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ABSTRACT OF THE DISSERTATION

Clinical Epidemiology and Comparative Effectiveness of
Computerized Antibiotic Stewardship on Patient Infection Resolution,

Clostridium difficile Infection, and Mortality

by

Angela Li Ping Chow
Doctor of Philosophy in Epidemiology
University of California, Los Angeles, 2014

Professor Onyebuchi A. Arah, Chair

Antibiotic resistance is a serious global public health threat and antibiotic prescribing is the key
driver. Computerized antibiotic stewardship interventions have been implemented to facilitate
physicians’ decision making and promote optimal antibiotic selection at the point of prescribing.
However, predictors of patient receipt of computerized antibiotic stewardship interventions have
not been studied, and the clinical benefits of such interventions to individual patients remain
unclear. This dissertation investigated physician and patient factors associated with physicians’
acceptance or patients’ receipt of computerized antibiotic stewardship intervention, the
comparative effectiveness of computerized antibiotic stewardship intervention on individual

patients’ clinical outcomes, and the modification of these effects by patient factors.



We followed up an inpatient cohort in a 1500-bed tertiary care hospital in Singapore, with its
homegrown antibiotic computerized decision support system (CDSS) that integrates antibiotic
stewardship with electronic prescribing. In addition, we conducted a mixed methods study on
physicians, to determine the psychosocial factors associated with physicians’ acceptance of

CDSS recommendations.

We observed that physicians’ willingness to consult the antibiotic CDSS determined acceptance
of its recommendations, and that physicians would choose to exercise their own or clinical team's
decision over the CDSS recommendations in complex patient situations when the antibiotic
prescribing needs were not met. The prescribing physician —but not the attending physician or
clinical specialty— accounted for some (13.3%) of the variation in patients’ receipt of CDSS
recommendations. Patients requiring intensive care (OR 0.38, 95% CIl 0.21-0.66) and those with
renal impairment (OR 0.70, 95% CI 0.52-0.93) were less likely to receive the intervention, as their

complex clinical conditions might require a physician's assessment in addition to antibiotic CDSS.

We further observed that patients’ receipt of CDSS recommendations halved the odds of mortality
in patients (OR 0.54, 95% CI 0.26-1.10), with patients aged <= 65 years having a greater mortality
benefit (OR 0.45, 95% CI 0.20-1.00). No appreciable increase in infection-related readmission

(OR 1.16, 95% CI 0.48-2.79) was found in survivors.

Our findings can help healthcare institutions in the design of new antibiotic CDSSs and
enhancements of existing ones to promote the optimal use of antibiotics in the global battle

against antibiotic resistance.
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1. INTRODUCTION

The discovery of antibiotics is among the most important of public health interventions in the 20th
century (1). Antibiotics, along with improved sanitation and vaccination, have brought about
substantial reduction in infectious mortality. However, soon after the widespread use of antibiotics,
bacteria expressing antibiotic resistance emerged. Over the years, inappropriate antibiotic use
has driven the rapid increase in antibiotic resistance, and with the drying up of the pipeline of new
antibiotics, a post-antibiotic era is imminent (2—-4). The Centers for Disease Control and
Prevention estimates that at least 2 million people in the United States (US) become infected with
antibiotic-resistant bacteria each year, and at least 23,000 people die each year as a direct result
of these infections (5). In the US, the number of hospitalizations attributable to antibiotic-resistant
infections increased by 359% from 37,000 in 1997 to almost 170,000 in 2006 (6). A survey of 22
US academic centers found a substantial increase in total antibiotic use from a mean of 798 to

855 days of therapy per 1000 patient days, between 2002 and 2006 (7).

Antibiotic stewardship programs were introduced to optimize antibiotic therapy and clinical
outcomes, while minimizing the unintended consequences of antibiotic use, including the
selection of pathogenic organisms such as Clostridium difficile. Although antibiotic stewardship
has been in existence for many years, evaluations of stewardship interventions to date have
focused primarily on successes achieved with process measures such as the optimization of
antibiotic use and cost savings (8). Limited research have been on patient outcomes. Even more
limited research have been on the effect of computerized decision support systems (CDSSs) (9).
Antibiotic CDSSs have been developed to support antibiotic stewardship and enhance
prescribing, providing guidance on antibiotic selection at the point of prescribing. Results of
outcome studies are often limited by the ecologic study design and uncontrolled confounding (10).

More research on the comparative effectiveness of antibiotic stewardship interventions on



individual patient clinical outcomes is urgently needed (8). At issue is whether using appropriate
antibiotics for the right patients at the right dose, at the right time, and for the right duration,

matters for patient outcomes such as infection resolution and survival.

This dissertation aims to address knowledge gaps in Clinical Epidemiology and the Comparative
Effectiveness of Computerized Antibiotic Stewardship Intervention on Patient Clinical Outcomes.
Using an observational cohort comprising inpatients from Tan Tock Seng Hospital Singapore
exposed to a computerized antibiotic stewardship intervention, starting from the initiation of the
intervention up to 180 days post-intervention or 30-days post-discharge from hospital, we propose
to first determine patient and physician predictors for patient receipt of the computerized antibiotic
stewardship intervention, then investigate the comparative effectiveness of the intervention on
three important patient outcomes: infection resolution, incident Clostridium difficile infection, and
mortality, and finally to investigate for the heterogeneity of the effects of intervention on patient
subgroups. To better understand the psychosocial factors associated with physicians’ acceptance
of antibiotic recommendations from the CDSS, we further conducted a mixed methods study on

physicians from the hospital.

The proposed research will help in the identification of patient and physician factors which can be
targeted to improve the acceptance of computerized antibiotic stewardship intervention, enhance
the understanding of the effects of computerized antibiotic stewardship intervention on patients
and in subgroups of patients, and identify those who may benefit the most from the intervention

and on whom intervention efforts should be focused.



2. BACKGROUND

2.1 Antibiotic Discovery and Antibiotic Resistance

Antibiotics have transformed the practice of medicine. Sir Alexander Fleming's accidental
discovery and isolation of penicillin in September 1928 marks the start of
modern antibiotics. Countless lives have been enhanced and saved with antibiotic use. However,
Sir Fleming also observed very early on that bacteria developed antibiotic resistance whenever

too little penicillin was used or when it was used for too short a period (11).

2.2 Antibiotic Resistance: a global public health problem and emerging crisis

Antibiotic resistance is a major global public health problem. In Europe, it was estimated that
approximately 25,000 patients died from infections due to antibiotic-resistant organisms in 2007
(12). In contrast, each year, about 48,000 persons were killed in a road accident. In the United
States, it is estimated that at least 2 million people become infected with antibiotic-resistant
bacteria each year, and at least 23,000 people die each year as a direct result of these infections
(5). The number of hospitalizations attributable to antibiotic-resistant infections increased by
359% from 37,000 in 1997 to almost 170,000 in 2006 (6). On World Health Day 2011, the World
Health Organization (WHO) highlighted this pressing issue with the slogan: "Antimicrobial
resistance: no action today, no cure tomorrow" (13). In April 2014, the WHO released its first
global report on the surveillance of antimicrobial resistance, “Antimicrobial resistance: global
report on surveillance 2014”, and warned of the imminence of a post-antibiotic era — in which

common infections and minor injuries can kill (4).



2.3  Antibiotic Stewardship to curb the rising tide

Inappropriate antibiotic use drives antibiotic resistance. An estimated 50% of all antibiotic use
(14,15), and 20-50% of antibiotic use in empiric therapy is deemed to be inappropriate (16—19).
In hospitals, the intensity of antibiotic use is high and utilization has increased substantially over
the years (7,9). A survey of 22 US academic centers found a substantial increase in total antibiotic
use from a mean of 798 to 855 days of therapy per 1000 patient days, between 2002 and 2006

(7). However, 41-91% of all antibiotics prescribed in hospitals worldwide are inappropriate (20).

The rapid rise in antibiotic resistance, coupled with the dwindling pipeline of effective antibiotic
armamentarium, has raised tremendous concern about the emergence of the doomsday
organism. Soon, the Centers for Medicare and Medicaid Services may require the physician to
justify the rationale for any antibiotic requested in the hospital (21). Major efforts have been
spearheaded by the Centers for Disease Control and Prevention (CDC) and the Society for
Healthcare Epidemiology of America (SHEA), to encourage the judicious use of antibiotics. The
creation of SHEA's Antimicrobial Stewardship Taskforce and the launch of CDC's "Get Smart for
Healthcare" campaign marked the beginning of a new era of nationally coordinated efforts to
promote inpatient antibiotic stewardship in the United States (22). Similar efforts have also been

made in Singapore (23).

The Infectious Diseases Society of America (IDSA) and SHEA 2007 guidelines have identified
formulary restriction and prospective audit with intervention and feedback as the key evidence-
based strategies for stewardship programs (24). The ultimate goal of antibiotic stewardship is to

optimize antibiotic therapy and clinical outcomes, while minimizing the unintended consequences



of antibiotic use, including the selection of pathogenic organisms such as Clostridium difficile

(10,24).

Antibiotic stewardship programs have been shown to have positive effects on the optimization of
antibiotic use, reduction of bacterial resistance, and on cost savings (25,26). However, few studies
have shown improvement in patient outcomes and only a handful were from outside of North
America and Europe (9). Results of such studies are also limited by the quasi-experimental study
design and confounded by the lack of control for co-interventions (10). There is an urgent need
for more research on the effect of antibiotic stewardship programs on patient clinical outcomes
(8). Antibiotic stewardship should aid physicians in selecting the appropriate antibiotic to improve
outcomes. In the future, measuring the effect of stewardship on clinical outcomes will become
part of ongoing processes of healthcare, and not merely a research tool (27). At issue is whether
using appropriate antibiotics for the right patients at the right dose, at the right time, and for the
right duration, matters for clinical outcomes such as infection resolution and survival. Studies
demonstrating improvement of patient outcomes can lead to an increased acceptance of antibiotic

stewardship by physicians, and enhance appropriate antibiotic use (10).

24 Computerized Clinical Decision Support System to enhance antibiotic stewardship

Adherence to antibiotic guidelines has generally been poor, with non-adherence rates ranging
from 30 to 82% (28,29). Several barriers to adherence to guidelines have been identified,
including insufficient updating or involvement of senior physicians in the development of antibiotic
guidelines (30). Adherence with guidelines could be improved by as much as 15% with periodic
updating, close collaboration with prescribing physicians, and active dissemination (31).

Physicians’ adherence could also be improved with feedback on antibiotic utilization and active
5



communications to prescribing physicians on local patient profiles and pathogen epidemiology

(32,33).

Computerized clinical decision support systems are developed to address the above issues, to
increase the effectiveness of antibiotic stewardship programs in hospitals (34—36). They provide
patient-specific data and antibiotic suggestions to physicians to prescribe patients with the most
appropriate antibiotics, at the point of care (28,37). These computerized systems can educate
physicians on the appropriate use of antibiotics, restrict prescription of targeted antibiotics, and
review antibiotic prescribing patterns with active feedback to physicians. Patients who receive
antibiotics recommended by antibiotic computerized decision support systems (CDSSs) can have
better clinical outcomes, through their physicians' improved antibiotic prescribing practices (38—

42).

Worldwide, only a handful of hospitals have successfully implemented CDSSs for antibiotic
stewardship (16,23,36,38—44). Whilst many studies have shown that computerized clinical
decision support systems improve physician performance, their effects on patient outcomes
remain understudied and when studied, findings have been inconsistent (45). Few studies have
evaluated CDSSs in routine clinical settings (46,47). To date, there has been only one study
assessing patient and physician factors associated with the physicians’ adoption of an antibiotic
CDSS but none on patient and physician factors influencing physicians’ acceptance of
recommendations from computerized antibiotic stewardship interventions. As more hospitals
develop and implement such systems, understanding these factors is crucial for the success of

antibiotic stewardship programs in terms of effective and safe antibiotic prescribing (6).



25 Computerized Antibiotic Stewardship Intervention and Predictors for Acceptance

In general, junior physicians have been observed to be more likely than senior physicians to
accept prescribing recommendations by clinical decision support systems (48-50). However, their
prescribing practices were often highly influenced by senior physicians. Senior physicians were
the decision makers, yet it was the junior physicians who interact with the computerized systems
to enter medication orders. Clinical decision support systems have been seen to fail to target

physicians who were making the prescribing decisions on ward rounds (49).

User-centered antibiotic CDSSs, developed in close collaboration with users using a "bottom-up"
approach, have been shown to improve physician engagement and increase adoption of antibiotic
recommendations (51). Compared to passive and didactic educational approaches, antibiotic
CDSSs have elicited greater behavioral change in prescribing practices among physicians,
regardless of seniority (41). They seem to be able to overcome the habitual prescribing

preferences of senior physicians.

Certain patient and physician characteristics have been observed to influence adherence to
antibiotic guidelines (29-33), but few studies have examined these factors at the individual patient
level (29). For empiric antibiotic therapy, adherence was poor for sepsis and urinary tract
infections, but high for pneumonia (29,30,33). Predisposing illnesses and active malignancies
were also associated with more adherent prescribing, whilst renal impairment was associated
with less adherent prescribing (33). Among clinical specialties, surgeons, urologists,
pulmonologists, and geriatricians have been observed to be less adherent with antibiotic
recommendations (29). However, the influence of these factors on the acceptance of

computerized antibiotic stewardship interventions has yet to be studied.
7



It has been suggested that if physicians find the CDSS to be easier to use than the methods they
had been using for ordering antibiotics, antibiotic recommendations tend to be followed (27).
However, the psychosocial determinants of physicians’ acceptance of recommendations by

antibiotic CDSSs have remained poorly understood.

2.6 Computerized Antibiotic Stewardship Intervention and Infection Resolution

Although the primary goal of antibiotic stewardship is to optimize antibiotics to treat a patient's
infection, few studies have actually evaluated the effect of antibiotic stewardship on infection
resolution. Readmission is a surrogate measure for infection resolution. A recent publication
suggested that the reduction of readmissions may become antibiotic stewardship programs' new
"low-hanging" fruit - the most obtainable target with limited resources (26). A study in Singapore
based on manual reviews of inpatient clinical charts reported a reduction in 30-day readmission
due to infection in patients whose physicians accepted the antibiotic stewardship intervention,
compared to patients whose physicians did not (intervention group 10.1% (53/523) vs. no
intervention 12.6% (18/143)) (52). Other studies have observed an increase in hospital
readmissions associated with antimicrobial stewardship interventions intended to decrease
excessive prescribing (combined risk ratio 1.26, 95% CI 1.02-1.57, P = 0.03), but did not observe
a difference between intervention and control groups for infection-related readmissions (9).
However, there has been no published literature on the effect of computerized antibiotic

stewardship intervention on readmissions.



2.7 Computerized Antibiotic Stewardship Intervention and Clostridium difficile

infection

To date, studies on the effects of antibiotic stewardship interventions on the incidence of
Clostridium difficile infection (CDI) have been ecologic studies with interrupted time-series
analyses (53-55). Two quasi-experimental studies in the United Kingdom observed a reduction
in the incidence CDI following the implementation of revised antibiotic guidelines (incidence rate
ratio 0.34, 95% CI 0.20-0.58) (53) and the restriction of broad-spectrum antibiotic use (incidence
rate ratio 0.35, 95% CI1 0.17-0.73) (54). A 7-year study on a hospital-wide broad-based antibiotic
control program reported a reduction of CDI from 2.2 per 1,000 patient-days in the one-year pre-
implementation to 1.4 per 1,000 patient-days in the first year as well as the following five years
post-implementation (55). In all studies (53-55), the detection of CDI was based solely on a
positive test for Clostridium difficile toxin, which has a low sensitivity of 36% (56-59). The effect
of antibiotic stewardship intervention on the reduction in CDI incidence has yet to be assessed at
the individual patient level, nor for high-risk patients in intensive care units (60). Although
decreases in CDI have been reported in studies on antibiotic restriction and stewardship policies,

the effect of antibiotic CDSSs on the incidence of CDI has not been studied (9,55,61).

2.8 Computerized Antibiotic Stewardship Intervention and Mortality

Most studies on the effect of antibiotic stewardship were ecologic quasi-experimental studies,
which evaluated mortality rates pre- and post-implementation of stewardship programs. No study
detected an increase in mortality due to antibiotic stewardship, in spite of reduced duration of
antibiotic therapies (60,62). A recent meta-analysis on the effect of antimicrobial stewardship
interventions intended to increase appropriate antimicrobial therapy for all infections reported no
increase in mortality (combined risk ratio 0.91, 95% CI 0.81-1.06, P = 0.25)(9). In the limited

9



studies on the clinical effects of antibiotic CDSS in hospitals in the US, Europe, and Australia, no
difference was observed in the pooled 30-day mortality (17,35,63), although an European study
on the effectiveness of TREAT, a CDSS established in three medical centers in Germany, Israel,
and Italy, found that inappropriate empiric antibiotic therapy was associated with a 1.58 times (OR
1.58, 95% CI 0.99-2.54) increased risk for 30-day all-cause mortality in medical inpatients (18). A
more recent study in Germany on ICU patients with sepsis found that low adherence to CDSS
recommendations was found to be associated with increased risk of ICU mortality (OR 2.43,

95%Cl 1.13-5.24, P = 0.02)(39).

Antibiotic CDSS presents a promising future for optimizing antibiotic selection and improving
clinical outcomes (27,64). However, few studies have been conducted on the effect of antibiotic
CDSS and very few were from outside of the US. More studies are needed in different settings,
including Asia (64). Furthermore, none of the previous studies has explored the modifying effects
of patient factors on clinical outcomes. Investigating the effect of antibiotic CDSS on subgroups
of patients would help identify those who may benefit the most from the intervention and on whom

intervention efforts should be focused.

10



3. METHODS

3.1 Data Sources

ARUSC Database

Tan Tock Seng Hospital Singapore (TTSH)'s Antimicrobial Resistance Utilization and
Surveillance Control (ARUSC) system was established in 2009. ARUSC integrates antimicrobial
stewardship with the hospital's computerized physician order entry (CPOE) system and provides
patient-specific evidence-based antibiotic recommendations at the point of prescribing (Appendix
1) (65) . ARUSC provides guidance on antibiotic prescribing, based on guidelines developed by
the hospital's antimicrobial stewardship committee, which took into account the local
epidemiology of infectious diseases, microbiologic resistance patterns, and incorporated
evidenced-based international guidelines. Inputs from all clinical departments were sought and
considered in the development of guidelines, which were endorsed by the hospital's medical

board.

All medication orders in the hospital are made via the CPOE system. ARUSC contains data on
all inpatient prescriptions of piperacillin-tazobactam and carbapenems, which are antibiotics on
the hospital's restricted formulary list. Piperacillin-tazobactam is a broad-spectrum antibiotic that
is effective against many bacteria including Pseudomonas aeruginosa which is naturally resistant
to a wide range of antibiotics. Carbapenems are antibiotics of last resort for many bacterial
infections. Hence, it is crucial to ensure the judicious use of these antibiotics. The recent
identification and global spread of carbapenem-resistant bacterial infections due to the production
of New Delhi metallo-B-lactamase-1, NDM-1, is worrisome. Carbapenem-resistant bacteria

respond to very few (if any) antibiotics.
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From September 12, 2011, every inpatient prescription of piperacillin-tazobactam or a
carbapenem antibiotic will automatically trigger a clinical decision support algorithm on ARUSC.
Using a rules-based algorithm, ARUSC provides guidance on antibiotic selection and dosing,
based on guidelines developed by the hospital's antimicrobial stewardship committee and data
from individual patients’ electronic medical records including medication history and drug
allergies, as well as laboratory results such as creatinine levels pulled into ARUSC and included
in the algorithm. A prescription can be made for the purpose of empiric, prophylactic, or definitive
therapy. ARUSC recommends the narrowest-spectrum antibiotic appropriate for common
organisms responsible for the diagnosed infection, based on the local epidemiology and antibiotic
susceptibility patterns, taking into account the patient’s antibiotic allergies. The prescribing

physician can either accept or reject ARUSC's antibiotic recommendations.

At the patient level, there is one record for every inpatient prescription. Hence, one individual may
contribution to multiple observations. Only the first prescription for empiric therapy per patient
during the study period was included in the study. At the physician level, data on the identity and
seniority of the prescribing physician, the identity of the attending physician, and their clinical

specialties are available in ARUSC.

Focus Groups and Questionnaire Survey

Transcripts from the focus group discussions with junior and senior physicians in TTSH conducted
in February 2013 were included in the physician study. Furthermore, data collected from a cross-
sectional questionnaire survey in April 2013 on physicians involved with inpatient care at TTSH

were also evaluated (Appendix I).
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3.2  Study Setting

The three studies were conducted in TTSH, a 1500-bed tertiary-care academic medical center
that serves a diverse ethnic, adult medical and surgical population in Singapore. Singapore is a
tropical island city-state in southeast Asia, located just north of the equator at latitude 1.5°N and

longitude 104 °E. It has a population of 5.3 million in 2012.

3.3 Study Population

ARUSC Patient Cohort

The study group comprised all inpatients at TTSH who met the following inclusion criteria:

(1) prescribed piperacillin-tazobactam or a carbapenem antibiotic for empiric therapy,

(2) auto-triggered to receive antibiotic stewardship intervention on the antibiotic CDSS, ARUSC,
and

(3) the initiation of antibiotics was from Oct 1, 2011 through Sep 30, 2012.

Inpatients who were prescribed piperacillin-tazobactam or a carbapenem for prophylactic or
definitive therapy, inpatients who were prescribed other antibiotics for empiric therapy, inpatients
who received antibiotic stewardship intervention but were not auto-triggered on ARUSC, and

outpatients, were excluded from the study population.

Empiric therapy is the initiation of antibiotic treatment prior to the identification of the specific
microorganism causing the infection. We chose to focus on empiric therapy, as antibiotic
prescriptions for such therapies have been found to be least concordant with recommended
antibiotic guidelines (29). Furthermore, appropriate empiric antibiotics is a critical determinant of

clinical outcomes (66). Antibiotics prescribed for empiric therapy tend to be the first antibiotics
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received by patients in the course of the infection episode and hence the association between the
antibiotic stewardship intervention and the outcomes of interest would less likely be confounded
by time-varying confounding variables. Prophylactic therapy was excluded from our analyses, as
patients who receive such therapies are a special group of inpatients who are well and healthy,

and are receiving antibiotics to prevent infections from surgical procedures.

From Oct 1, 2011 through Sep 30, 2012, there were 1886 patients who fulfilled the inclusion

criteria.

Physician Cohort

A cross-sectional questionnaire survey was conducted on all physicians involved with inpatient
care at TTSH, from April 1 through April 26, 2013. Prior to this, focus group discussions (FGDs),
separately with junior and senior physicians purposively sampled from all clinical specialties were

conducted in February 2013.

3.4  Study Design

ARUSC Patient Cohort

We assembled and followed up an observational cohort comprising eligible inpatients based on
the inclusion criteria described above, starting from the initiation of the computerized antibiotic
stewardship intervention up to 180 days from the initiation date or 30 days post-discharge from
hospital, whichever was later. In addition to the data available from ARUSC, data were merged
from various hospital systems including the Hospital Admission and Discharge database (SAP),
Clinical Information System (PanFlu), Electronic Pharmacy Records (elMR), Laboratory
Information System (LIS), the Infection Control database (ICESS), and the hospital’s Human

Resource database.
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Physician Cohort

A mixed methods study was conducted, with a qualitative phase followed by a dominant
quantitative phase. Themes derived from the qualitative study were used to inform the quantitative
survey. Two FGDs, separately for junior and senior physicians, purposively sampled from all
clinical specialties in the hospital, were conducted in February 2013. The discussions used the

same set of semi-structured questions, and were audio-recorded and transcribed verbatim.

Following that, a cross-sectional questionnaire survey was conducted on all physicians involved
with inpatient care at TTSH, from April 1 through April 26, 2013. A survey instrument was
developed, comprising questions on the situations for use, the perceived credibility and
usefulness, and the desired useful features of ARUSC for empiric antibiotic therapy. A five-point
Likert scale ranging from 1 ("Strongly disagree") to 5 ("Strongly agree") was used for each
response. The survey instrument incorporated themes and subthemes that emerge from the
FGDs. Physicians were informed of the study via email, one week prior to the study. Survey
questionnaire were distributed to all physicians via their departments. In addition, physicians were

individually approached in the inpatient wards and invited to participate in the survey.

3.5 Statistical software

All statistical analyses were conducted in SAS version 9.3 (SAS Institute Inc., Cary, NC).
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4. PSYCHOSOCIAL DETERMINANTS OF PHYSICIANS' ACCEPTANCE OF
RECOMMENDATIONS BY ANTIBIOTIC COMPUTERIZED DECISION SUPPORT
SYSTEMS

4.1 ABSTRACT

Introduction

Antibiotic computerized decision support systems (CDSSs) were developed to facilitate optimal
prescribing, but acceptance of their recommendations has remained low. This study aimed to
evaluate physicians' perceptions and attitudes toward antibiotic CDSSs, and to determine

psychosocial factors associated with acceptance of CDSS recommendations for empiric therapy.

Methods

We conducted a mixed methods study in a 1500-bed tertiary-care hospital in Singapore, with its
in-house antibiotic CDSS that integrates antimicrobial stewardship with electronic prescribing.
Focus group discussions were conducted among purposively sampled physicians and data
analyzed using the framework approach. Emerging themes were included in the questionnaire
with newly developed scales for the subsequent cross-sectional survey involving all physicians.
Principal components analysis was performed to derive the latent factor structure that was later

applied in multivariable analyses.

Results

Physicians expressed confidence in the credibility of CDSS recommendations. Junior physicians
accepted CDSS recommendations most of the time, while senior physicians acknowledged
overriding recommendations in complex patients with multiple infections or allergies. Willingness
to consult CDSS for common and complex infections (OR 1.68; 95%CI 1.16—2.44) and preference

for personal or team decision (OR 0.61; 95%CI 0.43—-0.85) were associated with acceptance of
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CDSS recommendations. Cronbach's alpha for scales measuring physicians' attitudes and

perceptions toward acceptance of CDSS recommendations ranged from 0.64 to 0.88.

Conclusion

Physicians' willingness to consult an antibiotic CDSS determined the acceptance of its
recommendations. Physicians would choose to exercise their own or clinical team's decision over
the CDSS recommendations in complex patient situations when the antibiotic prescribing needs

were not met.

4.2 INTRODUCTION

The rapid emergence and unimpeded increase in antibiotic resistance has raised serious
concerns about the public health threat of a post-antibiotic era (4). Antibiotic prescribing is
regarded as the key driver of antibiotic resistance (8,67,68), and prescriber involvement in

antibiotic stewardship efforts is paramount (69).

Attempts have been made to understand physician and patient factors influencing antibiotic
prescribing. Physician attitudes such as fear of future complications and of losing the patient, and
patient-related factors including the patient's clinical status and antibiotic allergies were identified
as major factors associated with inappropriate antibiotic prescribing (70,71). In the limited studies
on physicians working in adult acute-care hospitals, specific barriers to optimal antibiotic
prescribing included the lack of confidence in antibiotic guidelines, inertia of current practice, and

the lack of independence in decision making (30,72).

