C. difficile. Antimicrobial use data
was extracted from electronic medical record data; we performed iterative validation to mini-
mize inaccuracies in the data. In the validation, we did not find systematic errors that should
meaningfully impact our conclusions.

In conclusion, fluoroquinolones can be restricted safely even among high-risk patients
without negatively impacting patient-level outcomes but without clear impact on HO-CDI
rates. ASP interventions should be informed by barriers and facilitators identified by front-line
providers to promote adherence and acceptance. Lessons from our initiative, particularly
those learned from exploring the perspectives of front line providers, can be applied to larger-
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scale ASP interventions. Future studies should confirm safety and efficacy of restriction poli-
cies among critically ill and immunocompromised patients with particular attention to the
impact on prescribing of alternative agents and explore other opportunities for optimization
of antimicrobial prescribing, such as at the time of hospital discharge.

Supporting information

S1 Appendix. Semi-structured interview guide: Fluoroquinolone usage in intensive care
and post-transplant care units.
(DOCX)

S§1 Table. Indications for antimicrobials on study units, one month post-fluoroquinolone
restriction implementation, by pharmacy review.
(DOCX)

Acknowledgments

The co-authors would also like to acknowledge Liz Godfrey, who queried the electronic medi-
cal record for antimicrobial prescribing data, Shelby Tjugum for pharmacy review of prescrib-
ing appropriateness and Roger Brown, PhD who provided statistical expertise.

Author Contributions
Conceptualization: Matthew Brunner, Mary Jo Knobloch, Nasia Safdar.
Data curation: Lucas Schulz, Anna Barker, Marc-Oliver Wright.

Formal analysis: Jessica Tischendorf, Matthew Brunner, Mary Jo Knobloch, Lucas Schulz,
Anna Barker.

Investigation: Jessica Tischendorf, Matthew Brunner, Alexander Lepak.

Methodology: Matthew Brunner, Mary Jo Knobloch, Lucas Schulz, Anna Barker, Alexander
Lepak, Nasia Safdar.

Resources: Nasia Safdar.

Software: Mary Jo Knobloch, Lucas Schulz.

Supervision: Alexander Lepak, Nasia Safdar.

Validation: Jessica Tischendorf, Matthew Brunner, Lucas Schulz, Anna Barker.

Writing - original draft: Jessica Tischendorf, Matthew Brunner, Marc-Oliver Wright, Alex-
ander Lepak.

Writing - review & editing: Jessica Tischendorf, Matthew Brunner, Mary Jo Knobloch, Lucas
Schulz, Anna Barker, Marc-Oliver Wright, Alexander Lepak, Nasia Safdar.

References

1. Bouza E. Consequences of Clostridium difficile infection: understanding the healthcare burden. Clin
Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis. 2012; 18 Suppl 6:5-12. https://doi.org/10.
1111/1469-0691.12064 PMID: 23121549

2. Magill SS, Edwards JR, Bamberg W, Beldavs ZG, Dumyati G, Kainer MA, et al. Multistate point-preva-
lence survey of health care-associated infections. N Engl J Med. 2014; 370(13):1198-1208. https://doi.
org/10.1056/NEJMoa1306801 PMID: 24670166

3. CDC. Clinical C. diff Q & A. Centers for Disease Control and Prevention. https://www.cdc.gov/cdiff/
clinicians/fag.html. Published July 10, 2019. Accessed October 10, 2019.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237987  August 25, 2020 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237987.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237987.s002
https://doi.org/10.1111/1469-0691.12064
https://doi.org/10.1111/1469-0691.12064
http://www.ncbi.nlm.nih.gov/pubmed/23121549
https://doi.org/10.1056/NEJMoa1306801
https://doi.org/10.1056/NEJMoa1306801
http://www.ncbi.nlm.nih.gov/pubmed/24670166
https://www.cdc.gov/cdiff/clinicians/faq.html
https://www.cdc.gov/cdiff/clinicians/faq.html
https://doi.org/10.1371/journal.pone.0237987

PLOS ONE

Effect of fluoroquinolone restriction

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Owens RC, Donskey CJ, Gaynes RP, Loo VG, Muto CA. Antimicrobial-associated risk factors for Clos-
tridium difficile infection. Clin Infect Dis Off Publ Infect Dis Soc Am. 2008; 46 Suppl 1:519-31. https:/
doi.org/10.1086/521859 PMID: 18177218

