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ABSTRACT

Background: Antimicrobial resistance increases the risk of misaligned initial antibiotic treatment (IAT),
as susceptibility data are typically delayed. The causal effect on patient outcomes, however, is unclear
due to reliance on observational studies with methodological heterogeneity.

Objectives: To describe the terminology and definitions for IAT misalignment and evaluate methods
used to analyse its association with mortality and hospital length of stay (LOS) for patients with drug-
resistant bloodstream infections (BSIs).

Methods: A systematic review.

Data sources: PubMed and EMBASE: January 1990 to August 2024.

Study eligibility criteria: We included studies on drug-resistant BSIs caused by ESKAPE pathogens
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudo-
monas aeruginosa, Enterobacter species, and other Enterobacterales). Eligible studies defined IAT mis-
alignment and assessed its effect on mortality/LOS.

Participants: Patients with drug-resistant BSIs.

Exposure: (mis)aligned IAT.

Assessment of risk of bias: Revised versions of the Joanna Briggs Institute tools.

Methods of data synthesis: Qualitative synthesis.

Results: From 3627 screened publications, 187 studies were included, predominantly cohort studies
(n = 183). The most common terminology for IAT misalignment was “(in)appropriate” (n = 139, 74.3%),
followed by “(in)adequate” (n = 34, 18.2%). Definitions primarily considered in vitro susceptibility to
prescribed antibiotic(s) (n = 184, 98.4%), with up to nine additional criteria. Impact of (in)appropriate
IAT on mortality (n = 186) was mostly evaluated using logistic or Cox regression, including various
confounder selection methods, showing an association in 122 of 186 studies (65.6%). Admission-to-
infection time and infection-to-treatment time were rarely considered. Impact of (in)appropriate IAT
on LOS was shown in two of nine studies. Only four studies explicitly analysed postinfection LOS. No
study scored a low risk of bias, due to residual confounding and time-dependent bias.

Discussion: Wide variability of IAT definitions and impact analysis was observed, with a high risk of bias,
hindering data aggregation and limiting understanding of the causal effect of inappropriate IAT on
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clinical outcomes. Guidelines are required to improve study quality and harmonize future research.
Nasreen Hassoun-Kheir, Clin Microbiol Infect 2025;31:1972
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Background

The burden of infectious diseases is aggravated by the emer-
gence of antimicrobial resistance (AMR) [1,2]. AMR may increase
the risk of ineffective initial antibiotic treatment (IAT), as IAT is
mostly prescribed before the results of microbiological testing are
available. Consequently, treatment of an individual patient might
not align with the identification and/or susceptibility profile of the
infecting pathogen. This misalignment is described using different
names, like “inappropriate”, “inadequate”, or “ineffective” IAT. As it
can usually only be determined retrospectively, assessment of its
association with patients' outcomes is mostly evaluated in obser-
vational studies. Although an increased risk of ineffective IAT is
generally assumed to be one of the key mechanisms by which AMR
impacts patient outcomes, estimating the causal effects of IAT on
patients' outcomes using observational data is challenging.

In a recent systematic review examining the impact of inap-
propriate IAT for severe bacterial infections, some studies reported
an association between misaligned treatment and excess mortality
or length of hospital stay, whereas others did not find such a
relationship [3]. The authors describe this discrepancy but do not
provide methodological details on the included studies to explore
the origin of these contractionary findings. It might be partially
explained by differences in the definitions of IAT misalignment or
by variation in analytical approaches and methods used across the
different studies [4]. For example, immortal time bias—arising
when patients are considered treated before true treatment ini-
tiation—can result in misleading findings. Other challenges in this
setting include confounding by indication and collider strat-
ification bias (Table 1) [5—8], which can challenge the conditional
exchangeability (or ‘no unmeasured confounding’) assumption,
which is required for causal effect estimation. Conditional
exchangeability refers to a situation where, after correctly
adjusting for all confounding factors, the treatment groups are
comparable—as if individuals had been randomly assigned to
treatment or control [9]. Consistency is also an important
requirement for causal inference. It emphasizes the need for an
exposure to be clearly defined, which, in this case, would include,
for example, the selection of antibiotics considered, to ensure that
the exposure has the same effect in an observational study as it

would have had in a trial [10—12]. Positivity is also a necessary
requirement, which, in this context, refers to the probability of
receiving (mis)aligned IAT, which should be nonzero for every
included patient. Finally, there should be no interference (expo-
sure of one individual should not affect the potential outcome of
another) [13]. These crucial elements are often overlooked in
studies that aim to estimate the causal effect of (mis)aligned IAT on
clinical outcomes.