Clinical decision support systems have been developed to improve clinical practice, but one-third
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have not managed to succeed (45,73). Features of such systems deemed critical for improving
clinical practice included decision support provided automatically within the clinical workflow,
given at the time and location of decision making, and that is computer-generated (73). Antibiotic
computerized decision support systems (CDSSs) incorporating these critical features have been
developed to facilitate optimal antibiotic prescribing (9,16,23,35,44). Antibiotic CDSSs are
particularly useful for antibiotic selection for empiric therapy, as optimal selection is complex when
the causative pathogen is as yet unknown and it is when the greatest discordance with

recommended antibiotic guidelines occurs (29,74).

Although such systems were developed with active feedback from physicians (51), less than half
of antibiotic CDSS recommendations were accepted (44). Physicians' negative perceptions of
clinical decision support systems can affect their use (75). To date, there is no validated scale
available for measuring physicians' perceptions of CDSS (76,77). Some studies have attempted
to understand the relationship between physicians' perceptions and the adoption of antibiotic
CDSS (77). However, the psychosocial determinants for physicians’ acceptance of antibiotic
recommendations by antibiotic CDSS have remained poorly understood. Qualitative methods
have been increasingly recognized as an important complement to quantitative methods for
gaining better insights into clinical practices and behaviors, and are becoming more widely

accepted in medical research (71,78,79).

We, therefore, sought to evaluate physicians' perceptions and attitudes toward a tertiary hospital's
antibiotic CDSS, Antimicrobial Resistance Utilization and Surveillance Control (ARUSC) (65), and
to determine the psychosocial factors associated with physicians’ acceptance of antibiotic
recommendations for empiric therapy by the system, using a mixed methods study design.
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43 METHODS

A mixed methods design was employed, with a qualitative phase followed by a dominant
quantitative phase. Themes derived from the qualitative study were used to inform the quantitative

survey.

Study setting

Both studies were conducted in Tan Tock Seng Hospital Singapore, a 1500-bed adult tertiary-
care center. In 2009, the hospital launched its in-house ARUSC, which integrates antibiotic
stewardship with its computerized physician order entry system and provides patient-specific
evidence-based antibiotic recommendations at the point of prescribing (Appendix 1) (65). Inputs
from all clinical departments were considered in ARUSC's development. However, acceptance of

ARUSC's antibiotic recommendations has remained at 67% [unpublished data].

Qualitative Study

Focus groups

We conducted two focus group discussions (FGDs), separately with junior and senior physicians
purposively sampled from all clinical specialties in February 2013. FGDs were facilitated by a
junior attending physician who was respected by junior physicians and well regarded by senior

physicians, but not directly involved with the hospital's antimicrobial stewardship program.
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The discussions used the same set of semi-structured questions, and were audio-recorded and
transcribed verbatim. We referred to participants by study numbers (S1-6 and J1-5), and strict

confidentiality of their identities was maintained.

Quantitative Study

Study population
We then conducted a cross-sectional questionnaire survey, from April 1 through April 26, 2013.

All physicians involved with inpatient care were included in the study.

Survey questionnaire

A survey instrument was developed, which comprised 20 questions on the situations for use, the
perceived credibility and usefulness, and the desired useful features of ARUSC for empiric
antibiotic therapy. A five-point Likert scale ranging from 1 ("Strongly disagree") to 5 ("Strongly
agree") was used for each response. In addition, the survey instrument included a Yes/No
question on the physician's preference for obtaining ARUSC's recommendations via a mobile
application and an item requesting the physician to rank from 1 ("Most preferred”) to 6 ("Least
preferred") on the likelihood of acceptance of recommendations from six information sources
including ARUSC and consultation with an infectious disease physician. Information on the
physician's designation, clinical specialty, and length of practice in the clinical department and

hospital respectively were collected.

The initial survey instrument was enhanced to incorporate two questions on the use of ARUSC

for renal dose adjustment and when on-call, as these were sub-themes that emerged strongly
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from FGDs. The improved questionnaire was piloted on ten junior and five senior physicians, who
provided useful feedback on the construct of three questions. These were revised for the final

questionnaire (Appendix I1).

Conduct of survey

Physicians were informed of the study via email, one week prior to the study. Survey questionnaire
were distributed to all physicians via their departments. Additionally, physicians were individually
approached in the inpatient wards and invited to participate. The questionnaire did not contain

any identifiers and could not be traced to the participating physician.

Ethical approval for both studies was obtained from the Domain Specific Research Board,

National Healthcare Group, and UCLA Institutional Review Board.

Data analysis

Qualitative analysis

We analyzed data from the FGDs using the framework approach (80). We categorized emerging
themes according to the perceived facilitators and barriers associated with the acceptance of

ARUSC antibiotic recommendations.

Quantitative analysis

Means (standard deviations) and medians (lower and upper quartiles) were computed for each

question, and compared between junior and senior physicians and between medical and surgical
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specialties. Student's t-test was used to compare the differences in means between groups. The
acceptance of recommendations from ARUSC and consultation with an infectious disease
physician was defined as having a ranking of 1 to 3 respectively, for the most preferred information
source. Odds ratios (OR) and 95% confidence intervals (Cl) were derived from the univariate
analysis of the association between the 20 question items and the acceptance of ARUSC's
recommendations and preference for obtaining ARUSC recommendations via a mobile
application respectively. We performed principal components analysis with varimax rotation to
derive the latent factor structure that was later applied in the multivariable analyses. Reliability of
the survey scales was measured using Cronbach's alpha co-efficient. All statistical analyses were

conducted in SAS version 9.3 (SAS Institute Inc., Cary, NC).

4.4 RESULTS

Qualitative Analysis

Eleven physicians (6 senior and 5 junior) participated in the FGDs. The majority held positive
views for ARUSC, with junior physicians using ARUSC more than seniors. All 5 junior physicians
unanimously agreed that ARUSC was their most preferred source of antibiotic recommendations,
and that they would like ARUSC on a mobile application. In contrast, senior physicians preferred
recommendations from infectious disease physicians to those from ARUSC, as they felt that

ARUSC could not fully account for the patient's clinical condition (Table 4.1).

Willingness to accept ARUSC's recommendations

Junior physicians accepted ARUSC's recommendations most of the time, while senior physicians

were willing to accept its recommendations if source of infection in the patient was unknown [S1].
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Trust in ARUSC's recommendations

Junior physicians trusted the credibility of ARUSC's recommendations, and would use them as
"confidence booster" and to "cross-reference" their antibiotic choices [J3, J5]. Senior physicians

would often advise their juniors to refer to ARUSC when in doubt [S2, S5].

Usefulness of ARUSC's recommendations

Junior physicians found ARUSC to be particularly useful when on-call [J3, J5]. Colleagues from
other hospitals have also requested for hard copies of ARUSC recommendations that were
unique to the hospital. Both junior and senior physicians found ARUSC recommendations for
renal dose adjustments to be useful [J5, S1, S3]. Although senior physicians (who were more
experienced with antibiotic prescribing) were less likely to appreciate ARUSC recommendations
for common infections, they found ARUSC useful for patients with unknown or unfamiliar infection

sources [S1, S3, S4].

Personal or team preference

Junior physicians were inclined to accept ARUSC recommendations most of the time, but had to
override its recommendations when senior colleagues decided on a different antibiotic [J2-3].
Senior physicians acknowledged that they tended to have personal preferences for antibiotics
and that they would "ignore" ARUSC recommendations in situations when they needed to be

"aggressive" with therapy based on their prior experiences with similar patients [S3-4].
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Patient factors

Both junior and senior physicians felt that ARUSC recommendations were inadequate in

addressing the antibiotic needs of patients with multiple infections and allergies [J3-5, S2, S5].

Quantitative Analysis

A total of 265 physicians participated in the study. Fifty-seven percent were junior physicians, and
82% were from medical specialties. Participants were representative of the physician population
and ARUSC users in the hospital (Table 4.2). About 30% preferred to accept antibiotic
recommendations from ARUSC. Slightly more junior (75%) than senior physicians (70%) liked

ARUSC's recommendations on a mobile application.

Using the scree method, we determined the number of factors to be included in the principal
components analysis to be five (Figure 4.1). Principal components analysis revealed the following
latent factors on the perceptions and attitudes toward ARUSC recommendations: i) willingness to
accept ARUSC recommendations, ii) personal or team decision over ARUSC recommendations,
iii) desired useful features for ARUSC, iv) perceived useful features of ARUSC, and v) perceived
useful situations for ARUSC recommendations. The five factors accounted for 63% of the total
variance (Table 4.3). Junior physicians were more likely than senior physicians to consult ARUSC
before prescribing antibiotics for patients with complex infections (P=0.0030), and to follow their
team'’s clinical discretion, even if it required them to override ARUSC's recommendations for both
patients with common (P=0.0008) and complex infections (P=0.0114) (Table 4.4). Junior

physicians were more likely to find ARUSC's recommendations useful when on-call (P=0.0004)
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and for renal dose adjustment (P=0.0005). Psychosocial factors were not different between

surgical and medical specialties (Table 4.5).

Reliability of scales

All the scales demonstrated construct validity and good reliability, with Cronbach's alpha
coefficient ranging from 0.64 to 0.88. The scale on willingness to accept ARUSC
recommendations had the highest reliability (Cronbach's alpha 0.88). Scales on the perceived
useful features (Cronbach's alpha 0.75) and desired features of ARUSC (Cronbach's alpha 0.72),
and the perceived useful situations for ARUSC recommendations (Cronbach's alpha 0.72) also
had good reliability. Cronbach's alpha of the scale on preference for personal or team decision

over ARUSC's recommendations was 0.64.

Acceptance of ARUSC recommendations

After accounting for seniority and clinical specialty, the physician's willingness to consult ARUSC
for common and complex infections was positively associated with acceptance of ARUSC's
recommendation (OR 1.68; 95%CI 1.16—2.44). Physicians who preferred personal or team
decision were 40% less likely to accept ARUSC's recommendations (OR 0.61; 95%CI 0.43-0.85)

(Table 4.6).

Preference for ARUSC recommendations via mobile application

After adjusting for seniority and clinical specialty, the physician's willingness to consult ARUSC

for common and complex infections (OR 1.44; 95%Cl 1.02—-2.02), expression of desired features
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for ARUSC (OR 1.63; 95%CI 1.15-2.31), acknowledgement of useful features of ARUSC (OR
1.86; 95%CI 1.32-2.64), and perceived usefulness of ARUSC in various situations (OR 1.77;
95%CI 1.24-2.51) were factors positively associated with the physician's preference for obtaining

ARUSC's recommendations via a mobile application (Table 4.7).

Sensitivity analyses

Sensitivity analyses carried out replacing seniority as classified by the physician's designation
with the length of practice in the clinical department and hospital respectively in the multiple
logistic regression models produced the same conclusions. On evaluation of factors associated
with physicians' preference for antibiotic recommendations from infectious disease physicians,
multivariable analysis revealed that the preference for personal or team decision was positively
associated (OR 1.69; 95%CI 1.11-2.55) and the willingness to consult ARUSC for antibiotic
recommendations negatively associated (OR 0.63; 95% CIl 0.39-1.00) with the preference for
such recommendations. Furthermore, correlational analysis of the five derived scales for empiric
therapy showed that they were highly correlated with the corresponding items for definitive

therapy in the questionnaire.
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Table 4.1. Themes arising from Focus Group Discussions with Junior and Senior Physicians

Themes

Examples of relevant abstracts
from Junior Physicians

Examples of relevant abstracts from
Senior Physicians

Facilitators for accepting ARUSC
recommendations

1. Willingness to accept ARUSC
recommendations

"All the time (for antibiotic dosage for
renal impairment)" [J1]

"l actually use it quite often. One,
when I'm not sure what antibiotic |
should use, especially for empirical..”
[J5]

".. If we don't really have a source, or
we just want the best antibiotic to start
with" [S1]

"Personally, I try not to override
ARUSC's recommendations... unless
there's some justification for it" [S3]

2. Trust in ARUSC recommendations

"When we write our plans, we'd say
'suggested by ARUSC' "[J3]

"...you can back it up if the next day
the next team asks you why it’s like
that, then you say “ARUSC
recommended”, so in that way, you're
covered." [J5]

"use it as a guide to boost your
confidence when prescribing
an antibiotic" [J3]
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"..it's (ARUSC) quite reliable.." [S2]

"... your (antibiotic) selection may not
be superior to ARUSC..It's probably
better to use ARUSC" [S3]

"l think as long as they (junior
physicians) know that ARUSC is there
as an option for guidance, there is some
reassurance (when on-call at night)"
[S5]



Table 4.1. (Continued)

Themes

Examples of relevant abstracts
from Junior Physicians

Examples of relevant abstracts from
Senior Physicians

"l already know what | want to use but
| want to cross-reference to see what
they recommend, and when it's
different, I'll think about why it's
different" [J5]

"...it's just very accurate (for renal
dosing)" [J3]

".. Sometimes when we've lost touch for
a while, we don't know what's the latest,
then I'll probably refer (to ARUSC)" [S5]

"....I ask my MOs (medical officers) and
HOs (house officers) to use it (ARUSC).
To start off on the correct antibiotic,
because by the next morning it’s
already on antibiotics and | want it to be
the right antibiotics." [S2]

3. Usefulness of ARUSC recommendations

"l use quite often because at night
when you really don’t know what’s
going on..." [J3]

"It's good when it's at night and you
don’t feel like thinking..." [J5]

"There are friends outside (this
hospital)...they say that ARUSC is
just so good. In the far West, they
don’t have this system and they
actually ask us 'Can you email me the
guidelines?' " [J3]
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"Most of the time, | find that the problem
is the overnight, that’s why | ask my
MOs (medical officers) and HOs (house
officers) to use it (ARUSC)." [S2]

"I don't really use it that often, because |
find the information is the same. | tend
to encourage my junior staff to use it"
[S2]

".. Our organisms are almost always
skin organism...the day-to-day impact
(of ARUSC) is less because it's just the
common antibiotics that we use" [S4]



Table 4.1. (Continued)

Themes

Examples of relevant abstracts
from Junior Physicians

Examples of relevant abstracts from
Senior Physicians

"Renal dosing is very good" [J5]

"We use it for empirical (therapy)" [J1]

"l want to know what organisms |

should be thinking about when I'm
treating community-acquired UT],
rather than 'Bactrim' " [J3]

"l would use the renal dose adjustment”
[S1]

".. If we don't really have a source, or
we just want the best antibiotic to start
with" [S1]

"l think if the infection is somewhere
you're not very familiar with, then
ARUSC is useful" [S3]

Barriers to accepting ARUSC recommendations

1. Personal or team preference

"Sometimes they (senior physicians)
want to give pip-tazo, regardless of
whatever ARUSC recommends." [J2]

"Sometimes it’s the consultant’s
decision and we have to fill up all
these (reasons for overriding
ARUSC's recommendations)." [J3]
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"Patients we know who have had an
infection before, or patients that we
know are at very high risk of getting an
MRSA or a bad joint infection...we tend
to be very aggressive (in antibiotic
therapy). That's when we would
possibly ignore the recommendations...
[S4]

"I think part of the challenge is that we
all have our personal preferences" [S3]



Table 4.1. (Continued)

Themes

Examples of relevant abstracts
from Junior Physicians

Examples of relevant abstracts from
Senior Physicians

".. The consultants make the decision.
| don't think they would wait for you to
check ARUSC" [J2]

"l think ARUSC's antibiotic
recommendations is too limited" [S3]

2. Patient factors

"... the patient may have more than
one infection... we can only key-in
one option" [J2]

"... when patients come from nursing
home.. and are already on particular
antibiotics, and that antibiotic does not
agitate the patient.." [J4]

"... when cases are complex, differs
from the norm..." [J5]

"... you may have a patient with
allergies, you're stuck..." [J3]

"When there are a few infections, when
you think that they had recent
admission or prior admission when they
had certain microorganism in their
cultures, then it's very hard to use
ARUSC.... ARUSC doesn't account for
these" [S2]

"ARUSC just doesn't take into account
enough of the patient's (medical)
history... and patients that don't follow
the clinical course (improvement) given
that antibiotic recommended"[S2]

" ...whether or not you want to stop or
step-down the antibiotics

depends on the patient's clinical
situation” [S1]

"The only problem is that if patient is
allergic to penicillin,

they (ARUSC) don't have any other
recommendation" [S5]
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Table 4.2. Characteristics of Respondents to the Physician Questionnaire Survey and Outcome variables

Junior physician Senior physician All
Characteristics (n=150) (n=115) (n=265)
N % N % N %
Clinical specialty
All Medical specialties 111 74.00 106 9217 217 81.89
Anesthesia 4 2.67 8 6.96 12 4.53
Cardiology 4 2.67 7 6.09 11 415
Endocrinology 2 1.33 9 7.83 11 415
Gastroenterology and Hepatology 1 0.67 5 4.35 6 2.26
General Medicine 43  28.67 15 13.04 58 21.89
Geriatric Medicine 13 8.67 8 6.96 21 7.93
Hematology 1 0.67 8 6.96 9 3.40
Infectious Disease 4 2.67 4 3.48 8 3.02
Neurology 12 8.00 9 7.83 21 7.92
Palliative Medicine 5 3.21 6 5.13 11 4.03
Psychological Medicine 1 0.67 0 0.00 1 0.38
Renal Medicine 8 5.33 8 6.96 16 6.04
Respiratory Medicine 13 8.67 13 11.30 26 9.81
Rheumatology, Allergy & Immunology 0 0.00 6 5.22 6 2.26
All Surgical specialties 39 26.00 9 7.83 48 18.11
General Surgery 20 13.33 0 0.00 20 7.55
Neurosurgery 2 1.33 0 0.00 2 0.75
Orthopedic Surgery 9 6.00 0 0.00 9 3.40
Otorhinolaryngology 1 0.67 1 0.87 2 0.75
Urology 7 4.67 8 6.96 15 5.66
Length of practice in clinical department
<3 months 40 26.67 1 0.87 41 1547
3-6 months 60  40.00 6 5.22 66 24.91
6-12 months 27 18.00 11 9.57 38 14.34
1-5 years 23 1533 58 50.43 81 30.57
>5 years 0 0.00 39 33.91 39 14.72
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Table 4.2. (Continued)

Junior physician Senior physician All
Characteristics (n=150) (n=115) (n=265)
N % N %
Length of practice in hospital
<3 months 15 10.00 0 0.00 15 5.66
3-6 months 34 22.67 5 4.35 39 14.72
6-12 months 47  31.33 4 3.48 51 19.25
1-5 years 54  36.00 51 4435 105 39.62
>5 years 0 0.00 55 47.83 55 20.75
Outcomes
Prefer to accept ARUSC recommendation 44  30.14 35 31.25 79 30.62
Prefer to accept infectious disease physician’s 120 82.19 96 85.71 216 83.72
recommendation
Would like ARUSC recommendation via mobile
application 113 75.33 78 70.27 191 73.18
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Table 4.3. Rotated Factor Analysis of Response Variables from Survey Questionnaire

Factor Loadings Communality Specificity
Variable Factor 1 Factor2 Factor 3 Factor 4 Factor5 h? u?
1. Will consult ARUSC before prescribing (Common infections) 0.509 0.007  -0.059 0.377  0.287 0.487 0.513
2. ARUSC is useful for de-escalation (Common infections) 0.776  0.026 0.009 0.207 0.157 0.670 0.330
3. ARUSC is useful for IV-to-Oral conversion (Common 0.809 0.034 0.027 0.184 0.061 0.693 0.307
infections)
4. Will exercise own clinical discretion when accepting ARUSC 0.101 0.728 0.064 0.258 -0.068 0.616 0.384
recommendation (Common infections)
5. Will follow team clinical discretion when accepting ARUSC
recommendation (Common infections) pting 0.007 0.768 -0.037 -0.213 0.106 0.647 0.353
6. Will consult ARUSC before prescribing (Complex infections) 0.662 0.106 0.147 0.032 0.263 0.542 0.458
7. ARUSC is useful for de-escalation (Complex infections) 0.867 0.116 0.195 0.102 0.030 0.815 0.185
8. ARUSC is useful for IV-to-Oral conversion (Complex 0.869 0.094 0.185 0.100 0.001 0.809 0.191
9. Will exercise own clinical discretion when accepting ARUSC 0.188 0.725 0.139 0217 -0.164 0.653 0.347
recommendation (Complex infections)
10. Will follow team clinical discretion when accepting ARUSC 0011 0815 0.036 -0060 0.091 0.678 0.322
recommendation (Complex infections)
11. Finds ARUSC useful for the microbiology results 0.153 0.132 0.033 0.848 0.201 0.801 0.199
12. Finds ARUSC useful for the current laboratory parameters 0.311  -0.050 0.217 0.717  0.093 0.669 0.331
13. Finds ARUSC useful for the drug allergies 0.307 0.066 0.396 0.423 -0.173 0.464 0.536
14. Would like ARUSC to include current clinical status 0.057 -0.047 0.748 0.019 0.156 0.590 0.410
15. Would like ARUSC to include previous admissions'
microbiology results 0.017  0.100 0.689  0.301 0.062 0.579 0.421
16. Would like ARUSC to include past medical history 0.243 0.048 0.755 -0.019 0.131 0.648 0.352
17. Would like ARUSC to include rationale for recommendation 0.046 0.311 0.469 0.054 0.394 0.477 0.523
18. Refers to ARUSC often when on-call 0.259 -0.051 0.218 0.003 0.696 0.602 0.398
19. Refers to ARUSC for educational information 0.454 0.011 0.097 0.393 0.318 0.471 0.529
20. Refers to ARUSC for renal dose adjustment 0.167  0.005 0.160 0.336 0.720 0.685 0.315
Variance explained 4.088 2.483 2.235 2.176 1.615 Y h?=12.596 Yu?=7.404
Percentage 20.4 12.4 11.2 10.9 8.1 63.0 37.0
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Table 4.4. Factors associated with ARUSC Use, Junior and Senior Physicians

Junior physician Senior physician t-test
P
Latent Psychosocial Factors Mean SD Median LQ UQ Mean SD Median LQ UQ \Value
Willingness to consult ARUSC for common
and complex infections
Will consult ARUSC before prescribing
(Common infections) 3.65 1.03 4 3 4 343 1.14 4 25 4 0.1100
ARUSC is useful for de-escalation (Common
infections) 3.64 0.92 4 3 4 3.50 1.00 4 3 4 0.2544
ARUSC is useful for IV-to-Oral conversion
(Common infections) 3.38 0.98 4 3 4 3.32 0.98 3 3 4 0.6186
Will consult ARUSC before prescribing
(Complex infections) 426 0.87 4 4 5 3.90 1.04 4 4 5 0.0030
ARUSC is useful for de-escalation (Complex
infections) 3.88 0.89 4 35 4 3.67 1.09 4 3 4 0.0959
ARUSC is useful for IV-to-Oral conversion
(Complex infections) 3.63 0.94 4 3 4 3.59 1.03 4 3 4 0.7622
Composite Index 1 (Sum of all component
variables) 22.42 435 23 20 25 21.36 5.13 22 18 24 0.0800
Factor Score 1 0.05 0.99 0.19 -0.50 0.68 -0.08 1.02 0.16 -0.75 0.62 0.3310
Personal or team decision over ARUSC
recommendations
Will exercise own clinical discretion when
accepting ARUSC recommendation
(Common infections) 431 0.59 4 4 5 433 0.61 4 4 5 0.8199
Will follow team clinical discretion when
accepting ARUSC recommendation
(Common infections) 443 0.57 4 4 5 413 0.76 4 4 5 0.0008
Will exercise own clinical discretion when
accepting ARUSC recommendation
(Complex infections) 434 0.64 4 4 5 434 0.62 4 4 5 0.9928
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Table 4.4. (Continued)

Junior physician Senior physician t-test
P

Latent Psychosocial Factors Mean SD Median LQ UQ Mean SD Median LQ UQ \Value

Will follow team clinical discretion when

accepting ARUSC recommendation

(Complex infections) 438 0.66 4 4 5 415 0.75 4 4 5 0.0114

Composite Index 2 (Sum of all component

variables) 1749 1.74 18 16 19 16.97 2.14 16 16 19 0.0405

Factor Score 2 0.06 0.93 0.12 -0.68 0.79 -0.09 1.10 -0.44 -0.76 1.12 0.2685
Desired useful features for ARUSC

Would like ARUSC to include current clinical

status 3.86 0.85 4 4 4 3.89 0.95 4 3 5 0.8434

Would like ARUSC to include previous

admission's microbiology results 419 0.72 4 4 5 414 0.76 4 4 5 0.6028

Would like ARUSC to include past medical

history 3.70 0.92 4 3 4 3.77 0.93 4 3 4 0.5712

Would like ARUSC to include rationale for

recommendation 442 0.58 4 4 5 437 0.69 4 4 5 0.5667

Composite Index 3 (Sum of all component

variables) 16.17 2.23 16 15 17 16.15 2.56 16 15 18 0.9475

Factor Score 3 -0.08 1.02 -0.07 -0.56 0.54 0.12 0.97 0.00 -0.49 0.92 0.1356
Perceived useful features of ARUSC

Finds ARUSC useful for the microbiology

results 419 0.69 4 4 5 418 0.66 4 4 5 0.8466

Finds ARUSC useful for the current

laboratory parameters 3.90 0.84 4 3 4 3.81 0.91 4 3 4 0.4302

Finds ARUSC useful for the drug allergies 413 0.89 4 4 5 410 0.92 4 4 5 0.7375

Composite Index 4 (Sum of all component

variables) 12.23 1.95 12 12 13 12.09 2.03 12 11 13 0.5733

Factor Score 4 -0.01  0.99 -0.04 -0.44 0.81 0.02 1.02 0.00 -0.45 0.68 0.8480
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Table 4.4. (Continued)

Junior physician Senior physician t-test
P
Latent Psychosocial Factors Mean SD Median LQ UQ Mean SD Median LQ UQ \Value
Perceived useful situations for ARUSC
recommendations
Refers to ARUSC often when on-call 3.87 1.02 4 3 5 3.39 1.08 3 3 4 0.0004
Refers to ARUSC for educational information 3.82 0.88 4 3 4 3.80 0.87 4 3 4 0.8415
Refers to ARUSC for renal dose adjustment 4.34 0.80 4 4 5 3.90 1.09 4 3.5 5 0.0005
Composite Index 5 (Sum of all component
variables) 12.02 2.08 12 11 13 11.18 2.26 11 10 12 0.0032
Factor Score 5 0.22 0.91 0.24 -0.28 0.82 -0.32 1.05 -0.18 -0.79 0.35 <.0001

Abbreviations: SD, standard deviation; LQ, lower quartile; UQ, upper quartile
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Table 4.5. Factors associated with ARUSC Use, Surgical and Medical Specialties

