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Background: Antimicrobial stewardship (AMS) programmes in hospitals support optimal antimicrobial use by
utilizing strategies such as restriction policies and education. Several systematic reviews on digital interventions
supporting AMS have been conducted but they have focused on specific interventions and outcomes.

Objectives: To provide a systematic overview and synthesis of evidence on the effectiveness of digital interven-
tions to improve antimicrobial prescribing and monitoring in hospitals.

Methods: Multiple databases were searched from 2010 onwards. Review papers were eligible if they included
studies that examined the effectiveness of AMS digital interventions in an inpatient hospital setting. Papers
were excluded if they were not systematic reviews, were limited to a paediatric setting, or were not in English.

Results: Eight systematic reviewswere included for data extraction. A large number of digital interventions were
evaluated, with a strong focus on clinical decision support. Due to the heterogeneity of the interventions and
outcomemeasures, ameta-analysis could not be performed. Themajority of reviews reported that digital inter-
ventions reduced antimicrobial use and improved antimicrobial appropriateness. The impact of digital interven-
tions on clinical outcomes was inconsistent.

Conclusions: Digital interventions reduce antimicrobial use and improve antimicrobial appropriateness in hos-
pitals, but no firm conclusions can be drawn about the degree to which different types of digital interventions
achieve these outcomes. Evaluation of sociotechnical aspects of digital intervention implementation is limited,
despite the critical role that user acceptance, uptake and feasibility play in ensuring improvements in AMS are
achieved with digital health.

Introduction
Antimicrobial stewardship (AMS) is a term used to describe pro-
grammes aimed at optimizing antimicrobial use, ultimately im-
proving patient outcomes, and reducing adverse consequences
including antimicrobial resistance, in a cost-effective way.1 AMS
programmes are typically hospital-wide and multifaceted, in-
cluding strategies such as prescribing guidelines, formularies
and approval systems, post-prescription audit and feedback,
and point-of-care interventions.1 A plethora of studies have
been published evaluating the impact of different AMS pro-
grammes and interventions on antimicrobial prescribing and pa-
tient outcomes.2,3 A range of outcome measures including
antimicrobial use, cost, resistance patterns, secondary infections,
patient outcomes (e.g. mortality and length of stay) and

readmission rates have been used by studies to assess the im-
pact of AMS in hospitals.4 AMS programmes have been shown
to reduce inappropriate antimicrobial use, hospital length of
stay, costs, rates of resistance and hospital-acquired infec-
tions.3,5–7

The use of digital interventions within AMS programmes is re-
commended by international guidelines.7–9 AMS processes that
were traditionally paper-based are gradually becoming compu-
terized with the increasing implementation of information tech-
nology in hospitals. Many AMS programme barriers previously
cited in the literature can potentially be addressed with the use
of digital interventions. For example, difficulty identifying pa-
tients receiving suboptimal therapy and difficulty communicat-
ing recommendations to prescribers were barriers to
undertaking audit and feedback.10 These can be overcome with
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computerized provider order entry (CPOE) systems or electronic
medical records (eMRs), which allow an AMS team to easily iden-
tify patients on an antimicrobial and enter notes into the system
to document and communicate recommendations to prescri-
bers. Integrating restriction policies and implementing guidelines
can also be done more efficiently with the use of CPOE10–12 and
clinical decision support (CDS). For example, an alert signalling
de-escalation to narrower-spectrum agents can assist prescri-
bers in making appropriate antimicrobial choices at the point of
prescribing.13 Despite these benefits, research has also identified
a range of challenges and risks associated with the use of AMS
digital interventions. For example, implementing too many CDS
alerts can lead to alert fatigue,14 many stand-alone systems do
not interfacewith existing clinical information systems, and digit-
al interventions are not always user-friendly.15 These issues can
hamper uptake of systems and so reduce effectiveness of digital
interventions in practice.15

Hospital-based AMS interventions1–3,16,17 and digital interven-
tions supporting AMS18–20 have been the focus of previous re-
views. These reviews have focused on specific types of
interventions, like CDS, or specific outcome measures. It would
therefore be challenging for those selecting or purchasing AMS
digital interventions, or those embarking on an evaluation of
digital interventions, to synthesize this available information
and evidence.We set out to perform a review of reviews. The ob-
jective of the current study was to provide a systematic over-
view and synthesis of the evidence on the effectiveness of
digital interventions to improve antimicrobial prescribing and
monitoring in hospitals. Specifically, we aimed to answer three
questions: (1) What digital interventions are used in hospitals
to improve antimicrobial prescribing and monitoring? (2) What
outcome measures are used to evaluate the effectiveness of
digital interventions designed to improve antimicrobial prescrib-
ing and monitoring? and (3) How effective are digital interven-
tions in improving antimicrobial prescribing and monitoring in
hospitals?

