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Background. Lack of international guidelines for gram-negative bloodstream infection (GN-BSI) management poses clinical
challenges. We aimed to assess whether implementing a management bundle for patients with GN-BSI affected mortality and/
or emergence of multidrug resistance (MDR).

Methods. This was a single-center, quasi-experimental study including adult patients hospitalized with monomicrobial GN-
BSI. In the preimplementation phase (“pre-phase,” 2018-2019), no standardized protocol was used. In the postimplementation
phase (“post-phase,” 2022-2023), a bundle was applied including predefined rules for follow-up blood cultures (FU-BCs),
imaging, B-lactam administration schedule, and treatment duration. Primary endpoint was 30-day all-cause mortality;
secondary endpoint was 30-day MDR-GN carriage or infection. Treatment-effect lasso models were used to estimate bundle impact.

Results. A total of 2683 patients were included: 1430 in the pre-phase and 1253 in the post-phase. FU-BCs were performed in
22.5% (n = 322) versus 47% (n = 589), P < .001, and imaging in 65.5% (n = 936) versus 71.6% (n = 897), P < .001; median treatment
duration was 10 days in both phases (P =.625). Thirty-day mortality was 10.7% (n = 153) versus 11.6% (n = 143), P = .467. New
MDR carriage/infection was 140 (11.0%) versus 78 (6.5%), P <.001. The bundle had no overall effect on 30-day mortality
(average treatment effect [ATE] =0.008, P=.568), despite reduced mortality in BSIs due to carbapenem-resistant organisms
(ATE = —0.074, P=.197); the effect was not significant. MDR emergence was significantly reduced (ATE = —0.038, P=.031) in
both overall and high-risk populations.

Conclusions. The GN-BSI management bundle reduced MDR.
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The management of bloodstream infections (BSIs) is complex,
requiring timely antimicrobial therapy, a targeted diagnostic ap-
proach, effective source control, and ongoing follow-up [1].
While established guidelines exist for infections caused by
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pathogens such as Staphylococcus aureus and Candida spp [2,
3], the management of gram-negative (GN) BSIs remains highly
differentiated due to the absence of standardized protocols [4].

The use of follow-up blood cultures (FU-BCs) is debated in
GN-BSIs due to concerns over cost and extended hospital stays
[5]. Nevertheless, observational studies and meta-analyses sug-
gest that FU-BCs may reduce mortality, particularly in cases in-
volving severe infection sources, antibiotic resistance, or
suboptimal initial therapy [6]. Beyond FU-BCs, radiological as-
sessment is critical in identifying BSI sources and complica-
tions [1, 7]. Indeed, several imaging modalities such as
computed tomography (CT) and contrast-enhanced ultra-
sound have proven useful for diagnosing and managing com-
plications of GN-BSIs, such as pyelonephritis and
intra-abdominal abscesses [8, 9]. Additionally, BSI source iden-
tification may enhance source control, which remains a corner-
stone of successful treatment and is useful in reducing
antibiotic use [10]. Intravenous B-lactam antibiotics are usually
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administered for initial treatment of GN-BSIs, with transition
to targeted therapy once susceptibility results are available
[1]. Pharmacokinetic/pharmacodynamic (PK/PD) approaches,
including extended or continuous B-lactam infusion, are prom-
ising in achieving higher rates of cure and minimizing resis-
tance [11]. Finally, for uncomplicated GN-BSIs, evidence
supports noninferiority of shorter antibiotic courses, theoreti-
cally reducing the risks associated with prolonged therapy (7,
12, 13].

Structured, evidence-based care bundles have emerged as an
effective approach to standardizing management and improv-
ing outcomes [14]. While such bundles have been successfully
implemented for infections like Staphylococcus aureus BSI [15],
limited data are available on their use in GN-BSIs [16, 17]. Our
hypothesis was that introducing a bundle for the management
of patients with GN-BSI could improve patient outcome and
optimize antibiotic use, reducing the emergence of further an-
tibiotic resistance.

With this premise, we performed a pre-post quasi-experi-
mental study to assess the impact of a tailored bundle on clin-
ical outcome and emergence of multidrug resistance (MDR) in
patients with GN-BSI, focusing on key interventions including
FU-BCs, imaging investigations, optimized antibiotic adminis-
tration, and streamlined treatment duration.

