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Purpose: Since the publication of the 2011 Infectious Diseases Society of America (IDSA) guidelines for empirical treatment of
febrile neutropenia (FN), there have been significant shifts in pathogen profiles and emerging challenges in treatment. These include
increased prevalence of multidrug-resistant (MDR) bacteria and changes in the distribution of Gram-negative or Gram-positive
bacteria (GPB). The study aims to update and optimize empirical treatment strategies for hematological malignancy (HM) patients,
a population particularly vulnerable to these evolving threats.

Methods: A literature review was conducted on studies published between January 2010 and December 2023 regarding empirical
treatment of FN in HM patients, focusing on pathogen characteristics, treatment regimens, and duration of therapy.

Results: Approximately one-third of HM patients with FN experience fever of unknown origin (FUO), while 40-50% have clinically
documented infections (CDI), and 10-30% present with microbiologically documented infections (MDI), with a predominance of Gram-
negative bacteria (GNB). Factors such as prolonged neutropenia, prior broad-spectrum antibiotic use, and previous infections with drug-
resistant bacteria are associated with MDR infections. Cefepime, piperacillin/tazobactam (PTZ), and carbapenem are viable empirical
treatments for high-risk HM patients, though cefepime monotherapy’s advantage remains uncertain. In cases of pneumonia, shock, or suspected
carbapenem-resistant infections, combination therapy, tigecycline, and newer antibiotics like ceftazidime/avibactam (CAZ/AVI) are often used.
Empirical broad-spectrum antibiotics can be safely discontinued in FUO patients after 48 hours of clinical stability and apyrexia.
Conclusion: Proper selection of empirical antibiotics and determining optimal treatment duration are essential for reducing antibiotic
resistance and improving outcomes in HM patients with FN. These findings underscore the need for updated clinical guidelines that
address evolving pathogen profiles and the growing challenge of MDR infections.

Summary: Infection-related complications remain a leading cause of mortality in HM patients, often limiting the implementation of
chemotherapy. Early and appropriate empirical therapy significantly improves outcomes in FN, reducing hospital stays and healthcare
costs. Effective treatment strategies require careful evaluation of local microbial epidemiology, risk factors for drug resistance, and
predictors of poor prognosis. For high-risk FN patients, first-line antibiotic options include cefepime, PTZ, and carbapenems. In cases
of pneumonia, septic shock, or suspected carbapenem-resistant infections, combination therapies with antipseudomonal B-lactams,
aminoglycosides, or novel agents like CAZ/AVI are recommended. In patients with FUO, discontinuing broad-spectrum antibiotics
may be considered 48 hours after defervescence in clinically stable patients, though premature cessation should be avoided for those
with persistent fever. Ongoing monitoring and reassessment of the patient’s condition are crucial to minimizing the risks of treatment
failure. Timely, evidence-based empirical therapy remains critical for improving outcomes in FN, and continued advancements in

antimicrobial strategies are essential to optimizing care for this high-risk patient population.
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Introduction

Due to the use of chemotherapy regimens, hematopoietic stem cell transplantations (HSCTs) and multiple comorbidities in
hematological malignancy (HM) patients, the management of febrile neutropenia (FN) was particularly challenging.' While
the overall survival for HM patients had improved, the infectious complications remain a significant threat to both prognosis
and quality of life.” They are highly vulnerable to bacterial bloodstream infection (BSI), primarily due to profound
neutropenia, damage to mucosal barriers, and previous treatment with broad-spectrum antibiotics.> Additionally, the increas-
ing use of molecularly targeted therapies and cellular immunotherapies are expanding the spectrum of infection risks, as these
treatments can further lead to increased risks of immunodeficiency.*

BSI occur in 10-30% of patients with FN, greatly worsening both morbidity and mortality rates in these individuals.* HM
patients with FN are particularly vulnerable to drug-resistant BSI. According to published reports, approximately 10% to 25%
of FN patients develop BSI,” with the incidence rising to 13% to 60% in those undergoing HSCTs.® In addition, the estimated
incidence of severe sepsis and septic shock is 20-30% and 5-10% in FN patients, respectively.”'° Due to evolving patterns of
bacterial resistance, HM patients are increasingly affected by infections attributed to drug-resistant strains, especially
Enterobacterales and non-fermenting Gram-negative bacteria (GNB). The prevalence of multidrug-resistant (MDR) organ-
isms has steadily increased. A study in Italy reported a six-fold increase in BSIs caused by carbapenem-resistant (CR)
Klebsiella pneumoniae (KP) in HSCT patients from 2010 to 2013."" Furthermore, a ten-year retrospective study of HM
patients with FN found that GNB accounted for 81% of infections, with approximately 41% of Enterobacterales producing
extended-spectrum beta-lactamase (ESBL), and 18% of isolates being CR or MDR.'?