Surgical specialty Medical specialty t-test
P
Latent Psychosocial Factors Mean SD Median LQ UQ Mean SD Median LQ UQ \Value
Willingness to consult ARUSC for common
and complex infections
Will consult ARUSC before prescribing
(Common infections) 3.65 1.00 4 3 4 3.53 1.1 4 3 4 0.5086
ARUSC is useful for de-escalation (Common
infections) 3.70 0.98 4 3 4 3.56 0.95 4 3 4 0.3467
ARUSC is useful for IV-to-Oral conversion
(Common infections) 3.38 1.14 3 2.5 4 3.35 0.94 4 3 4 0.8852
Will consult ARUSC before prescribing
(Complex infections) 4.27 1.07 5 4 5 4.07 0.93 4 4 5 0.1838
ARUSC is useful for de-escalation (Complex
infections) 3.98 0.98 4 35 5 3.74 0.98 4 3 4 0.1351
ARUSC is useful for IV-to-Oral conversion
(Complex infections) 3.79 1.05 4 3 5 3.57 0.96 4 3 4 0.1609
Composite Index 1 (Sum of all component
variables) 22.64 4.80 23 21 25 21.81 4.70 22 19 24 0.2806
Factor Score 1 0.07 1.10 0.14 -0.36 0.74 -0.02 0.98 0.20 -0.72 0.64 0.6329
Personal or team decision over ARUSC
recommendations
Will exercise own clinical discretion when
accepting ARUSC recommendation
(Common infections) 435 0.67 4 4 5 431 0.58 4 4 5 0.6675
Will follow team clinical discretion when
accepting ARUSC recommendation
(Common infections) 438 0.76 4.5 4 5 428 0.65 4 4 5 0.3984
Will exercise own clinical discretion when
accepting ARUSC recommendation
(Complex infections) 444 0.62 4.5 4 5 432 0.64 4 4 5 0.2374

37



Table 4.5. (Continued)

Surgical specialty Medical specialty t-test
P

Latent Psychosocial Factors Mean SD Median LQ UQ Mean SD Median LQ UQ \Value

Will follow team clinical discretion when

accepting ARUSC recommendation

(Complex infections) 429 0.82 4 4 5 428 0.68 4 4 5 0.9102

Composite Index 2 (Sum of all component

variables) 17.46 2.25 18 16 20 17.23 1.85 17 16 19 0.4694

Factor Score 2 0.08 1.18 0.16 -0.77 1.00 -0.01  0.96 -0.21 -0.72 0.77 0.8065
Desired useful features for ARUSC

Would like ARUSC to include current clinical

status 3.94 0.93 4 4 5 3.86 0.89 4 4 4 0.5916

Would like ARUSC to include previous

admission's microbiology results 433 0.69 4 4 5 413 0.74 4 4 5 0.0815

Would like ARUSC to include past medical

history 3.83 0.84 4 3 4 3.71 0.94 4 3 4 0.4265

Would like ARUSC to include rationale for

recommendation 442 0.61 4 4 5 440 0.64 4 4 5 0.8405

Composite Index 3 (Sum of all component

variables) 16.49 2.39 16 15 18 16.09 2.37 16 15 17 0.2971

Factor Score 3 0.17 0.94 0.00 -0.33 0.72 -0.04 1.01 -0.06 -0.62 0.62 0.2106
Perceived useful features of ARUSC

Finds ARUSC useful for the microbiology

results 435 0.64 4 4 5 415 0.68 4 4 5 0.0571

Finds ARUSC useful for the current

laboratory parameters 4.06 0.76 4 4 5 3.82 0.89 4 3 4 0.0796

Finds ARUSC useful for the drug allergies 426 0.82 4 4 5 4.09 0.92 4 4 5 0.2500

Composite Index 4 (Sum of all component

variables) 12.68 1.82 12 12 15 12.06 2.00 12 11 13 0.0501

Factor Score 4 0.14 0.88 0.21 -0.38 0.81 -0.03 1.03 -0.05 -0.47 0.74 0.3316
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Table 4.5. (Continued)

Surgical specialty Medical specialty t-test
P
Latent Psychosocial Factors Mean SD Median LQ uaQ Mean SD Median LQ UQ Value
Perceived useful situations for ARUSC
recommendations
Refers to ARUSC often when on-call 3.70 112 4 3 5 3.66 1.06 4 3 45 0.8231
Refers to ARUSC for educational information 3.81 0.89 4 3 4 3.81 0.87 4 3 4 0.9868
Refers to ARUSC for renal dose adjustment 430 0.99 5 4 5 412 0.95 4 4 5 0.2305
Composite Index 5 (Sum of all component
variables) 11.78 2.47 12 11 13 11.65 2.13 12 10 13 0.7172
Factor Score 5 0.00 1.05 0.03 -0.57 0.60 0.00 0.99 0.02 -0.52 0.71 0.9976

Abbreviations: SD, standard deviation; LQ, lower quartile; UQ, upper quartile
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Table 4.6. Univariate and Multivariable Analyses of Factors associated with Acceptance of ARUSC Recommendations

Univariate Analysis

Odds Ratio (95% CI) P Value

Clinical Specialty

Medical (vs Surgical) 1.50 ( 0.72 3.14 ) 0.2786
Designation

Senior (vs Junior) 1.05 ( 0.62 1.80 ) 0.8474
Length of practice in clinical department

<3 months 0.71 ( 0.28 1.80 ) 0.4715

3-6 months 0.59 ( 0.25 1.37 ) 0.2182

6-12 months 1.00 ( 0.40 251 ) 1.0000

1-5 years 048 ( 0.21 1.10 ) 0.0826

>5 years Ref Ref Ref Ref
Length of practice in hospital

<3 months 145 ( 045 4.73 ) 0.5369

3-6 months 0.89 ( 0.36 2.20 ) 0.7948

6-12 months 1.09 ( 048 247 ) 0.8394

1-5 years 0.85 ( 0.41 1.74 ) 0.6505

>5 years Ref Ref Ref Ref
Willingness to consult ARUSC for common and complex infections

Will consult ARUSC before prescribing (Common infections) 145 ( 1.1 1.89 ) 0.0072

ARUSC is useful for de-escalation (Common infections) 148 ( 1.08 2.02 ) 0.0134

ARUSC is useful for IV-to-Oral conversion (Common infections) 135 ( 1.01 1.80 ) 0.0415

Will consult ARUSC before prescribing (Complex infections) 139 ( 1.02 1.90 ) 0.0392

ARUSC is useful for de-escalation (Complex infections) 1.39 ( 1.04 1.87 ) 0.0289

ARUSC is useful for IV-to-Oral conversion (Complex infections) 1.26 ( 0.95 1.68 ) 0.1055

Factor 1 153 ( 1.10 212 ) 0.0118
Personal or team decision over ARUSC recommendations

Will exercise own clinical discretion when accepting ARUSC recommendation

(Common infections) 0.80 ( 0.50 1.29 ) 0.3621

Will follow team clinical discretion when accepting ARUSC recommendation

(Common infections) 0.47 ( 0.31 0.72 ) 0.0005
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Table 4.6. (Continued)

Univariate Analysis

Odds Ratio (95% CI) P Value

Will exercise own clinical discretion when accepting ARUSC recommendation

(Complex infections) 091 ( 058 - 142 ) 0.6782

Will follow team clinical discretion when accepting ARUSC recommendation

(Complex infections) 070 ( 048 - 1.02 ) 0.0638

Factor 2 067 ( 050 - 0.91 ) 0.0112
Desired useful features for ARUSC

Would like ARUSC to include current clinical status 1.04 ( 077 - 1.40 ) 0.8129

Would like ARUSC to include previous admissions' microbiology results 115 ( 080 - 1.67 ) 0.4472

Would like ARUSC to include past medical history 132 ( 098 - 1.79 ) 0.0691

Would like ARUSC to include rationale for recommendation 1.02 ( 067 - 1.55 ) 0.9220

Factor 3 1.18 ( 088 - 1.59 ) 0.2730
Perceived useful features of ARUSC

Finds ARUSC useful for the microbiology results 128 ( 084 - 194 ) 0.2511

Finds ARUSC useful for the current laboratory parameters 145 ( 1.04 - 2.03 ) 0.0304

Finds ARUSC useful for the drug allergies 112 ( 082 - 1.54 ) 0.4740

Factor 4 131 ( 095 - 1.80 ) 0.0979
Perceived useful situations for ARUSC recommendations

Refers to ARUSC often when on-call 115 ( 0.88 - 1.51 ) 0.2960

Refers to ARUSC for educational information 134 ( 097 - 1.86 ) 0.0739

Refers to ARUSC for renal dose adjustment 115 ( 086 - 1.54 ) 0.3635

Factor 5 1.04 ( 077 - 141 ) 0.7822

Multivariable Analysis
Odds Ratio (95% CI) P Value

Medical (vs Surgical) specialty 1.67 ( 071 - 3.89 ) 0.2386
Senior (vs Junior) physician 0.71 ( 0.36 - 1.41 ) 0.3248
Willingness to consult ARUSC for common and complex infections 168 ( 1.16 - 244 ) 0.0064
Personal or team decision over ARUSC recommendations 061 ( 043 - 0.85 ) 0.0040
Desired useful features for ARUSC 125 ( 091 - 172 ) 0.1715
Perceived useful features of ARUSC 132 ( 095 - 1.82 ) 0.1011
Perceived useful situations for ARUSC recommendations 1.04 ( 072 - 150 ) 0.8240

Abbreviations: Cl, confidence interval
41



Table 4.7. Univariate and Multivariable Analyses of Factors associated with Preference for ARUSC on a Mobile Application

Univariate Analysis

Odds Ratio (95% CI) P Value

Clinical Specialty

Medical (vs Surgical) 067 ( 032 - 143 ) 0.3025
Designation

Senior (vs Junior) 0.77 ( 045 - 134 ) 0.3619
Length of practice in clinical department

<3 months 064 ( 025 - 163 ) 0.3468

3-6 months 151 ( 061 - 3.78 ) 0.3756

6-12 months 211 ( 0.69 - 646 ) 0.1930

1-5 years 099 ( 042 - 233 ) 0.9852

>5 years Ref Ref Ref Ref
Length of practice in hospital

<3 months 146 ( 041 - 523 ) 0.5649

3-6 months 119 ( 049 - 290 ) 0.6994

6-12 months 28 ( 110 - 7.33 ) 0.0304

1-5 years 144 ( 070 - 294 ) 0.3217

>5 years Ref Ref Ref Ref

Willingness to consult ARUSC for common and complex infections

Will consult ARUSC before prescribing (Common infections) 183 ( 140 - 238 ) <.0001
ARUSC is useful for de-escalation (Common infections) 162 ( 1.21 - 217 ) 0.0011
ARUSC is useful for IV-to-Oral conversion (Common infections) 153 ( 1.15 - 2.04 ) 0.0038
Will consult ARUSC before prescribing (Complex infections) 153 ( 1.16 - 2.02 ) 0.0027
ARUSC is useful for de-escalation (Complex infections) 169 ( 1.28 - 224 ) 0.0003
ARUSC is useful for IV-to-Oral conversion (Complex infections) 158 ( 119 - 211 ) 0.0017
Factor 1 135 ( 1.00 - 181 ) 0.0482
Personal or team decision over ARUSC recommendations

Will exercise own clinical discretion when accepting ARUSC recommendation

(Common infections) 140 ( 089 - 220 ) 0.1493
Will follow team clinical discretion when accepting ARUSC recommendation

(Common infections) 069 ( 044 - 1.08 ) 0.1020
Will exercise own clinical discretion when accepting ARUSC recommendation

(Complex infections) 165 ( 1.07 - 254 ) 0.0231
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Table 4.7. (Continued)

Univariate Analysis

Odds Ratio (95% CI) P Value

Will follow team clinical discretion when accepting ARUSC recommendation

(Complex infections) 1.00 ( 067 - 1.48 ) 0.9803

Factor 2 1.02 ( 076 - 138 ) 0.8915
Desired useful features for ARUSC

Would like ARUSC to include current clinical status 138 ( 1.03 - 187 ) 0.0340

Would like ARUSC to include previous admission microbiology results 160 ( 110 - 231 ) 0.0138

Would like ARUSC to include past medical history 1.73 ( 1.27 - 235 ) 0.0004

Would like ARUSC to include rationale for recommendation 160 ( 1.04 - 244 ) 0.0314

Factor 3 149 ( 1.09 - 2.02 ) 0.0121
Perceived useful features of ARUSC

Finds ARUSC useful for the microbiology results 260 ( 167 - 4.04 ) <.0001

Finds ARUSC useful for the current laboratory parameters 208 ( 149 - 288 ) <.0001

Finds ARUSC useful for the drug allergies 160 ( 1.19 - 215 ) 0.0017

Factor 4 1.73 ( 1.26 - 236 ) 0.0007
Perceived useful situations for ARUSC's recommendations

Refers to ARUSC often when on-call 146 ( 111 - 191 ) 0.0061

Refers to ARUSC for educational information 216 ( 155 - 3.01 ) <.0001

Refers to ARUSC for renal dose adjustment 188 ( 141 - 251 ) <.0001

Factor 5 169 ( 1.24 - 231 ) 0.0009

Multivariable Analysis
Odds Ratio (95% CI) P Value

Medical (vs Surgical) specialty 087 ( 034 - 220 ) 0.7676
Senior (vs Junior) physician 090 ( 044 - 188 ) 0.7873
Willingness to consult ARUSC for common and complex infections 144 ( 1.02 - 2.02 ) 0.0369
Personal or team decision over ARUSC recommendations 1.09 ( 078 - 152 ) 0.6191
Desired useful features for ARUSC 163 ( 115 - 231 ) 0.0056
Perceived useful features of ARUSC 186 ( 1.32 - 2.64 ) 0.0004
Perceived useful situations for ARUSC recommendations 1.77 (124 - 251 ) 0.0015

Abbreviations: Cl, confidence interval

43



Figure 4.1. Scree Plot of Eigenvalues and Factor Numbers
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4.5 DISCUSSION

This study identified two psychosocial factors that were independently associated with the
physicians’ acceptance of antibiotic recommendations for empiric therapy by the hospital's
antibiotic CDSS. Regardless of seniority and clinical specialty, a physician who was willing to
consult ARUSC for common and complex infections was 1.7 times as likely as an unwilling
physician to accept an ARUSC antibiotic recommendation. In contrast, a physician preferring
personal or team decision over ARUSC was 40% less likely to accept an antibiotic

recommendation by ARUSC.

Physicians' willingness to consult ARUSC was indicative of their trust in ARUSC's credibility and
hence the increased likelihood of acceptance of its antibiotic recommendations. Junior physicians
consulted ARUSC to "use it as a guide to boost your confidence when prescribing an antibiotic”,
and senior physicians acknowledged that "your (antibiotic) selection may not be superior to
ARUSC. It's probably better to use ARUSC". Our findings are consistent with previous qualitative
studies which observed that barriers to adherence to antibiotic guidelines included doubt of
guidelines' credibility and physicians’ negative attitudes toward the guidelines (30,72). While
those previous studies have qualitatively identified negative attitudes as barriers to antibiotic
guidelines adherence, our study has been able to quantitatively assess the effect of physicians'

positive attitudes on acceptance of antibiotic recommendations.

In situations where physicians preferred personal or team decision over ARUSC, the non-
acceptance of ARUSC's recommendations was likely to be due to the decision of senior

physicians in complex patient situations rather than doubts about the credibility of ARUSC
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recommendations. In the FGDs, both senior and junior physicians unanimously expressed great

confidence in the reliability of ARUSC.

Although junior physicians interacted much more with ARUSC than senior physicians, antibiotic
decisions were often made by senior physicians (49), Junior physicians in the hospital have
encountered situations when they did not adhere to ARUSC recommendations, due to their senior

colleagues' decision on a different antibiotic.

"Sometimes it’s the consultant’s decision and we have to fill up all these (reasons for

overriding ARUSC's recommendations).”

A recent qualitative study in the United Kingdom identified "prescribing etiquette" as a key
determinant of antibiotic prescribing (81). Hospital policies aimed at influencing the antibiotic
prescribing behaviors of junior physicians had limited effectiveness because of the social norm of
adhering to the "prescribing etiquette" set by one's seniors. Understanding the reasons and
context for non-acceptance of antibiotic guidelines by senior physicians was crucial for the
enhancement of antibiotic CDSS. In our FGD, senior physicians shared that they had to override
ARUSC's recommendations in situations when there was a need for more "aggressive" therapy
at the outset, when ARUSC's recommendations were inadequate in addressing the antibiotic
needs of patients with multiple infections or antibiotic allergies, and when ARUSC could not take
the medical history and clinical course of the patient into consideration. Enhancing ARUSC to
address these prescribing needs would be necessary to improve the acceptance of its

recommendations.
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The majority (73%) of physicians were supportive of obtaining ARUSC recommendations via a
mobile application. The strong physician support for a mobile application was indicative of
physicians' positive perceptions of ARUSC. We identified four psychosocial factors associated
with preference for a mobile application, including the perceived usefulness of ARUSC in various
situations. Junior physicians found ARUSC to be particularly useful for antibiotic selection for
empiric therapy when they were on-call and did not have ready access to senior colleagues.
Similar preferences for availability of guidelines to improve antibiotic prescribing were observed
among junior physicians in France and Scotland (82). On the other hand, senior physicians found
ARUSC useful in situations when the patient had an unfamiliar or unknown infection source.
Increasing ARUSC accessibility via a mobile application would improve antibiotic prescribing. The
hospital's information technology infrastructure would have to be reviewed to assure robust

network connectivity (83).

Strengths and Limitations

Our study has several strengths. First, it used a balanced study design — a mixed methods study
design that triangulated data from qualitative FGDs and a quantitative study — to evaluate
physicians' perceptions and attitudes toward a tertiary hospital's antibiotic CDSS. To date, studies
on antibiotic prescribing behavior have been either qualitative or quantitative in nature (70,71).
Second, it is the first attempt at describing the psychosocial determinants of physicians'
acceptance of recommendations by an antibiotic CDSS. Previous studies have reported
determinants of physicians' adoption of antibiotic CDSS (77), but not of acceptance of
recommendations by such systems. Understanding these factors would help in the design of new
systems and the enhancement of existing ones. Third, we developed a new instrument that

demonstrated acceptable to very good reliability (Cronbach's alpha ranging from 0.64 to 0.88) for
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the measurement of physicians' attitudes and perceptions toward acceptance of CDSS
recommendations. To date, there is no such validated scale available. The tools developed and
validated in this study would facilitate similar studies in other hospital settings. Furthermore,
sensitivity analyses revealed expectedly opposite findings on factors associated with physicians'
preference for antibiotic recommendations from infectious disease physicians, demonstrating

internal consistency of our findings.

Our study may have been limited by the small number of physicians who were included in the
FGDs. Nonetheless, participants were purposively sampled to provide the required contextual
information. As discussions were conducted in a non-confrontational setting, with physicians'
identities kept strictly confidential, and with junior and senior physicians in separate groups, we
believe that the information gathered was authentic. Furthermore, we deliberately selected a
junior attending physician who was not directly involved with the hospital's antimicrobial
stewardship program, to facilitate both FGDs. The themes that arose from FGDs were also

corroborated by results from the quantitative study involving 265 physicians.

Psychosocial factors determining physicians' acceptance of empiric antibiotic recommendations
by a computerized decision support system did not differ between junior and senior physicians,
or among clinical specialties. Physicians' willingness to consult an antibiotic CDSS determined
the acceptance of its recommendations. Physicians would choose to exercise their own or clinical
team's decision over the CDSS recommendations in complex patient situations when antibiotic
prescribing needs were not met. Further studies are needed to explore these and related issues

about physicians' acceptance of recommendations by antibiotic CDSS in other hospital settings.
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5. PATIENT AND PHYSICIAN PREDICTORS OF PATIENT RECEIPT OF ANTIBIOTIC
COMPUTERIZED DECISION SUPPORT SYSTEM RECOMMENDATIONS

5.1 ABSTRACT

Introduction
Antibiotic computerized decision support systems (CDSS) were developed to guide antibiotic
decisions, yet prescriptions of CDSS-recommended antibiotics have remained low. Our aim was

to identify predictors of patients' receipt of antibiotic CDSS recommendations.

Methods

We conducted a prospective cohort study in a 1500-bed tertiary-care hospital in Singapore. We
included all patients admitted from October 1, 2011 through September 30, 2012, who were
prescribed piperacillin-tazobactam or carbapenem for empiric therapy and auto-triggered to
receive antibiotic recommendations by the in-house antibiotic CDSS. Relevant data on the
patient, prescribing and attending physicians were collected via electronic linkages of medical
records and administrative databases. To account for clustering, we used multilevel logistic

regression models to explore factors associated with receipt of CDSS recommendations.

Results

One-quarter of the 1886 patients received CDSS-recommended antibiotics. More patients treated
for pneumonia (33.2%) than sepsis (12.1%) and urinary tract infection (7.1%) received CDSS
recommendations. The prescribing physician —but not the attending physician or clinical
specialty— accounted for some (13.3%) of the variation. Prior hospitalization (OR 1.32, 95% CI
1.01-1.71), presumed pneumonia (OR 6.77, 95% CI 3.28-13.99), intensive care unit (ICU)
admission (OR 0.38, 95% CI 0.21-0.66), and renal impairment (OR 0.70, 95% CI 0.52-0.93) were

factors associated with patients’ receipt of CDSS recommendations.
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Conclusion

We observed that ICU admission and renal impairment were negative predictors of patients’
receipt of CDSS recommendations. Patients admitted to ICU and those with renal impairment
might have more complex clinical conditions that require a physician's assessment in addition to

antibiotic CDSS.

5.2 INTRODUCTION

Antibiotic resistance is now regarded as a serious threat to public health (4) and antibiotic use is
the key driver (67,68). The intensity of antibiotic use in hospitals is high and utilization has
increased substantially over the years (7,9). However, 41-91% of all antibiotics prescribed in
hospitals worldwide are considered inappropriate (20). Antimicrobial stewardship programs have
been established in many hospitals to facilitate the optimal use of antibiotics (9,23,61,84,85).
Furthermore, antibiotic computerized decision support systems (CDSSs) are developed to
improve antibiotic decision making through the accessibility of patient-specific clinical data and

local antibiotic guidelines, at the point of prescribing (17,42—44,65,77).

Antibiotic CDSSs are particularly useful for antibiotic selection for empiric therapy, as optimal
selection is complex when the causative pathogen is unknown (29,74). The appropriate empiric
treatment is crucial for the resolution of infection and the reduction of mortality (66). Although
such systems have been developed with active feedback from physicians and designed with user-
centric features (51), physicians have prescribed CDSS-recommended antibiotics in only 46-67%

of medication orders (44).
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Antibiotic CDSSs have been shown to improve antibiotic prescribing and patient clinical outcomes
including the reduction of mortality (9,17,44,86). Patient and physician characteristics associated
with physicians’ adherence to recommendations by hospital antimicrobial guidelines have been
well explored (29,33,66,87—91). However, there is limited information on factors influencing
physicians' acceptance or patients' receipt of CDSS-recommended antibiotics. Understanding
these factors can guide strategies to improve patients’ receipt of antibiotic CDSS

recommendations and enhance clinical care.

We conducted a prospective cohort study to evaluate the extent to which hospitalized patients
received antibiotics as recommended by a tertiary-care hospital’s in-house antibiotic CDSS,
Antimicrobial Resistance Utilization and Surveillance Control (ARUSC) (Appendix I), and to
identify patient and physician factors associated with patients’ receipt of antibiotics recommended

by ARUSC and targets for improvement.

53 METHODS

Study setting and population

The study was conducted in Tan Tock Seng Hospital, a 1500-bed tertiary-care academic medical
center that serves a diverse ethnic, adult medical and surgical population in Singapore. Singapore
is a tropical island city-state in Southeast Asia, located just north of the equator at latitude 1.5°N

and longitude 104°E. It had a population of 5.3 million in 2012.

In 2009, the hospital launched its in-house antibiotic CDSS, ARUSC, which integrates

antimicrobial stewardship with the hospital's computerized physician order entry (CPOE) system
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and provides patient-specific evidence-based antibiotic recommendations at the point of
prescribing (65). All medication orders in the hospital are made via the CPOE system. From
September 12, 2011, whenever a physician makes an electronic prescription of piperacillin-
tazobactam or a carbapenem for an inpatient, the prescription automatically triggers the launch
of ARUSC. Piperacillin-tazobactam and carbapenems are antibiotics of last resort for many
bacterial infections, particularly those caused by multidrug-resistant pathogens. Hence, it is
crucial to ensure the judicious use of these antibiotics. Using a rules-based algorithm, ARUSC
provides guidance on antibiotic selection and dosing, based on guidelines developed by the
hospital's antimicrobial stewardship committee, which took into account the local epidemiology of
infectious diseases, microbiologic resistance patterns, and incorporated evidence-based
international guidelines. Data from individual patients’ electronic medical records including
medication history and drug allergies, as well as laboratory results such as creatinine levels are
also pulled into ARUSC and included in the algorithm. Inputs from all clinical departments were
considered in the development of the guidelines, which were endorsed by the hospital's medical
board. A prescription can be made for empiric, prophylactic, or definitive therapy. Empiric therapy
is the initiation of antibiotic treatment prior to the identification of the infection-causing
microorganism. ARUSC recommends the narrowest-spectrum antibiotic appropriate for common
organisms responsible for the diagnosed infection, based on the local epidemiology and antibiotic
susceptibility patterns, taking into account the patient’s antibiotic allergies. The prescribing

physician can either accept or reject ARUSC's antibiotic recommendations.

All patients admitted to the hospital, from October 1, 2011 through September 30, 2012, who were
prescribed piperacillin-tazobactam or a carbapenem for empiric therapy and auto-triggered to
receive antibiotic recommendations by ARUSC were included in the study. Prescriptions for

prophylactic or definitive therapy were excluded. We chose to focus our study on empiric therapy,
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as empiric antibiotic prescriptions have been found to be the least concordant with recommended
antibiotic guidelines (29). Furthermore, empiric antibiotics are usually the first antibiotics received
by a patient in an infective episode; appropriate empiric antibiotics is a critical determinant of

clinical outcomes (66).

Study design
We assembled a prospective observational cohort comprising eligible inpatients based on the
inclusion criteria described above, starting from the automatically-triggered launch of ARUSC at

the point of antibiotic prescribing up to 30 days post-discharge from hospital.

Outcome variable

Patients’ receipt of antibiotics recommended by ARUSC was determined by electronically
matching antibiotics prescribed in the institutional CPOE system with those recommended by
ARUSC. A patient was classified as having received ARUSC recommendations if the antibiotics

matched exactly on the drug prescribed, including dose, route, and frequency of administration.

Predictor variables

Relevant patients’ characteristics included socio-demographic data (age, gender, ethnicity,
resident status, and ward class status), co-morbidity (diabetes mellitus, cardiovascular disease,
liver disease, renal disease, neoplasm, central nervous system (CNS) disease, and chronic
pulmonary disease), illness severity, admission to an intensive care unit (ICU) at the time of

prescribing, prior antibiotic exposures in the 180 days preceding current prescription, prior
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hospitalization in the 90 days preceding current admission, diagnosed infection for current

antibiotic therapy, and the time and day of week when the prescription was made.