Vardakas KZ, Trigkidis KK, Boukouvala E, Falagas ME. Clostridium difficile infection following systemic
antibiotic administration in randomised controlled trials: a systematic review and meta-analysis. IntJ
Antimicrob Agents. 2016; 48(1):1-10. https://doi.org/10.1016/}.ijantimicag.2016.03.008 PMID:
27216385

McDonald LC, Killgore GE, Thompson A, Owens RC Jr, Kazakova SV, Sambol SP, et al. An epidemic,
toxin gene-variant strain of Clostridium difficile. N Engl J Med. 2005; 353(23):2433-2441. https://doi.
org/10.1056/NEJMoa051590 PMID: 16322603

Loo VG, Pairier L, Miller MA, Oughton M, Libman MC, Michaud S, et al. A predominantly clonal multi-
institutional outbreak of Clostridium difficile-associated diarrhea with high morbidity and mortality. N
Engl J Med. 2005; 353(23):2442—-2449. hitps://doi.org/10.1056/NEJMoa051639 PMID: 16322602

Feazel LM, Malhotra A, Perencevich EN, Kaboli P, Diekema DJ, Schweizer ML. Effect of antibiotic
stewardship programmes on Clostridium difficile incidence: a systematic review and meta-analysis. J
Antimicrob Chemother. 2014; 69(7):1748—1754. https://doi.org/10.1093/jac/dku046 PMID: 24633207

DiDiodato G, McArthur L. Evaluating the Effectiveness of an Antimicrobial Stewardship Program on
Reducing the Incidence Rate of Healthcare-Associated Clostridium difficile Infection: A Non-Random-
ized, Stepped Wedge, Single-Site, Observational Study. PloS One. 2016; 11(6):e0157671. https://doi.
org/10.1371/journal.pone.0157671 PMID: 27309536

Yanke E, Carayon P, Safdar N. Translating evidence into practice using a systems engineering frame-
work for infection prevention. Infect Control Hosp Epidemiol. 2014; 35(9):1176—1182. https://doi.org/10.
1086/677638 PMID: 25111927

Davey P, Marwick CA, Scott CL, Charani E, McNeil K, Brown E, et al. Interventions to improve antibiotic
prescribing practices for hospital inpatients. In: Cochrane Database of Systematic Reviews. John
Wiley & Sons, Ltd; 2017.

Baur D, Gladstone BP, Burkert F, Carrara E, Foschi F, Dobele S, et al. Effect of antibiotic stewardship
on the incidence of infection and colonisation with antibiotic-resistant bacteria and Clostridium difficile

infection: a systematic review and meta-analysis. Lancet Infect Dis. 2017; 17(9):990-1001. https://doi.
org/10.1016/S1473-3099(17)30325-0 PMID: 28629876

Talpaert MJ, Gopal Rao G, Cooper BS, Wade P. Impact of guidelines and enhanced antibiotic steward-
ship on reducing broad-spectrum antibiotic usage and its effect on incidence of Clostridium difficile
infection. J Antimicrob Chemother. 2011; 66(9):2168-2174. https://doi.org/10.1093/jac/dkr253 PMID:
21676904

Dancer SJ, Kirkpatrick P, Corcoran DS, Christison F, Farmer D, Robertson C. Approaching zero: tem-
poral effects of a restrictive antibiotic policy on hospital-acquired Clostridium difficile, extended-spec-
trum B-lactamase-producing coliforms and meticillin-resistant Staphylococcus aureus. Int J Antimicrob
Agents. 2013; 41(2):137—142. https://doi.org/10.1016/}.ijantimicag.2012.10.013 PMID: 23276500

Kallen AJ, Thompson A, Ristaino P, Chapman L, Nicholson A, Sim B-T, et al. Complete restriction of flu-
oroquinolone use to control an outbreak of Clostridium difficile infection at a community hospital. Infect
Control Hosp Epidemiol. 2009; 30(3):264—272. https://doi.org/10.1086/595694 PMID: 19215193

Wenisch JM, Equiluz-Bruck S, Fudel M, Reiter |, Schmid A, Singer E, et al. Decreasing Clostridium diffi-
cile Infections by an Antimicrobial Stewardship Program That Reduces Moxifloxacin Use. Antimicrob
Agents Chemother. 2014; 58(9):5079-5083. https://doi.org/10.1128/AAC.03006-14 PMID: 24936597