Methods
Eligibility criteria
Systematic review papers were eligible if they included studies examining
the effectiveness of digital interventions related to antimicrobial prescrib-
ing and monitoring of antimicrobial use in an inpatient hospital setting.
Papers were excluded if they did not include a clearly defined search
strategy (i.e. were not systematic) or they were not in English. Reviews
limited to paediatric settings were also excluded due to the unique chal-
lenges associated with prescribing and monitoring antimicrobials in this
context.21

Information sources and search strategy
The following databases were searched: MEDLINE, Embase, Scopus,
CINAHL and the Cochrane Database of Systematic Reviews. The search
was limited to reviews from 2010 onwards as recent systematic reviews
would have included papers fromolder systematic reviews and contained
the most up-to-date information. Keywords and subject headings relat-
ing to ‘information technology’ and ‘antimicrobials’ were defined for
each database. The database search terms are provided in Table S1, avail-
able as Supplementary data at JAC Online. The search was conducted on
12 June 2020 and updated on 14 October 2021.

Study selection
The study selection process is depicted in Figure 1. Papers were imported
into Endnote and duplicates were removed. Two researchers independ-
ently screened the remaining titles and abstracts based on the eligibility
criteria. Researchers met to discuss discrepancies until consensus was
reached. Any titles or abstracts that the researchers were unsure of
were included for full-text review. Full text of the remaining 45 potentially
relevant papers were retrieved and reviewed independently by two re-
searchers. Discrepancies were discussed and consensus was reached
on included systematic reviews.

Data extraction
Conducting a meta-analysis was not possible due to heterogeneity of in-
terventions and outcomes. We therefore undertook a meta-summary,
which is viewed to be an appropriate method when integrating variable
quantitative and qualitative evidence.22

Data were extracted into an Excel spreadsheet by one researcher and
reviewed independently by a second researcher. A third researcher with a
pharmacy background also reviewed the data for clarity and accuracy of
categorization. General information about the reviews was extracted,
such as setting, review objective, sources and number of included papers.
For reviews that included data summary tables for their included papers,
digital interventions and outcome measures were extracted from these
tables.When tableswere not available, digital interventions and outcome
measures were extracted from the results section in each review. Data on
the effectiveness of the digital interventionswere also extracted from the
results section of the reviews.

Quality assessment
The Assessment of Multiple Systematic Reviews 2 (AMSTAR 2)23 was used
to assess the quality of the systematic reviews. AMSTAR 2 is a 16-item
checklist that allows for the critical appraisal of systematic reviews spe-
cifically related to healthcare interventions. It is a validated tool and
was chosen as it can be used for systematic reviews and/or
meta-analyses that include both randomized controlled trials and non-
randomized studies of interventions.23–25 Two researchers independently
applied the AMSTAR 2 checklist to the reviews andmet to discuss discrep-
ancies until a consensus was reached on the quality of the reviews. As
AMSTAR 2 does not have a numerical scoring system, the overall quality
of papers was determined by the number of critical and non-critical flaws
(see Table S2). Overall confidence in the results of reviews was rated as
high, moderate, low or critically low, as suggested by Shea et al.23

Results
Review selection
The database search returned 454 papers. Titles and abstracts of
records were screened and excluded based on exclusion criteria,
from which we retrieved 45 papers for full-text review. After
screening, eight papers met the inclusion criteria and data
were extracted for analysis (see Figure 1).

Review characteristics
The characteristics of the included reviews are presented in
Table 1. Review papers reported results from between 34 and
143 studies. The majority of reviews (n=5) were specific to anti-
biotics and all were published in the last 5 years.

Results of the AMSTAR 2 quality assessment are presented in
Table S2. Three reviews were rated as moderate, two low and
three critically low quality. All reviews reported potential sources
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of conflict; most performed the search study selection in dupli-
cate (n=7) and provided a discussion of the heterogeneity ob-
served in the review results (n=6). All reviews failed to provide
a list of excluded studies and justified exclusions. The majority
of reviews (n=7) also failed to explain their selection of the study
designs for inclusion. Of the four reviews that included a
meta-analysis, all used appropriate statistical methods and as-
sessed the potential impact of risk of bias in individual studies
on the results of the meta-analysis.