Ward class status (private or subsidized) was based on whether a patient was admitted to a
private room for which the patient bore 80-100% of the hospitalization costs or to a subsidized
room for which the government funded 65-80% of the costs. We used ward class as a surrogate
measure of the patient's socioeconomic status. We defined co-morbidities as follows. Diabetes
mellitus: a diagnosis of diabetes with or without complications. Cardiovascular disease: coronary
artery disease or congestive heart failure. Liver disease: liver disease of any severity. Renal
disease: moderate to severe renal disease. Neoplasm: solid malignant tumor, leukemia,
lymphoma, or any metastasis. CNS disease: cerebrovascular disease, dementia. Chronic
pulmonary disease: chronic obstructive pulmonary disease. Charlson’s comorbidity index (CCl)
(92) was derived from electronic medical records using coding algorithms developed by Quan H
etal (93). CCl was then dichotomized into <=5 and >5, representing good and poor chronic health
status. lliness severity was determined using biochemical markers measured within 7 days of the
prescription. We used C-reactive protein >100mg/I and leukocyte count <4 or >12x10%1 as proxies
for severe infection, and serum creatinine >130umol/l as proxy for renal impairment (33). Data
were obtained electronically from ARUSC, institutional electronic medical and pharmacy records,

and admission and discharge databases.

The prescribing physician was the physician who initiated the empiric antibiotic prescription that
auto-triggered ARUSC. The attending physician was the physician who was primarily responsible
for the patient’s clinical care and outcome for the hospitalization episode. Physicians’

characteristics collected included the prescribing physician’s seniority, and the attending
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physician’s ethnicity and clinical specialty. Prescribing physicians’ seniority was determined by
their designation. Interns and residents were classified as juniors, whereas fellows and attending
as seniors. Data on physicians’ designation and ethnicity were obtained from institutional human

resource database and matched to the identity and clinical specialty data in ARUSC.

Statistical analysis

First, we used appropriate descriptive statistics to summarize patients’ characteristics and their
respective prescribing and attending physicians and clinical specialties by receipt of ARUSC
recommendations. Next, we explored the relationships between the various patients’ and
physicians’ characteristics and receipt of ARUSC recommendations using multilevel logistic
regression models with random intercepts. We fitted two types of such models: model 1 involved
nesting of patients within their prescribing physicians, and model 2 nested patients within their
attending physicians who in turn were nested with their clinical specialties, to account for
clustering within prescribing physicians and clustering within attending physicians and clinical
specialties respectively. Finally, we constructed two multivariable multilevel logistic regression
models to assess independent factors associated with receipt of ARUSC recommendations. We
included variables decided a prior as effects to be tested based on prior knowledge of factors
associated with adherence to antibiotic guidelines in general (though not specific for antibiotic
CDSS). Collinearity among predictor variables was assessed by means of the Pearson’s
correlation coefficient. Strongly correlated variables were excluded from the multivariable models.
Statistical interactions between variables were explored and product terms included in the models
where appropriate. We estimated the odds ratios (OR) and corresponding 95% confidence
intervals (Cl) for each association. The percentages of the total outcome variances that could be
explained by differences between prescribing physicians, attending physicians, and clinical

specialties respectively were computed (94). Intraclass correlation coefficients (ICC) were
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respectively derived by dividing the variance between prescribing physicians (level 2 variance) by
the total variance in model 1, and the variance between attending physicians (level 2 variance)
and clinical specialties (level 3 variance) by the total variance in model 2. For the logistic
distribution, level 1 variance was estimated to be 3.29 (94). We further estimated risk ratios (RR)
using multilevel log-binomial and Poisson regression models, as the outcome was not rare (95).
The chi-squared goodness-of-fit test was used to evaluate the adequacy of the models. Akaike
information criterion (AIC), Bayesian information criterion (BIC), and the log-likelihood ratio
statistic were used to compare between models and to guide the final model selection. All

analyses were performed using SAS version 9.3 (SAS Institute Inc, NC).

Ethical approval for the study was obtained from the National Healthcare Group's Domain Specific

Research Board and UCLA Institutional Review Boards.

5.4 RESULTS

During the one-year study period, a total of 1886 hospitalized patients at Tan Tock Seng Hospital
were auto-triggered to receive antibiotic recommendations on ARUSC from a prescription for
piperacillin-tazobactam or a carbapenem for empiric therapy. One-quarter (24.9%) of the patients
received antibiotics recommended by ARUSC. A higher proportion of patients treated for
pneumonia (33.2%) received ARUSC-recommended antibiotics, compared with sepsis (12.1%)
and urinary tract infection (7.1%). Patients who received ARUSC recommendations were older
(mean 74.8 years [SD 14.5] vs. 71.8 [15.9]) and tended to have a better chronic health status
(CCI>5 11.5% vs. 14.2%) than those who did not. They were more likely to have a recent
hospitalization (45.1% vs. 38.1%) but less likely to have an ICU admission (7.9% vs. 12.8%) than

patients who did not receive ARUSC recommendations. The characteristics of prescribing and
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attending physicians of the two patient groups appeared similar. However, more patients who

received ARUSC recommendations were managed by medical specialties (83.2% vs. 73.0%).

Data on patient demographics, comorbidities, illness severity, diagnosed infection, and clinical

outcomes, and prescribing and attending physician characteristics are presented in Table 5.1.

Univariate analysis

Patient factors univariately associated with receipt of ARUSC-recommended antibiotics are
similar in both models (Table 5.2). Age (Model 1: OR 1.01, 95% CI 1.01-1.02; Model 2: OR 1.01,
95% CI 1.00-1.02), cardiovascular disease (Model 1: OR 1.42, 95% CI 1.06-1.91; Model 2: OR
1.38, 95% CI 1.05-1.82), chronic pulmonary disease (Model 1: OR 1.38, 95% CI 0.93-2.06; Model
2: OR 1.48,95% Cl 1.01-2.16,), prior hospitalization (Model 1: OR 1.28, 95% Cl 1.01-1.61; Model
2: OR 1.29, 95% CI1 1.04-1.61) , prescription at night (Model 1: OR 1.34, 95% CI 1.06-1.69; Model
2: OR 1.28, 95% CI 1.03-1.59) , and pneumonia (Model 1: OR 7.20, 95% CI 3.51-14.75; Model
2: OR 6.28, 95% CI 3.12-12.61) were positively associated with receipt. In contrast, ICU
admission (Model 1: OR 0.57, 95% CI 0.38-0.87; Model 2: OR 0.68, 95% CIl 0.46-1.01) and renal
impairment (Model 1: 0.69, 95% CI 0.53-0.91; Model 2: OR 0.68, 95% CIl 0.54-0.88) decreased

patients’ receipt of ARUSC antibiotic recommendations (Table 5.2).

The prescribing physician accounted for 16.5% of the variation in patient receipt of ARUSC
recommendations (p<0.001). The attending physician (0.4%) and clinical specialty (2.3%)
contributed to a much lesser extent. The prescribing physician’s seniority and the attending

physician’s ethnicity were respectively not associated with patients’ receipt of ARUSC
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recommendations. At the clinical specialty level, patients managed by a medical service were 1.7
times as likely as those managed by a surgical service to receive ARUSC-recommended

antibiotics (OR 1.71, 95% CI 1.19-2.46).

Multivariable analysis

The independent factors associated with patients’ receipt of ARUSC recommendations were all
patient-related (Table 5.3). Although prescribing physicians’ preference accounted for 13.3% of
the variation in receipt of ARUSC recommendations, physicians’ seniority was not found to be an
independent factor. There was no difference in ARUSC recommendations receipt between
attending physicians and clinical specialties. Both the 2-level and 3-level models yielded very
similar results. We selected the 2-level model (Model 1: prescribing physician, patient) as the final
multivariable model, as only the effect of prescribing physicians needed to be taken into account
and the model provided a better fit. Interactions between co-morbidities, illness severity, and
diagnosed infection were assessed. ICU admission was found to interact positively with

cardiovascular disease and the product term was included in the final model.

After adjusting for the prescribing physicians’ preference and seniority, the patient's socio-
demographic factors, CCI>5, prior antibiotic exposure, length of stay prior to antibiotic therapy,
time of prescription, hospitalization in the 90 days preceding current admission (OR 1.32, 95% Cl
1.01-1.71), and pneumonia as the diagnosed infection (OR 6.77, 95% CIl 3.28-13.99) were
positively associated with the patient’s receipt of ARUSC recommendations. In contrast, ICU
admission (OR 0.38, 95% CI 0.21-0.66) and renal impairment (OR 0.70, 95% CI 0.52-0.93) were
negatively associated. Although cardiovascular disease was marginally associated with receipt

of ARUSC recommendations (OR 1.34, 95% CIl 0.96-1.87), the interaction between ICU
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admission and cardiovascular disease had a much larger positive effect (OR 3.97, 95% CI 1.60-

9.81).

Sensitivity analysis

Our findings were qualitatively unchanged in the multilevel log-binomial and Poisson regression
analyses (Tables 5.4 and 5.5). Due to convergence problems with the 3-level log-binomial
regression model, only results from the Poisson regression analysis could be assessed. The
adjusted risk ratios for factors associated with ARUSC recommendations of the best-fit model (2-
level log-binomial model) were as follows: prior hospitalization in the 90 days preceding current
admission (RR 1.21, 95% CI 1.03-1.43), pneumonia as the diagnosed infection (RR 4.42, 95% CI
2.33-8.38), ICU admission (OR 0.50, 95% CI 0.32-0.78), renal impairment (OR 0.80, 95% CI 0.66-

0.97), and ICU admission by cardiovascular disease (OR 2.46, 95% CIl 1.35-4.51).
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Table 5.1. Characteristics of 1886 patients and their prescribing and attending
physicians, by receipt of antibiotic CDSS recommendations

Characteristics

Non-receipt of

CDSS

recommendations

Total, N

Demographic data
Age, mean (SD)
Males, N (%)
Ethnicity, N (%)
Chinese
Malay
Indian
Other
Singapore residents, N (%)
Private ward class, N (%)
Medical history
Co-morbidities, N (%)
Diabetes mellitus

Cardiovascular disease
Liver disease

Renal disease
Neoplasia

Central nervous system disease
Chronic pulmonary disease

Charlson's comorbidity index >5, N (%)
Prior hospitalization (90 days), N (%)
Prior antibiotics (180 days), N (%)

Current Admission
Length of stay prior to antibiotics, mean (SD)

Day of antibiotic prescription, N (%)
Weekend or Public Holiday
Weekday

Time of antibiotic prescription, N (%)
Night?

Day

Diagnosed infection, N (%)
Pneumonia
Sepsis
Urinary tract infection

60

Receipt of
CDSS
recommendations
470
74.8 (14.5)
261 (55.5
379 (80.6)
45 (9.6)
25 (5.3)
21 (4.5)
453 (96.4)
34 (7.2)
161 (34.3)
104 (22.1)
16 (3.4)
91 (19.4)
70 (14.9)
92 (19.6)
50 (10.6)
54 (11.5)
212 (45.1)
370 (78.7)
8.1 (16.8)
129 (27.5)
341 (72.6)
197 (41.9
273 (58.1)
403 (85.7)
26 (5.5)
13 (2.8)

1416

71.8
793

1083
148
109

76

1347

138

449

235
52

298
225

302
109

201

539
1106

9.6

407
1009

502
914

810
189
169



Table 5.1. (Continued)

Characteristics

Non-receipt of
CDSS
recommendations

Hepatobiliary or Intra-abdominal

Other

lliness severity, N (%)

C-reactive protein®>100mg/|

Leukocyte count <4 or >12x10"9/I

Serum creatinine¢ >130umol/l

Intensive care unit admission, N (%)

Prescribi

ng physician, N (%)

Senior

Junior

Attending physician, N(%)

Ethnic
Ethnic
Other

Chinese
Indian
Ethnicity

Clinical specialties, N (%)
Medical

Internal Medicine
Geriatric Medicine
Neurology

Respiratory Medicine
Cardiology

Infectious Disease
Hematology & Oncology
Gastroenterology
Rehabilitation Medicine
Palliative Medicine
Renal Medicine

Rheumatology, Allergy,
& Immunology

Dermatology
Psychological Medicine

Surgical

General Surgery

Receipt of
CDSS

recommendations
19 (4.0)
9 (1.9)
168 (39.0)
232 (49.4)
105 (22.4)
37 (7.9)
48 (10.2)
422 (89.8)
341 (72.6)
92 (19.6)
37 (7.9)
151 (32.1)
76 (16.2)
50 (10.6)
38 (8.1)
31 (6.6)
11 (2.3)
8 (1.7)
10 (2.1)
5 (1.1)
5 (1.1)
4 (0.9)
1 (0.2)
0 (0.0)
1 (0.2)
38 (8.1)

61

128
120

497
724
401
181

143
1273

1041
284
91

359
149
144
112
80
42
41
34
20
15
15
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Table 5.1. (Continued)

Characteristics

Receipt of
CDSS
recommendations

Non-receipt of
CDSS
recommendations

Neurosurgery 20 (4.3) 75 (5.3)
Orthopedic Surgery 14 (3.0) 70 (4.9)
Urology 7 (1.5) 15 (1.1)
Otolaryngology 0 (0.0) 10 (0.7)

Clinical outcomes, N (%)
30-day Infection-related mortality 61 (13.0) 151 (10.7)
30-day All-cause mortality 97 (20.6) 264 (18.6)

2 Night is defined as physician on-call hours from 1730 hours to 0730 hours

b Missing values in CDSS recommendations receipt (39/470=8.3%) vs non-receipt (177/1416=12.5%)

groups

¢ Missing values in CDSS recommendations receipt (2/470=0.4%) vs non-receipt (8/1416=0.6%)

groups
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Table 5.2. Univariate analysis of factors associated with receipt of antibiotic CDSS recommendations
(Model 1: 2-level logistic regression analysis of data on 1886 patients seen by 575 prescribing physicians;
Model 2: 3-level logistic regression analysis of data on 1886 patients seen by 220 attending physicians in 19 clinical

specialties)
Model 1 Model 2
Factor OR (95% CI) vatue OR (95% Cl) vatue
Patient Factors
Age (years) 1.01 ( 1.01 - 1.02 ) 0.0011 1.01 ( 1.00 - 1.02 ) 0.0103
Male gender 098 ( 078 - 124 ) 0.8869 1.01 ( 082 - 126 ) 0.8998
Ethnicity
Chinese 125 ( 0783 - 215 ) 0.4147 113 ( 068 - 1.88 ) 0.6285
Malay 1.07 ( 057 - 203 ) 0.8279 099 ( 055 - 1.80 ) 0.9840
Indian 0.76 ( 037 - 154 ) 0.4437 073 ( 038 - 142 ) 0.3523
Other 1.00 . . . 1.00 .. . .
Singapore resident 136 ( 0.75 - 245 ) 0.3054 124 ( 072 - 216 ) 0.4386
Private ward class 073 ( 048 - 1.12 ) 0.1475 0.75 ( 051 - 111 ) 0.1545
Comorbidity
Diabetes mellitus 113 ( 088 - 144 ) 0.3326 1.07 ( 085 - 1.34 ) 0.5731
Cardiovascular disease 142 ( 1.06 - 191 ) 0.0174 1.38 ( 1.05 - 1.82 ) 0.0218
Liver disease 082 ( 044 - 154 ) 0.5434 094 ( 052 - 168 ) 0.8352
Renal disease 093 ( 0.81 - 1.08 ) 0.3323 091 ( 079 - 1.04 ) 0.1524
Neoplasia 099 ( 072 - 137 ) 0.9654 110 ( 0.80 - 150 ) 0.5636
CNS disease 0.88 ( 066 - 1.18 ) 0.3958 0.81 ( 060 - 1.08 ) 0.1487
Chronic pulmonary disease 138 ( 093 - 206 ) 0.1077 148 ( 1.01 - 216 ) 0.0431
Charlson's comorbidity index >5 083 ( 059 - 119 ) 0.3129 087 ( 0.63 - 1.21 ) 0.4140
Prior hospitalization (past 90 days) 1.28 ( 1.01 - 1.61 ) 0.0411 1.29 ( 1.04 - 1.61 ) 0.0202
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Table 5.2. (Continued)

Model 1 Model 2
Factor OR (95% CI) Ve OR (95% CI) Ve
Prior antibiotics (past 180 days) 1.01 ( 0.76 - 1.34 ) 0.9462 1.00 ( 0.77 - 1.30 ) 0.9894
Length of stay prior to antibiotics 1.00 ( 099 - 1.00 ) 0.3155 1.00 ( 099 - 1.00 ) 0.4064
Day of antibiotic prescription
(weekend/public holiday vs. weekday) 093 ( 072 - 121 ) 0.6003 092 ( 073 - 1.17 ) 0.5048
Time of antibiotic prescription
(Night? vs. Day) 1.34 ( 1.06 - 1.69 ) 0.0161 128 ( 1.03 - 1.59 ) 0.0255
Diagnosed Infection
Pneumonia 720 ( 3.51 - 1475 ) <.0001 6.28 ( 3.12 - 1261 ) <.0001
Sepsis 1.85 ( 0.81 - 422 ) 0.1457 1.72 ( 077 - 3.84 ) 0.1826
Urinary tract infection 1.00 ( 040 - 249 ) 0.9962 091 ( 037 - 221 ) 0.8283
Hepatobiliary or Intra-abdominal 213 ( 0.89 - 5.08 ) 0.0879 214 ( 092 - 498 ) 0.0785
Other 1.00 1.00
ICU admission 0.57 ( 0.38 - 0.87 ) 0.0081 0.68 ( 046 - 1.01 ) 0.0550
Abnormal C-reactive protein 096 ( 075 - 123 ) 0.7282 1.00 ( 095 - 1.06 ) 0.8752
Abnormal leukocyte count 095 ( 075 - 119 ) 0.6306 09 ( 078 - 119 ) 0.7390
Renal impairment® 0.69 ( 053 - 091 ) 0.0076 0.68 ( 0.53 - 0.88 ) 0.0035
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Table 5.2. (Continued)

Model 1

Model 2

Factor OR (95% CI)

value

OR (95% ClI) value

Prescribing Physician Factor
(ICC=16.5%)

Seniority level (Junior vs. Senior) 098 ( 0.63 - 1.53
Attending Physician Factor
(ICC = 0.4%)

Ethnic Chinese

Ethnic Indian

Other ethnicity - - -
Clinical Specialty Factor
(ICC = 2.3%)
Medical vs. Surgical - - -

0.9300 - - - -

0.87 ( 057 - 133 ) 0.5223

079 ( 056 - 1.42 ) 0.6230
- 1.00 . .

- 1.71 ( 119 - 246 ) 0.0037

Abbreviations: CNS, central nervous system; ICC, intraclass correlation coefficient; ICU, intensive care unit; OR, odds ratio; Cl, confidence

interval
@ Night is defined as physician on-call hours from 1730 hours to 0730 hours
b Creatinine level >130umol/l within 7 days of antibiotic prescription
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Table 5.3. Multivariable analysis of predictors of receipt of antibiotic CDSS recommendations
(Model 1: 2-level logistic regression analysis of data on 1886 patients seen by 575 prescribing physicians;
Model 2: 3-level logistic regression analysis of data on 1886 patients seen by 220 attending physicians in 19 clinical specialties)

Model 1* Model 2*
Factor Adjusted (95% CI) I (95% CI) Ve
Patient Factors
Age (years) 1.00 ( 099 - 1.01 ) 0.6898 1.00 ( 0.99 1.01 ) 0.9084
Male gender 095 ( 074 - 122 ) 0.7139 0.97 ( 0.77 1.22 ) 0.7829
Ethnicity
Chinese 0.86 ( 045 - 165 ) 0.6508 0.84 ( 0.46 1.54 ) 0.5675
Malay 092 ( 044 - 191 ) 0.8265 091 ( 0.46 1.81 ) 0.7948
Indian 053 ( 024 - 1.18 ) 0.1192 0.54 ( 0.26 1.13 ) 0.1044
Other 1.00 . . . 1.00 . . .
Singapore resident 0.77 ( 036 - 163 ) 0.4898 0.79 ( 0.39 1.60 ) 0.5099
Private ward class 071 ( 043 - 1.18 ) 0.1893 0.72 ( 0.45 1.15 ) 0.1650
Cardiovascular disease 1.34 ( 096 - 1.87 ) 0.0900 1.27 ( 0.93 1.74 ) 0.1319
Charlson's comorbidity index >5 0.81 ( 056 - 1.17 ) 0.2678 0.80 ( 0.57 1.14 ) 0.2211
Prior hospitalization (past 90 days) 132 ( 1.01 - 171 ) 0.0399 136 ( 1.07 1.74 ) 0.0134
Prior antibiotics (past 180 days) 099 ( 072 - 135 ) 0.9345 098 ( 0.73 1.31 ) 0.8747
Length of stay prior to antibiotics 1.00 ( 099 - 1.00 ) 0.7512 1.00 ( 0.99 1.00 ) 0.8726
Time of antibiotic prescription
(Night2 vs. Day) 125 ( 098 - 160 ) 0.0777 1.20 ( 0.96 1.51 ) 0.1136
Diagnosed infection
Pneumonia 6.77 ( 3.28 - 13.99 ) <.0001 6.19 ( 3.04 12.61 ) <.0001
Sepsis 1.85 ( 0.80 - 424 ) 0.1477 1.74 ( 0.78 3.92 ) 0.1784
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Table 5.3. (Continued)

Model 1* Model 2*
Adjusted P Adjusted P
Factor OR (95% CI) value OR (95% CI) value
Urinary tract infection 0.93 0.37 2.35 0.8839 091 ( 037 - 224 ) 0.8444
Hepatobiliary or
Intra-abdominal 2.01 0.83 4.86 0.1195 202 ( 086 - 477 ) 0.1079
Other 1.00 . . . 1.00 . . .
Renal impairment® 0.70 0.52 0.93 0.0166 0.70 ( 053 - 0.91 ) 0.0090
ICU admission 0.38 0.21 0.66 0.0007 044 ( 0.26 - 0.77 ) 0.0040
ICU admission by Cardiovascular disease 3.97 1.60 9.81 0.0029 3.76 ( 1.60 - 8.83 ) 0.0024
Prescribing Physician Factor
(ICC=13.3%)
Seniority level (Junior vs. Senior) 0.95 0.60 1.49 0.8105 - - - -
Attending Physician Factor
(ICC = 0.3%) - - - -
Clinical Specialty Factor
(ICC = 0.7%)
Medical vs. Surgical - - - - 116 ( 0.78 - 1.783 ) 0.4595

Abbreviations: ICC, intraclass correlation coefficient; ICU, intensive care unit; OR, odds ratio; Cl, confidence interval

a Night is defined as physician on-call hours from 1730 hours to 0730 hours
® Creatinine level >130pmol/l within 7 days of antibiotic prescription

* Model 1: ROC = 0.8212; Fit statistics (-2 Log Likelihood = 1894.34 AlC=1940.34, AICC = 1940.34 BIC= 2040.37)
Model 2: ROC = 0.7154; Fit statistics (-2 Log Likelihood = 1911.92 AlC=1959.92, AICC = 1960.57 BIC= 1982.59)
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Table 5.4. Multivariable 2-level regression analysis of predictors of receipt of antibiotic CDSS recommendations
(Model 1: 2-level log-binomial regression analysis of data on 1886 patients seen by 575 prescribing physicians;
Model 2: 2-level Poisson regression analysis of data on 1886 patients seen by 575 prescribing physicians)

Model 1* Model 2*
P

Factor RR (95% CI) value RR (95% CI) P value
Patient Factors
Age (years) 1.00 ( 1.00 - 1.01 ) 0.5313 1.00 ( 099 - 1.01 ) 0.6808
Male gender 098 ( 083 - 115 ) 0.7721 097 ( 081 - 118 ) 0.7843
Ethnicity

Chinese 089 ( 058 - 138 ) 0.6130 088 ( 053 - 145 ) 0.6149

Malay 09 ( 060 - 155 ) 0.8731 094 ( 054 - 165 ) 0.8387

Indian 067 ( 039 - 114 ) 0.1355 065 ( 035 - 120 ) 0.1686

Other 1.00 . . . 1.00
Singapore resident 086 ( 051 - 144 ) 0.5656 084 ( 046 - 152 ) 0.5614
Private ward class 077 ( 054 - 1.09 ) 0.1400 078 ( 052 - 116 ) 0.2140
Cardiovascular disease 119 ( 097 - 145 ) 0.1007 119 ( 093 - 152 ) 0.1722
Charlson's comorbidity index >5 08 ( 066 - 1.09 ) 0.1868 083 ( 062 - 1.11 ) 0.2030
Prior hospitalisation (past 90 days) 129 ( 1.03 - 1.43 ) 0.0237 124 ( 1.01 - 151 ) 0.0364
Prior antibiotics (past 180 days) 09 ( 079 - 1.18 ) 0.7053 098 ( 077 - 125 ) 0.8953
Length of stay prior to antibiotics 0999 ( 0.995 - 1.004 ) 0.7966 1.000 ( 0995 - 1.004 ) 0.8766
Time of antibiotic prescription
(Night? vs. Day) 115 ( 099 - 135 ) 0.0700 114 ( 095 - 138 ) 0.1555
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Table 5.4. (Continued)

Model 1* Model 2*
P
Factor RR (95% CI) value RR (95% CI) P value
Diagnosed infection
Pneumonia 442 ( 233 - 838 ) <.0001 454 ( 2.33 8.87 ) <.0001
Sepsis 176 ( 085 - 364 ) 0.1255 1.75 ( 0.82 3.75 ) 0.1501
Urinary tract infection 098 ( 043 - 222 ) 0.9534 099 ( 0.42 232 ) 0.9759
Hepatobiliary or Intra-abdominal 189 ( 0.88 - 4.03 ) 0.1010 1.83 ( 0.82 409 ) 0.1409
Other 1.00 1.00
Renal impairment® 080 ( 066 - 097 ) 0.0217 0.79 ( 0.63 0.99 ) 0.0428
ICU admission 050 ( 0.32 - 0.78 ) 0.0021 048 ( 0.30 0.78 ) 0.0031
ICU admission by Cardiovascular disease 246 ( 135 - 451 ) 0.0035 275 ( 1.37 550 ) 0.0043
Prescribing Physician Factor
Seniority level (Junior vs. Senior) 099 ( 075 - 132 ) 0.9542 1.01 ( 0.75 1.37 ) 0.9395

Abbreviations: ICU, intensive care unit; RR, risk ratio; Cl, confidence interval

a Night is defined as physician on-call hours from 1730 hours to 0730 hours

b Creatinine level >130umol/l within 7 days of antibiotic prescription
* Model 1: ROC 0.8008; Fit statistics (-2 Log Pseudo-Likelihood 7677.71); Model 2: ROC 0.7007; Fit statistics (-2 Log Pseudo-Likelihood 7839.79)

69



Table 5.5. Multivariable 3-level regression analysis of predictors of receipt of antibiotic
CDSS recommendations (3-level Poisson regression analysis of data on 1886 patients

seen by 220 attending physicians in 19 clinical specialties)

Model*
Factor RR (95% CI) P value
Patient Factors
Age (years) 1.00 ( 0.99 1.01 ) 0.6871
Male gender 0.97 ( 0.81 1.18 ) 0.7900
Ethnicity
Chinese 0.87 ( 0.52 1.43 ) 0.5788
Malay 0.93 ( 0.53 1.63 ) 0.7924
Indian 0.64 ( 0.34 1.19 ) 0.1552
Other 1.00
Singapore resident 0.84 ( 0.46 1.51 ) 0.5535
Private ward class 0.78 ( 0.52 1.16 ) 0.2196
Cardiovascular disease 1.17 | 0.91 1.50 ) 0.2094
Charlson's comorbidity index >5 0.84 ( 0.63 1.13 ) 0.2529
Prior hospitalisation (past 90 days) 1.23 ( 1.01 1.51 ) 0.0367
Prior antibiotics (past 180 days) 0.98 ( 0.77 1.24 ) 0.8421
Length of stay prior to antibiotics 1.000 ( 0.996 1.004 ) 0.9601
Time of antibiotic prescription (Night? vs. Day) 1.14 ( 0.94 1.37 ) 0.1768

70



Table 5.5. (Continued)

Model*
Factor RR (95% CI) P value
Diagnosed infection
Pneumonia 433 ( 221 - 8.49 ) <.0001
Sepsis 1.66 ( 0.77 - 357 ) 0.1950
Urinary tract infection 0.95 ( 040 - 224 ) 0.9092
Hepatobiliary or Intra-abdominal 1.83 ( 082 - 410 ) 0.1395
Other 1.00
Renal impairment® 0.79 ( 063 - 0.99 ) 0.0379
ICU admission 0.52 ( 032 - 0.86 ) 0.0101
ICU admission by Cardiovascular disease 2.64 ( 131 - 529 ) 0.0065
Clinical Specialty Factor
Medical vs. Surgical 1.17 ( 090 - 1.58 ) 0.2330

Abbreviations: ICU, intensive care unit; RR, risk ratio; Cl, confidence interval

2Night is defined as physician on-call hours from 1730 hours to 0730 hours

b Creatinine level >130umol/l within 7 days of antibiotic prescription

* Model: ROC 0.7029; Fit statistics (-2 Log Pseudo-Likelihood 7847.79)
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5.5 DISCUSSION

The finding that only one-quarter of patients who were prescribed piperacillin-tazobactam or a
carbapenem for empiric therapy received antibiotics according to ARUSC recommendations
showed that there was room for improvement in the quality of care for patients with infections.
The patients in this study represented a population with poorer chronic health status (13.5%
CCI>5) and who were more severely ill (11.6% ICU admission, 19.1% 30-day all-cause mortality).
The use of antibiotic therapies containing broad-spectrum antibiotics such as piperacillin-
tazobactam, imipenem, or meropenem have been observed to be associated with non-adherence
with local written guidelines for empiric therapy (91). Therefore, it is not surprising that adherence
to recommendations by the antibiotic CDSS was low for our patient population. Piperacillin-
tazobactam and carbapenems are generally used to treat more aggressive infections where the
attending physicians' inputs might influence prescribing choice. The adherence rate in our study
was comparable to the findings in medium-sized Dutch hospitals where empiric antibiotics
prescribed according to national guidelines ranged from 5-59% (87). Qualitative studies have
suggested that physicians tended to consider their patients to be outside the boundaries of local

evidence-based antibiotic guidelines and policies (81).