METHODS

Setting and Study Population

The study was conducted at IRCCS Azienda Ospedaliero-
Universitaria of Bologna, a 1400-bed tertiary teaching hospital.
Inclusion criteria consisted of hospitalized patients with
GN-BSI, aged 18 years or older, who provided informed con-
sent to participate in the study. Exclusion criteria were pallia-
tive care or high likelihood of death within 72 hours from
index blood culture (BC), or hospital discharge within 72 hours
after index BC. Polymicrobial BSIs involving gram-positive
bacteria or fungi were not eligible, although patients with BSI
caused by multiple GN bacteria were included.

Study Design

We conducted a quasi-experimental study with pre-phase and
post-phase periods. In the pre-phase (January 2018 to
December 2019), the management of patients with GN-BSI
was not dictated by clinical protocol. This cohort includes pa-
tients who had been prospectively enrolled in an observational
study already ongoing at our center before the implementation
of the bundle [18]. During the postintervention phase (January
2022 to December 2023), patients with GN-BSI were prospec-
tively identified through an alert system, which consisted of an
electronic report generated by the microbiology laboratory for
positive BCs. This report was accessed daily, from Monday to
Friday, by the infectious disease (ID) consultants, who

subsequently proposed the management of BSI according to
the predefined bundle to the attending physicians. The bundle
consisted of the following components:

1. Follow-up blood cultures: FU-BCs were recommended
within 7 days for high-risk patients, such as immunocom-
promised individuals, those with device-related BSIs, pa-
tients who received inappropriate empirical therapy, those
with incomplete or absent source control, and those with in-
fections caused by pathogens with difficult-to-treat resis-
tance (DTR) profiles.

2. Imaging and source control: Imaging was performed to as-
sess the BSI source and complications. For urinary-origin
BSI, contrast-enhanced imaging was recommended to rule
out pyelonephritic foci. Chest X-ray and/or CT were recom-
mended for suspected pneumonia. In the presence of central
venous catheter, color-Doppler ultrasonography was ad-
vised to exclude thrombophlebitis. Echocardiography was
suggested for patients with suspected endocarditis, and pos-
itron emission tomography-CT scan was used in patients
suspected of having vascular or valvular prosthesis infec-
tions or when no clear alternative focus for the GN-BSI
was evident. Source control is intended as interventional
measures aimed at eliminating the infectious focus (such
as removal of infected hardware or drainage of infected fluid
via surgery or other procedural interventions).

3. Optimized antibiotic administration: Loading dose followed
by extended or continuous infusion of B-lactams was recom-
mended where appropriate (eg, this rule was not applied to
ceftriaxone and ertapenem).

4. Shortened treatment duration for uncomplicated BSIs: For

“Study

Variables and Definitions” below), a treatment duration of

uncomplicated GN-BSIs (see definition in
7 days with at least 1 in vitro active agent was recommended.
For other cases, treatment duration was individualized
based on clinical features.

Before the bundle implementation, education and training
sessions with all physicians in the hospital involved in the man-
agement of patients with GN-BSI were performed to present
the scope and the components of the bundle, and to set up its
implementation (eg, microbiology laboratory workflow for
providing results of index BC and agreement on FU-BC crite-
ria, radiology unit agreement on imaging investigations).

The ID consultation service, available upon request by the at-
tending physician, was accessible during both phases.
Follow-up procedures were identical in both study phases.
Patients in both the pre-phase and post-phase were followed
from the day of index BCs up to 1 year through inpatient or
outpatient visits, medical record reviews, or telephone calls.
Patients were included in the study only once at the time of in-
dex BCs.
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Microbiology
During the study period, BCs were incubated using the auto-
mated BACTEC FX blood culture system (Becton Dickinson,
Franklin Lakes, New Jersey, USA). Positive blood cultures
were processed using matrix-assisted laser desorption/ioniza-
tion-time of flight for rapid pathogen identification.
Susceptibility testing of strains was performed using the auto-
mated Vitek 2 system (bioMérieux, Marcy I’Etoile, France) dur-
ing the pre-phase period, while the MicroScan WalkAway
system (Beckman Coulter, Brea, California, USA) was used in
the post-phase period. Minimum inhibitory concentration val-
ues were interpreted according to European Committee on
Antimicrobial Susceptibility Testing clinical breakpoints.
Rectal swabs for carbapenemase-producing Enterobacterales
(CPE) were performed weekly to all patients as screening program.