The rise in drug-resistant GNB has led to increased mortality rates, particularly among HM patients. And it also linked to
an increased likelihood of receiving inappropriate empirical antibiotic treatment (IEAT). Chen et al conducted a retrospective
study of 706 KP-BSI adult patients, and found that HM patients were considered to be at high risk for carbapenem resistance,
and the 28-day mortality rate was significantly higher for patients with CRKP-BSI compared to those with carbapenem-
susceptible KP-BSI (42.5% vs 20.2%, P<0.001)."> A meta-analysis also highlighted that mortality rates were higher in HM
patients, with a relative risk (RR) of 3.20 (95% CI 2.54-4.03) for those with BSI caused by producing-ESBL
Enterobacterales."* In a five-year retrospective study of 293 hospitalized acute leukemia (AL) patients with Pseudomonas
aeruginosa (PA) BSI, our team identified 55 patients who received IEAT. Among them, 65.8% of those infected with MDR-
PA experienced delays in appropriate therapy beyond 48 hours.'> A case-control analysis of 105 HM patients revealed that
those with CR-GNB BSI were 75% less likely to receive empirically active antibiotics compared to patients without CR-GNB.
Additionally, the 30-day mortality rate for CR-GNB BSI patients was 27.2% higher than that of the control group (28.6% vs
1.4%, P<0.01).'® Delays in initiating appropriate empirical treatment, whether due to ineffective or inappropriate therapy, are
common in the context of antibiotic resistance. Early identification of high-risk patients is crucial to reduce IEAT and improve
outcomes.

Since the last guidelines on high-risk FN were published over a decade ago, significant advancements have been
made in its management. However, the rise in antibiotic resistance has necessitated more careful selection of empirical
therapies for neutropenic patients with severe infections. The widespread use of broad-spectrum antibiotics, while
initially beneficial, has contributed to increased resistance and higher mortality rates in both the general and neutropenic
populations. This review summarizes recent developments in antimicrobial management for high-risk FN, focusing on
updates in infection epidemiology, risk assessment, empirical treatment selection, the impact of MDR bacterial coloniza-
tion, and optimal antimicrobial therapy duration.