In this systematic review, we catalogued the terminology used
to describe misalignment of IAT in patients with bloodstream
infections (BSIs), assessed the definitions used for IAT misalign-
ment, and described the analytical methods used to determine its
association with clinical outcomes.

Methods
Eligibility criteria

A review protocol was registered in the International prospective
register of systematic reviews (PROSPERO) (CRD42022286778) [20].
Eligibility criteria for study selection were defined using the PICOS
(Population, Intervention, Comparison, Outcomes, and Study
design) framework [21]. Patient population was hospitalized
patients with BSIs caused by ESKAPE pathogens: Enterococcus fae-
cium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, Enterobacter spp., or other
Enterobacterales. Exposure of interest was IAT, comparing aligned
with misaligned IAT, with IAT defined as treatment started within
24—48 hours of BSI onset, which could include empirical as well as
targeted treatment. Studies should report a definition for the
alignment of IAT given to treat BSI. Outcomes included mortality
and/or hospital length of stay (LOS), and studies had to clearly
describe the methods used to determine the association between
IAT and these clinical outcomes. Eligible study designs were
observational studies (cohort, case-control, and cross-sectional) and
interventional studies (randomized and nonrandomized). System-
atic reviews were used for the purpose of study identification. As we
were interested in methods for causal estimation of the association
between IAT and patients' outcomes, we excluded studies that only

Table 1
Common types of bias and confounding in studies assessing the impact of initial antibiotic treatment on patients' outcomes
Bias type Description Direction of bias in studies on IAT and clinical Recommended
outcomes reading
Confounding by indication Occurs when the reason (e.g. severity of illness) Using broad spectrum antibiotics, with a higher [14,15]
for prescribing a certain treatment is also probability of effectiveness, specifically for
associated with the outcome. more severely ill patients would underestimate
the effect of IAT.
Collider stratification bias Happens when conditioning on a variable Measuring severity of illness after infection, [16,17]
(collider) influenced by both treatment and while analysing it as a baseline variable, would
outcome (or an ancestor of outcome). underestimate the association between IAT and
clinical outcome.
Immortal time bias Arises when a period of time after study Typically, it underestimates the effectiveness of [18,19]

enrolment is misclassified as “exposed” or
ignored in the analysis.

treatment by only including patients who
survive long enough to receive aligned IAT.

IAT, initial antibiotic treatment.
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provided univariable analyses of risk factors/predictors for a clinical
outcome of interest without further analyses.

Search strategy

The EMBASE and Medline (PubMed) databases were searched
on August 23, 2024, using a search strategy including the following
concepts: (ESKAPE pathogens AND resistance AND bloodstream
infection AND outcome (mortality OR length of stay [LOS]) AND
different terms of inappropriate antibiotic prescribing (Table S1).
We searched publications from 1990 onwards, with no language
restriction. A systematic reference search of previous important
publications in the field was performed [3,4,22].

Study selection process

The total list of publications was extracted and deduplicated
using Covidence software [23]. A screening tool was developed for
each stage of screening and piloted among all reviewers. Single
reviewing of titles and abstracts and then of selected full texts was
completed by four independent reviewers (N.H.K.,, M.L,, A-KL,
and M.R.R.); any uncertainties were resolved by discussion during
weekly meetings that were held among the four reviewers. The
selection process was summarized in a preferred reporting items
for systematic reviews and meta-analyses flow diagram (Fig. 1).