We did not identify any physician or clinical specialty factor that was associated with patient
receipt of ARUSC recommendations. We examined the effect of the attending physician's
ethnicity on patients' receipt of ARUSC recommendations, but did not observe any. Some studies
have suggested associations between physician ethnicity and clinical practice including antibiotic
prescribing (96,97). The use of a decision support algorithm based on patients' clinical parameters
could have removed the effect of physicians' antibiotic preferences influenced by their ethnicities
and cultures. We also did not identify any differences in patient receipt of ARUSC

recommendations between the seniority levels of prescribing physicians and clinical specialties
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of attending physicians, after adjusting for differences in patient characteristics and clinical
factors. Differences in adherence rates with antimicrobial guidelines by physicians from different
clinical specialties and seniority levels were observed in previous studies on guidelines
(29,85,90), but physician characteristics associated with physicians’ acceptance or patients’

receipt of antibiotic CDSS recommendations have not been reported.

Several patient factors were identified to be associated with receipt of ARUSC antibiotic
recommendations. Patients who were hospitalized in the preceding 90 days were 30% more likely
to receive ARUSC recommendations. This finding has not been reported in previous studies on
adherence with antibiotic guidelines. It is likely that patients with recent hospitalizations were more
likely to be treated empirically for possible nosocomial infections and ARUSC recommendations
for such infections included more broad-spectrum antibiotics for which physicians were more likely

to accept.

A diagnosis of pneumonia was highly associated with the receipt of ARUSC recommendations.
Other studies have reported similar findings with adherence to hospital antimicrobial guidelines
(29,33). ARUSC-recommended antibiotic regimen for nosocomial pneumonia included
piperacillin-tazobactam, which was the antibiotic prescribed by the physician. Patients with
cardiovascular disease were 1.3 times as likely as those without to receive ARUSC
recommendations. Menendez et al reported similar findings for adherence to the Spanish
guidelines for the empiric treatment of community-acquired pneumonia (90). Interestingly,
patients with cardiovascular disease admitted to the ICU were even more likely to receive

ARUSC's antibiotic recommendations.
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We identified several patient factors that could be targeted for enhancement of ARUSC, to
improve patients’ receipt of its recommendations, namely patients admitted to the ICU and those
with renal impairment. We found that ICU patients were 60% less likely to receive ARUSC
recommendations. Several studies reported similar decrease in adherence to hospital antibiotic
guidelines for ICU patients (88,90). It was suggested that non-adherence might have been driven
by the inability of guidelines to cover all encountered clinical conditions (98). It is likely that
severely ill patients require additional considerations for their antibiotic therapy needs that were
not covered by ARUSC although it was tailored to incorporate patient-specific data. The
complexity of the ICU patient may have to be considered in addition to the parameters provided
for general inpatients. Likewise, for patients with renal impairment, receipt of ARUSC
recommendations was observed to be 30% lower than patients with normal renal function. This
could be due to the perceived nephrotoxicity of ARUSC-recommended antibiotics such as the
aminoglycosides. ARUSC could be enhanced to provide more detailed information on such
antibiotics for physician education and assurance of their safe utilization. The dose adjustments
required by patients with renal impairment have already been accounted for in ARUSC's
recommendations. Mettler et al has reported an even higher reduction in empiric guidelines
adherence (42%) with renal failure patients (91). As with other studies, the patient's age was not

found to be associated with patient receipt of ARUSC recommendations (33,66).

Strengths and Limitations

Our study has several strengths. First, it followed up a cohort of hospitalized patients longitudinally
from the initiation of an electronic antibiotic prescription up to 30 days post-discharge from
hospital. The unique patient identifier and admission episode number allowed for electronic
linkages across medical and pharmacy records, and administrative databases. As such, all data

were electronically collated and any measurement error and misclassification of exposures was
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likely to be minimal. Unlike most studies assessing adherence to antibiotic guidelines which
involved study investigators manually reviewing prescriptions that was error-prone and
challenged with inter-rater reliability issues, our study electronically matched antibiotics
prescribed on the CPOE system with ARUSC recommendations to determine patient receipt of
ARUSC's antibiotic recommendations. Hence, the outcome measure was not subject to

measurement error or differential misclassification.

Another major strength of the study was the use of multilevel modelling techniques to account for
the clustering of patients within prescribing physicians, and within attending physicians and
clinical specialties. Many previous studies were not able to do so, and employed standard
modelling techniques which were prone to type | error. Furthermore, we were able to study and
estimate the relative effects of prescribing physician, attending physician, and clinical specialty
on patients’ receipt of recommendations by an antibiotic CDSS. Further analyses using log-
binomial and Poisson regression models to estimate risk ratios yielded expectedly smaller effect

sizes, but the results corroborated with our findings with the logistic regression models.

Our study may be limited by the inability to study certain patient and physician factors, due to the
non-availability of electronic data. We could not explain the relatively large variation between
prescribing physicians as the very characteristics of prescribing physicians that could have
explained the differences remained unmeasured and unknown in our study. However, physicians’
characteristics may not be amenable barriers to patients’ receipt of recommended antibiotics.
Focusing on specific patient populations rather than physicians for the enhancement of antibiotic
CDSS makes the prevention of patients' non-receipt of its recommendations more feasible (66).

Our study population did not include children and our findings could not be generalized to pediatric
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populations. Nonetheless, our findings may be applied to other adult tertiary-care centers where

antibiotic CDSSs are used.

This study gave insight into predictors of patients’ receipt of antibiotic CDSS recommendations.
While the prescribing physician accounted for some of the differences, the attending physician
and clinical specialty were not associated with patients’ receipt of CDSS recommendations.
Patients admitted to the ICU or who had renal impairment were less likely to receive CDSS-
recommended antibiotics. Enhancements to the antibiotic CDSS can help address some of the
unique patient needs, but the more complex clinical conditions and antibiotic needs of such

patients may require a physician's assessment in addition to the CDSS recommendations.
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6. COMPARATIVE EFFECTIVENESS AND MODIFIERS OF EFFECT OF ANTIBIOTIC
COMPUTERIZED DECISION SUPPORT SYSTEM RECOMMENDATIONS ON PATIENT
CLINICAL OUTCOMES AND MORTALITY

6.1 ABSTRACT

Introduction

Antibiotic computerized decision support systems (CDSSs) have been shown to improve
antibiotic prescribing, but evidence of beneficial patient outcomes is limited. Physicians are
primarily concerned with individual patients’ clinical outcomes rather than risk of antibiotic
resistance in their antibiotic choices. Providing information on the benefits of improved clinical
outcomes is essential to increase physicians' acceptance of antibiotic CDSSs. We aim to evaluate

the comparative effectiveness and modifiers of effect of antibiotic CDSSs on clinical outcomes.

Methods

We assembled a prospective inpatient cohort in a 1500-bed tertiary care hospital in Singapore,
with its homegrown antibiotic CDSS that integrates antimicrobial stewardship with electronic
prescribing, starting from automatically-triggered launch of CDSS at the point of antibiotic

prescribing to 30 days post-hospital discharge or 180 days post-antibiotic prescription.

All patients hospitalized from October 1, 2011 through September 30, 2012 and prescribed
piperacillin-tazobactam or a carbapenem for empiric therapy resulting in the automatic trigger of
the CDSS to receive antibiotic recommendations were included. Receipt of antibiotics
recommended by CDSS was determined by matching antibiotics on electronic prescription with
CDSS-recommended antibiotics. Primary outcome was 30-day all-cause mortality. Secondary
outcomes included incidence of Clostridium difficile infection (CDI) and multidrug resistant

organism (MDRO) infection, and 30-day infection-related readmission.

77



Results

One-quarter of 1886 eligible inpatients received CDSS-recommended antibiotics. More patients
treated for pneumonia (33.2%) than sepsis (12.1%) and urinary tract infection (7.1%) received
CDSS recommendations. Receipt of recommendations seemed to halve all-cause mortality risk
among patients (OR 0.54, 95% CI 0.26-1.10, P = 0.09). Patients aged 65 years or younger had a
greater mortality benefit (OR 0.45, 95% CI1 0.20-1.00, P = 0.05) than patients older than 65 years
(OR 1.28, 95% Cl 0.91-1.82, P = 0.16). Receiving CDSS recommendations did not affect the
incidences of Clostridium difficile (OR 1.02, 95% CI 0.34-3.01, P = 0.97) and multidrug resistant
organism infections (OR 1.06, 95% CI 0.42-2.71, P = 0.90). No increase in infection-related

readmission (OR 1.16, 95% CI 0.48-2.79, P = 0.74) was found in survivors.

Conclusion

Receipt of antibiotic CDSS recommendations reduced mortality risk in patients aged 65 years or
younger, and did not increase the risk in older patients. Physicians should be informed of the

benefits to patients to increase their acceptance of CDSS recommendations.

6.2 INTRODUCTION

Antibiotics are among the major developments in modern medicine, saving countless lives over
the decades (27). They are commonly prescribed in hospitals. Worldwide, hospital antibiotic use
has increased substantially (7,9). Approximately 60% of adults admitted to US hospitals received
at least one dose of antibiotics during their stay (61). However, some 41 to 91% of antibiotics

prescribed in hospitals are considered inappropriate (20).

Overuse and misuse of antibiotics have driven the emergence of antimicrobial resistance (67,68).
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Antimicrobial resistance is a serious threat to public health, heralding the approach of a post-
antibiotic era (4). Antimicrobial stewardship programs have been established in many hospitals
to facilitate the optimal use of antibiotics (9,23,61,84,85). Furthermore, antibiotic computerized
decision support systems (CDSS) are developed to improve antibiotic decision making through
accessibility of patient-specific clinical data and local antibiotic guidelines, at the point of
prescribing (17,42—44,65,77). Antibiotic CDSSs are particularly useful for antibiotic selection for
empiric therapy, as optimal selection is complex when the causative pathogen is unknown
(29,61,74). Appropriate empiric treatment is crucial for resolution of infection and reduction of

morbidity and mortality (61,66).

Antimicrobial stewardship can improve antibiotic prescribing and clinical outcomes in hospital
inpatients (9). Antibiotic CDSS could further enhance antibiotic prescribing (17,34), but evidence
on CDSS benefits on clinical outcomes is limited (8). While most physicians recognize the
emergence of antimicrobial resistance as an important problem, they are primarily concerned with
individual patients’ clinical outcomes rather than the risk of resistance in their antibiotic choices
(84). Understanding the clinical benefits of CDSS is essential to increase physicians' confidence

in and acceptance of antibiotic CDSS recommendations.

We conducted a prospective cohort study to evaluate the comparative effectiveness of a tertiary
hospital's homegrown antibiotic CDSS, Antimicrobial Resistance Utilization and Surveillance
Control (ARUSC) (Appendix 1), on mortality, readmission, the incidence of Clostridium difficile
infection (CDI), and multidrug resistant organism (MDRO) infection, and the modification of these

effects by patient factors.
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6.3 METHODS

Study setting and population

The study was conducted in Tan Tock Seng Hospital, a 1500-bed tertiary-care academic center
that serves a diverse ethnic, adult medical and surgical population in Singapore. In 2009, the
hospital launched its in-house antibiotic CDSS, ARUSC, which integrates antimicrobial
stewardship with its computerized physician order entry (CPOE) system and provides patient-
specific evidence-based antibiotic recommendations at the point of prescribing (65). Inputs from
all clinical departments were considered in the development of ARUSC. From September 12,
2011, all inpatient prescriptions of piperacillin-tazobactam or a carbapenem automatically
triggered a clinical decision support algorithm in ARUSC. A prescription can be made for empiric,
prophylactic, or definitive therapy. Empiric therapy is the initiation of antibiotic treatment prior to
the identification of the infection-causing microorganism, for which ARUSC recommends the
narrowest-spectrum antibiotic appropriate for common organisms for the diagnosed infection,
based on local epidemiology and antibiotic susceptibility patterns. The prescribing physician can

either accept or override ARUSC antibiotic recommendations.

All patients admitted to the hospital, from October 1, 2011 through September 30, 2012, who were
prescribed piperacillin-tazobactam or a carbapenem for empiric therapy and automatically
triggered to receive antibiotic recommendations by ARUSC were included in the study.
Prescriptions for prophylactic or definitive therapy were excluded. We chose to focus our study
on empiric therapy, as empiric antibiotic prescriptions were found to be the least concordant with
antibiotic guidelines (29). Furthermore, empiric antibiotics are usually the first antibiotics received
by a patient in an infective episode; appropriate empiric antibiotics is a critical determinant of

clinical outcomes (66) .
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Study design

We assembled a prospective observational cohort comprising eligible inpatients based on the
inclusion criteria described above, starting from the automatically-triggered launch of ARUSC at
the point of antibiotic prescribing up to 30 days post-discharge from hospital or 180 days post-

antibiotic prescription, whichever was later.

Outcome variables

We selected 30-day all-cause mortality as the primary outcome, since the key benefit of
appropriate empiric antibiotic therapy is 30-day survival gain (17). As secondary outcomes, we
assessed the incidence of CDI and MDRO infection (>2 days and <=180 days after antibiotic
prescription) (99). A CDI was defined as concurrent positive results on fecal samples from parallel
testing for C. difficile toxin and C. difficile-specific enzyme glutamate dehydrogenase antigen
using the Techlab C. difficile Quik Chek Complete test, without a positive test during the preceding
8 weeks (repeat positive tests during this period suggest recurrence rather than incidence) (100).
Whenever there was discordance in the results of the two tests, a confirmatory GeneXpert C.
difficile polymerase chain reaction test for the presence of C. difficile genetic material was carried
out. We defined MDRO as a bacterium that is resistant to three or more of five antibiotic classes
(101). Additionally, we evaluated the incidence of 30-day infection-related readmission rates
among survivors. Readmission within 30 days of hospital discharge was a proxy for non-resolution
of the infection. We assessed readmission only in survivors of the hospitalization episode, as non-

survivors would not be at risk of readmission.
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Exposure variable

Patients’ receipt of antibiotics recommended by ARUSC was determined by electronically
matching antibiotics prescribed in the institutional CPOE system with those recommended by
ARUSC. A patient was classified as having received ARUSC intervention if the antibiotics

matched exactly on the drug prescribed, including dose, route, and frequency of administration.

Covariates

Relevant patients’ characteristics included socio-demographic data (age, gender, ethnicity,
resident status, and ward class), comorbidities, illness severity, admission to an intensive care
unit (ICU) at the time of prescribing, prior antibiotic exposure within 180 days and proton pump
inhibitor exposure within 90 days preceding current prescription, prior hospitalization within 90
days preceding current admission, diagnosed infection for current antibiotic therapy, and the time

and day of week when the prescription was made.

We dichotomized age to <=65 and >65 years, representing younger and older age groups. Ward
class was based on admission to a private or subsidized room, and used as a surrogate measure
of the patient's socioeconomic status. We defined comorbidities as follows. Diabetes mellitus: a
diagnosis of diabetes with or without complications. Cardiovascular disease: coronary artery
disease or congestive heart failure. Liver disease: liver disease of any severity. Renal disease:
moderate to severe renal disease. Neoplasm: solid malignant tumor, leukemia, lymphoma, or any
metastasis. Central nervous system (CNS) disease: cerebrovascular disease, dementia. Chronic
pulmonary disease: chronic obstructive pulmonary disease. Charlson’s comorbidity index (CCI)
(92) was derived from the hospital discharge database using coding algorithms developed by

Quan H et al (93). CCl was then categorized into <=5 and >5, representing good and poor chronic
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health status. Iliness severity was determined using biochemical markers measured within 7 days
of the prescription. We used C-reactive protein >100mg/l and leukocyte count <4 or >12x10%I as
proxies for severe infection, and serum creatinine >130umol/l as proxy for renal impairment (33).
Data were obtained electronically from ARUSC, institutional electronic medical and pharmacy

records, and admission and discharge databases.

The prescribing physician was the physician who initiated the empiric antibiotic prescription that
led to the automatically-triggered ARUSC launch. The attending physician was the physician who
was primarily responsible for the patient’s clinical care and outcome for the hospitalization
episode. Physicians’ characteristics collected included the prescribing physician’s seniority, and
the attending physician’s ethnicity and clinical specialty. Prescribing physicians’ seniority was
determined by their designation. Interns and residents were classified as juniors, whereas fellows
and attending as seniors. Data on physicians’ designation and ethnicity were obtained from the
institution’s human resource database and matched to the identity and clinical specialty data in

ARUSC.

Statistical analysis

First, we used appropriate descriptive statistics to summarize patients’ characteristics, their
respective prescribing and attending physicians and clinical specialties, their receipt of ARUSC
antibiotic recommendations and subsequent clinical outcomes by diagnosed infection. Next, we
explored the relationships between the receipt of ARUSC recommendations, various patients’
and physicians’ characteristics, and each clinical outcome using multilevel logistic regression
models with random intercepts. We fitted two types of such models: model 1 involved nesting of

patients within their prescribing physicians, and model 2 nested patients within their attending
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physicians who in turn were nested within their clinical specialties, to account for clustering within
prescribing physicians and clustering within attending physicians and clinical specialties
respectively. Finally, we constructed two multivariable adjusted multilevel logistic regression
models to assess the effect of ARUSC recommendations on each outcome, accounting for
potential confounding. We included variables decided a prior as factors associated with each
clinical outcome patrticularly those based on prior knowledge to be associated with adherence to
antibiotic guidelines in general (not specific for antibiotic CDSS due to limited information on
antibiotic CDSS). Collinearity among covariates was assessed by means of the Pearson’s
correlation coefficient. Strongly correlated variables were excluded from the multivariable models.
Statistical interactions between age, comorbidities, infectious diagnoses, illness severity, and
receipt of ARUSC recommendations, were respectively explored and product terms included in
the models where appropriate. We estimated the odds ratios (OR) and corresponding 95%
confidence intervals (Cl) for each association. The percentages of the total outcome variances
that could be explained by differences between prescribing physicians, attending physicians, and
clinical specialties respectively were computed (94). To further adjust for potential confounding
due to differences in baseline characteristics in patients who received and did not receive ARUSC
recommendations, we estimated propensity scores from multilevel exposure models on the
receipt of ARUSC recommendations (102,103). Doubly robust estimates were obtained by
combining propensity scoring with the multivariable adjusted multilevel logistic regressions above.
We compared the results with estimates from the outcome models based on multivariable
adjusted multilevel logistic regressions. We conducted further sensitivity analyses by excluding
patients whose hospital stay was more than 7 days prior to the antibiotic prescription. We used
multiple-imputation for measurement error (MIME) correction for adjustment of potential
misclassification of CCl based on a validation sub-study of 198 patients that were randomly
sampled from the total cohort for whose medical records were manually reviewed by a physician

for the presence of comorbidities (104). Finally, we assessed non-participation and used inverse-
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probability-of-selection-weighting to adjust for any potential selection bias. All analyses were

performed using SAS version 9.3 (SAS Institute Inc, Cary, NC).

Ethical approval for the study was obtained from the National Healthcare Group Domain Specific

Research Board and UCLA Institutional Review Boards.

6.4 RESULTS

Patient characteristics

During the one-year study period, a total of 1886 inpatients at Tan Tock Seng Hospital were
automatically triggered to receive antibiotic recommendations by ARUSC for prescriptions of

piperacillin-tazobactam or a carbapenem for empiric therapy.

Pneumonia (64.3%) was the most commonly diagnosed infection, among which patients were the
oldest (mean 74.9 years, SD 14.5). Patients with hepatobiliary or intra-abdominal infections had
the poorest chronic health status and most severe illness, with almost one-fifth having a CCl >5
(22.5 %) and ICU admission (20.4%) respectively. A much higher proportion of patients treated
for pneumonia (33.2%) received ARUSC-recommended antibiotics, compared with patients with
sepsis (12.1%) and urinary tract infection (7.1%). Patients with a diagnosis of sepsis had the
highest 30-day all-cause mortality (28.8%), while patients diagnosed with urinary tract infection
had the highest incidence of CDI (8.2%). Among survivors of the hospitalization episode, 11.2%

were readmitted for infection-related causes within 30 days.

Data on patient demographics, comorbidities, illness severity, infectious diagnoses, and clinical

outcomes, and the prescribing and attending physician characteristics are presented in Table 6.1.
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30-Day All-cause Mortality

Univariate and Multivariable analyses

In univariate analysis, patient factors were similarly associated with 30-day all-cause mortality in
both models (Table 6.2). Age>65 (Model 1: OR 1.63, 95% CI 1.24-2.14; Model 2: OR 1.61, 95%
Cl11.22-2.13), CCI>5 (Model 1: OR 1.96, 95% Cl 1.45-2.64; Model 2: OR 2.13, 95% CI1 1.56-2.91),
pneumonia (Model 1: OR 2.04, 95% CIl 1.15-3.61; Model 2: OR 1.92, 95% CI 1.07-3.44), sepsis
(Model 1: OR 3.33, 95% CI 1.77-6.24; Model 2: OR 3.17, 95% CI 1.67-6.00) , and ICU admission
(Model 1: OR 1.72, 95% CI 1.25-2.38; Model 2: OR 2.05, 95% CI 1.43-2.95) , were positively
associated with mortality. The prescribing physician did not contribute to the variation in mortality,

while the attending physician (0.4%) and clinical specialty (1.7%) accounted for small variances.

After controlling for potential confounding in the multivariable multilevel models, receipt of ARUSC
antibiotic recommendations was marginally associated with mortality reduction (Model 1: OR
0.54, 95% C10.27-1.11; Model 2: OR 0.52, 95% CIl 0.26-1.06). Age>65 (Model 1: OR 1.46, 95%
Cl 1.06-2.01; Model 2: OR 1.43, 95% CI 1.03-1.98) , CCI>5 (Model 1: OR 1.97, 95% CI 1.44-
2.68; Model 2: OR 2.12, 95% CI 1.54-2.92), sepsis (Model 1: OR 3.00, 95% CI 1.58-5.70; Model
2: OR 2.61, 95% CI 1.30-5.26), and ICU admission (Model 1: OR 1.85, 95% CIl 1.31-2.61; Model

2: OR 2.25, 95% CI 1.54-3.29) were all associated with mortality.

In the propensity score (PS) adjusted multivariable models, the effect of the receipt of ARUSC
recommendations (Model 1: OR 0.54, 95% CI 0.26-1.10; Model 2: OR 0.52, 95% CI 0.25-1.05)
remained, and the effects of CCI>5 (Model 1: OR 2.00, 95% Cl 1.47-2.71; Model 2: OR 2.18, 95%
Cl 1.59-2.99) and ICU admission (Model 1: OR 1.96, 95% CI| 1.40-2.75; Model 2: OR 2.47, 95%

Cl1 1.70-3.58) were enhanced (Table 6.3). At the clinical specialty level, patients managed by a
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medical service were 1.5 times as likely as those managed by a surgical service to die within 30

days of the receipt of antibiotics (OR 1.53, 95% CI 1.02-2.30).

We selected the PS adjusted two-level model (Model 1: prescribing physician, patient) as the final
multivariable model, as the model provided the optimal fit overall. Interactions between the receipt
of ARUSC recommendations and age, comorbidities, illness severity, and infectious diagnoses
were assessed. Age>65 was found to interact positively with ARUSC recommendations receipt

(OR 2.32, 95% CI 1.08-4.98), and the product term was included in the final model.

After adjusting for the prescribing physician’s preference and seniority, and potential confounding
by the patient’s socio-demographic and comorbidity factors, prior hospitalization and antibiotic
exposures, current hospital length of stay prior to antibiotic prescription, time and day of
prescription, and current infectious diagnosis and ICU admission, the receipt of ARUSC
recommendations halved the mortality risks of patients (OR 0.54, 95% CI 0.26-1.10, P = 0.09)
(Table 6.3). Among patients aged 65 and below, the receipt of ARUSC recommendations reduced
mortality by 55% (OR 0.45, 95% CI 0.20-1.00, P = 0.05) (Table 6.4). However, it was not clear
whether ARUSC recommendations affected mortality in patients >65 years old (OR 1.28, 95% Cl
0.91-1.82, P = 0.16). Our study suggests that age (<=65 years) modified the effect of ARUSC
recommendation in reducing mortality risk; as such, the combined effects of age and receiving
ARUSC recommendation was larger than the combination of their component effects (OR 0.37,
95% CI 0.18-0.72, P = 0.004) (Figure 6.1). Effect estimates for age, receipt of ARUSC
recommendations, and interactions did not change notably when we restricted our population to
the 1,305 patients who had been hospitalized for 7 days or less prior to the antibiotic prescription

(Table 6.5).
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Secondary Outcomes

The multivariable two-level regression including the propensity score showed that ARUSC
recommendations had no effect on the subsequent development of CDI (OR 1.02, 95% CI 0.34-
3.01, P=0.97) and MDRO infection (OR 1.06, 95% CI 0.42-2.71, P= 0.90) among patients (Table
6.6). As for survivors of the admission episode, patients who received ARUSC-recommended
antibiotics did not appear to have increased incidence of 30-day infection-related readmission

appreciably (OR 1.16, 95% CI 0.48-2.79, P = 0.74).