Study Variables and Definitions

The primary endpoint was 30-day all-cause mortality.
Secondary endpoints included (1) colonization and/or infection
with MDR-GN (defined as resistance to at least 1 agent in >3
antimicrobial categories) [19] and DTR-GN (defined by resis-
tance to all first-line antibiotics) [20], assessed at 30 and 90
days by standardized surveillance cultures and/or clinical cul-
tures if needed; (2) all-cause mortality at 90, 180, and 360
days from the date of index BCs; (3) persistent BSI (ie, a BSI
that remained positive over time, despite appropriate antimicro-
bial therapy and initial management efforts); (4) breakthrough
BSI (defined as a new episode of BSI that occurred while the pa-
tient was receiving appropriate antimicrobial therapy, specifi-
cally active in vitro against the identified pathogen); (5)
recurrent BSI (new episode of BSI caused by the same pathogen
that occurred after resolution of a previous BSI episode, typical-
ly following a documented period of negative blood cultures and
clinical improvement); and (6) documented Clostridioides diffi-
cile infection at 30 and 90 days from the index BCs.

Other study variables included demographic data (age and
sex), baseline clinical parameters such as McCabe-Jackson criteria
[21] and Charlson Comorbidity Index (CCI) [22], immunosup-
pression status (including neutropenia, defined as neutrophils
<500 cells/uL; solid organ transplantation; corticosteroid therapy
at a dosage of >16 mg/day for >15 days; and human immunode-
ficiency virus-1 infection with CD4 count <200 cells/pL). Date of
hospital admission and discharge, the ward of stay at the time of
the first positive BCs, and rectal swab positivity for CPE at the
time of the index BCs were also obtained. Degree of clinical se-
verity at the time of index BCs based on the Sequential Organ
Failure Assessment (SOFA) score [23], quick SOFA score, Pitt
bacteremia score, and septic shock criteria was also assessed
[24]. As for BSI characteristics, uncomplicated BSI was defined
as BSI that met all 4 criteria: (1) secondary to urinary tract,
intrabdominal, respiratory, catheter-related, and skin and
soft tissue; (2) complete source control; (3) absence of

immunocompromising condition; and (4) clinical improvement
within 72 hours of effective antibiotic treatment—at a minimum
including defervescence and hemodynamic stability [7]. Site of
BSI acquisition (community-acquired, healthcare-associated,
and nosocomial) [25] and pathogen characteristics including spe-
cies and resistance mechanisms were recorded. Data on BSI man-
agement included execution of FU-BCs, type and date of imaging,
identification of the infection source, identification of local or em-
bolic complications, and source control (classified as partial, com-
plete, or not performed). Appropriateness of empirical therapy
was defined as the administration of at least 1 antibiotic active
in vitro; failure to administer antimicrobial therapy or adminis-
tration beyond 24 hours from infection onset was considered in-
appropriate. Last, bundle compliance was categorized as follows:
no adherence, partial adherence (1 or more recommendations
followed), or total adherence (all recommendations followed).

Statistical Analysis

All enrolled patients were described by expressing categorical
variables as absolute frequencies and percentages, and contin-
uous variables as mean (+ standard deviation) or median (in-
terquartile range). Categorical variables were compared using
x> or Fisher test, and continuous variables were compared using
Student t-test or Mann-Whitney test, based on the variable dis-
tribution. To reduce survival bias, we excluded from the anal-
ysis patients who died within 5 days from the index blood
culture. Moreover, follow-up blood cultures and imaging that
were carried >5 days after outbreak of BSI were considered
as not performed. To evaluate the impact of the bundle on clin-
ical outcomes, a treatment-effect lasso model was used, a meth-
od designed to estimate the causal effects of an intervention on
an outcome by leveraging the lasso model to manage high-
dimensional data and identify relevant variables. In this model,
the average treatment effect (ATE; the average difference in
outcomes between treated and untreated groups) and the
potential-outcome means (POM; the expected outcome if all
patients were not treated) are estimated for the treatment var-
iable and for each level of the outcome by combining lasso
methods for inference with augmented inverse-probability
weighting, and lasso methods are used to select variables to
be included in the model. This method allows us to model treat-
ment (ie, having been managed with the bundle) causally and at
the same time using a large number of covariates potentially af-
fecting the outcome to efficiently estimate the effect of treat-
ment on the outcome. We estimated the treatment effect of
bundle on the primary outcome (30-day mortality) and on col-
onization and/or infection by MDR/DTR microorganisms at
30 days in the overall population. We also performed the anal-
ysis on subgroups identified by the BSI’s causative microorgan-
isms (Escherichia coli, Klebsiella spp, Enterobacter spp, and
Pseudomonas spp) and resistance profiles (carbapenem resis-
tant and non-carbapenem resistant). In all models, the controls