Data collection

Single data extraction was completed by a team of seven
reviewers (N.H.K,, M.L., A-K.L.,, M. EA.d.K, AA., M.RR,, and A].S.).
Extracted data elements included study design, study setting,
population characteristics, causative pathogen(s), resistance trait
(s), definitions of BSI onset, terminology used to describe align-
ment of IAT, elements used for IAT definition, outcome measures
(mortality and/or hospital LOS), and analytical methods used to
determine the impact of misaligned IAT on clinical outcomes.
Meetings were held to discuss difficulties in data extraction to
ensure harmonized data extraction.

Study risk of bias assessment

Single risk of bias assessment was performed by seven
reviewers (N.H.K.,, M.L,, A-K.L., M.EA.dK, AAA, MRR,, and A].S.),
using the Joanna Briggs Institute critical appraisal tools for inclu-
ded study designs [24]. Study scores were calculated as the per-
centage of positive responses out of the maximal score, and
studies were separated into low (>75%), medium (>50—74%), and
high risk of bias (<50%). As the specific Joanna Briggs Institute
domains on bias identification and strategies for addressing con-
founding were crucial for the study objectives, these were further
specified into sub-domains, which all needed to be fulfilled in a
study to be classified as a low risk of bias study (Table S2).

Identification of studies via databases and registers

Records removed before screening:
Duplicate records removed (n = 1158)

Records excluded
(n =2998)

Studies included in review
(n=187)

Reports not retrieved
(n=29)

c
o
§ Records identified : 4785.
= Databases (n = 4755) —
;;':; References (n = 30)
=
\4
Records screened
—
(n =3627)
v
Reports sought for retrieval o
E’ (n =629)
c
@
3
& A
Reports assessed for eligibility
(n =600) >
\4

Reports excluded:
Effect of (in)appropriate treatment on outcome
not assessed or confined to univariable
comparison (n = 140)
non-ESKAPE BSls (n = 101)
(in)appropriate treatment not defined (n = 67)
Inclusion of non-BSlI infections (n = 50)
Study design (n = 29)
No comparison group (n=20)
No relevant outcomes (n = 6)

Fig. 1. The preferred reporting items for systematic reviews and meta-analyses flowchart for the systematic review. BSIs, bloodstream infections; ESKAPE, Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species, and other Enterobacterales.
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Synthesis methods

Study characteristics were summarized descriptively without
meta-analysis. A critical review of the nomenclature, definitions,
and analytical methods used to analyse the effectiveness of
treatment in the included studies was performed.

Results
Study selection

A total of 3627 nonduplicate publications were screened by
title/abstract. Of these, 629 full texts were assessed, and 187
studies fulfilled the inclusion criteria (Fig. 1; Table S3). The main
reasons for exclusion were studies not analysing the associations
between IAT and a relevant clinical outcome (n = 140) and studies
reporting on BSIs due to non-ESKAPE pathogens (n = 101).

Study characteristics

All included studies were observational studies (n = 187); 183
cohort studies (144 retrospective, 34 prospective, and five unde-
termined), three case-control studies, and one cross-sectional
study, published during the period 1995—2024. Most were
single-centre studies (n = 117, 62.6%) and included all hospital
departments (n = 137, 73.3%). Thirteen studies (7.0%) focused on
intensive care units (11 adult and two neonatal intensive care
units), and eight studies exclusively included patients with hae-
matological diseases (4.3%).

Across all studies, a total of 135 699 patients were included, with
a median sample size of 211 patients (interquartile range (IQR):
114—377) per study. Most studies included BSIs due to both sus-
ceptible and multidrug-resistant pathogens (n = 134, 71.7%), the
remainder of the studies only included multidrug-resistant patho-
gens. Sixty-six percent of the included studies (n = 124 studies)
focused on BSI due to a single ESKAPE pathogen, with S. aureus
(n = 34) and A. baumannii (n = 33) as the leading pathogens.
Although most studies included both community- and hospital-
acquired infections (n = 144, 77%), 24 studies (12.8%) focused
exclusively on hospital-acquired BSIs, and 19 studies (10.2%)
examined only community-acquired/healthcare-associated com-
munity-onset BSIs.