What digital interventions are used in hospitals to
improve antimicrobial prescribing and monitoring?
The digital interventions investigated in the papers contained in
the reviews are collated in Table 2 andmapped to themedication
management pathway cycle.31 The majority of digital interven-
tions supported the decision to prescribe and the review of medi-
cine orders, but many of the tools supported multiple processes.
For example, CDS tools were used to support the decision to

prescribe, the recording of medicine orders, reviewing medicine
orders and monitoring responses. None of the included reviews
compared digital interventions to other interventions.

What outcome measures are used to evaluate the
effectiveness of digital interventions designed to
improve antimicrobial prescribing and monitoring?
We identified a large number of outcomemeasures in the papers
included in the eight reviews (Table 3). Most outcome measures
could be categorized into antimicrobial use, antimicrobial appro-
priateness, efficiency, clinical, microbiological and economic
measures; however, there was substantial variability in how
these outcomes were defined and measured.

In evaluating antimicrobial use, outcomes predominantly re-
lated to the quantity of antimicrobials prescribed or administered
(e.g. number of antimicrobials ordered per patient32) or time (e.g.
duration of therapy33,34). Outcomes related to appropriateness
varied, with some classifying an antimicrobial as appropriate if

Figure 1. PRISMA flow diagram. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

Review

1830



Ta
bl
e
1.

Ch
ar
ac

te
ris

tic
s
of

in
cl
ud

ed
st
ud

ie
s
an

d
re
su

lt
s
of

qu
al
ity

as
se
ss
m
en

t

A
ut
ho

r
(y
ea

r)
Se

tt
in
g/

po
pu

la
tio

n
O
bj
ec

tiv
e

So
ur
ce

s

N
um

be
r
of

in
cl
ud

ed
pa

pe
rs

A
nt
im

ic
ro
bi
al

ty
pe

Q
ua

lit
y
of

in
cl
ud

ed
pa

pe
rs

a

Fu
nd

in
g

so
ur
ce

re
po

rt
ed

?

Ba
ys
ar
ie

t
al
.

(2
01

6)
2
6

H
os

pi
ta
l,

in
pa

tie
nt

To
re
vi
ew

ev
id
en

ce
of

th
e
ef
fe
ct
iv
en

es
s
of

in
fo
rm

at
io
n
te
ch

no
lo
gy

in
te
rv
en

tio
ns

to
im

pr
ov

e
an

tim
ic
ro
bi
al

pr
es
cr
ib
in
g
in

ho
sp

ita
ls
.

M
ED

LI
N
E,

Em
ba

se
,P

ub
M
ed

,
re
fe
re
nc

e
lis
ts

45
A
nt
im

ic
ro
bi
al
s

M
aj
or
ity

w
er
e

lo
w

qu
al
ity

Ye
s—

Pu
bl
ic

Ca
rr
ac

ed
o

M
ar
tin

ez
et

al
.

(2
01

9)
1
8

Pr
im

ar
y
ca

re
an

d
ho

sp
ita

l

To
ex

am
in
e
w
he

th
er

th
e
us

e
of

a
CD

SS
is

as
so

ci
at
ed

w
ith

im
pr
ov

ed
an

tib
io
tic

pr
es
cr
ib
in
g,

an
d
th
e
se
co

nd
ar
y
ob

je
ct
iv
e
w
as

to
de

te
rm

in
e
w
he

th
er

CD
SS

s
ar
e
as

so
ci
at
ed

w
ith

lo
w
er

m
or
bi
di
ty

an
d
m
or
ta
lit
y.

M
ED

LI
N
E,

Em
ba

se
34

A
nt
ib
io
tic

s
M
aj
or
ity

w
er
e

lo
w

qu
al
ity

Ye
s—

Pu
bl
ic

Cr
es
sw

el
le

t
al
.

(2
01

7)
2
7

H
os

pi
ta
l

To
id
en

tif
y
an

d
de

sc
rib

e
ex

is
tin

g
an

d
em

er
gi
ng

ap
pr
oa

ch
es

to
pr
om

ot
in
g
th
e
ap

pr
op

ria
te

us
e

of
an

tib
io
tic

s
th
ro
ug

h
ho

sp
ita

le
Pr
es
cr
ib
in
g

sy
st
em

s.