Sensitivity analysis

With the correction of potential misclassification of CCl, the effect of ARUSC recommendations
on 30-day all-cause mortality was unchanged (OR 0.53, 95% CI 0.26-1.10, P = 0.09). After
adjusting for potential selection bias, the beneficial effect of ARUSC recommendations on 30-day
all-cause mortality remained (OR 0.32, 95% CI1 0.17-0.63, P < 0.01). There was also no change
in the non-effect of ARSUC recommendations on the subsequent development of CDI (OR 1.13,
95% Cl 0.38-3.33, P = 0.83) and MDRO infection (OR 1.18, 95% CI 0.43-3.21, P = 0.75), and on

30-day infection-related readmission in survivors (OR 1.66, 95% Cl 0.71-3.87, P = 0.24).
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Table 6.1. Characteristics and clinical outcomes of 1886 patients, by diagnosed infection,
October 1, 2011 to September 30, 2012

Diagnosed infection

Hepatobiliary

Urinary tract or Intra-
Characteristics Pneumonia Sepsis infection abdominal Others
Total, N (%) 1213 (64.3) 215 (11.4) 182 (9.7) 147 (7.8) 129  (6.8)
Demographic data
Age, mean (SD) 749 (145) 69.0 (159 727 (16.7) 66.7 (17.2) 625 (16.0)
Males, N (%) 710 (58.5) 119  (55.3) 75  (41.2) 79  (53.7) 71 (55.0)
Ethnicity, N (%)
Chinese 986 (81.3) 155  (72.1) 127 (69.8) 110 (74.8) 84 (65.1)
Malay 105 (8.7) 25 (11.6) 26 (14.3) 13 (8.8) 24 (18.6)
Indian 82  (6.8) 19 (8.8) 17 (9.3) 8 (5.4) 8 (6.2
Other 40  (3.3) 16 (7.4) 12 (6.6) 16 (10.9) 13 (10.1)
Singapore residents, N (%) 1170 (96.5) 203 (94.4) 174 (956) 135 (91.8) 118 (91.5)
Private ward class, N (%) 104 (8.6) 20 (9.3) 16 (8.8) 20 (13.6) 12 (9.3)
Medical history
Co-morbidities, N (%)
Diabetes mellitus 384 (31.7) 69 (32.1) 72 (39.6) 41 (27.9) 44 (34.1)
Cardiovascular disease 237 (19.5) 40 (18.6) 24 (13.2) 16 (10.9) 22 (17.1)
Liver disease 32 (2.6) 10 (4.7) 9 (5.0) 16 (10.9) 1 (0.8)
Renal disease 241 (19.9) 52 (24.2) 48 (26.4) 22  (15.0) 26 (20.2)
Neoplasia 181 (14.9) 40 (18.6) 20 (11.0) 39 (26.5) 15 (11.6)
CNS disease 277 (22.8) 48 (22.3) 44  (24.2) 9 (6.1) 16 (12.4)
Chronic pulmonary disease 143 (11.8) 6 (2.8) 6 (3.3) 3 (2.0) 1 (0.8)
Charlson’s comorbidity index >5, N (%) 151 (12.4) 35 (16.3) 25 (13.7) 33 (22.4) 11 (8.5)
Prior hospitalization, N (%) 478 (39.4) 90 (41.9) 90 (49.5) 52  (35.4) 41 (31.8)
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Table 6.1. (Continued)

Diagnosed infection

Hepatobiliary

Urinary tract or Intra-
Characteristics Pneumonia Sepsis infection abdominal Others
Prior antibiotics, N (%) 939 (77.4) 166 (77.2) 156 (85.7) 111 (75.5) 104 (80.6)
Prior proton pump inhibitors, N (%) 721 (59.4) 143 (66.5) 138 (75.8) 92 (62.6) 79 (61.2)
Current Admission
Length of stay prior to antibiotics, mean (SD) 8.9 (26.0) 87 (14.7) 111 (15.8) 5.5 (8.1) 14.9 (47.9)
Day of antibiotic prescription, N (%)
Weekend or Public Holiday 357 (29.4) 46 (21.4) 60 (33.0) 40 (27.2) 33 (25.6)
Weekday 856 (70.6) 169 (78.6 122 (67.00 107 (72.8) 96 (74.4)
Time of antibiotic prescription, N (%)
Night? 468 (38.6 75 (34.9 54  (29.7) 59  (40.1) 43 (33.3)
Day 745 (61.4) 140 (65.1) 128 (70.3) 88  (59.9) 86 (66.7)
lliness severity, N (%)
C-reactive protein®>100mg/I 415 (38.4) 74 (37.9) 58 (34.5) 58  (51.3) 60 (52.6)
Leukocyte count <4 or >12x10"9/| 584 (48.1) 123  (57.2) 89 (48.9) 88  (59.9) 72 (55.8)
Serum creatinine® >130umol/l 293 (24.2) 81 (37.7) 49 (27.5) 40 (27.6) 43 (33.6)
ICU admission, N (%) 122 (10.1) 40 (18.6) 6 (8.3) 30 (20.4) 20 (15.5)
Prescribing physician, N (%)
Senior 118  (9.7) 28 (13.0) 18 (9.9) 21 (14.3) 6 (4.7)
Junior 1095 (90.3) 187 (87.0) 164 (90.1) 126 (85.7) 123 (95.3)
Attending physician, N (%)
Ethnic Chinese 887 (73.1) 148 (68.8) 141 (77.5) 109 (74.1) 97 (75.2)
Ethnic Indian 244  (20.1) 42 (19.5) 31 (17.0) 31 (21.1) 28 (21.7)
Other Ethnicity 82 (6.8) 25 (11.6) 10 (5.5) 7 (4.8) 4 (3.1)
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Table 6.1. (Continued)

Diagnosed infection

Hepatobiliary

Urinary tract or Intra-
Characteristics Pneumonia Sepsis infection abdominal Others

Clinical specialties, N (%)

Medical 986 (81.3) 170  (79.1) 142  (78.0) 64  (43.5) 63 (48.8)

Surgical 227 (18.7) 45 (20.9) 40 (22.0) 83 (56.5) 66 (51.2)
Receipt of ARUSC recommendation, N (%) 403 (33.2) 26 (12.1) 13 (7.1) 19  (12.9) 9 (7.0
Clinical outcomes

30-day all-cause mortality, N (%) 241 (19.9) 62 (28.8) 18 (9.9) 26 (17.7) 14 (10.9)

180-day C. difficile infection, N (%) 58 (4.8) 8 (3.7) 15 (8.2) 1 (0.7) 3  (2.3)

180-day MDRO infection, N (%) 69 (5.7) 12 (5.6) 25 (13.7) 13 (8.8) 21 (16.3)

Survivors at hospital discharge

Total Survivors, N (%) 953 (63.9) 144 (9.7) 163 (10.9) 119 (8.00 113 (7.6)

30-day infection-related readmission 111 (11.6) 15 (10.4) 18  (11.0) 6 (5.0) 17 (15.0)

@ Night is defined as physician on-call hours from 1730 hours to 0730 hours
b C-reactive protein closest to prescription date (within 7 days), missing in pneumonia (133/1213=11.0%), sepsis (20/215=9.3%), urinary tract
infection (14/182=7.7%), hepatobiliary or intra-abdominal infection (34/147=23.1%) , other infections (15/129=11.6%)

¢ Creatinine level closest to prescription date (within 7 days), missing in pneumonia (3/1213=0.2%), sepsis (0/215), urinary tract infection

(4/182=2.2%), hepatobiliary or intra-abdominal infection (2/147=1.4%), other infections (1/129=0.8%)
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Table 6.2. Results of univariate and multivariable analyses of factors associated with 30-day all-cause mortality

(Model 1: 2-level logistic regression analysis of data on 1886 patients seen by 575 prescribing physicians;
Model 2: 3-level logistic regression analysis of data on 1886 patients seen by 220 attending physicians in 19 clinical specialties)

Model 1 Model 2
Non-
Survivor survivor
(n = 1525) (n = 361) Univariate analysis Multivariable analysis Univariate analysis Multivariable analysis

Factor N % N %  OR (95% Cl) vaue  OR (95% Cl) vaue  OR (95% Cl) vaue  OR (95% Cl) vane
Patient Factors
Age >65 years 1042 68.3 281 77.8 1.63 ( 1.24 2.14 ) 0.0004 146 ( 1.06 - 2.01 0.0218 1.61 ( 1.22 2.13 ) 0.0008 143 ( 1.08 1.98 0.0304
Male gender 843 55.3 211 585 1.14 ( 0.90 1.44 ) 0.2757 116 ( 091 - 1.49 0.2179 1.16 ( 0.92 1.47 ) 0.2200 1.18 ( 0.92 1.51 0.1884
Ethnicity

Chinese 1171 76.8 291 80.6 1.61 ( 0.88 2.92 ) 0.1209 117 ( 059 - 233 0.6447 1.56 ( 0.85 2.86 ) 0.1473 1.15 ( 0.57 2.33 0.6948

Malay 155 10.2 38 10.5 1.58 ( 0.80 3.14 ) 0.1873 1.39 ( 0.65 - 297 0.3942 1.55 ( 0.78 3.09 ) 0.2127 1.35 ( 0.62 2.94 0.4506

Indian 115 7.5 19 53 1.07 ( 0.50 2.28 ) 0.8660 0.88 ( 039 - 202 0.7695 1.03 ( 0.48 221 ) 0.9427 0.86 ( 0.37 1.99 0.7174

Other 84 55 13 3.6 1.00 . . . 1.00 .. .. . 1.00 .. .. .. 1.00 .. .. .
Singapore resident 1449 95.0 351 97.2 1.84 ( 0.94 3.60 ) 0.0742 122 ( 053 - 279 0.6425 1.77 ( 0.90 3.49 ) 0.0958 1.21 ( 045 3.26 0.7118
Private ward class 149 9.8 23 6.4 0.63 ( 0.40 0.99 ) 0.0455 066 ( 039 - 1.12 0.1243 0.64 ( 0.40 1.01 ) 0.0542 0.65 ( 0.38 1.13 0.1288
Comorbidity

Diabetes 503 33.0 107 29.6 0.86 ( 0.67 1.10 ) 0.2225 - - - - 0.82 ( 0.63 1.05 ) 0.1210 - - - -

Cardiovascular disease 238 15.6 101 28.0 210 ( 1.61 2.75 ) <.0001 - - - - 2.09 ( 1.58 2.76 ) <.0001 - - - -

Hepatopathy 52 34 16 4.4 1.31 ( 0.74 2.33 ) 0.3505 - - - - 1.32 ( 0.73 2.36 ) 0.3562 - - - -

Renal disease 293 19.2 96 26.6 1.23 ( 1.08 1.41 ) 0.0020 - - - - 1.21 ( 1.06 1.39 ) 0.0054 - - - -

Neoplasia 219 144 76 211 1.59 ( 1.19 2.13 ) 0.0018 - - - - 1.72 ( 1.26 2.35 ) 0.0006 - - - -

CNS disease 329 21.6 65 18.0 0.80 ( 0.59 1.07 ) 0.1345 - - - - 0.84 ( 0.61 1.15 ) 0.2767 - - - -

Chronic pulmonary disease 129 8.5 30 8.3 0.98 ( 0.65 1.49 ) 0.9271 - - - - 095 ( 0.61 1.48 ) 0.8275 - - - -
Charlson's comorbidity index >5 180 11.8 75 20.8 1.96 ( 1.45 2.64 ) <.0001 197 ( 144 - 268 <.0001 213 ( 1.56 291 ) <.0001 212 ( 1.54 2.92 <.0001
Prior hospitalization 602 39.5 149 41.3 1.08 ( 0.85 1.36 ) 0.5303 1.00 ( 0.77 - 1.30 0.9730 1.02 ( 0.81 1.30 ) 0.8412 0.97 ( 0.75 1.27 0.8458
Prior antibiotics 1190 78.0 286 79.2 1.07 ( 0.81 1.42 ) 0.6217 111 ( 0.81 - 1.53 0.5029 1.07 ( 0.80 1.42 ) 0.6644 1.07 ( 0.78 1.48 0.6650
Length of stay prior to
antibiotics >7 days 468 30.7 113 31.3 1.03 ( 0.80 1.32 ) 0.8205 097 ( 074 - 1.27 0.8448 112 ( 0.86 1.45 ) 0.4106 1.05 ( 0.80 1.39 0.7215
Antibiotic prescription on
weekend/public holiday 426 27.9 110 30.5 1.13 ( 0.88 1.45 ) 0.3370 116 ( 0.90 - 1.51 0.2485 1183 ( 0.88 1.46 ) 0.3292 1.17 ( 0.90 1.52 0.2348
Antibiotic prescription at night? 560 36.7 139 38.5 1.08 ( 0.85 1.37 ) 0.5284 1.05 ( 082 - 1.35 0.6722 1.06 ( 0.83 1.34 ) 0.6460 1.04 ( 0.81 1.33 0.7854
Diagnosed Infection

Pneumonia 972 63.7 241 66.8 204 ( 1.15 3.61 ) 0.0150 1.72 ( 095 - 3.12 0.0731 1.92 ( 1.07 3.44 ) 0.0293 1.58 ( 0.79 2.94 0.2030
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Table 6.2. (Continued)

Model 1 Model 2
Non-
Survivor survivor
(n=1525) (n = 361) Univariate analysis Multivariable analysis Univariate analysis Multivariable analysis
P P P P
Factor N % N % OR (95% CI) value OR (95% CI) value OR (95% CI) value OR (95% CI) value
Sepsis 153 10.0 62 17.2 3.33 ( 1.77 6.24 ) 0.0002 3.00 ( 1.58 5.70 ) 0.0008 3.17 ( 1.67 - 6.00 ) 0.0004 261 ( 1.30 - 5.26 0.0071
Urinary tract infection 164 10.8 18 5.0 0.90 ( 043 1.89 ) 0.7832 0.84 ( 0.39 1.79 ) 0.6500 0.85 ( 040 - 1.79 ) 0.6644 0.75 ( 0.33 - 1.69 0.4924
Hepatobiliary or
Intra-abdominal 121 7.9 26 7.2 1.77 ( 0.88 3.55 ) 0.1109 1.51 ( 0.74 3.08 ) 0.2630 1.87 ( 091 - 3.82 ) 0.0865 162 ( 0.75 - 3.52 0.2195
Other 115 7.5 14 3.9 1.00 1.00 1.00 1.00
ICU Admission 158 10.4 60 16.6 1.72 ( 1.25 2.38 ) 0.0009 1.85 ( 1.31 2.61 ) 0.0004 205 ( 143 - 295 ) 0.0001 225 ( 154 - 3.29 <.0001
Abnormal C-reactive protein® 522 38.2 143 46.9 1.43 ( 1.11 1.83 ) 0.0055 - - - - 148 ( 115 - 1.91 ) 0.0026 - - - -
Abnormal Leukocyte count 743 48.7 213 59.0 1.51 ( 1.20 1.91 ) 0.0005 - - - - 154 ( 122 - 195 ) 0.0003 - - - -
Renal impairment® 359 23.7 147 40.7 221 ( 1.74 2.82 ) <.0001 - - - - 218 ( 1.70 - 2.78 ) <.0001 - - - -
Prescribing Physician Factor
(ICC=0%)
Junior physician 1370 89.8 325 90.0 1.02 ( 0.70 1.50 ) 0.9136 1.05 ( 0.70 1.56 ) 0.8206 - - - - - - - -
Attending Physician Factor
(ICC = 0.4%)
Ethnic Chinese 1121 73.5 261 723 - - - - - - - - 112 ( 0.68 - 1.82 ) 0.6586 - - - -
Ethnic Indian 300 19.7 76 211 - - - - - - - - 119 ( 0.70 - 2.01 ) 0.5271 - - - -
Other ethnicity 104 6.8 24 6.6 - - - - - - - - 1.00 - - - -
Clinical Specialty Factor
(ICC = 1.7%) - - - -
Medical specialty 1137 74.6 288 79.8 - - - - - - - - 126 ( 086 - 1.86 ) 0.2363 146 ( 095 - 225 0.0833
Receipt of ARUSC
Recommendation 373 245 97 26.9 1.14 ( 0.87 1.47 ) 0.3414 0.54 ( 0.27 1.11 ) 0.0922 111 ( 085 - 1.44 ) 0.4578 052 ( 0.26 - 1.06 0.0728
Receipt of ARUSC
Recommendation*Age>65 - - - - - - - 2.34 ( 1.09 5.04 ) 0.0296 - - - - 239 ( 111 - 516 0.0262

Abbreviations: CNS, central nervous system; ICC, intraclass correlation coefficient; ICU, intensive care unit; OR, odds ratio; Cl, confidence interval

@ Night is defined as physician on-call hours from 1730 hours to 0730 hours

b C-reactive protein closest to prescription date (within 7 days), missing in survivors (160/1525=10.5%) and non-survivors (56/361=15.5%)

¢ Creatinine level >130umol/l within 7 days of antibiotic prescription, missing in survivors (10/1525=0.7%) and non-survivors (0/361)
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Table 6.3. Propensity score (PS)-adjusted and conventional multivariable analyses of factors associated with 30-day all-cause mortality

(Model 1: 2-level logistic regression analysis of data on 1886 patients seen by 575 prescribing physicians;
Model 2: 3-level logistic regression analysis of data on 1886 patients seen by 220 attending physicians in 19 clinical specialties)

Model 1 Model 2
PS?-adjusted multivariable Conventional multivariable PS?-adjusted multivariable Conventional multivariable
analysis analysis analysis analysis
P P P P

Factor OR (95% CI) value OR (95% CI) value OR (95% CI) value OR (95% CI) value
Patient Factors
Age >65 years 1.46 1.07 2.00 0.0179 146 ( 1.06 - 2.01 ) 0.0218 1.41 1.02 1.95 0.0353 143 ( 1.03 1.98 ) 0.0304
Male gender 1.19 0.93 1.51 0.1616 116 ( 091 - 149 ) 0.2179 1.19 0.94 1.52 0.1540 1.18 ( 0.92 1.51 ) 0.1884
Ethnicity

Chinese 1.13 0.58 2.22 0.7164 117 ( 059 - 233 ) 0.6447 1.10 0.55 217 0.7890 1.15 ( 057 2.33 ) 0.6948

Malay 1.31 0.62 2.76 0.4811 139 ( 065 - 297 ) 0.3942 1.27 0.60 2.71 0.5376 1.35 ( 0.62 294 ) 0.4506

Indian 0.86 0.38 1.95 0.7187 0.88 ( 039 - 202 ) 0.7695 0.82 0.36 1.87 0.6354 0.86 ( 0.37 199 ) 0.7174

Other 1.00 1.00 1.00 1.00
Singapore resident 1.23 0.54 2.80 0.6170 122 ( 053 - 279 ) 0.6425 1.23 0.54 2.81 0.6252 1.21 ( 045 326 ) 0.7118
Private ward class 0.68 0.40 1.13 0.1386 066 ( 039 - 1.12 ) 0.1243 0.67 0.39 1.12 0.1269 0.65 ( 0.38 1.13 ) 0.1288
Charlson's comorbidity index >5 2.00 1.47 2.71 <.0001 1.97 ( 144 - 268 ) <.0001 2.18 1.59 2.99 <.0001 212 ( 1.54 292 ) <.0001
Prior hospitalization - - - 1.00 ( 0.77 - 130 ) 0.9730 - - - 0.97 ( 0.75 1.27 ) 0.8458
Prior antibiotics - - - 111 ( 081 - 153 ) 0.5029 - - - 1.07 ( 0.78 1.48 ) 0.6650
Length of stay prior to antibiotics >7 days - - - 097 ( 074 - 127 ) 0.8448 - - - 1.05 ( 0.80 1.39 ) 0.7215
Antibiotic prescription on weekend/public
holiday - - - 116 ( 090 - 151 ) 0.2485 - - - 117 ( 0.90 1.52 ) 0.2348
Antibiotic prescription at night® - - - 1.05 ( 082 - 135 ) 0.6722 - - - 1.04 ( 0.81 1.33 ) 0.7854
Diagnosed Infection

Pneumonia - - - 172 ( 095 - 3.12 ) 0.0731 - - - 1.53 ( 0.79 294 ) 0.2030

Sepsis - - - 3.00 ( 1.58 - 5.70 ) 0.0008 - - - 261 ( 1.30 5.26 ) 0.0071

Urinary tract infection - - - 084 ( 039 - 1.79 ) 0.6500 - - - 0.75 ( 0.33 1.69 ) 0.4924

Hepatobiliary or

Intra-abdominal - - - 151 ( 074 - 3.08 ) 0.2630 - - - 162 ( 0.75 352 ) 0.2195

Other - - - 1.00 - - - 1.00
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Table 6.3. (Continued)

Model 1 Model 2
PS?-adjusted multivariable Conventional multivariable PS?-adjusted multivariable Conventional multivariable
analysis analysis analysis analysis
P P P P
Factor OR (95% CI) value OR (95% CI) value OR (95% CI) value OR (95% CI) value
ICU Admission 196 ( 140 - 275 ) <.0001 185 ( 1.31 - 261 ) 0.0004 247 ( 1.70 - 3.58 ) <.0001 225 ( 154 - 3.29 ) <.0001
Prescribing Physician Factor
(ICC=0% [PS], 0% [Conventional])
Junior physician 1.02 ( 069 - 151 ) 0.9340 1.05 ( 070 - 156 ) 0.8206 - - - - - - - -
Attending Physician Factor
(ICC = 0.1% [PS], 0% [Conventional]) - - - - - - -
Clinical Specialty Factor
(ICC = 0.8% [PS], 1.0% [Conventional]) - - - -
Medical specialty - - - - - - - 153 ( 1.02 - 230 ) 0.0413 146 ( 095 - 225 ) 0.0833
Receipt of ARUSC Recommendation 054 ( 026 - 1.10 ) 0.0882 054 ( 027 - 1.11 ) 0.0922 052 ( 025 - 1.05 ) 0.0686 052 ( 026 - 1.06 ) 0.0728
Receipt of ARUSC
Recommendation*Age>65 232 ( 1.08 - 4.98 ) 0.0302 234 (. 1.09 - 5.04 ) 0.0296 238 ( 1.11 - 5143 ) 0.0267 239 ( 1.11 - 516 ) 0.0262

Abbreviations: CNS, central nervous system; ICC, intraclass correlation coefficient; ICU, intensive care unit; OR, odds ratio; Cl, confidence interval
@ Propensity score derived from diagnosed infection, time and day of antibiotic prescription, hospitalization days prior to antibiotics, prior hospitalization, and prior antibiotics.

® Night is defined as physician on-call hours from 1730 hours to 0730 hours
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Table 6.4. Association between receipt of ARUSC recommendation and 30-day all-cause
mortality risk, according to age group, October 1, 2011 to September 30, 2012

Analysis and

fgﬁg&d Age <= 65 years Age > 65 years inter: ction®
recommendation  OR (95% CI) OR (95% CI)
Unadjusted
analysis
Non-receipt 1.00 Referent 1.00 Referent 0.0187
Receipt 052 ( 026 - 1.05 ) 129 ( 097 - 172 )
Adjusted analysis®
Non-receipt 1.00 Referent 1.00 Referent 0.0302
Receipt 045 ( 020 - 100 ) 128 ( 0.91 - 1.82 )

Abbreviations: OR, odds ratio; Cl, confidence interval

aMultiplicative scale

b Adjusted using a propensity score derived from diagnosed infection, time and day of antibiotic prescription,
hospitalization days prior to antibiotics, prior hospitalization, and prior antibiotics, and further adjusted for
prescribing physician's seniority, and patient's gender, ethnicity, resident status, ward class, Charlson's
comorbidity index >5, and ICU admission.
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Table 6.5. Propensity score (PS)-adjusted multivariable analysis of factors associated with 30-day all-cause mortality

(Model 1: 2-level logistic regression analysis of data on 1886 patients seen by 575 prescribing physicians;

Model 2: 2-level logistic regression analysis of data on 1305 patients with <7 hospitalization days prior to antibiotic
prescription seen by 477 prescribing physicians)

PS®-adjusted multivariable analysis

PSP*-adjusted multivariable analysis

(Model 1) (Model 2)
Factor OR (95% Cl) P value OR (95% Cl) P value
Patient Factors
Age >65 years 146 ( 1.07 - 2.00 ) 0.0179 147 ( 1.01 - 214 ) 0.0463
Male gender 119 ( 093 - 1.51 ) 0.1616 1.01 ( 075 - 135 ) 0.9584
Ethnicity
Chinese 113 ( 058 - 222 ) 0.7164 142 ( 0.62 - 324 ) 0.4028
Malay 1.31 ( 062 - 276 ) 0.4811 152 ( 0.61 - 379 ) 0.3675
Indian 086 ( 0.38 - 195 ) 0.7187 093 ( 033 - 257 ) 0.8835
Other 1.00 . . .. 1.00 . .. .
Singapore resident 1.23 ( 0.54 - 2.80 ) 0.6170 112 ( 045 - 277 ) 0.8081
Private ward class 068 ( 0.40 - 1.13 ) 0.1386 0.89 ( 050 - 158 ) 0.6803
Charlson's comorbidity index >5 200 ( 147 - 271 ) <.0001 203 ( 137 - 3.00 ) 0.0004
ICU Admission 196 ( 1.40 - 275 ) <.0001 230 ( 155 - 343 ) <.0001
Prescribing Physician Factor
(ICC=0%[Model 1], 0%[Model 2])
Junior physician 1.02 ( 069 - 1.51 ) 0.9340 1.05 ( 070 - 156 ) 0.3307
Receipt of ARUSC recommendation 054 ( 026 - 1.10 ) 0.0882 046 ( 018 - 1.15 ) 0.0976
Receipt of ARUSC
Recommendation*Age>65 232 ( 1.08 - 498 ) 0.0302 273 ( 1.04 - 7.15 ) 0.0408

aPropensity score derived from diagnosed infection, time and day of antibiotic prescription, hospitalization days prior to antibiotics, prior

hospitalization, and prior antibiotics.

b Propensity score derived from diagnosed infection, time and day of antibiotic prescription, prior hospitalization, and prior antibiotics.
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Table 6.6. Propensity score (PS)-adjusted multivariable analysis of factors associated with Clostridium difficile infection, MDRO infection, and 30-day
infection-related readmission (2-level logistic regression analysis of data on 1886 patients seen by 575 prescribing physicians)

Clostridium difficile infection?