In-vitro susceptibility

Time-window for initiating treatment
Dosage consideration

General therapeutic considerations
Minimal duration of treatment

IV route obligatory

Concordance with treatment guidelines
Adjustment to renal dysfunction I 115.9%
Adjustment to hepatic dysfunction M 63.2%
Adjustment for body mass index (BMI) B 31.6%

0 20

N 158.0%

Hl 137.0%

40

1975

Nomenclature and definitions of misaligned initial antibiotic
treatment

The association between treatment misalignment and clinical
outcomes was mentioned in the title of 52 of 187 study pub-
lications (27.8%). The most frequently used nomenclature to
describe the phenomenon of “misaligned” individual antibiotic
treatment was “(in)appropriate” treatment (n = 139/187, 74.3%),
followed by “(in)adequate” treatment (n = 34, 18.2%). “(In)active”
was used in five studies (2.7%), whereas “(dis)concordant”, and
“(in)effective” terms were used in four studies each (2.1%). Last,
“(in)correct” treatment was used in one study. Hence, the term
(in)appropriateness is used in the remainder of this manuscript.
Most studies provided a definition of what was considered
appropriate treatment (n = 147, 78.6%), 16 studies specified only
what was considered inappropriate (8.6%), and 24 studies pro-
vided both definitions (12.8%). The elements used to define the
appropriateness of antibiotic treatment varied widely (Fig. 2).
In vitro susceptibility of the infecting bacteria to the antibiotic
agent was used in 184 of 187 studies (98.4%). A prespecified time
window for initiating IAT to be considered appropriate was
defined in 92 studies (n = 92, 49.2%), mostly ranging between 24
and 48 hours after BSI diagnosis. Few studies specified a mini-
mum duration of such a treatment to be considered appropriate
(n = 26, 13.9%). Few studies evaluated pharmacokinetic/phar-
macodynamic criteria (n = 12, 6.4%). Across 112 studies that
included polymicrobial infections, only 14 studies required
appropriate IAT to include coverage of all isolated pathogens
(12.5%).

BSI onset was defined as the time of blood culture collection in
89 studies (47.6%), the time of reporting a positive culture result in
14 studies (7.5%), and the onset of signs/symptoms in three studies
(1.6%). Notably, 80 studies (42.8%) did not provide a clear definition
for BSI onset. The “initial treatment phase” was defined as treat-
ment given within a specified time window (mostly ranging
between 24 and 72 hours), regardless of the availability of anti-
biotic susceptibility testing results in 77 studies (41.1%), whereas
56 studies (30.0%) considered the “empiric treatment phase”,
which included treatment provided until antibiotic susceptibility
testing results were available. The remaining studies used a
combination of these two approaches.

I 34 98.4%
I 92 49.2%

I 44 23.5%

I 41 21.9%

I 26 13.9%

60 80 100 120 140 160 180 200

Number of studies; %

Fig. 2. Elements included in the definition of appropriateness of antibiotic treatment in scientific literature assessing the impact on clinical outcomes in patients with drug-
resistant ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter species, and other Enter-

obacterales) bloodstream infections (N = 187).
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Analysing the impact on mortality

Mortality was assessed in 186 studies at various time points
(Fig S1). The most common time point for mortality assessment
was 28—30 days after BSI diagnosis (n = 120, 64.2%), for which
most studies did not include post-discharge follow-up (102/120,
85.0%). It was pursued in 20 studies (18 with 28- to 30-day mor-
tality, one with 14-day, and one with 7-day mortality outcomes).
Of these, 14 studies specified the exact follow-up method (e.g. use
of death registries, follow-up clinic visits, and telephone calls). The
second most common time point for mortality assessment was
during hospital stay (n = 50, 26.9%).