M
ED

LI
N
E,

Em
ba

se
,C

D
SR

,
Cl
in
ic
al
tr
ia
ls
.g
ov

,I
SR

CT
N

Re
gi
st
ry
,N

H
S
EE

D
,P

RO
SP

ER
O
,

G
oo

gl
e
Sc
ho

la
r

14
3

A
nt
ib
io
tic

s
N
R

Ye
s—

Pu
bl
ic

Cu
rt
is
et

al
.

(2
01

7)
1
9

H
os

pi
ta
l,

in
pa

tie
nt

To
ev

al
ua

te
th
e
ev

id
en

ce
fo
r
CD

S
in

im
pr
ov

in
g

qu
an

tit
at
iv
e
an

d
qu

al
ita

tiv
e
m
ea

su
re
s
of

an
tib

io
tic

pr
es
cr
ib
in
g
in

in
pa

tie
nt

ho
sp

ita
l

se
tt
in
gs

.

M
ED

LI
N
E,

Em
ba

se
,P

ub
M
ed

,
W
eb

of
Sc
ie
nc

e,
CI
N
A
H
L,

Co
ch

ra
ne

lib
ra
ry
,H

M
IC
,

Ps
yc
In
fo

81
A
nt
ib
io
tic

s
M
aj
or
ity

w
er
e

lo
w

qu
al
ity

Ye
s—

Pr
iv
at
e

H
el
ou

et
al
.

(2
02

0)
2
8

H
os

pi
ta
l,

in
pa

tie
nt

To
sy
st
em

at
ic
al
ly

re
vi
ew

A
M
S
ap

ps
an

d
th
ei
r

im
pa

ct
on

pr
es
cr
ib
in
g
by

ph
ys
ic
ia
ns

tr
ea

tin
g

in
-h
os

pi
ta
lp

at
ie
nt
s.

M
ED

LI
N
E,

Em
ba

se
,C

oc
hr
an

e
Ce

nt
ra
l,
W
eb

of
Sc
ie
nc

e,
G
oo

gl
e
Sc
ho

la
r

13
A
nt
im

ic
ro
bi
al
s

M
aj
or
ity

w
er
e

lo
w

to
m
ed

iu
m

qu
al
ity

Ye
s—

N
o

fu
nd

in
g

La
ka

et
al
.

(2
02

0)
2
0

Pr
im

ar
y
ca

re
an

d
ho

sp
ita

ls

To
as

se
ss

th
e
ef
fe
ct
iv
en

es
s
of

CD
SS

s
at

re
du

ci
ng

un
ne

ce
ss
ar
y
an

d
su

bo
pt
im

al
an

tib
io
tic

pr
es
cr
ib
in
g
w
ith

in
di
ff
er
en

t
he

al
th
ca

re
se
tt
in
gs

.

M
ED

LI
N
E,

Em
ba

se
,P

ub
M
ed

,
CE

N
TR

A
L,

Sc
op

us
,C

IN
A
H
L,

Ps
yc
In
fo
,W

eb
of

Sc
ie
nc

e,
re
fe
re
nc

e
lis
ts

57
A
nt
ib
io
tic

s
M
aj
or
ity

w
er
e

lo
w

qu
al
ity

Ye
s—

Pu
bl
ic

Ra
w
so

n
et

al
.

(2
01

7)
2
9

Pr
im

ar
y
ca

re
an

d
ho

sp
ita

ls

To
un

de
rs
ta
nd

th
e
cu

rr
en

t
sc
op

e
of

CD
SS

s
fo
r

an
tim

ic
ro
bi
al

m
an

ag
em

en
t
an

d
an

al
ys
e

ex
is
tin

g
m
et
ho

ds
us

ed
to

ev
al
ua

te
an

d
re
po

rt
su

ch
sy
st
em

s.

M
ED

LI
N
E,

Em
ba

se
,H

M
IC
,G

lo
ba

l
H
ea

lt
h

58
A
nt
im

ic
ro
bi
al
s

M
aj
or
ity

w
er
e

m
ed

iu
m

to
lo
w

qu
al
ity

Ye
s—

Pu
bl
ic

Ri
tt
m
an

et
al
.

(2
01

9)
3
0

H
os

pi
ta
l

To
re
vi
ew

th
e
cu

rr
en

t
st
at
us

of
an

in
te
ra
ct
iv
e,

pa
tie

nt
-c
en

tr
ed

CD
SS

on
an

tib
io
tic

us
e.