Epidemiological Characteristics

The incidence of FN in HM patients undergoing chemotherapy or HSCT is exceedingly high. A nationwide study of
acute myeloid leukemia (AML) patients, which included 357 individuals and 1053 treatment courses, found that 93% of
these courses (977 of 1053) resulted in FN. In fact, over 90% of AML patients experienced FN during their treatment.'”
Similarly, a multi-center prospective cohort study in China involving 1139 neutropenic HM patients found that 68.8%
developed fever, with FN occurring in 81.9% of patients, particularly those with prolonged neutropenia lasting over 21
days. The lungs were the most frequently identified sites of BSI in HM patients with FN (49.5%, n=388), followed by the
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upper respiratory tract (16.0%, n=159), perianal region (9.8%, n=77), and bloodstream (7.7%, n=60). Of these, 54.7% of
infections were clinically documented (CDI), 13% microbiologically documented (MDI), and 32.3% were categorized as
fever of unknown origin (FUO).'® Another retrospective study from Korea, involving 687 HM patients with FN, showed
that nearly one-third of patients (n=219) had FUO, with MDI and CDI accounting for 28.4% and 39.7%, respectively.'’
The Infectious Diseases International Research Initiative conducted a prospective observational study of 461 FN patients
with BSI across 41 centers in 16 countries. Among these, 361 patients had HM, and the primary sources of infection
included the lungs (9.2%, n=41), catheter-related BSI (9%, n=39), urinary tract infections (5.6%, n=24), skin and soft
tissue infections (4.6%, n=20), and abdominal infections (2.8%, n=12). The distribution of pathogens in HM patients
with FN varies, with GNB generally more prevalent than Gram-positive bacteria (GPB). A study by Erdem et al found
that GNB accounted for 71.9% of infections (n=310), compared to 28.1% for GPB (n=121). The most common GNB
identified were Escherichia coli (27.1%, n=120), KP (22.7%, n=98), PA (14.1%, n=61), and Acinetobacter baumannii
(2.3%, n=12). Common GPB included coagulase-negative staphylococci (CONS) (13.2%, n=57), Staphylococcus aureus
(7%, n=30), Enterococci (4.9%, n=21), and Streptococci (2.6%, n=11).° A study in India reported 393 episodes of FN in
123 patients, with 20.6% classified as MDI. GPB and GNB accounted for 41.9% and 46.9% of blood culture-positive
bacteria, respectively. Among the GNB, Klebsiella species were the most common (39.47%), followed by Pseudomonas
species (23.68%) and Escherichia coli (13.15%). The most frequently identified GPB were CONS, which accounted for
67.64% of isolates, with methicillin-resistant Staphylococcus aureus (MRSA) making up 8.8%. Lower respiratory tract
infections were the most common CDI, affecting 47.15% of patients, followed by abdominal sepsis in 9.75%.
Additionally, 38.21% of patients presented with FUO.?! Overall, the bloodstream and lungs emerge as the predominant
sites of infection among FN patients, with GNB representing the most frequently encountered pathogens. Nearly one-
third of patients experience FUO. The increasing prevalence of MDR bacteria, including producing-ESBL
Enterobacterales, CRPA, carbapenem-resistant Acinetobacter baumannii, vancomycin-resistant enterococci (VRE), and
MRSA, has posed significant challenges in selecting appropriate empirical treatment of FN patients.

Risk Factors for Drug-Resistant Infection

The drug-resistant bacterial infection were mainly associated with prolonged neutropenia, prior infection or colonization
with drug-resistant bacteria, advanced age, indwelling central venous catheters, and previous exposure to broad-spectrum
antibiotics. Table 1 summarized the risk factors for drug-resistant infection in patients with HMs. A case-control study
involving 105 HM patients identified several factors significantly associated with CR-GNB BSI. These included
induction chemotherapy (P<0.01), intensive care unit (ICU) admission (P<0.01), prolonged neutropenia (P<0.01), and
a history of CR-GNB infection in the previous year (P<0.01). Patients undergoing induction chemotherapy often had
a more severe tumor burden, which may increase their susceptibility to CR-GNB infections.'® Rosa et al conducted
a prospective cohort study with 307 FN patients, of whom 115 developed BSI. Among these, 33.0% were attributed to
MDR organisms. Multivariate analysis identified advanced age (P=0.009), prolonged neutropenia (P=0.022), and
indwelling central venous catheters (P=0.022) as significant risk factors for MDR organisms BSI. The risk of MDR
organisms BSI increased by 3% for each additional year of age and 2% for each additional day of neutropenia.*”
A retrospective study of 171 patients, 89% of whom had HM, found that ICU admission (OR 20.18, 95% CI
1.03-397.35), antibiotic use exceeding 14 days within the first 90 days (OR 6.02, 95% CI 1.17-30.93), and pulmonary
sources of infection (OR 13.65, CI 1.14-163.57) were significant risk factors for piperacillin/tazobactam (PTZ)
resistance.”> Furthermore, prior exposure to antibiotics was associated with an elevated risk of developing drug-
resistant infections. Moghnieh et al demonstrated that the history and duration of antibiotic use prior to bacteremia
were significantly linked to the development of third-generation cephalosporin resistance (3GCR) bacteremia.
Specifically, the prolonged use of carbapenems, PTZ, or third- and fourth-generation cephalosporins (+ aminoglycosides)
for >4 days prior to bacteremia was strongly correlated with the occurrence of 3GCR bacteremia (P<0.01). Additionally,
extended use of carbapenems or PTZ for more than four days was strongly linked to the development of MDR organisms
(P<0.05).** In a study of 293 AL patients complicated by PA-BSI, we found that the previous 90-day use of carbapenems
(OR 4.745, P<0.001), quinolones (OR 2.833, P=0.010), and PTZ (OR 2.466, P=0.033) were important determinants of
CRPA BSI.'"> Additionally, we identified risk factors for MDR-PA BSI, including previous use of carbapenems (OR
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Table | Risk Factors for Drug-Resistant Infection in HM Patients With FN

Reference

Time
Period

Design

Countries

Patients

Risk Factors (n, %)

Schonardie et al'®

Rosa et al*?