Management Bundle for GN-BSI « OFID « 3

920z Arenige 60 uo Jasn eubojog ayonsiels 8zusiog Ip ojuswiyediq Aq 0Z 1L £ZE8/089el0/ | L/ZL/aloNe/plo/wod dnosolwapede//:sdiy wolj peapeojumoq



Table 1. Characteristics of the Population

Characteristic Pre-phase (n=1430) Post-phase (n=1253) Test (P Value)
Age, y, mean + SD 70.4+16.4 71.1+16.2 222
Male sex 789 (65.2) 733 (68.5) .083
Myocardial infarction 225 (15.7) 174 (13.9) 180
COPD 212 (14.8) 176 (14.0) .567
Moderate to severe CKD 305 (21.3) 287 (22.9) .326
Uncomplicated DM 251 (17.6) 249 (19.9) 124
End-organ damage DM 75 (5.2) 54 (4.3) .259
Moderate to severe liver disease 146 (10.2) 90 (7.2) .006
Localized solid tumor 216 (15.1) 191 (15.2) 921
Metastatic solid tumor 110 (7.7) 106 (8.5) 466
Leukemia 64 (4.5) 60 (4.8) .700
CCl score, mean + SD 5.6+3.0 56+2.7 479
McCabe-Jackson classification .869

Rapidly fatal 148 (10.8) 120 (10.2)

Moderately fatal 644 (46.8) 551 (46.7)

Not fatal 584 (42.5) 509 (43.1)
Immunosuppression 235 (16.4) 226 (18.0) 272
Neutropenia 69 (4.8) 58 (4.6) .811
SOT 104 (7.3) 116 (9.3) .062
Corticosteroids 59 (4.1) 45 (3.6) 474
Inpatient ward <.001

Internal medicine 1052 (73.6) 770 (61.5)

Surgery 159 (11.1) 180 (14.4)

ICU 117 (8.2) 136 (10.9)

Emergency 102 (7.1) 166 (13.3)
Length of hospital stay, d, median (IQR) 18.0 (10-34) 21.0 (11-39) <.001
Time from admission to BSI, d, median (IQR) 1.0 (0-12) 1.0 (0-14) 519
Pitt bacteremia score, mean + SD 09+1.6 1.0+£15 .027
SOFA score, mean + SD 3.4+29 35+27 404
Septic shock 119 (8.3) 123 (9.8) 178
Uncomplicated BSI 134 (9.4) 112 (8.9) .646
Rectal swab positivity 170 (11) 90 (7.1) <.001
Site of BSI acquisition .346

Community-acquired 469 (33.0) 438 (35.1)

Healthcare-associated 373 (26.2) 334 (26.8)

Nosocomial 580 (40.8) 476 (38.1)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: BSI, bloodstream infection; CCI, Charlson Comorbidity Index; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; DM, diabetes mellitus; ICU, intensive
care unit; IQR, interquartile range; SD, standard deviation; SOFA, Sequential Organ Failure Assessment; SOT, solid organ transplantation.

included were demographic, clinical, comorbidities, bundle
components, pathogens, resistance variables, and the square
of continuous variables to account for potential nonlinearity
(list provided in Supplementary Table 1). Lasso estimation
was carried out using the double robust estimator [26], which
calculates a unique value for A, the smallest one that dominates
the noise in the estimating equations.

Stata version 18.5 software was used for all analyses, with
statistical significance set at P =.05.