Pu
bM

ed
45

A
nt
ib
io
tic

s
M
aj
or
ity

w
er
e

lo
w

to
m
ed

iu
m

qu
al
ity

N
ot re

po
rt
ed

CD
SR

,C
oc

hr
an

e
da

ta
ba

se
of

sy
st
em

at
ic

re
vi
ew

s;
CE

N
TR

A
L,

Co
ch

ra
ne

ce
nt
ra
l
re
gi
st
er

of
co

nt
ro
lle

d
tr
ia
ls
;C

IN
A
H
L,

Cu
m
ul
at
iv
e
In
de

x
to

N
ur
si
ng

an
d
A
lli
ed

H
ea

lt
h
Li
te
ra
tu
re
;H

M
IC
,

H
ea

lt
hc

ar
e
M
an

ag
em

en
t
In
fo
rm

at
io
n
Co

ns
or
tiu

m
;
IS
RC

TN
,
In
te
rn
at
io
na

l
St
an

da
rd

Ra
nd

om
is
ed

Co
nt
ro
lle

d
Tr
ia
l
N
um

be
r;
N
H
S
EE

D
,
N
at
io
na

l
H
ea

lt
h
Se

rv
ic
e
Ec
on

om
ic

Ev
al
ua

tio
n

D
at
ab

as
e;

PR
O
SP

ER
O
,i
nt
er
na

tio
na

lp
ro
sp

ec
tiv

e
re
gi
st
er

of
sy
st
em

at
ic
re
vi
ew

s.
a
Q
ua

lit
y
of

in
cl
ud

ed
pa

pe
rs

as
de

te
rm

in
ed

by
au

th
or
s
of

th
e
re
vi
ew

.

Review

1831



the order was compliant with guidelines28,35–37 and others clas-
sifying an antimicrobial as appropriate if the microbe cultured
from the patient was susceptible to the antimicrobial.38,39

There were also differences in what components of antimicrobial
orders were assessed for appropriateness (e.g. appropriate
dose,40 proportion of appropriate courses41).

Economic outcomeswere assessed in all eight reviews but few
studies in each review focused on these. The most common eco-
nomic outcome evaluated was cost of antimicrobials.28,42,43

Similarly, some studies included in reviews reported outcome
measures related to use and acceptance of digital interventions,

such as proportion of accepted CDS system (CDSS) recommenda-
tions,44 or use of mobile apps,28 but these were reported to a
lesser degree than the outcomes in Table 3.

How effective are digital interventions in improving
antimicrobial prescribing and monitoring in hospitals?
The impact of digital interventions on antimicrobial use, appropri-
ateness and clinical outcomes, as reported in the eight review pa-
pers, is presented in Table 4. Four of the included reviews18–20,26

conducted ameta-analysis and the findings from these analyses

Table 2. Digital interventions evaluated in papers, mapped to the medicine management pathway cycle31

Digital interventions

Medicine management pathway cycle stepsa

Decision to
prescribe

Record
medicine
order

Review
medicine
order

Issue
medicine

Distribution and
storage of
medicine Administration

Monitor
response

Alerts in eMR ✓ ✓ ✓ ✓
Applications providing local resistance
maps and preliminary microbiological
reports with therapeutic
recommendation

✓ ✓

Automated dispensing system ✓ ✓
Automated microscopy testing ✓
Calculator (smartphone application) ✓
CDS (within CPOE/eMR, stand-alone,
web-based)

✓ ✓ ✓ ✓

Checklist in eMR ✓ ✓
Clinical dashboard ✓
Closed-loop order-processing system ✓ ✓ ✓ ✓ ✓
Computerized antimicrobial approval
system

✓ ✓

Computerized system that links
pharmacy, chemistry, microbiology
and patient management data

✓ ✓

Data warehouse andmonitoring system ✓ ✓
Dosing calculator in CPOE ✓
Electronic microbiology reporting ✓ ✓
Electronic overview linked to electronic
health record

✓

Electronic screening tool to predict
likelihood of developing C. difficile
infection

✓

Guidelines (in eMR, web-based, on
smartphone application)

✓ ✓

Mobile technology for pharmacists to
verify medication orders

✓

Predictive models for treatment
recommendations

✓ ✓

Stand-alone dose-prediction software ✓
Surveillance system ✓
Susceptibility results (smartphone
application)

✓ ✓

aMedication management pathway cycle steps are not included in the table if they were not supported by digital interventions, as reported in papers.
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Table 3. Outcome measures reported by studies in the eight systematic reviews