Marini et al?®

Moghnieh et al**

25
|

Zhao et a

Viasus et al*

Girmenia et al?’

Liu et al®

Kirkizlar rt al*®

2012-2021

20092011

2007-2013

2009-2012

2014-2021

2004-2017

2014

2017-2021

2010-2016

Case-control

Prospective

Retrospective

Retrospective

Retrospective

Retrospective

Prospective

Retrospective

Retrospective

Brazil

Brazil

USA

Lebanon

China

Spain

Italia

China

Turkey

105

307

171

75

429

661

2743

421

200

Induction chemotherapy
(32, 30.48%)

Advanced age

ICU admission (7, 4.09%)

Carbapenems use>4 days
(14, 18.67%)

Previous 90-day use of
carbapenems (235, 54.78%)

Previous use of cephalosporin (85,
12.86%) and PTZ (76, 11.50%)

Pretransplant resistant GNB
colonization (259, 11.69%)

Advanced age

Invasive procedures (9, 4.5%)

ICU admission
(22, 20.95%)

Prolonged neutropenia

Previous use PTZ
(69, 40.35%)
PTZ use>4 days
(7, 9.33%)

BSI during antibiotic
treatment (62, 14.45%)
HM (496, 75.04%)

Pretransplant resistant
GNB infection
(34, 3.04%)

MIC of meropenem and
imipenem >8pg/mL
(181, 43%)
Co-infected status
(27, 13.5%)

Prolonged neutropenia

Indwelling central venous
catheters (243, 79.15%)
Respiratory source
(8, 4.68%)
3rd or 4th generation
cephalosporin + AG
>4 days
(11, 14.67%)
Previous 90-day use of
quinolones (54, 12.59%)
Nosocomial-acquired BSI
(289, 43.72%)

Gastrointestinal
symptoms (117, 27.8%)

VRE positivity for more
than |5 days

Previous CR- GNB
infection (13, 12.38%)

Previous 90-day use
of PTZ (69, 16.08%)

Respiratory source
(85, 12.86%)

Minimum ANC
<0.025 (222, 52.7%)

BSI during ceftriaxone
treatment (26, 3.93%)

Chills at peak
temperature (32, 7.6%)

Abbreviations: CR, carbapenem-resistant; GNB, Gram-negative bacteria; PTZ, piperacillin/tazobactam; AG, Aminoglycosides; BSI, bloodstream infection; HM, hematological malignancy; ANC, absolute neutrophil count.
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2.066, P=0.043), quinolones (OR 2.275, P=0.046), PTZ (OR 2.500, P=0.019), and BSI during antibiotic treatment (OR
12.957, P<0.001). The factor of occurrence PA-BSI during antibiotic treatment was assigned 4 points, and the other three
factors were assigned 1 point respectively. Based on these risk factors, a predictive model for MDR-PA BSI was
developed. The findings indicated that patients with a score of >6 had a positive predictive value for MDR-PA BSI as
high as 86.7%, with a corresponding negative predictive value of 89.1%.?° In addition to previous use of cephalosporin
and PTZ, HM, nosocomial-acquired BSI, respiratory infections and BSIs developing under ceftriaxone treatment were
also found to be related to the occurrence of MDR-PA BSI.*