Multivariable regression was the most common method used
to analyse the association between treatment (in)appropriateness
and mortality (n = 182 studies, 97.3%). Among these studies,
logistic regression was most frequently chosen (n = 142 studies,
78.0%). In 75 of 142 (52.8%) studies using logistic regression
models, post-discharge follow-up was not performed for 30-day
mortality. Cox regression was the second most common method
used (n = 42 studies, 23.1%), including two studies that also per-
formed logistic regression. Among the 182 studies using multi-
variable regression, propensity scores (PS) were used in 13 studies
(7.0%), either through matching, inverse probability weighting, or
including PS as a covariate in a regression model. Several variable
selection strategies were used (Table 2). Finally, treatment (in)
appropriateness was included in the multivariable model for
mortality in 138 of 182 studies; mostly selected based on a pre-
defined selection criterion (n = 99 studies, p value in univariable
analysis/another criterion) or forced into the final model (n = 39
studies).

Table 2

Features of multivariable regression models in studies assessing the impact of
initial antibiotic treatment (in)appropriateness on mortality in patients with
bloodstream infections (n = 182)

Feature® No. of studies (%)

Variable selection method

Based on p value 140 (76.9)
Clinical reasoning 42 (23.1)
Change in effect estimate 4(2.2)
Directed Acyclic Graphs 1(0.5)

Variable inclusion strategy
Backward selection 41 (22.5)
Stepwise selection/unclear direction 22 (12.1)

Forward selection 19 (10.4)
Best subset method 3(1.6)
No selection 11 (6.0)
Not reported 90 (49.5)

@ Several studies applied more than one variable selection method/inclusion
strategy.

Table 3

Confounders considered in multivariable analysis assessing the impact of initial
antibiotic treatment (in)appropriateness on mortality in patients with bloodstream
infections (n = 182)

Confounding domain No. studies® (%)

Comorbidities 117 (64.3)
Demographics 75 (41.2)
Hospital setting (ICU/medical/surgical, etc.) 35(19.2)
Severity of illness
Measured before infection onset 44 (24.2)
Unclear timing for measurement 49 (26.9)
Measured after infection onset” 60 (32.3)

ICU, intensive care units.
2 Out of 182 studies applying multivariable regression models.
" Including on the day of diagnosis.

Regarding adjustment for confounders, most studies assessing
mortality considered patients' comorbidities and demographics.
Adjusting for severity of illness was also common, although it was
frequently assessed at an unknown time point or after infection
onset while including it as a fixed baseline variable in multi-
variable models (Table 3).

Among studies that exclusively included patients with
hospital-acquired BSIs (n = 24), admission-to-infection time
interval was addressed only in one study by including time as a
fixed covariate in the regression model [25], and none of these
studies acknowledged time from infection to appropriate treat-
ment. When considering all studies with some hospital-acquired
BSI patients or without reporting on onset of infection (n = 168
studies), admission-to-infection time interval was addressed in 13
studies (7.4%), and was most frequently included as a fixed cova-
riate in multivariable regression analysis (n = 6 studies), or
addressed as a time-varying variable in two studies [26,27]. Other
time-varying variables were considered in the analysis of five
studies: treatment effectiveness in four studies [28—31], and
severity of illness in one study [26]. Similarly, infection onset to
appropriate treatment time interval was addressed in nine studies,
either by including appropriate treatment as a time-varying vari-
able [28—30] or time to appropriate treatment as a fixed variable
in the multivariable model [31—36]. Finally, treatment (in)appro-
priateness was significantly associated with mortality in 122
studies (65.6%)—only in crude analysis (n = 19), only in adjusted
analysis (n = 15), or both forms of analyses (n = 88).

Analysing the impact on hospital LOS

The association between treatment (in)appropriateness and
hospital LOS was evaluated in nine studies. LOS was defined as the
time after infection onset (n = 4), or total LOS including time before
BSI (n = 3), and two studies did not provide a clear definition. The
analytical methods used were univariable t test/Wilcoxon rank-sum
(n = 3), or multivariable techniques; linear regression (n = 3), Cox
regression (n = 1), inverse probability weighted comparison (n = 1)
[37], and “multivariable methods” were reported in one study.
Three multivariable models included treatment (in)appropriateness
in the final model [27,38,39]. Admission-to-infection onset time
interval was addressed in two studies by including infection as a
time-varying variable or as an interval in multivariable regression
analysis [26,27]. None of the studies included time-varying con-
founders or addressed time from infection onset to the initiation of
appropriate antibiotic treatment in the analysis. Finally, treatment
(in)appropriateness was found to have an association with LOS in
two of nine studies (by crude analysis [40] and by both crude and
adjusted analyses [38]).