Outcome measures

Antimicrobial use DDD per 100 or 1000 occupied bed-days; ICU bed-days; patient bed-days
Number of antimicrobials: per patient; per hospitalization; per department
Number of antimicrobials: orders; requests; courses prescribed; drugs dispensed
Number of: patients prescribed antimicrobial; patients receiving excessive dosages; regimen changes; interventions; sepsis

interventions
Number of doses per antimicrobial course
Prescription rate
Consumption of antimicrobials: oral; broad spectrum; restricted
Antimicrobial-free days; days of excessive use; days on antimicrobial; days patient treated for infections
Failure of antibiotic re-dosing
Duration of exposure; duration of therapy
Patients on IV .72 h; IV-to-oral switch; discharges on oral antimicrobials
Change in third/fourth-generation cephalosporin use

Appropriateness Antimicrobial susceptibility mismatches; organism predication; adherence to preliminary microbiological reports; adherence to
local resistance map recommendations

Adherence to: guidelines; recommendations; dosage targets
Appropriate: dose; dosing intervals; empirical therapy; prescribing; initial levels ordered; antimicrobial coverage
Monitoring-based appropriateness: initial trough concentrations; plasma concentrations within therapeutic range; appropriate

TDM
Proportion of: days with adherence to guidelines; appropriate courses; correct prescriptions; medication errors
Antimicrobial escalation and de-escalation
Antimicrobial prescribed to those with an allergy
Discontinued: in appropriate time frame; within 48 h of surgery (prophylaxis)
Errors; prescribing and omission error rate per order
Number of orders with appropriate dosing intervals
Pharmacy interventions; rejections from ID team
Prophylaxis improvement
Risk-appropriate antimicrobial
Sensitivity, specificity, positive predictive value, negative predictive value
Timely discontinuation of prophylaxis; % of surgeries where prophylaxis discontinued after surgery
Usage in low-risk β-lactam allergy

Efficiency Delays in antimicrobial therapy
Time from culture to appropriate antimicrobial
Time to: administration; dosing; prescription; prophylaxis
Time savings; time spent by antimicrobial managing team; time spent managing antimicrobial utilization; time to make decision

Clinical Survival; 180 day survival rate
Mortality; 30 day all-cause mortality; hospital mortality; ICU mortality
Length of stay; length of stay in ICU
Hospital-acquired infections; hospital infection rate; patients at risk of C. difficile infection; rates of surgical site infections; detection

of sepsis; ROC-predicated bloodstream infections
Rates of ADEs; incidence of toxicity; rates of nephrotoxicity
Fevers; severity of illness; patient complexity; response rate; catheter days
Hospital readmission; 30 day readmission; transfers to ICU; ED visits within 72 h
Patient disposition from ED

Microbiological Incidence of nosocomial infections with C. difficile, MRSA and MDR organisms
Antimicrobial resistance; drug-resistant pathogen emergence; resistance patterns; resistance rate
Monthly urinalysis ordered; urine cultures ordered after urinalysis; quantity of radiological and microbiological diagnostics

Economic Case mix index
Cost of: antimicrobials; hospitalization; surveillance of ADEs; pharmacy
Resource intensity weight of each hospitalization

ADE, adverse drug event; ED, emergency department; ID, infectious disease; ROC, receiver operating characteristic; TDM, therapeutic drug monitoring.
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are presented in Table 4. The findings from the remaining papers
were extracted from their results and conclusion sections. Seven
of the eight reviews that assessed the impact of digital interven-
tions on antimicrobial use found that implementation of an inter-
vention was associated with a decrease in use. The majority of
papers also found an increase in antimicrobial appropriateness
following implementation of digital interventions. Impact on clin-
ical outcomes was less clear. Two meta-analyses19,20 revealed
that digital interventions resulted in a significant reduction in
mortality and one also found a reduction in length of stay.20

Helou et al.,28 Baysari et al.26 and Laka et al.20 were the only
reviews to examine one specific type of digital intervention or
present results based on subgroups of digital interventions.
Helou et al.28 only presented results specific to smartphone appli-
cations, but did not conduct a meta-analysis due to large varia-
tions in study designs and outcomes. Baysari et al.26

categorized digital interventions into stand-alone CDSSs, CDSSs
embedded in CPOE, approval systems and surveillance systems.
Baysari et al.26 did not conduct a subgroup analysis as part of
their meta-analysis but in their description of findings they re-
ported that antimicrobial use decreased following implementa-
tion of all these systems except surveillance systems, and
appropriateness increased with stand-alone CDSSs and CDSSs
embedded in CPOE. CDSSs embedded in CPOE and surveillance
systems resulted in a decreased length of stay and surveillance
systems also resulted in a decrease in adverse drug events.
Laka et al.20 conducted a subgroup analysis of CDS types and
found that all CDS types were associated with an increase in anti-
microbial appropriateness.