RESULTS

A total of 1430 patients were included in the preimplementa-
tion phase (pre-phase) and 1253 in the postimplementation

phase (post-phase), as shown in the study flowchart
(Supplementary Figure 1). The characteristics of these subpop-
ulations are compared in Table 1. Mean age was similar in the 2
groups (70.4 +16.4 vs 71.1 + 16.2 years; P=.222), as was the
proportion of male patients (55.2% vs 58.5%; P =.083). Mean
CCI score was lower in the post-phase (5.6 +3.0 vs 5.6 +2.7;
P=.479) and the McCabe-Jackson classification showed a
higher proportion of “not fatal” cases (42.5% vs 43.1%;
P =.869), whereas no significant differences were observed in
Pitt and SOFA scores. Median hospital length of stay was signif-
icantly longer in the post-phase (18.0 vs 21.0 days; P <.001),
while the time from admission to BSI onset was shorter (1.0
vs 1.0 days; P=.519). However, there were fewer nosocomial
cases (40.8% vs 38.1%) in the post-phase.
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Table 2. Source of Bloodstream Infection, Microorganism and Mechanism of Resistance

Characteristic Pre-phase (n=1430) Post-phase (n=1253) Test (P Value)
Primary 280 (19.6) 292 (23.6) .013
Secondary
Lung infection 96 (6.7) 81 (6.5) .844
1Al 313 (21.9) 232 (18.7) .040
UTI 585 (41.0) 482 (38.9) 271
SSTI 13(0.9) 10(0.8) 772
Other source 51 (3.6) 50 (4.0) 524
Intravascular device-related 89 (6.2) 92 (7.4) 224
Microorganism
Klebsiella spp 371 (26) 3565 (28.4) 152
Escherichia coli 797 (55.8) 596 (47.8) <.001
Enterobacter spp 93 (6.5) 67 (5.4) 213
Citrobacter spp 2 (0.1) 7 (0.6) .061
Serratia spp 0 25 (2.0) <.001
Morganella spp 2(0.1) 10 (0.8) .01
Proteus spp 55 (3.9) 51 (4.1) 756
Salmonella spp 0(0.0) 2(0.2) 130
Pseudomonas spp 67 (4.7) 96 (7.7) .001
Acinetobacter spp 26 (1.8) 15(1.2) 194
Stenotrophomonas spp 15 (1.1) 4 (0.3) .025
Other GN bacteria 0 20 (1.6) <.001
Mechanism of resistance
None 397 (27.8) 431 (34.4) <.001
3GC resistance 533 (37.3) 446 (35.6) .368
FQ resistance 600 (42) 332 (26.5) <.001
Carbapenem resistance 140 (9.8) 62 (4.9) <.001
BL/BLI resistance 739 (61.7) 614 (49) 167
Amoxicillin/clavulanic acid 696 (48.7) 580 (46.3) 218
Piperacillin/tazobactam 345 (24.1) 260 (20.8) .037
DTR 168 (12.1) 91 (7.5) <.001
Carbapenem resistance
KPC 80 (5.6) 23(1.8) <.001
VIM 0 4(0.3) .033
NDM 10(0.7) 7 (0.6) .647
OXA-48-like 2(0.1) 14 (1.1) .001
Other 7 (0.5) 7 (0.6) .804

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: 3GC, third-generation cephalosporin; BL/BLI, B-lactam/B-lactamase inhibitor; DTR, difficult-to-treat resistance; FQ, fluoroquinolones; GN, gram-negative; IAl, intrabdominal
infection; KPC, Klebsiella pneumoniae carbapenemase; NDM, New Delhi metallo-p-lactamase; OXA-48-like, oxacillinase-48-like; SSTI, skin and soft tissue infection; UTI, urinary tract

infection; VIM, Verona integron—encoded metallo-B-lactamase.

Regarding BSI characteristics (Table 2), primary BSIs were
more frequent in the post-phase (19.6% vs 23.6%; P=.013),
whereas intra-abdominal infections decreased (21.9% vs 18.7%;
P =.040). Escherichia coli remained the most common pathogen
but was less frequent in the post-phase (55.8% vs 47.8%;
P <.001), while Klebsiella spp were stable (26% vs 28.4%;
P =.152). Resistance profiles differed between the 2 study peri-
ods. Carbapenemase-producing strains were significantly less
common in the post-phase, especially Klebsiella pneumoniae car-
bapenemase (5.6% vs 1.8%; P < .001). The prevalence of DTR also
decreased significantly (12.1% vs 7.5%; P <.001).