MDRO infection®

30-day infection-related readmission ¢

Factor OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value
Patient Factors
Age >65 years 1.38 0.75 2.52 ) 0.2964 122 ( 0.79 - 1.88 ) 0.3774 221 (1 1.34 3.64 ) 0.0018
Male gender 1.00 0.63 1.57 ) 0.9840 1.31 ( 0.90 - 1.89 ) 0.1553 1.08 ( 0.77 1.50 ) 0.6666
Ethnicity
Chinese 1.53 0.34 6.90 ) 0.5782 099 ( 0.37 - 2.70 ) 0.9881 044 ( 0.21 0.93 ) 0.0305
Malay 1.99 0.40 9.86 ) 0.3979 1.05 ( 0.35 - 3.20 ) 0.9278 0.37 ( 0.15 0.92 ) 0.0329
Indian 0.96 0.16 574 ) 0.9615 112 ( 035 - 364 ) 0.8468 028 ( 0.10 0.77 ) 0.0141
Other 1.00 . . . 1.00 . . . 1.00 .. .. ..
Singapore resident 417 0.48 36.03 ) 0.1943 785 ( 095 - 6498 ) 0.0560 3.35 ( 0.89 12.62 ) 0.0746
Private ward class 1.44 0.64 3.24 ) 0.3725 052 ( 0.22 - 1.26 ) 0.1474 0.87 ( 045 1.70 ) 0.6893
Charlson's comorbidity
index >5 1.17 0.63 220 ) 0.6151 110 ( 0.67 - 1.81 ) 0.7181 0.61 ( 0.33 1.12 ) 0.1103
ICU Admission 0.88 0.41 191 ) 0.7536 321 ( 2.08 - 495 ) <.0001 0.73 ( 0.38 1.40 ) 0.3459
Prescribing Physician Factor
(ICC=11.8%[CDI], 3.1%[MDRO], 0%[Readmission])
Junior physician 0.94 0.44 2.01 ) 0.8639 142 ( 0.73 - 2.76 ) 0.2986 1.02 ( 0.59 1.77 ) 0.9426
Receipt of ARUSC
Recommendation 1.02 0.34 3.01 ) 0.9743 1.06 ( 042 - 2.71 ) 0.9008 116 ( 0.48 2.79 ) 0.7354
Receipt of ARUSC
Recommendation*Age>65 0.60 0.18 2.03 ) 0.4076 0.74 ( 025 - 215 ) 0.5774 089 ( 0.35 2.29 ) 0.8148

Abbreviations: ICC, intraclass correlation coefficient; ICU, intensive care unit; OR, odds ratio; Cl, confidence interval

@ Propensity score derived from diagnosed infection, time and day of antibiotic prescription, hospitalization days prior to antibiotics, prior hospitalization, prior antibiotics, and prior

proton pump inhibitors.

b Propensity score derived from diagnosed infection, time and day of antibiotic prescription, hospitalization days prior to antibiotics, prior hospitalization, and prior antibiotics.

¢ Survivors of hospitalization episode only
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Figure 6.1. Joint effects of age and receipt of ARUSC recommendations on 30-day all-
cause mortality risk
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6.5 DISCUSSION

We found that the receipt of ARUSC antibiotic recommendations reduced the risk for 30-day all-
cause mortality in patients aged 65 years and below (OR 0.45, 95% CI 0.20-1.00, P = 0.05), and
did not increase the risk in older patients >65 years old (OR 1.28, 95% CI 0.91-1.82, P = 0.16).
A recent meta-analysis on the effect of antimicrobial stewardship interventions intended to
increase appropriate antimicrobial therapy for all infections reported no increase in mortality
(combined risk ratio 0.91, 95% CI 0.81-1.06, P = 0.25) (9). In the limited studies on the clinical
effects of antibiotic CDSS in hospitals in the US, Europe, and Australia, no difference was
observed in 30-day mortality (17,35,63). In a more recent study in Germany on ICU patients with
sepsis, low adherence to CDSS recommendations was found to be associated with increased risk
of ICU mortality (OR 2.43, 95%CI 1.13-5.24, P = 0.02) (39). Our study will add to the body of
literature on the effects of antibiotic CDSS. CDSS presents a promising future for optimizing
antibiotic selection and improving clinical outcomes (27,64). More studies are needed in different
settings, including Asia (64). To our knowledge, this study is the first to report on the effects of an
antibiotic CDSS in an Asian hospital. Furthermore, none of the previous studies has explored the
modifying effects of patient factors on clinical outcomes. Our study showed that the joint effect of
younger age (<=65 years) and ARUSC recommendation on the reduction of mortality risk was
larger than the combination of each of the component effects of younger age and ARUSC
recommendation (OR 0.37, 95% CI 0.18-0.72, P = 0.004). Targeted efforts should be made to

promote ARUSC to physicians managing younger patient populations.

We further observed that ARUSC had no effect on the subsequent development of CDI (OR 1.02,
95% CI1 0.34-3.01, P=0.97) and MDRO infection (OR 1.06, 95% CIl 0.42-2.71, P = 0.90) among
patients. Although decreases in CDI and MDRO infection have been reported in studies on

antibiotic restriction and antimicrobial stewardship policies, the effect of antibiotic CDSS on such
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infections have not been studied (9,55,61). Previous studies have employed quasi-experimental
before-and-after study designs which are prone to ecologic bias. In contrast, our study followed

up individual patients longitudinally for the development of CDI and MDRO infection.

Among survivors, patients who received ARUSC-recommended antibiotics did not have an
increased incidence of 30-day infection-related readmission (OR 1.16, 95% CIl 0.48-2.79, P =
0.74). Other studies have observed an increase in hospital readmissions associated with
antimicrobial stewardship interventions intended to decrease excessive antibiotic prescribing
(combined risk ratio 1.26, 95% CIl 1.02-1.57, P = 0.03), but did not observe a difference between
intervention and control groups for infection-related readmissions (9). However, there has been

no published literature on the effect of CDSS on readmissions.

Strengths and Limitations

Our study has several strengths. First, it followed up a cohort of hospitalized patients longitudinally
from the initiation of an electronic antibiotic prescription up to 30 days post-discharge from hospital
or 180 days after antibiotic initiation. The unique patient identifier and admission episode number
allowed for electronic linkages across medical and pharmacy records, and administrative
databases. As such, all data were electronically collated and any measurement error and
misclassification was likely to be minimal. Bias analysis revealed that the potential
misclassification of CCI had no influence on the outcome. Unlike most studies assessing
adherence to antibiotic guidelines and which involved study investigators manually reviewing
prescriptions that may be error-prone and biased by low inter-rater reliability, our study
electronically matched antibiotics prescribed on the CPOE system with ARUSC

recommendations to determine patient receipt of ARUSC recommendations. Hence, exposure
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measurement was not subject to differential misclassification. Furthermore, we were able to
analyze individual patient-level data on their clinical outcomes; hence, our study was not prone to

any ecologic bias.

Second, our study used multilevel modelling techniques to account for the clustering of patients
within prescribing physicians, and attending physicians and clinical specialties. Many previous
studies were not able to do so, and employed standard modelling techniques. The multilevel
models provide an improved ability to model clinical outcomes (8). We were able to study and
estimate the relative plausible effects of the prescribing physician, attending physician, and

clinical specialty on clinical outcomes.

Third, we derived propensity scores and used doubly robust estimations to compare effects. The
corroboration of results from the different methods supported our findings. We further adjusted

for potential selection bias in our models and our conclusions remained unchanged.

Our study may have been limited by our inability to capture unmeasured patients’ and physicians’
factors, due to the non-availability of those data electronically. However, critical patient factors
that could influence clinical outcomes were available and included in our models. Prescribing and
attending physicians were not found to contribute substantially to the variability in clinical
outcomes. Hence, the non-availability of detailed information on physicians is unlikely to bias our
results. Our study population did not include children, and our findings cannot be generalized to
pediatric populations. Nonetheless, our findings may be relevant to other adult tertiary-care

centers with antibiotic CDSS.
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This study provided insight into the comparative effectiveness of an antibiotic CDSS in an Asian
hospital. The receipt of CDSS antibiotic recommendations reduced the 30-day all-cause mortality
risk in patients aged 65 and below, and did not seem to increase the risk in older patients.
Physicians should be made aware of the mortality benefits to patients in order to increase their

use of CDSS recommendations in their clinical practice.
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7. CONCLUSIONS

This dissertation investigated physician and patient factors associated with physicians’
acceptance or patients’ receipt of computerized antibiotic stewardship intervention, the
comparative effectiveness of computerized antibiotic stewardship intervention on individual

patients’ clinical outcomes, and the modifying effects of patient factors on the clinical outcomes.

Using a mixed methods approach that triangulated data from qualitative FGDs and a quantitative
study, we evaluated physicians’ perceptions and attitudes toward an antibiotic CDSS and
determined psychosocial factors associated with physicians’ acceptance of CDSS
recommendations for empiric antibiotic therapy. Previous studies on antibiotic prescribing

behaviors have been either qualitative or quantitative in nature (70,71).

Five themes emerged from the qualitative phase, including “trust in CDSS’s recommendations”
and “patient factors”. Five latent factors were derived from the quantitative survey, which included
the “willingness to consult CDSS for common and complex infections” and “preference for
personal or team decision over CDSS”. We developed a new instrument that demonstrated high
reliability (Cronbach's alpha of 0.64 to 0.88) for the measurement of physicians' attitudes and
perceptions toward the acceptance of CDSS recommendations. To date, there is no such
validated scale available. The tools developed and validated in this study would facilitate similar

studies in other hospital settings.

We observed that both junior and senior physicians expressed confidence in the credibility of the
antibiotic CDSS’s recommendations. However, senior physicians acknowledged having to

override CDSS recommendations for complex patients with multiple infections or allergies.
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Willingness to consult CDSS for common and complex infections was positively associated with
acceptance of CDSS recommendations (OR 1.68; 95%CI| 1.16—2.44), while preference for
personal or team decision was negatively associated (OR 0.61; 95%CI 0.43—-0.85). Physicians'
willingness to consult an antibiotic CDSS determined the acceptance of its recommendations.
Physicians would choose to exercise their own or clinical team's decision over the CDSS
recommendations in complex patient situations when the antibiotic prescribing needs were not
met. Our study is the first to describe the psychosocial determinants of physicians' acceptance of
recommendations by an antibiotic CDSS. Previous studies have reported determinants of
physicians' adoption of antibiotic CDSS (77), but not of acceptance of recommendations by such
systems. Understanding these factors would help in the design of new systems and the

enhancement of existing ones.

Using a cohort of 1886 inpatients who were prescribed piperacillin-tazobactam or a carbapenem
for empiric therapy and auto-triggered to receive antibiotic recommendations by the hospital’'s
homegrown antibiotic CDSS, we examined patient and physician factors associated with patients’

receipt of antibiotic CDSS recommendations.

Our study was able to use multilevel modelling techniques to account for the clustering of patients
within prescribing physicians, and within attending physicians and clinical specialties. Many
previous studies were not able to do so, and employed standard modelling techniques which were
prone to type | error. Furthermore, we were able to study and estimate the relative effects of the
prescribing physician, attending physician, and clinical specialty on patients’ receipt of

recommendations by an antibiotic CDSS. Further analyses using log-binomial and Poisson
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regression models to estimate risk ratios yielded expectedly smaller effect sizes, but the results

corroborated with our findings with the logistic regression models.

We observed that the prescribing physician —but not the attending physician or clinical
specialty— accounted for some (13.3%) of the variation in patients’ receipt of CDSS
recommendations. Prior hospitalization (OR 1.32, 95% CI 1.01-1.71) and presumed pneumonia
(OR 6.77, 95% CI 3.28-13.99) were positively associated with receipt of CDSS recommendations,
but ICU admission (OR 0.38, 95% CI 0.21-0.66) and renal impairment (OR 0.70, 95% CI 0.52-
0.93) were negative predictors. Patients admitted to the ICU and those with renal impairment
might have more complex clinical conditions that require a physician's assessment in addition to

antibiotic CDSS.

In the longitudinal follow up of the inpatient cohort, we were able to assess the comparative
effectiveness of the hospital’s antibiotic CDSS on the clinical outcomes of individual patients. The
unique patient identifier and admission episode number allowed for electronic linkages across
medical and pharmacy records, and administrative databases. As such, all data were
electronically collated and any measurement error and misclassification was likely to be minimal.
Unlike most studies assessing adherence to antibiotic guidelines which involved study
investigators manually reviewing prescriptions that may be error-prone and biased by low inter-
rater reliability, our study electronically matched antibiotics prescribed on the CPOE system with
ARUSC recommendations to determine patient receipt of ARUSC recommendations. Hence,
exposure measurement was not subject to differential misclassification. Furthermore, we were
able to analyze individual patient-level data on their clinical outcomes; hence, our study was not

prone to any ecologic bias.
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Our multilevel models provided an improved ability to measure clinical outcomes (8). We were
able to study and estimate the relative plausible effects of the prescribing physician, attending
physician, and clinical specialty on clinical outcomes. We also derived propensity scores and used
doubly robust estimations to compare effects. The corroboration of results from the different
methods supported our findings. We further adjusted for potential selection bias using inverse-

probability-of-selection-weighting in our models and our conclusions remained unchanged.

We observed that patients’ receipt of CDSS recommendations halved the odds of all-cause
mortality in patients (OR 0.54, 95% CI 0.26-1.10). Patients aged <= 65 years had a greater
mortality benefit (OR 0.45, 95% CI 0.20-1.00) than patients aged >65 (OR 1.28, 95% CI 0.91-
1.82). No effect was observed on the incidence of CDI (OR 1.02, 95% CI 0.34-3.01) and MDRO
infection (OR 1.06, 95% CI 0.42-2.71). No increase in infection-related readmission (OR 1.16,

95% Cl 0.48-2.79) was found in survivors.

Physicians are primarily concerned with individual patients’ clinical outcomes rather than the risk
of antibiotic resistance in their antibiotic choices. Informing physicians of the mortality benefits to
patients can increase their acceptance of CDSS recommendations in their clinical practice, which

will result in more appropriate use of antibiotics and the reduction of antibiotic resistance.

This dissertation research has provided new insights into physicians’ antibiotic prescribing
behaviors and predictors of patients’ receipt of computerized antibiotic stewardship intervention,
and the much needed evidence on the clinical benefits of computerized antibiotic stewardship
interventions, using robust methods to address potential biases and errors that are commonly

encountered in clinical epidemiologic studies. Our findings will be particularly useful for American
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healthcare institutions, as the US government incentivizes institutions to embrace technology and
informatics to improve patient care (Centers for Medicare and Medicaid Services. EHR incentive
programs, 2013). Our studies can help healthcare institutions in the planning and design of new
antibiotic CDSSs and in the enhancements of existing ones, to promote the optimal use of

antibiotics in the global battle against antibiotic resistance.

108



8. APPENDICES

8.1 APPENDIX 1. Antimicrobial Resistance Utilization and Surveillance Control

In 2009, Tan Tock Seng Hospital launched its homegrown antibiotic computerized decision
support system, Antimicrobial Resistance Utilization and Surveillance Control (ARUSC), which
integrates antimicrobial stewardship with the hospital's computerized physician order entry
(CPOE) system and provides patient-specific evidence-based antibiotic recommendations at the

point of prescribing. All medication orders in the hospital are made via the CPOE.

From September 12, 2011, whenever a physician makes an electronic prescription of piperacillin-
tazobactam or a carbapenem for an inpatient, the prescription automatically triggers the launch

of ARUSC.

Inpatient Med Order | Med Administration Record

Oral/Non-Parenteral * ParenteralMed ™ |FluidInfusion | NebulisingMed | Blood Product | SlidingScale | View All Medications * |
Parenteral Med

Volume
gt;'; e Route Medication Dose Diluent gf'te,. g‘i‘:e Freq
ilution
./J 2 v Piperacillin 4g, Tazobactam 500mg Inj 45q Sodium Chloride 50 mL 30 min | 8H
’ 09%

Figure 1. Screenshot of the hospital’s computerized physician order entry (CPOE) system.
When piperacillin-tazobactam is ordered on the CPOE, it will automatically launch ARUSC.
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ARUS-C is an antibiotic prescription decision support system, not a diagnostic decision support system. Its recommendation relies on
information provided and forms part of patients’ medical record. Intentionally providing false information is not advised.

Free text e-IMR orders are not supported in ARUS-C.

CMIS allergy data, which may be inaccurate or incomplete, determines ARUS-C recommendation. Please update CMIS after reviewing
history, medical records and CMIS adverse drug reaction/drug allergy data.

Patient Information:

Select Antibiotic Category: O Prophylactic ® Empiric O Definitive O Renal Dose Adjustment

Select Major Body System:

O Bone And Joint

O Cardiovascular

O Ear Nose And Throat

O Hepatobiliary

O Intra-Abdominal

O Neurological

® Respiratory

O Severe Sepsis Or Septic Shock Without Clear Source
O Skin And Soft Tissue

O Urinary

Select Infectious Disease Condition:
® Community-Acquired Pneumonia
O severe Community-Acquired Pneumonia
O Pneumonia In Immunocompromised
O Nosocomial Pneumonia (Including Ventilator)
O Healthcare-Associated Pneumonia
O Asoiration Pneumonia

Diagnostic Clue:

Presence of fever or leukocytosis or raised C-reactive protein; CXR
showing definite infiltrates; and respiratory symptoms or signs
(cough, breathlessness, tachypnoea, hypoxia). Anormal CXR
makes pneumonia unlikely (consider other sources e.g.
bacteraemia, abdominal or urinary source). Beware an under-
inspired CXR, over-diagnosis of pneumonia and missing actual
diagnosis elsewhere.

Onset of pneumonia in the community but excludes
immunocompromised, aspiration and hospitalisation in last 3
months.

Figure 2. Screenshot of the first page of ARUSC when launched. As the patient’s microbiologic
results are pending and the patient is being treated empirically for the infection, the prescribing
physician selects “empiric” as the antibiotic category and “community-acquired pneumonia” as
the infectious disease condition. Educational clues on diagnosis are also provided (bottom right

of screenshot).
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Enter Weight: |52 Kg (Estimate Lean Weight in Chese Patients, Determined by Height and Gender)

Penicillin Allergy manifesting as anaphylaxis, angicedema, Steven-Johnson Syndrome, toxic epidermal necrolysis, urticaria, generalised
exfoliative dermatitis, acute generalised exanthematous pustulosis, bullous drug eruptions, serum sickness, hypotension, bronchospam:

Oves ®No

Dialysis Type

(For Renal Dose Adjustment) Continucus Renal Replacement Therapy

Haemaodialysis
Peritoneal Dialysis
Mene ofthe above

Pneumonia Severity Score

(CURB 65) Caonfusion
Diastolic BF == 60
Respiration Rate == 30
Systolic BF = 20
Mane of the above
[ Submit |

Figure 3. Next, the system prompts the prescribing physician to enter the patient’s weight which
is used in the auto-calculation of creatinine clearance. As the reported drug allergy information
lacks details on severity, the prescriber is requested to confirm the absence or presence of severe
penicillin allergy precluding beta-lactam use. CURB-65 is used to stratify into non-severe or
severe community-acquired pneumonia. Serum urea is auto-populated from the laboratory
information system. Clicking on the “Submit” button returns ARUSC’s antibiotic recommendations
within 5-10 seconds.

Summary of Patient Information

Patient Name: Patient NRIC:
Date of Birth: Gender: F Admission Date:
Major Body System Selected: Respiratory Antibiotic Category Selected: Empiric

ID Condition Selected: Community-Acquired Pneumonia

Creatinine: 48 umol/L Creatinine Clearance: 79 ml/min
White Blood Cell Count: 11.6 x10 9/L C-Reactive Protein: 142.3 mg/L
Urea: 1.5 mmol/lL X-Ray Result: Abnormal
Severe Penicillin Allergy (Y/N): No CMIS Reported ADR/DA:

Not Found

Antibiotic Recommendation
Based on data provided, ARUS-C recommends the following antibiotic(s).

=+ Monitoring Tests

+ Remarks
Route, Estimated cost
C:gg:pzo Antibiotic Dose, Start Date | End Date | per standard
Frequency dose/day
Amoxicillin 1g, Clavulanic Acid 200mg [Co-amoxiclav 1.2g] V1.2 9.8H 11/09/2014 (13/09/2014 |38.94 SGD
Clarithromycin PO,500 mg,12H |[11/09/2014 |13/09/2014 |0.68 SGD
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Figure 4. Patient’s administrative details (Patient Name, Patient NRIC, Admission Date),
demographics (Date of Birth, Gender), laboratory (Creatinine, White Blood Cell Count, Urea, C-
Reactive Protein), radiologic (X-Ray Result), and drug allergy (CMIS Reported ADR/DA) data
pulled from electronic medical records are integrated with the physician-entered information
(Antibiotic Category Selected, Major Body System and ID Condition Selected, Severe Penicillin
Allergy) and summarized in this ARUSC page. Intravenous amoxicillin-clavulanate and oral
clarithromycin are recommended for the patient with non-severe community-acquired pneumonia.
Antibiotic doses will automatically be adjusted by ARUSC (if necessary) based on the calculated
creatinine clearance. Chest radiograph (X-Ray Result) will be flagged as normal or abnormal.

= Suggested Investigations

ARLIS-C recommends the following investigations if not already ordered:
. Blood culture 2 sets

. Sputum Gram stain and bacterial culture

Legionella urine antigen

Pneumaococcal urine antigen

Chest XR

. Sputum AFB smear and culture 2 sets (if tuberculosis is suspected)

[/ L S g

Alerts

POV Antibiotic Alert
FO antibiotic can be started if (1) clinically stakble (2] oral intake and absorption OK (3] no need for prolonged IV antibiotic (4] not fasting for
surgery or procedure.

End Date Alert
Flease note End Date of recommended antibiotics, and return to ARUS-C if further antibictic guidance is needed.

= Treatment Clues

Commaon causes: Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, Mycoplasma pneurmoniae, Chlamydia
preumoniae, influenza. Penicillin resistance in pneumocoeccus in pneumania can be overcame by high-dose [V Penicillin or Augmentin.
Consider Mycobacterium tuberculosis if unexplained cough=3 weeks. Mild-moderate CAP may be treated with PO Augmentin 625mag TDS
and PO Clarithromycin 800mg BD.

Figure 5. Educational advice on suggested investigations, treatment, and criteria for oral antibiotic
step-down is further provided in the next page.

= Treatment Clues
Common causes: Streptococcus pneumoniae, Haemophilus influenzae, Moraxella catarrhalis, Mycoplasma pneumaoniae, Chlamydia

pneumeniae, influenza. Penicillin resistance in preumoce s T 1entin.
Consider Mycobacterium tuberculosis if unexplained coudhy \yltigle infections not covered by recommended antibiotics mg TDS

Tl L ITTET TS T Multiple allergies contraindicating recommended antibiotics

Potential severe drug interaction with other active medication
Inaccurate or incomplete CMIS data
Unusual bacteria resistant to recommended antibiotics

Ho Positive Microbiology Culture

+ Antibiotic History Since Admission Formal recommendation from Infectious Disease consultation
Additional Information on patient's antibiotic History Decision from consultant-in-charge

Others —T
Override Reason For Override: | Select from the fallowing v

[ Back [ Sae |[ Prnt || Export XML |

Figure 6. Option is provided for the prescribing physician to override ARUSC’s recommendations.
If the prescriber accepts the recommendations, clicking on the “Save” button will auto-populate
the recommended antibiotics back into the CPOE within 5-10 seconds.
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8.2

ANTIMICROBIAL STEWARDSHIP PROGRAMME SURVEY

This is a brief survey of our hospital’s Antimicrobial Stewardship Programme.

APPENDIX Il. Physician Survey Questionnaire

We are interested in understanding your perceptions of antimicrobial resistance and stewardship in TTSH.

All responses will be anonymous and kept confidential.

Neither your name nor identifying information is required in this survey. Thus, there is no way your supervisor (or
colleagues) will know how you’ve responded to the survey questions.

If you have any questions about this survey, please contact the study PI, Dr Angela Chow, at 6357 7477, or

Angela Chow@ttsh.com.sg .

Thank you for taking the time to complete our survey!

Designation:

0 House Officer

0 Associate Consultant

Department:

0 Medical Officer

o Consultant

O Registrar
o Senior Consultant

Length of practice in Department:

Length of practice in TTSH:

O <3 mths
o 1-5years

0 <3 mths
o 1-5years

O 3-6 mths

o >5vyears

0O 3-6 mths
O >5years

O 6-12 mths

O 6-12 mths

For each of the following questions, please indicate your agreement or disagreement for BOTH (i) Empiric and (ii)

Definitive therapy:

ASP Guidelines:

(Prior to availability of laboratory-

(i) Empiric Therapy

confirmed culture results)

(ii) Definitive Therapy
(After laboratory-confirmed culture
results are available)

Strongly
Disagree

Disagree

Neither

Agree

Strongly
Agree

N.A.

Strongly Neither N.A.

Disagree

Disagree Agree [Strongly

Agree

1.1regularly refer to ASP guidelines to
learn about antimicrobial therapy.

[

[

[

[

[

oo oo g

2.1 regularly refer to guidebooks and
apps (eg. Sanford Guide to
Antimicrobial Therapy) to learn
about antimicrobial therapy.

[

[

[ [

3.1 would refer to ASP guidelines
more often during weekend
coverage, and/or on-call nights.

4.1 use ASP guidelines for renal dose
adjustment.

5.1 am confident that the current ASP
guidelines are up-to-date and
accurate.
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For each of the following questions, please indicate your agreement or disagreement for BOTH (i) Empiric

and (ii) Definitive therapy:

(i) Empiric Therapy (ii) Definitive Therapy

Prior to availability of laboratory-confirmed | (After laboratory-confirmed culture results
ARUS-C: culture results) are available)

S1_:rong|y r:lisagree Neither | Agree |Strongly ‘ N.A. S!:rongly Disagree | Neither Agree |Strongly N.A.

IDisagree Agree Disagree Agree
6. For patients presenting with common infections (eg. Pneumonia, UTI):
i) | would consult ARUS-C before
prescribing antibiotics L] L] L] L] L] L] L] L] L] L] L] L]
ii) ARUS-C is a useful guide for
de-escalation (Broad- to Narrow- N I e s o A
spectrum)
iii) ARUS-C is a useful guide for
IV-to-Oral conversion L] L] L] L] L] L] L] L] L] L] L] L]
iv) | would exercise my clinical
discretion when
accepting/rejecting an ARUS-C L] L] L] L] L] L] L] L] L] L] L] L]
recommendation
v) | would follow my team’s
clinical discretion, even if it
requires me to override ARUS-C's L] L] L] L] L] L] L] L] L] L] L] L]
recommendation
7. For patients presenting with complicated conditions
(eg. Multiple concurrent infections, Infections in immunocompromised patients):
i)  would consult ARUS-C before [ [ [ [ [ [ [ [ [ [ [ [
prescribing antibiotics
ii) ARUS-C is a useful guide for
de-escalation (Broad- to Narrow- /i gliglglgagrtrgliglrgrgrrogr g
spectrum)
iii) ARUS-C is a useful guide for
IV-to-Oral conversion L] L] L] L] L] L] L] L] L] L] L] L]
iv) | would exercise my clinical
discretion when
accepting/rejecting an ARUS-C L] L] L] L] L] L] L] L] L] L] L] L]
recommendation
v) | would follow my team’s
clinical discretion, even if it
requires me to override ARUS-C’s L] L] L] L] L] L] L] L] L] L] L] L]
recommendation
8. ARUS-C is useful as it allows us to consider the following factors, when making an antibiotic recommendation:
i) Current microbiology results and
antibiogram (antibiotic sensitivity ] ] ] ] ] ] ] ] ] ] ] ]
patterns)
ii) Current laboratory parameters

N 1 T Y Y O 0 A O

(eg. WBC, CRP)
iii) Drug allergies L1 o1 ol ol ol iy ol ol ol ol il
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For each of the following questions, please indicate your agreement or disagreement for BOTH (i) Empiric
and (ii) Definitive therapy:

(i) Empiric Therapy (ii) Definitive Therapy
Prior to availability of laboratory-confirmed | (After laboratory-confirmed culture results
ARUS-C: culture results) are available)
Strongly | Disagree | Neither Agree |Strongly | N.A. Strongly | Disagree | Neither Agree |Strongly N.A.
JDisagree Agree Disagree Agree

9.1 feel that ARUS-C should also include the following (additional features):

i) My patient’s current clinical 01 il grgigiglogrglr o

status

ii) Microbiology results and

antibiogram from previous ] L] L] L] L] [] [] [] [] ] L] ]
admissions
iii) Past medical history ] L] L] L] L] [] [] [] [] ] L] ]

iv) Rationale for antibiotic
recommendations

(eg. Amoxicillin-clavulanate is
recommended for Community-Acquired |:| |:| |:| |:| |:| |:| |:| |:| |:| |:| |:| |:|
Pneumonia as current evidence suggest
that the most common cause is
Streptococcus pneumoniae and local
strains tend to be resistant to macrolides)

v) Others (please specify):

10. | refer to ARUS-C more often

duringweekendcoverage,and/or | [ | 1 | O | O | OO | OO0 | 0O 0O 0O OO

on-call nights.