Price J, Cheek E, Lippett S, Cubbon M, Gerding DN, Sambol SP, et al. Impact of an intervention to con-
trol Clostridium difficile infection on hospital- and community-onset disease; an interrupted time series
analysis. Clin Microbiol Infect. 2010; 16(8):1297—-1302. https://doi.org/10.1111/j.1469-0691.2009.
03077.x PMID: 19832710

Aldeyab MA, Kearney MP, Scott MG, Aldiab MA, Alahmadi YM, Darwish Elhajji FW, et al. An evaluation
of the impact of antibiotic stewardship on reducing the use of high-risk antibiotics and its effect on the
incidence of Clostridium difficile infection in hospital settings. J Antimicrob Chemother. 2012; 67
(12):2988-2996. https://doi.org/10.1093/jac/dks330 PMID: 22899806

Sarma JB, Marshall B, Cleeve V, Tate D, Oswald T, Woolfrey S. Effects of fluoroquinolone restriction
(from 2007 to 2012) on Clostridium difficile infections: interrupted time-series analysis. J Hosp Infect.
2015; 91(1):74-80. https://doi.org/10.1016/j.jhin.2015.05.013 PMID: 26169793

Debast SB, Vaessen N, Choudry A, Wiegers-Ligtvoet E a. J, van den Berg RJ, Kuijper EJ. Successful
combat of an outbreak due to Clostridium difficile PCR ribotype 027 and recognition of specific risk fac-
tors. Clin Microbiol Infect Off Publ Eur Soc Clin Microbiol Infect Dis. 2009; 15(5):427—434. https://doi.
org/10.1111/j.1469-0691.2009.02713.x PMID: 19416295

PLOS ONE | https://doi.org/10.1371/journal.pone.0237987  August 25, 2020 13/14


https://doi.org/10.1086/521859
https://doi.org/10.1086/521859
http://www.ncbi.nlm.nih.gov/pubmed/18177218
https://doi.org/10.1016/j.ijantimicag.2016.03.008
http://www.ncbi.nlm.nih.gov/pubmed/27216385
https://doi.org/10.1056/NEJMoa051590
https://doi.org/10.1056/NEJMoa051590
http://www.ncbi.nlm.nih.gov/pubmed/16322603
https://doi.org/10.1056/NEJMoa051639
http://www.ncbi.nlm.nih.gov/pubmed/16322602
https://doi.org/10.1093/jac/dku046
http://www.ncbi.nlm.nih.gov/pubmed/24633207
https://doi.org/10.1371/journal.pone.0157671
https://doi.org/10.1371/journal.pone.0157671
http://www.ncbi.nlm.nih.gov/pubmed/27309536
https://doi.org/10.1086/677638
https://doi.org/10.1086/677638
http://www.ncbi.nlm.nih.gov/pubmed/25111927
https://doi.org/10.1016/S1473-3099%2817%2930325-0
https://doi.org/10.1016/S1473-3099%2817%2930325-0
http://www.ncbi.nlm.nih.gov/pubmed/28629876
https://doi.org/10.1093/jac/dkr253
http://www.ncbi.nlm.nih.gov/pubmed/21676904
https://doi.org/10.1016/j.ijantimicag.2012.10.013
http://www.ncbi.nlm.nih.gov/pubmed/23276500
https://doi.org/10.1086/595694
http://www.ncbi.nlm.nih.gov/pubmed/19215193
https://doi.org/10.1128/AAC.03006-14
http://www.ncbi.nlm.nih.gov/pubmed/24936597
https://doi.org/10.1111/j.1469-0691.2009.03077.x
https://doi.org/10.1111/j.1469-0691.2009.03077.x
http://www.ncbi.nlm.nih.gov/pubmed/19832710
https://doi.org/10.1093/jac/dks330
http://www.ncbi.nlm.nih.gov/pubmed/22899806
https://doi.org/10.1016/j.jhin.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26169793
https://doi.org/10.1111/j.1469-0691.2009.02713.x
https://doi.org/10.1111/j.1469-0691.2009.02713.x
http://www.ncbi.nlm.nih.gov/pubmed/19416295
https://doi.org/10.1371/journal.pone.0237987

PLOS ONE

Effect of fluoroquinolone restriction

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Aldeyab MA, Devine MJ, Flanagan P, et al. Multihospital Outbreak of Clostridium difficile Ribotype 027
Infection: Epidemiology and Analysis of Control Measures. Infect Control Hosp Epidemiol. 2011; 32
(3):210-219. https://doi.org/10.1086/658333 PMID: 21460505

ACH Surveillance for C. Diff and MDRO | NHSN | CDC. https://www.cdc.gov/nhsn/acute-care-hospital/
cdiff-mrsa/index.html. Published May 17, 2019. Accessed October 10, 2019.