Regarding BSI management (Table 3), the rate of appropri-
ate empirical therapy increased in the post-phase (68.9% vs
77.0%; P <.001), as did the execution of FU-BCs within 5

days (22.5% vs 47%; P <.001) and the use of imaging (65.5%
vs 71.6%; P < .001). Source control was completely performed
in a slightly higher proportion of patients in the post-phase
(40.3% vs 41.9%; P =.223). Median treatment duration was
similar between the 2 groups. Empirical and definitive treat-
ment regimens by antibiotic class for the pre- and post-phases
and the ID consultation are reported in Supplementary Table 2.

As illustrated in Figure 1, in the post-phase the adherence to
individual components of the management bundle varied sub-
stantially among patients.

Clinical outcomes are summarized in Table 4. There were no
statistically significant differences between the pre- and post-
phase cohorts in terms of mortality at day 30 (10.7% vs
11.4%; P=.556), 90 days (19.1% vs 20.9%; P=.239),
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Table 3. Management of Bloodstream Infection

Pre-phase Post-phase
Characteristic (n=1430) (n=1253) Test (P Value)
Treatment duration, d, median (IQR) 10.0 (8-14) 10.0 (8-13) .625
Appropriate empirical therapy 944 (68.9) 923 (77.0) <.001
Appropriate targeted therapy 1308 (96.2) 1102 (98.9) <.001
Execution of FU-BCs within 5 d 322 (22.5) 589 (47.0) <.001
Imaging performance within 5 d 936 (65.5) 897 (71.6) <.001
Source control 223
Completely performed 249 (40.3) 228 (41.9)
Partially performed 98 (15.9) 102 (18.8)
Not performed 271 (43.9) 214 (39.3)

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: FU-BC, follow-up blood culture; IQR, interquartile range.

1200

1000
891 (74.2%)

800 753 (60.4%)

600

Number of patients

400

200

FU-BC Imaging

1114 (89.5%)

607 (48.4%)

E/CI of p-lactam Treatment duration

Figure 1. Bundle adherence. Abbreviations: E/CI: extended/continuous infusion; FU-BC, follow-up blood culture.

180 days (23.2% vs 26.8%; P =.031), and 360 days (27.1% vs
30.9%; P=.032). New carriage or infection with MDR or
DTR organisms at 30 and 90 days was significantly reduced
in the post-phase (11% vs 6.5%, P <.001; and 5.7% vs 3.2%,
P <.003, respectively). Clostridioides difficile infections re-
mained infrequent, with no significant difference at 30 days
(1.8% vs 2.1%; P =.497), but were slightly more common in
the post-phase at 90 days (0.6% vs 1.2%; P =.131).

The treatment-effect lasso model confirmed that no signifi-
cant difference in 30-day mortality was observed between the
2 periods in the overall population (ATE =0.006; P =.675,
with POM = 0.112). Subgroup analyses revealed a marked re-
duction in 30-day mortality among patients infected with

carbapenem-resistant organisms (ATE=-0.077; P=.178),
albeit not statistically significant likely because of the limited
number of patients in this group (n = 167). Regarding second-
ary outcomes, the rate of new MDR/DTR carriage or infection
at 30 days was significantly lower in the post-phase
(ATE = —0.038; P = .034, with POM = 0.111). Subgroup analy-
ses of this outcome were consistent with the overall findings,
showing reductions across most pathogen groups: E coli
(ATE=0.002; P=.889), Klebsiella spp (ATE=-0.056;
(ATE = —0.163; P=.457),
carbapenem-sensitive strains (ATE = —0.038; P =.037) and
carbapenem-resistant strains (ATE = —0.208; P =.038). These
results are illustrated in Figure 2.

P=.114), Pseudomonas spp
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Table 4. Comparison of Outcomes Between Cohorts

Pre-phase
Outcome (n=2092) Post-phase (n=1263) Test (P Value)
30-d mortality 153 (10.7) 143 (11.4) 467
90-d mortality 273(19.1) 262 (20.9) 239
180-d mortality 332 (23.2) 336 (26.8) .031
360-d mortality 388 (27.1) 387 (30.9) .032
Persistent BSI 82 (6.2) 59 (4.8) 150
Breakthrough BSI 25(1.9) 52 (4.3) <.001
Recurrent BSI within 90 d 135 (9.4) 120 (9.6) .904
30-d MDR/DTR carriage/infection 140 (11.0) 78 (6.5) <.001
90-d MDR/DTR carriage/infection 68 (5.7) 38(3.2) .003
30-d C difficile infection 22 (1.8) 26 (2.1) 497
90-d C difficile infection 7 (0.6) 14 (1.2) 131

Data are presented as No. (%) unless otherwise indicated.