11. ARUS-C provides educational

information for team-based Ol Ol Ol Olglgrtglglgloglrogl o

discussions on antimicrobial
therapy.

12. | use ARUS-C for renal dose Ol O/l gl/gligloglo

adjustment.

13. Process evaluation:
In general, | would have to go

throughmanyproceduralstepsto | (] | (O | 0 |0 (O |1 O 10O | OO 0O OO

obtain an ARUS-C
recommendation.

14. In general, ARUS-C’s user

interfaceisorganizedandeasyto | [ | [ | [0 | OO | OO | OO 10O [ O (O (O (0O O

navigate.
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For each of the following questions, please indicate your agreement or disagreement:

Strongly | Disagree Neither Agree Strongly N.A.
Disagree Agree
15. Antibiotic resistance is a problem in TTSH. ] ] ] ] ] ]
16. In general, TTSH provides adequate staff
education on antibiotic prescribing and [] [] [] [] [] []
antimicrobial resistance
17. In general, ASP physicians’
recommendations are useful in guiding ] ] ] ] ] ]
antibiotic prescribing practices.
18. In general, ASP pharmacists’
recommendations are useful in guiding ] ] ] ] ] ]
antibiotic prescribing practices.
19. In general, Blood Culture Service is useful in
guiding antibiotic prescribing practices. L] L] L] L] L] L]
Please rank the following items (1: Most preferred & 6: Least preferred):
e I T S O A
> . Pharmacist Physician Guideline . Blue Letter
recommendation Service
from:
21. 1 would like to obtain ARUS-C’s recommendations through a mobile app: Yes No
SUGGESTIONS TO IMPROVE ASP GUIDELINES/ARUS-C:
THANK YOU
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10.

11.

12.

13.

14.

15.

REFERENCES

Ten great public health achievements--United States, 1900-1999. MMWR Morb Mortal Wkly Rep.
1999 Apr 2;48(12):241-3.

Silver LL. Challenges of Antibacterial Discovery. Clin Microbiol Rev. 2011 Jan 1;24(1):71-109.

Tenover FC, Hughes JM. The challenges of emerging infectious diseases. Development and spread
of multiply-resistant bacterial pathogens. JAMA J Am Med Assoc. 1996 Jan 24;275(4):300-4.

WHO | Antimicrobial resistance: global report on surveillance 2014 [Internet]. WHO. [cited 2014
May 22]. Available from: http://www.who.int/drugresistance/documents/surveillancereport/en/

Threat Report 2013 | Antimicrobial Resistance | CDC [Internet]. [cited 2014 Aug 22]. Available
from: http://www.cdc.gov/drugresistance/threat-report-2013/

Mainous AG, Diaz VA, Matheson EM, Gregorie SH, Hueston WJ. Trends in Hospitalizations with
Antibiotic-Resistant Infections: U.S., 1997-2006. Public Health Rep. 2011;126(3):354-60.

Pakyz AL, MacDougall C, Oinonen M, Polk RE. Trends in antibacterial use in us academic health
centers: 2002 to 2006. Arch Intern Med. 2008 Nov 10;168(20):2254-60.

Jr JEM. Antimicrobial Stewardship—the State of the Art in 2011: Focus on Outcome and Methods.
Infect Control Hosp Epidemiol. 2012 Apr 1;33(4):331-7.

Davey P, Brown E, Charani E, Fenelon L, Gould IM, Holmes A, et al. Interventions to improve
antibiotic prescribing practices for hospital inpatients. Cochrane Database Syst Rev.
2013;4:CD003543.

Lesprit P, Brun-Buisson C. Hospital antibiotic stewardship. Curr Opin Infect Dis. 2008
Aug;21(4):344-9.

Resistance to antibiotics: The spread of superbugs. The Economist [Internet]. 2011 Mar 31 [cited
2012 Jul 23]; Available from: http://www.economist.com/node/18483671/print

European Centre for Disease Prevention and Control. The bacterial challenge: time to react
[Internet]. 2009 [cited 2012 Jul 22]. Available from:
http://www.ema.europa.eu/docs/en_GB/document_library/Report/2009/11/WC500008770.pdf

WHO | World Health Day 2011 [Internet]. WHO. [cited 2012 Jun 3]. Available from:
http://www.who.int/mediacentre/news/statements/2011/whd_20110407/en/index.html

Kunin CM, Johansen KS, Worning AM, Daschner FD. Report of a symposium on use and abuse of
antibiotics worldwide. Rev Infect Dis. 1990 Feb;12(1):12-9.

Willemsen I, Groenhuijzen A, Bogaers D, Stuurman A, van Keulen P, Kluytmans J. Appropriateness

of Antimicrobial Therapy Measured by Repeated Prevalence Surveys. Antimicrob Agents
Chemother. 2007 Mar;51(3):864-7.

117



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

Kofoed K, Zalounina A, Andersen O, Lisby G, Paul M, Leibovici L, et al. Performance of the TREAT
decision support system in an environment with a low prevalence of resistant pathogens. J
Antimicrob Chemother. 2009 Feb 1;63(2):400-4.

Paul M, Andreassen S, Tacconelli E, Nielsen AD, Almanasreh N, Frank U, et al. Improving empirical
antibiotic treatment using TREAT, a computerized decision support system: cluster randomized
trial. J Antimicrob Chemother. 2006 Dec 1;58(6):1238-45.

Fraser A, Paul M, Almanasreh N, Tacconelli E, Frank U, Cauda R, et al. Benefit of Appropriate
Empirical Antibiotic Treatment: Thirty-day Mortality and Duration of Hospital Stay. Am J Med. 2006
Nov;119(11):970-6.

Leibovici, Shraga, Drucker, Konigsberger, Samra, PitlikPitlik. The benefit of appropriate empirical
antibiotic treatment in patients with bloodstream infection. J Intern Med. 1998;244(5):379-86.

WHO | WHO Global Strategy for Containment of Antimicrobial Resistance [Internet]. WHO. [cited
2014 May 22]. Available from:
http://www.who.int/csr/resources/publications/drugresist/WHO_CDS_CSR_DRS_2001_2_EN/en/

Sepkowitz KA. Finland, Weinstein, and the birth of antibiotic regret. N Engl J Med. 2012 Jul
12;367(2):102-3.

Srinivasan A, Fishman N. Introduction: Antimicrobial Stewardship 2012: Science Driving Practice.
Infect Control Hosp Epidemiol. 2012 Apr 1;33(4):319-21.

Teng CB, Lee W, Yeo CL, Lee SY, Ng TM, Yeoh SF, et al. Guidelines for antimicrobial stewardship
training and practice. Ann Acad Med Singapore. 2012 Jan;41(1):29-34.

Dellit TH, Owens RC, McGowan JE, Gerding DN, Weinstein RA, Burke JP, et al. Infectious Diseases
Society of America and the Society for Healthcare Epidemiology of America Guidelines for
Developing an Institutional Program to Enhance Antimicrobial Stewardship. Clin Infect Dis. 2007
Jan 15;44(2):159-77.

Patel D, Lawson W, Guglielmo BJ. Antimicrobial stewardship programs: interventions and
associated outcomes. Expert Rev Anti Infect Ther. 2008 Apr;6(2):209-22.

Goff DA, Bauer KA, Reed EE, Stevenson KB, Taylor JJ, West JE. Is the “Low-Hanging Fruit” Worth
Picking for Antimicrobial Stewardship Programs? Clin Infect Dis. 2012 Aug 15;55(4):587-92.

Jacob JT, Gaynes RP. Emerging trends in antibiotic use in US hospitals: quality, quantification and
stewardship. Expert Rev Anti Infect Ther. 2010 Aug;8(8):893—902.

MacDougall C, Polk RE. Antimicrobial Stewardship Programs in Health Care Systems. Clin Microbiol
Rev. 2005 Oct 1;18(4):638-56.

Fijn R, Chow M-C, Schuur PMH, De Jong-Van den Berg LTW, Brouwers JRBJ. Multicentre evaluation

of prescribing concurrence with anti-infective guidelines: epidemiological assessment of indicators.
Pharmacoepidemiol Drug Saf. 2002;11(5):361-72.

118



30.

31.

32.

33.

34.

35.

36.

37.

38.

30.

40.

41.

Mol PGM, Rutten WJMJ, Gans ROB, Degener JE, Haaijer-Ruskamp FM. Adherence Barriers to
Antimicrobial Treatment Guidelines in Teaching Hospital, the Netherlands. Emerg Infect Dis. 2004
Mar;10(3):522-5.

Mol PGM, Wieringa JE, NannanPanday PV, Gans ROB, Degener JE, Laseur M, et al. Improving
Compliance with Hospital Antibiotic Guidelines: A Time-Series Intervention Analysis. J Antimicrob
Chemother. 2005 Apr 1;55(4):550-7.

Arnold FW, McDonald LC, Smith RS, Newman D, Ramirez JA. Improving Antimicrobial Use in the
Hospital Setting by Providing Usage Feedback to Prescribing Physicians e. Infect Control Hosp
Epidemiol. 2006 Apr 1;27(4):378-82.

Mol PGM, Denig P, Gans ROB, Nannanpanday PV, Degener JE, Laseur M, et al. Limited effect of
patient and disease characteristics on compliance with hospital antimicrobial guidelines. Eur J Clin
Pharmacol. 2006 Apr;62(4):297-305.

Evans RS, Classen DC, Pestotnik SL, Lundsgaarde HP, Burke JP. Improving Empiric Antibiotic
Selection Using Computer Decision Support. Arch Intern Med. 1994 Apr 25;154(8):878-84.

McGregor JC, Weekes E, Forrest GN, Standiford HC, Perencevich EN, Furuno JP, et al. Impact of a
Computerized Clinical Decision Support System on Reducing Inappropriate Antimicrobial Use A
Randomized Controlled Trial. } Am Med Inform Assoc. 2006 Jul 1;13(4):378-84.

Hermsen ED, VanSchooneveld TC, Sayles H, Rupp ME. Implementation of a Clinical Decision
Support System for Antimicrobial Stewardship. Infect Control Hosp Epidemiol. 2012 Apr
1;33(4):412-5.

Pestotnik SL. Expert Clinical Decision Support Systems to Enhance Antimicrobial Stewardship
Programs Insights Society of Infectious Diseases Pharmacists. Pharmacother J Hum Pharmacol
Drug Ther. 2005;25(8):1116-25.

Mainous AG, Lambourne CA, Nietert PJ. Impact of a clinical decision support system on antibiotic
prescribing for acute respiratory infections in primary care: quasi-experimental trial. ] Am Med
Inform Assoc. 2013 Mar 1;20(2):317-24.

Tafelski S, Nachtigall I, Deja M, Tamarkin A, Trefzer T, Halle E, et al. Computer-assisted Decision
Support for Changing Practice in Severe Sepsis and Septic Shock. J Int Med Res. 2010;38(5):1605—
16.

Lawrence KL, Kollef MH. Antimicrobial Stewardship in the Intensive Care Unit Advances and
Obstacles. Am J Respir Crit Care Med. 2009 Mar 15;179(6):434-8.

Buising KL, Thursky KA, Black JF, MacGregor L, Street AC, Kennedy MP, et al. Improving antibiotic
prescribing for adults with community acquired pneumonia: Does a computerised decision support
system achieve more than academic detailing alone? — a time series analysis. BMC Med Inform
Decis Mak. 2008 Jul 31;8(1):35.

119



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

Thursky KA, Buising KL, Bak N, Macgregor L, Street AC, Macintyre CR, et al. Reduction of Broad-
Spectrum Antibiotic Use with Computerized Decision Support in an Intensive Care Unit. Int J Qual
Health Care. 2006 Jun 1;18(3):224-31.

Steurbaut K, Colpaert K, Gadeyne B, Depuydt P, Vosters P, Danneels C, et al. COSARA: Integrated
Service Platform for Infection Surveillance and Antibiotic Management in the ICU. J Med Syst. 2012
Dec 1;36(6):3765-75.

Evans RS, Pestotnik SL, Classen DC, Clemmer TP, Weaver LK, Orme JF Jr, et al. A computer-assisted
management program for antibiotics and other antiinfective agents. N Engl J Med. 1998 Jan
22;338(4):232-8.

Garg AX, Adhikari NJ, McDonald H, et al. Effects of computerized clinical decision support systems
on practitioner performance and patient outcomes: A systematic review. JAMA. 2005 Mar
9;293(10):1223-38.

Kaplan B. Evaluating informatics applications—clinical decision support systems literature review.
Int J Med Inf. 2001 Nov;64(1):15-37.

Ramsay C, Brown E, Hartman G, Davey P. Room for improvement: a systematic review of the
quality of evaluations of interventions to improve hospital antibiotic prescribing. J Antimicrob
Chemother. 2003 Nov 1;52(5):764-71.

Charani E, Edwards R, Sevdalis N, Alexandrou B, Sibley E, Mullett D, et al. Behavior Change
Strategies to Influence Antimicrobial Prescribing in Acute Care: A Systematic Review. Clin Infect
Dis. 2011 Oct 1;53(7):651-62.

Baysari MT, Westbrook JI, Richardson KL, Day RO. The influence of computerized decision support
on prescribing during ward-rounds: are the decision-makers targeted? ] Am Med Inform Assoc.
2011 Nov 1;18(6):754-9.

Anton C, Nightingale PG, Adu D, Lipkin G, Ferner RE. Improving prescribing using a rule based
prescribing system. Qual Saf Health Care. 2004 Jun 1;13(3):186-90.

Thursky KA, Mahemoff M. User-centered design techniques for a computerised antibiotic decision
support system in an intensive care unit. IntJ Med Inf. 2007 Oct;76(10):760-8.

Liew YX, Lee W, Loh JCZ, Cai Y, Tang SSL, Lim CLL, et al. Impact of an antimicrobial stewardship
programme on patient safety in Singapore General Hospital. Int J Antimicrob Agents. 2012
Jul;40(1):55-60.

Talpaert MJ, Gopal Rao G, Cooper BS, Wade P. Impact of Guidelines and Enhanced Antibiotic
Stewardship on Reducing Broad-Spectrum Antibiotic Usage and Its Effect on Incidence of
Clostridium Difficile Infection. J Antimicrob Chemother. 2011 Sep 1;66(9):2168-74.

Fowler S, Webber A, Cooper BS, Phimister A, Price K, Carter Y, et al. Successful Use of Feedback to

Improve Antibiotic Prescribing and Reduce Clostridium Difficile Infection: A Controlled Interrupted
Time Series. J Antimicrob Chemother. 2007 May 1;59(5):990-5.

120



55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

65.

66.

67.

Carling P, Fung T, Ann Killion R, Terrin N, Barza M. Favorable Impact of a Multidisciplinary
Antibiotic Management Program Conducted During 7 Years e. Infect Control Hosp Epidemiol.
2003;24(9):699-706.

Culbreath K, Ager E, Nemeyer RJ, Kerr A, Gilligan PH. Evolution of Testing Algorithms at a
University Hospital for Detection of Clostridium difficile Infections. J Clin Microbiol. 2012 Sep
1;50(9):3073-6.

Fenner L, Widmer AF, Goy G, Rudin S, Frei R. Rapid and Reliable Diagnostic Algorithm for Detection
of Clostridium difficile. J Clin Microbiol. 2008 Jan 1;46(1):328-30.

Gilligan PH. Is a Two-Step Glutamate Dehyrogenase Antigen-Cytotoxicity Neutralization Assay
Algorithm Superior to the Premier Toxin A and B Enzyme Immunoassay for Laboratory Detection of
Clostridium difficile? J Clin Microbiol. 2008 Apr 1;46(4):1523-5.

Ticehurst JR, Aird DZ, Dam LM, Borek AP, Hargrove JT, Carroll KC. Effective Detection of Toxigenic
Clostridium difficile by a Two-Step Algorithm Including Tests for Antigen and Cytotoxin. J Clin
Microbiol. 2006 Mar 1;44(3):1145-9.

Kaki R, Elligsen M, Walker S, Simor A, Palmay L, Daneman N. Impact of Antimicrobial Stewardship
in Critical Care: A Systematic Review. J Antimicrob Chemother. 2011 Jun 1;66(6):1223-30.

Ohl CA, Luther VP. Antimicrobial stewardship for inpatient facilities. ] Hosp Med. 2011;6(S1):54—
S15.

Liew YX, Lee W, Cai YY, Teo J, Tang SS-L, Ong RW-Q, et al. Utility and safety of procalcitonin in an
antimicrobial stewardship program (ASP) in patients with malignancies. Eur J Clin Microbiol Infect
Dis. 2012 Nov 1;31(11):3041-6.

Sintchenko V, Iredell JR, Gilbert GL, Coiera E. Handheld computer-based decision support reduces
patient length of stay and antibiotic prescribing in critical care. ] Am Med Inform Assoc JAMIA.
2005 Aug;12(4):398-402.

Shebl NA, Franklin BD, Barber N. Clinical decision support systems and antibiotic use. Pharm World
Sci PWS. 2007 Aug;29(4):342-9.

Ng TM, Liew YX, Teng CB, Ling LM, Ang B, Lye DC. An interactive, point-of-care, computerised
antibiotic prescription decision support system and quality of antibiotic prescription in the
management of complicated urinary tract infection. J Glob Antimicrob Resist [Internet]. 2014 Jun
[cited 2014 Aug 2];2(2):127-8. Available from:
http://www.sciencedirect.com/science/article/pii/S2213716514000290

Menéndez R, Torres A, Reyes S, Zalacain R, Capelastegui A, Rajas O, et al. Compliance with
guidelines-recommended processes in pneumonia: impact of health status and initial signs. PloS

One. 2012;7(5):e37570.

Livermore DM. Minimising antibiotic resistance. Lancet Infect Dis. 2005;5(7):450 — 459.

121



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Van de Sande-Bruinsma N, Grundmann H, Verloo D, Tiemersma E, Monen J, Goossens H, et al.
Antimicrobial Drug Use and Resistance in Europe. Emerg Infect Dis. 2008 Nov;14(11):1722-30.

Gould IM. Antibiotic resistance: the perfect storm. Int J Antimicrob Agents. 2009 Aug;34 Suppl
3:52-5.

Lopez-Vazquez P, Vazquez-Lago JM, Figueiras A. Misprescription of antibiotics in primary care: a
critical systematic review of its determinants. J Eval Clin Pract. 2012;18(2):473-84.

Teixeira Rodrigues A, Roque F, Falcdo A, Figueiras A, Herdeiro MT. Understanding physician
antibiotic prescribing behaviour: a systematic review of qualitative studies. Int J Antimicrob
Agents. 2013 Mar;41(3):203-12.

Schouten JA, Hulscher MEJL, Natsch S, Kullberg B-J, Meer VD, M JW, et al. Barriers to Optimal
Antibiotic Use for Community-Acquired Pneumonia at Hospitals: A Qualitative Study. Qual Saf
Health Care. 2007 Apr 1;16(2):143-9.

Kawamoto K, Houlihan CA, Balas EA, Lobach DF. Improving clinical practice using clinical decision
support systems: a systematic review of trials to identify features critical to success. BMJ. 2005
Mar 31;330(7494):765.

Sintchenko V, Coiera E, Gilbert GL. Decision support systems for antibiotic prescribing. Curr Opin
Infect Dis. 2008 Dec;21(6):573-9.

Rousseau N, McColl E, Newton J, Grimshaw J, Eccles M. Practice based, longitudinal, qualitative
interview study of computerised evidence based guidelines in primary care. BMJ. 2003 Feb
8;326(7384):314.

Friedman CP, Abbas UL. Is medical informatics a mature science? A review of measurement
practice in outcome studies of clinical systems. Int J Med Inf. 2003 Mar;69(2-3):261-72.

Zaidi STR, Marriott JL. Barriers and Facilitators to Adoption of a Web-based Antibiotic Decision
Support System. South Med Rev. 2012 Dec 27;5(2):42-50.

Malterud K. The art and science of clinical knowledge: evidence beyond measures and numbers.
The Lancet. 2001 Aug;358(9279):397-400.

Mays N, Pope C. Assessing quality in qualitative research. BMJ. 2000 Jan 1;320(7226):50-2.

Pope C, Ziebland S, Mays N. Qualitative research in health care. Analysing qualitative data. BMJ.
2000 Jan 8;320(7227):114-6.

Charani E, Castro-Sanchez E, Sevdalis N, Kyratsis Y, Drumright L, Shah N, et al. Understanding the
Determinants of Antimicrobial Prescribing Within Hospitals: The Role of “Prescribing
Etiquette.”Clin Infect Dis. 2013 Jul 15;57(2):188-96.

Pulcini C, Williams F, Molinari N, Davey P, Nathwani D. Junior doctors’ knowledge and perceptions
of antibiotic resistance and prescribing: a survey in France and Scotland. Clin Microbiol Infect. 2011

Jan 1;17(1):80-7.

122



83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Charani E, Kyratsis Y, Lawson W, Wickens H, Brannigan ET, Moore LSP, et al. An analysis of the
development and implementation of a smartphone application for the delivery of antimicrobial
prescribing policy: lessons learnt. J Antimicrob Chemother. 2013 Apr;68(4):960-7.

Tamma PD, Cosgrove SE. Antimicrobial stewardship. Infect Dis Clin North Am. 2011 Mar;25(1):245-
60.

Duane TM, Zuo JX, Wolfe LG, Bearman G, Edmond MB, Lee K, et al. Surgeons do not listen:
evaluation of compliance with antimicrobial stewardship program recommendations. Am Surg.
2013 Dec;79(12):1269-72.

Sahota N, Lloyd R, Ramakrishna A, Mackay JA, Prorok JC, Weise-Kelly L, et al. Computerized clinical
decision support systems for acute care management: A decision-maker-researcher partnership
systematic review of effects on process of care and patient outcomes. Implement Sci. 2011 Aug
3;6(1):91.

Schouten JA, Hulscher ME, Kullberg B-J, Cox A, Gyssens IC, Meer JW van der, et al. Understanding
variation in quality of antibiotic use for community-acquired pneumonia: effect of patient,
professional and hospital factors. J Antimicrob Chemother. 2005 Sep 1;56(3):575-82.

Kawanami GH, Fortaleza CMCB. Factors predictive of inappropriateness in requests for parenteral
antimicrobials for therapeutic purposes: a study in a small teaching hospital in Brazil. Scand J Infect
Dis. 2011 Jul;43(6-7):528-35.

Kahan E, Kahan NR, Chinitz DP. Urinary tract infection in women--physician’s preferences for
treatment and adherence to guidelines: a national drug utilization study in a managed care setting.
Eur J Clin Pharmacol. 2003 Nov;59(8-9):663-8.

Menéndez R, Torres A, Zalacain R, Aspa J, Martin-Villasclaras JJ, Borderias L, et al. Guidelines for
the treatment of community-acquired pneumonia: predictors of adherence and outcome. Am J
Respir Crit Care Med. 2005 Sep 15;172(6):757-62.

Mettler J, Simcock M, Sendi P, Widmer AF, Bingisser R, Battegay M, et al. Empirical use of
antibiotics and adjustment of empirical antibiotic therapies in a university hospital: a prospective
observational study. BMC Infect Dis. 2007;7:21.

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new method of classifying prognostic
comorbidity in longitudinal studies: Development and validation. J Chronic Dis. 1987;40(5):373-83.

Quan H, Sundararajan V, Halfon P, Fong A, Burnand B, Luthi J-C, et al. Coding algorithms for
defining comorbidities in ICD-9-CM and ICD-10 administrative data. Med Care. 2005
Nov;43(11):1130-9.

Snijders TAB, Bosker RJ. Multilevel Analysis. An Introduction to Basic and Advanced Multilevel
Modeling. 2nd Edition. London, UK: SAGE Publications; 2012.

McNutt L-A, Wu C, Xue X, Hafner JP. Estimating the Relative Risk in Cohort Studies and Clinical
Trials of Common Outcomes. Am J Epidemiol. 2003 May 15;157(10):940-3.

123



96.

97.

98.

99.

100.

101.

102.

103.

104.

Wilf-Miron R, Ron N, Ishai S, Chory H, Abboud L, Peled R. Reducing the volume of antibiotic
prescriptions: a peer group intervention among physicians serving a community with special ethnic
characteristics. ] Manag Care Pharm JMCP. 2012 May;18(4):324-8.

Berger JT. The influence of physicians’ demographic characteristics and their patients’
demographic characteristics on physician practice: implications for education and research. Acad
Med J Assoc Am Med Coll. 2008 Jan;83(1):100-5.

Brown EM. Guidelines for antibiotic usage in hospitals. ] Antimicrob Chemother. 2002
Apr;49(4):587-92.

Fridkin S, Baggs J, Fagan R, Magill S, Pollack LA, Malpiedi P, et al. Vital signs: improving antibiotic
use among hospitalized patients. MMWR Morb Mortal Wkly Rep. 2014 Mar 7;63(9):194-200.

L. Clifford McDonald M, Bruno Coignard M MSc, Erik Dubberke M, Xiaoyan Song M MS,
Teresa Horan M, Preeta K. Kutty M MPH, et al. Recommendations for Surveillance of Clostridium
difficile—Associated Disease e. Infect Control Hosp Epidemiol. 2007 Feb 1;28(2):140-5.

Paterson DL, Doi Y. A Step Closer to Extreme Drug Resistance (XDR) in Gram-Negative Bacilli. Clin
Infect Dis. 2007 Nov 1;45(9):1179-81.

Rubin DB. Estimating causal effects from large data sets using propensity scores. Ann Intern Med.
1997 Oct 15;127(8 Pt 2):757-63.

Braitman LE, Rosenbaum PR. Rare outcomes, common treatments: analytic strategies using
propensity scores. Ann Intern Med. 2002 Oct 15;137(8):693-5.

Cole SR, Chu H, Greenland S. Multiple-imputation for measurement-error correction. IntJ
Epidemiol. 2006 Aug 1;35(4):1074-81.

124