Kidney Disease: Improving Global Outcomes (KDIGO) Acute Kidney Injury Work Group. KDIGO Clini-
cal Practice Guideline for Acute Kidney Injury. Kidney inter. Suppl. 2012; 2:1—138. https://doi.org/10.
1038/kisup.2012.8 PMID: 25028633

Carayon P, Schoofs Hundt A, Karsh B-T, Gurses AP, Alvarado CJ, Smith M, et al. Work system design
for patient safety: the SEIPS model. Qual Saf Health Care. 2006; 15 Suppl 1:i50-58. https://doi.org/10.
1136/gshc.2005.015842 PMID: 17142610

Ogrinc G, Davies L, Goodman D, Batalden P, Davidoff F, Stevens D. SQUIRE 2.0 (Standards for QUal-
ity Improvement Reporting Excellence): revised publication guidelines from a detailed consensus pro-
cess. BMJ Qual Saf. 2016; 25(12):986—992. https://doi.org/10.1136/bmjgs-2015-004411 PMID:
26369893

Shea KM, Hobbs ALV, Jaso TC, Bissett JD, Cruz CM, Douglass ET, et al. Effect of a Health Care Sys-
tem Respiratory Fluoroquinolone Restriction Program To Alter Utilization and Impact Rates of Clostrid-
ium difficile Infection. Antimicrob Agents Chemother. 2017; 61(6). https://doi.org/10.1128/AAC.00125-
17 PMID: 28348151

Dingle KE, Didelot X, Quan TP, Eyre DW, Stoesser N, Golubchik T, et al. Effects of control interventions
on Clostridium difficile infection in England: an observational study. Lancet Infect Dis. 2017; 17(4):411—
421. https://doi.org/10.1016/S1473-3099(16)30514-X PMID: 28130063

Burke JP. Antibiotic resistance—squeezing the balloon? JAMA. 1998; 280(14):1270-1271. https://doi.
org/10.1001/jama.280.14.1270 PMID: 9786379

Black EK, MacDonald L, Neville HL, Abbass K, Slayter K, Johnston L, et al. Health Care Providers’ Per-
ceptions of Antimicrobial Use and Stewardship at Acute Care Hospitals in Nova Scotia. Can J Hosp
Pharm. 2019; 72(4):263-270. PMID: 31452537

Park S, Kang JE, Choi HJ, Kim C-J, Chung EK, Kim SA, et al. Antimicrobial Stewardship Programs in
Community Health Systems Perceived by Physicians and Pharmacists: A Qualitative Study with Gap
Analysis. Antibiot Basel Switz. 2019; 8(4). https://doi.org/10.3390/antibiotics8040252 PMID: 31817468

Broom A, Plage S, Broom J, Kirby E, Adams J. A qualitative study of hospital pharmacists and antibiotic
governance: negotiating interprofessional responsibilities, expertise and resource constraints. BMC
Health Serv Res. 2016; 16:43. https://doi.org/10.1186/s12913-016-1290-0 PMID: 26852016

Broom A, Gibson AF, Broom J, Kirby E, Yarwood T, Post JJ. Optimizing antibiotic usage in hospitals: a
qualitative study of the perspectives of hospital managers. J Hosp Infect. 2016; 94(3):230-235. https://
doi.org/10.1016/j.jhin.2016.08.021 PMID: 27686266

Cotta MO, Robertson MS, Marshall C, Thursky KA, Liew D, Buising KL. Implementing antimicrobial
stewardship in the Australian private hospital system: a qualitative study. Aust Health Rev Publ Aust
Hosp Assoc. 2015; 39(3):315-322. https://doi.org/10.1071/AH14111 PMID: 25556967