Abbreviations: BSI, bloodstream infection; C difficile, Clostridioides difficile; DTR, difficult-to-treat resistance; MDR, multidrug resistance.

DISCUSSION

In this quasi-experimental study, a structured GN-BSI care
bundle did not lower overall 30-day mortality but improved
outcomes in high-risk subgroups such as carbapenem-resistant
BSIs and significantly reduced new MDR/DTR colonization
and infection in both overall and subgroup populations.

Our study differs from previous studies focused on bundle
management for GN-BSI for a larger sample size and multiple
key components, including FU-BCs. Thus, it offers a comprehen-
sive and structured approach to GN-BSI management [16, 17].

One of the most significant improvements following bundle
adoption was the increased execution of FU-BCs within 5 days
(22.5% vs 47%). Although their routine use in GN-BSI remains
debated [5], recent evidence suggests that FU-BCs may offer a
survival benefit in specific populations, such as those with high
bacterial load, resistant organisms, or suboptimal source con-
trol [6, 27]. In our study, enhanced FU-BC use may have en-
abled earlier recognition of persistent infection or treatment
failure, contributing to more informed clinical decisions.

Imaging was significantly increased in the post-phase, with
>70% of patients undergoing diagnostics within 5 days from
index BCs. Enhanced imaging supports infection source iden-
tification and detection of complications like abscesses or em-
bolic events [28]. In this regard, despite the performance of
source control was similar in the 2 study phases, we did not col-
lect the date of source control to assess an impact on timing.

Extended or continuous infusion of B-lactams was imple-
mented in nearly 90% of patients, aligning with growing evi-
therapy [29]. In
addition, we implemented the therapeutic drug monitoring

dence supporting PK/PD-optimized
in specific settings, pathogens, and/or in patients receiving
new drugs showing a significant benefit in terms of microbio-
logical clearance and prevention of resistance [30]. Moreover,
TDM was applied more frequently in the postintervention
phase. This reflects the substantial growth of supporting

evidence that emerged in the years following the pre-phase,
showing that TDM-guided optimization of B-lactam therapy
can significantly improve patient outcomes, as demonstrated
in recent meta-analyses [31].

Regarding the mode of B-lactam administration, we have also
added data on the proportion of patients treated with extended
or continuous infusion in each phase. In both study periods, vir-
tually all eligible patients received B-lactams via extended infusion
or cotinuous infusion whenever this was feasible (depending on
drug stability, venous access, and infusion compatibility).

Adherence to shortened treatment was suboptimal (48.4%),
likely due to concerns about recurrence. However, trials have
confirmed that shorter courses are effective for uncomplicated
GN-BSIs, highlighting the need for ongoing education and
stewardship support [12, 13].

Importantly, suboptimal adherence to some bundle compo-
nents—particularly shortened treatment duration and system-
atic FU-BC execution—may have limited the overall prognostic
impact of the intervention, potentially attenuating the expected
benefits despite improvements in other areas.

Our main findings demonstrate that while the bundle did not
significantly reduce overall 30-day mortality in the general pop-
ulation, it seemed to produce improvements in patients with
carbapenem-resistant BSIs; however, this should be confirmed
in a larger study. These findings reflect the heterogeneity of the
GN-BSI population including patients with E coli BSI from uri-
nary source carrying generally low level of resistance and asso-
ciated with low rates of mortality, to immunocompromised
patients with drug-resistant GN bacteria associated with higher
rates of mortality [32]. Computational models able to stratify
GN-BSI patients according to their risk of death, or complica-
tions such as relapse/recurrence, could be useful to prioritize
patients to be managed according to a structured bundle.