Risk of bias assessment

According to the crude risk of bias assessment scores, 53.5%,
40.1% and 6.4% of the studies scored low (n = 100), medium
(n = 75), and high (n = 12) risk of bias, respectively. None of the
studies, however, scored low risk of bias on all the a priori defined
critical items dealing with identification of confounders, time-
dependent bias, and methods for confounding adjustment. Thus,
finally, no studies could be considered low risk of bias.

A particularly problematic aspect of these studies was the
handling of time in the hospital before BSI for hospital-acquired
infections. This was only acknowledged in the analysis of 13 of
187 (7.0%) studies (of which 168 studies may have included
hospital-acquired infections). Time between infection onset and
appropriate treatment was only acknowledged in 17 of 187 (9.1%)
studies. Baseline confounders often included covariates that were
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measured after the exposure of interest (infection onset), without
applying the correct analytical methodology, resulting in a high
risk of bias in the domain of time-fixed confounders. Only 56 of
187 (29.9%) studies included the predefined minimal set of con-
founders in multivariable analysis. Conversely, a low risk of
information bias was encountered in included studies—175 of 187
(93.6%) scored low risk of bias in exposure measurement, and 159
of 187 (85.0%) scored low risk of bias in outcome classification.

Discussion

We identified 187 studies that defined misalignment of IAT for
BSI due to ESKAPE pathogens and assessed the impact of such
treatment on clinical outcomes. The term (in)appropriate treat-
ment was predominantly used with “appropriate” typically
defined in the positive sense. BSI onset was frequently considered
as the time of blood culture collection (n = 89 studies, 47.6%), but
was otherwise not, or poorly, defined. The terms “initial” and
“empiric” treatments were frequently used interchangeably across
studies, despite not being strictly synonymous. Although empiric
treatment is, by definition, based on clinical judgement and
probabilistic reasoning prior to microbiological confirmation, ini-
tial treatment refers to the first antibiotics given within a specific
time window. The main criterion for appropriate IAT was in vitro
susceptibility, and other relevant factors like dosing, timing,
pharmacokinetics/pharmacodynamics, and clinical considerations
were often overlooked. Some studies included alignment with
treatment guidelines as a criterion to retrospectively assess
appropriateness, thereby incorporating antibiotic stewardship
considerations. Multivariable analysis was frequently applied to
determine the causal impact of inappropriate IAT, but in many
studies, residual confounding and time-dependent bias could not
be ruled out.

Previous reviews on the impact of appropriate antibiotic
treatment on patient outcomes focused on pooling effect esti-
mates. One review estimated a 56% reduction in odds of mortality
(OR: 0.44, 95% CI: 0.37—0.52) associated with appropriate treat-
ment in a subgroup of patients with BSIs and sepsis based on 63
studies [3]. In another recent systematic review (n = 200 studies)
focusing on BSIs, inappropriate empirical treatment (defined
based on in vitro concordance) was associated with a doubled
adjusted odds of mortality (OR: 2.02, 95% CI: 1.86—2.20) [41]. In
that review, the authors highlighted the large heterogeneity found
across the studies and showed the variability in the pooled esti-
mates for mortality in several subgroups. In the current systematic
review, we have shown the diversity of nomenclature, definitions,
and analytical methods in the underlying literature, and the high
proportion of studies with medium or high risk of bias. Based on
our findings, aggregation of data in meta-analysis will not provide
better insights into the true association between inappropriate
treatment and clinical outcomes among hospitalized patients with
severe infections; it will rather provide a false sense of the
strength of the evidence. To improve our understanding of the
causative factors leading to increased mortality in patients with
drug-resistant severe infections, exposure and outcome defi-
nitions need to be harmonized, and study quality needs to be
improved. Recent efforts to promote uniformity across studies
evaluating mortality in BSI patients identified and prioritized a
minimum set of universal risk factors consistently associated with
mortality in those patients [42].