Perozziello A, Routelous C, Charani E, Truel A, Birgand G, Yazdanpanah Y, et al. Experiences and per-
spectives of implementing antimicrobial stewardship in five French hospitals: a qualitative study. IntJ
Antimicrob Agents. 2018; 51(6):829—-835. https://doi.org/10.1016/j.ijantimicag.2018.01.002 PMID:
29339297

Pakyz AL, Moczygemba LR, VanderWielen LM, Edmond MB, Stevens MP, Kuzel AJ. Facilitators and
barriers to implementing antimicrobial stewardship strategies: Results from a qualitative study. Am J
Infect Control. 2014; 42(10 Suppl):S257-263. https://doi.org/10.1016/j.ajic.2014.04.023 PMID:
25239719

Bishop JL, Schulz TR, Kong DCM, Buising KL. Qualitative study of the factors impacting antimicrobial
stewardship programme delivery in regional and remote hospitals. J Hosp Infect. 2019; 101(4):440—
446. https://doi.org/10.1016/}.jhin.2018.09.014 PMID: 30267740

Appaneal HJ, Luther MK, Timbrook TT, LaPlante KL, Dosa DM. Facilitators and Barriers to Antibiotic
Stewardship: A Qualitative Study of Pharmacists’ Perspectives. Hosp Pharm. 2019; 54(4):250-258.
https://doi.org/10.1177/0018578718781916 PMID: 31320775

Broom J, Broom A, Plage S, Adams K, Post JJ. Barriers to uptake of antimicrobial advice in a UK hospi-
tal: a qualitative study. J Hosp Infect. 2016; 93(4):418-422. https://doi.org/10.1016/j.jhin.2016.03.011
PMID: 27130526

PLOS ONE | https://doi.org/10.1371/journal.pone.0237987  August 25, 2020 14/14


https://doi.org/10.1086/658333
http://www.ncbi.nlm.nih.gov/pubmed/21460505
https://www.cdc.gov/nhsn/acute-care-hospital/cdiff-mrsa/index.html
https://www.cdc.gov/nhsn/acute-care-hospital/cdiff-mrsa/index.html
https://doi.org/10.1038/kisup.2012.8
https://doi.org/10.1038/kisup.2012.8
http://www.ncbi.nlm.nih.gov/pubmed/25028633
https://doi.org/10.1136/qshc.2005.015842
https://doi.org/10.1136/qshc.2005.015842
http://www.ncbi.nlm.nih.gov/pubmed/17142610
https://doi.org/10.1136/bmjqs-2015-004411
http://www.ncbi.nlm.nih.gov/pubmed/26369893
https://doi.org/10.1128/AAC.00125-17
https://doi.org/10.1128/AAC.00125-17
http://www.ncbi.nlm.nih.gov/pubmed/28348151
https://doi.org/10.1016/S1473-3099%2816%2930514-X
http://www.ncbi.nlm.nih.gov/pubmed/28130063
https://doi.org/10.1001/jama.280.14.1270
https://doi.org/10.1001/jama.280.14.1270
http://www.ncbi.nlm.nih.gov/pubmed/9786379
http://www.ncbi.nlm.nih.gov/pubmed/31452537
https://doi.org/10.3390/antibiotics8040252
http://www.ncbi.nlm.nih.gov/pubmed/31817468
https://doi.org/10.1186/s12913-016-1290-0
http://www.ncbi.nlm.nih.gov/pubmed/26852016
https://doi.org/10.1016/j.jhin.2016.08.021
https://doi.org/10.1016/j.jhin.2016.08.021
http://www.ncbi.nlm.nih.gov/pubmed/27686266
https://doi.org/10.1071/AH14111
http://www.ncbi.nlm.nih.gov/pubmed/25556967
https://doi.org/10.1016/j.ijantimicag.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29339297
https://doi.org/10.1016/j.ajic.2014.04.023
http://www.ncbi.nlm.nih.gov/pubmed/25239719
https://doi.org/10.1016/j.jhin.2018.09.014
http://www.ncbi.nlm.nih.gov/pubmed/30267740
https://doi.org/10.1177/0018578718781916
http://www.ncbi.nlm.nih.gov/pubmed/31320775
https://doi.org/10.1016/j.jhin.2016.03.011
http://www.ncbi.nlm.nih.gov/pubmed/27130526
https://doi.org/10.1371/journal.pone.0237987