Indeed, since novel antibiotics for the treatment of
carbapenem-resistant GN infections were not yet available
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30-day mortality

Overall (n=2253) _ P =568
E coli (n=1160) _ p= 908

Klebsiella spp. (n=613) P =536

Carbapenem-S (n=2070) _ P =439

Carbapenem-R (n=166)

0.000 0.100 0.200 0.300 0.400 0.500

30-day MDR carriage and infection

Overall (n=1873)

E coli (n=1027) - P=.089

Klebsiella spp. (n=525)

-P=.114

Pseudomonas spp. (n=72) P = 457

Carbapenem-S (n=1753) P=.037

_~P=.038

Carbapenem-R (n=120)

0.000 0.100 0.200 0.300 0.400 0.500

Figure 2. Treatment-effect lasso on 30-day mortality and 30-day multidrug resistance (MDR) carriage infection. Solid (filled) bar represents the potential-outcome means
(POM); positive average treatment effect (ATE) is shown by the open bar (no fill) extending beyond the POM, while negative ATE is represented by the dashed bar inside the
POM; Pvalue is of the ATE. The analysis on mortality for patients with Pseudomonas spp infection is not reported because it produced inconsistent results (POM >1).

before 2018, we decided to exclude patients with BSI occurring antibiotic use. Despite achieving this goal, we must recognize
prior to 1 January 2018. Although this reduced the sample size, that some key elements of the bundle for this purpose, such
it minimized the risk of selection bias related to unequal access as reduction of treatment duration and increased source con-
to these new therapeutic options. We expected a reduction in trol, were not achieved. On the contrary, there was an increase
the emergence of further resistance as a consequence of better ~ in appropriate empirical therapy favoring de-escalation [33],
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probably as a consequence of educational and training activities
preceding the bundle implementation. Moreover, several bun-
dle components likely shaped MDR colonization outcomes—
promoting appropriate empiric therapy, using PK/
PD-optimized B-lactam dosing, and applying stewardship mea-
sures such as shorter courses for uncomplicated infections.

Finally, the lower prevalence of antibiotic resistance during
the post-phase may have influenced this endpoint, even if the
model was adjusted for baseline resistance. Moreover, the find-
ing that the bundle was protective against MDR infection and
colonization also in the subgroup with carbapenem-susceptible
organisms highlights its potential role in preventing the devel-
opment of resistance even among pathogens for which multiple
therapeutic options are still available. This is particularly rele-
vant as inappropriate or excessive use of carbapenems in
such settings could otherwise promote unnecessary selective
pressure [34, 35].

Our findings indicate that the bundle’s benefits—most evi-
dent in carbapenem-resistant BSIs—are amplified when paired
with structured, intensified ID consultation, consistent with
prior evidence that systematic ID consultation input improves
early complication recognition, optimizes antibiotic choice and
dosing, reinforces evidence-based practice, and ultimately en-
hances patient outcomes [36-38].

Last, the analytical strength of this study is enhanced by the
application of the treatment-effects lasso model, an estimation
method that is particularly well suited for real-world, high-
dimensional data. By addressing collinearity and limiting over-
fitting, it allowed for a more robust and interpretable analysis of
the impact of treatment, especially in subgroup assessments
that might otherwise be underpowered or confounded.

However, several limitations must be acknowledged. The
quasi-experimental design, while pragmatic, cannot fully elim-
inate the risk of unmeasured confounding. The intervention
was implemented in a single tertiary center with established
ID support, potentially limiting external validity.

Furthermore, not all bundle components were consistently
adopted—particularly FU-BCs and treatment duration—possibly
attenuating the observed benefits. Moreover, leaving decisions on
FU-BCs or specific imaging to the ID physician may limit repro-
ducibility, but this pragmatic, individualized approach reflects
real-world practice in complex, comorbid patients. Last, long-
term resistance trends and cost-effectiveness were not evaluated,
which are important metrics for future studies.

In conclusion, this study shows that bundle-based GN-BSI
management, while not universally reducing mortality, curbs
antimicrobial resistance and improves outcomes in patients
with carbapenem-resistant BSL. It is a valuable stewardship
tool, warranting focus on patient selection, adherence, and
long-term economic impact. Limited adherence may have
blunted overall prognosis. Future work should define an opti-
mal, compliance-friendly bundle for GN-BSIs.

Supplementary Data

Supplementary materials are available at Open Forum Infectious Diseases
online. Consisting of data provided by the authors to benefit the reader, the
posted materials are not copyedited and are the sole responsibility of the
authors, so questions or comments should be addressed to the correspond-
ing author.
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