Immortal time bias was an important concern in the reviewed
studies, as time from admission-to-infection onset and time from
infection to appropriate treatment were rarely addressed, poten-
tially biasing estimates of the association between appropriate
treatment and mortality [19]. In a similar manner, attributing total

hospital LOS to the infection episode, thus also including the
hospitalization days prior to the infection onset, has overestimated
the association between inappropriate IAT and LOS [7,43]. Con-
founding by indication is another important problem; patients
who present with severe illness are more likely to receive broad
spectrum antibiotics, and hence, appropriate treatment. Although
a substantial number of studies adjusted for the severity of acute
illness, they frequently erroneously used postinfection parame-
ters, without addressing the time-varying nature of this con-
founder. Adjustment for time-varying severity of illness is
necessary to estimate causal effects, as the treating physicians
might escalate antibiotic therapy in deteriorating patients, which
some studies considered as part of IAT, but severity of illness is an
intermediate variable on the causal pathway (i.e. severity of illness
is affected by the history of antibiotic treatment). Using so-called
g-methods (Robins' generalized methods), which are a set of
advanced causal inference techniques (like G-computation, or
marginal structural models), researchers can appropriately adjust
for time-varying confounding while avoiding collider stratification
bias [9,12]. However, none of the included studies applied these
methods.

Studies assessing the association between inappropriate IAT
and clinical outcomes among infected patients aim to understand
the causal relationship. For a causal question, a causal framework
is needed, which requires consistency (a well-defined (hypo-
thetical) intervention), positivity (probability of receiving (mis)
aligned IAT nonzero for every included patient), conditional
exchangeability (no unmeasured confounding), and no interfer-
ence (exposure of one individual should not affect potential out-
come of another) [44]. In this systematic review, we have shown
that there is a wide variability in IAT definitions, suggesting that
the consistency assumption is frequently not fulfilled. Moreover, in
the observational studies, any antibiotic treatment was considered
for patients with and without inappropriate IAT, although the
included antibiotics may not have been comparable in terms of
efficacy and safety, and not all of these antibiotics would have been
selected under trial conditions. In addition, patients with pan-
drug-resistant BSIs, would have had zero probability of receiving
appropriate IAT, discarding the positivity assumption. As discussed
before, for most studies, we cannot assume conditional exchan-
geability. This indicates the clear need for guidelines to improve
future studies.

Although nonrandomized studies cannot eliminate all con-
founding, applying robust methods in these studies can sig-
nificantly reduce bias. One possible approach in this situation
would be the use of a target trial framework, which compares
exposures aligned with potential interventions and emulates such
a trial using observational data [45]. This framework requires
careful study planning, strict definitions for exposures and out-
comes, and well-described analytical methods for the estimand of
choice. In the IAT context, a potential intervention could be a rapid
diagnostic test that reduces the delay to appropriate IAT, with the
estimand of choice being excess 30-day mortality with post-
discharge follow-up. Target trial emulation is increasingly applied
in research on treatment duration and time to appropriate treat-
ment initiation and could improve evidence quality and thus
increase public health impact [46,47].

Our review is subject to some limitations, some of which are a
direct result of the reviewed literature. First, most studies included
a mix of hospital-acquired and community-acquired infections
and did not focus specifically on one category. Each of these BSI
categories ideally needs a different analytical approach, as time
zero should be defined differently. Second, we included studies
where treatment (in)appropriateness was not the primary study
focus, as such methods may not have been optimal to assess its
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impact. Other limitations resulted from the review process; we
focused on BSIs due to a specific subset of pathogens, although
there is no reason to assume that findings would have been very
different for another selection. Last, we did not perform double
extraction, but we piloted the data extraction process as a team
and held regular meetings to harmonize extraction strategies.

In conclusion, our findings highlight the need to standardize
and refine criteria and methodologies for assessing the association
between antibiotic treatment appropriateness and clinical out-
comes to generate better evidence. Harmonization will also
improve the comparability of studies and facilitate data aggrega-
tion in future systematic reviews. With more robust studies, the
causal effect of (in)appropriate antibiotic treatment on patients’
outcomes can be better understood and inform prioritization of
public health policies.
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