All reviews examined the economic impact of the digital inter-
ventions. Four reviews20,27–29 found that digital interventions
were associated with a reduction in cost of antimicrobials, with

the remaining reviews reporting mixed or insignificant results.
No reviews examined cost-effectiveness of digital interventions.

Discussion
In this review of systematic reviews, we have summarized and
synthesized the evidence for digital interventions supporting
AMS. Eight reviews that examined the effectiveness of digital in-
terventions related to antimicrobial prescribing andmonitoring in
hospitals were identified, most of moderate quality. Information
on the digital interventions and outcomemeasures was collated,
highlighting the inconsistency across studies in what AMS com-
ponent was evaluated, and in the approaches used for evalu-
ation. Despite this variability, reviews were consistent in the
conclusions drawn. Digital interventions appear to reduce anti-
microbial use and improve antimicrobial appropriateness, with
the majority of studies showing interventions had inconsistent
findings or no significant impact on clinical outcomes.

There was a large degree of variability in the digital interven-
tions examined, although there was a strong focus on CDS inter-
ventions. However, we identified no review or study that
compared CDS interventions with one another. This result shows
that there is limited information available to guide hospitals on
intervention selection. Further research comparing specific digital
interventions for AMS, including different CDS types, is needed to
identify optimal choices for hospitals.

Outcome measures reported in papers also differed across
studies but were predominantly related to antimicrobial use
and appropriateness, consistent with previous reviews of AMS in-
terventions in general.2,3 However, therewas substantial variabil-
ity in how these concepts were defined and measured. For
example, antimicrobial consumption can be measured and

Table 4. Impact of digital interventions on antimicrobial use, appropriateness and clinical outcomes

Author
Antimicrobial

use Appropriateness Clinical outcomes

Baysari et al.26 Decreased Increased.a Appropriate use of antimicrobials: pooled RR
1.49; 95% CI 1.23–1.81; P,0.0001.

No significant effect on mortalitya or length of stay.a

Mortality: pooled RR 0.91; 95% CI 0.82–1.00; P=
0.06. Length of stay: pooled mean difference
−0.84; 95% CI −2.43 to 0.76; P=0.30.

Carracedo
Martinez
et al.18

Decreaseda Increased.a Accuracy of empirical treatment: random
OR 1.93; 95% CI 1.21–3.08; P,0.0711. Compliance
with guidelines: random OR 4.22; 95% CI 1.89–9.42;
P,0.0001.

No significant effect on mortalitya or length of stay.a

Mortality: random OR 0.98; 95% CI 0.84–1.14;
P=0.2321. Length of stay: SMD −0.24; 95%
CI −0.49 to 0.02; P,0.0001.

Cresswell
et al.27

Decreased Increased Inconsistent

Curtis et al.19 Decreased Increased.a Adequacy of antibiotic coverage: OR 2.11;
95% CI 1.67–2.66; P=0.00001.

Reduction in mortality.a Mortality: OR 0.85, 95%
CI 0.75–0.96; P=0.01.

Helou et al.28 Decreased Inconsistent NR
Laka et al.20 Decreased Increased.a Appropriateness of antimicrobial therapy:

pooled OR 2.28; 95% CI 1.82–2.86; P=0.000.
Reduction in mortality.a Mortality: pooled OR 0.82;
95% CI 0.73–0.91; P=0.045.

Rawson et al.29 NR Inconsistent Inconsistent
Rittman et al.30 Decreased Increased Inconsistent

NR, not reported; RR, risk ratio; SMD, standardized mean difference.
aResults are based on meta-analysis.
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expressed in various ways including duration of therapy, number
of prescriptions, or number of antimicrobials dispensed, all of
which were measures found in this review. This variation pre-
cluded us from conducting ameta-analysis and alsomakes com-
parison of antimicrobial consumption levels between sites or
studies difficult. The WHO’s Collaborating Centre for Drug
Statistics Methodology promotes the use of defined daily dose
(DDD) as a drug consumption measure.45 IDSA and the Society
for Healthcare Epidemiology of America advocate DDD per
1000 patient-days as an outcome measure for AMS pro-
grammes.46 However, there are some flaws to using this metric
and a change in DDD is not solely suitable for drawing conclusions
on an AMS intervention’s success.47 For example, DDD biases
against combination therapy even if that therapy is more appro-
priate, and it underestimates exposure when doses are reduced
for renal dysfunction.47,48 Days of therapy (DOT) or exposure
days are often used and thought to be more clinically relevant
to prescribers; however, they share the same limitation in biasing
against combination therapy.48 Using a combination of metrics
may be a more appropriate approach to measure success of an
AMS intervention, as it can provide a more comprehensive evalu-
ation.49 For example, a novel method proposed by Evans et al.50

uses multiple metrics combining clinical outcomes, safety out-
comes and duration of therapy to provide an overall probability
of a better outcome occurring for patients with the intervention.

In this review, a core question we set out to answer was how
effective digital interventions are in improving antimicrobial pre-
scribing andmonitoring in hospitals. Unfortunately, the variability
in interventions and outcome measures used in review papers
prevented us from answering this. Our results indicated that
digital interventions, on the whole, decrease antimicrobial use
and increase antimicrobial appropriateness. Reviews that under-
took meta-analyses showed that appropriateness increased by
1.9- to 4.2-fold, and one review showed that antimicrobial use
declined by 70%. However, these ranges should be interpreted
with caution, as variable measures were used.

The impact of digital tools on clinical outcomes is less clear.
Clinical outcome measures such as mortality and length of stay
are difficult to attribute directly to AMS interventions due to con-
founding variables such as infection control, resistance patterns,
quality improvement initiatives and severity of illness.51 A modi-
fied Delphi study with an expert panel to select relevant outcome
measures for AMS interventions in acute-care hospitals recom-
mended that programmes focus on antimicrobial use and pro-
cess measures.52 The reluctance to include clinical outcomes
was reportedly due to the difficulty in detecting changes in clin-
ical outcomes and attributing them to the AMS intervention.52

The Delphi study also highlighted that there are no clear standar-
dized definitions for AMS-specific clinical outcomes such as
infection-related mortality or readmission related to infectious
diagnoses, a finding which also emerged from our review. It
has been recommended that clinical measures be used to dem-
onstrate that interventions do not cause harm rather than to
evaluate effectiveness.52 When interventions result in a reduc-
tion in antimicrobial use, it is important to assess clinical out-
comes such as mortality to ensure the intervention does not
increase health risks.20,48 From the reviews in our synthesis that
conducted a meta-analysis, two found a reduction in mortal-
ity19,20 and two found no significant effect on mortality or length

of stay.18,26 Although a limited number of reviews, these findings
are reassuring as they suggest that digital interventions did not
cause harm.

It is interesting to note that we found limited assessment and
reporting of sociotechnical aspects associated with implementa-
tion of AMS digital interventions. A small number of reviews brief-
ly examined use and acceptance of digital interventions, but
thesewere in theminority.When evaluating digital interventions,
clinical outcomes are viewed to be just one aspect of effective-
ness, with additional aspects recommended to be examined,
such as organizational, human and social, ethical and legal,
technological, clinical, cost and economical.53 Our review identi-
fied a clear evidence gap in understanding and evaluating these
other components of AMS digital intervention effectiveness.

This reviewwas limited by the lack of high-quality reviews that
met our inclusion criteria, and by the quality of studies included in
the eight reviews. Our results and conclusions are significantly
limited by the quality of information contained in systematic re-
views. Similarly, a Cochrane review of interventions to improve
antibiotic prescribing found substantial design heterogeneity
and all non-randomized trials and controlled before–after trials
had a high risk of bias.3 This may be due to the complexity of
evaluating AMS interventions as they are often implemented in
‘real-world’ settings and are consequently prone to bias, con-
founding and random time effects.54 More high-quality studies
are needed to strengthen the evidence base on the impact of
digital interventions in AMS programmes on prescribing and
monitoring of antimicrobials, and in evaluating sociotechnical as-
pects of digital intervention implementation.

To conclude, the results of this review indicate that digital in-
terventions reduce antimicrobial use and improve antimicrobial
appropriateness in hospitals, but no firm conclusions can be
drawn about the degree to which different types of digital inter-
ventions achieve these outcomes. The impact of digital interven-
tions on clinical outcomes is less clear and high-quality
evaluation, including the use of recommended outcome mea-
sures,52 is needed to assess the impact on patients and organiza-
tions. Evaluation of sociotechnical aspects of digital intervention
implementation is limited, despite the critical role that user ac-
ceptance, uptake and feasibility play in ensuring improvements
in AMS are achieved with digital health.
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