It is worth noting that patients with a prior carbapenem-resistant Enterobacterales (CRE) infection or colonization are
at an increased likelihood of experiencing subsequent CRE infections. A multi-center prospective study highlighted
a significant correlation between pretransplant colonization or prior infection with resistant GNB, particularly CRKP and
MDR-PA. The study found that 32.5% of patients in the colonized group had CRKP, compared to just 0.1% in the non-
colonized group (P<0.001), and 28.6% had MDR-PA, compared to 0.6% in the non-colonized group (P<0.001). These
findings underscore the increased risk of developing resistant GNB BSIs prior to transplantation in allogeneic HSCT
(allo-HSCT) patients.>” In our team’s analysis of intestinal CRE colonization in 421 HM patients, we identified several
independent risk factors for CRE BSI: age, minimum inhibitory concentration (MIC) of meropenem and imipenem
>8 pg/mL, presence of gastrointestinal symptoms, minimum absolute neutrophil count (ANC) <0.025 (10°/L), and chills
at peak temperature. Using these factors, we developed a predictive model with an optimal cutoff value of 0.215. The
high-risk group for CRE colonization had a 47.5% likelihood of developing CRE BSI, while the low-risk group had
a CRE BSI incidence rate of only 3.7% (P<0.001).?® A retrospective study analyzed adult AL patients with FN who were
colonized with VRE. The study found a VRE colonization rate of 15.2% among hospitalized HM patients. Multivariate
logistic regression revealed several independent risk factors for VRE infection, including exposure to invasive proce-
dures, co-infection, and VRE colonization lasting more than 15 days. In HM patients, VRE colonization may increase the
risk of VRE BSIs due to impaired innate immunity, alterations in gut microbiota, and the promotion of VRE dissemina-
tion into the bloodstream by broad-spectrum antibiotics and chemotherapy.

Risk Factors for Poor Prognosis

According to 2011 Infectious Diseases Society of America (IDSA)’ and 4th European Conference on Infections in
Leukemia (ECIL-4)*° guidelines, neutropenic patients are ere categorized as low risk if they have neutropenia lasting less
than 7 days, no comorbidities, and disease stabilization. Table 2 summarizes the risk factors for poor prognosis in HM
patients. A multi-centers prospective observational study conducted in China, involving 277 HM patients, found no link
between the duration of neutropenia prior to FN and patient outcomes in univariate analyses. However, prolonged
neutropenia lasting more than 9 days after the onset of fever was recognized as a significant risk factor for mortality
(P=0.019). Furthermore, delayed neutrophil recovery was found to significantly affect patient outcomes (P = 0.039).
Patients with pulmonary infections experienced worse outcomes compared to FUO during FN (P=0.005).>' The stage of
HM also impacts prognosis. Our previous study found that complete remission of AL was related to better survival
outcomes in patients with PA-BSI (P=0.018).'> Additionally, a retrospective analysis of 362 HM patients with GNB BSIs
showed that relapsed/refractory HM (OR 2.811, 95% CI 1.32-6.00) served as an independent predictor of increased 30-
day mortality.>? Bastug et al found that patients with GNB in blood cultures had higher mortality rates (P=0.005), with
KP (P=0.013), Acinetobacter baumannii (P=0.014), producing-ESBL bacteria (P=0.004), and MDR-GNB (P=0.003)
were determined to be risk factors for 30-day mortality.®* Calik et al supported these findings by analyzing data from
164 HM patients with FN. They found that pneumonia (OR 0.040, 95% CI 0.011-0.143) and septic shock (OR 0.031,
95% CI 0.006—-0.159) were related to an increased risk of mortality at day 21. Conversely, patients with GPB (P=0.005),
those receiving PTZ (P=0.009), and those on empirical antibiotics for at least 72 hours (P<0.001) had a more favorable
prognosis.®* A retrospective multi-center study involving 1563 HM patients with BSI and FN revealed that individuals
over the age of 70 (OR 2.4, 95% CI 1.2-4.7) had higher mortality rates.’> Additional studies have highlighted that other
clinical comorbidities are also key risk factors. Sereeaphinan et al analysed 153 cancer patients with FN and found that
cardiovascular diseases (OR 22.45, 95% CI 4.90-104.78), altered consciousness at admission (OR 18.50, 95% CI
1.33-258.18), anemia (OR 4.33, 95% CI 1.20-15.65), acute kidney injury (AKI) (OR 13.15, 95% CI 3.48-49.75),
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Table 2 Risk Factors for Poor Prognosis in HM Patients With FN

Reference Time Design Countries | Patients Risk Factors (n, %)
Period
Zhai et al®! 2013 Prospective China 277 Prolonged neutropenia (2 | Delayed neutrophil Respiratory source
9 days)(79, 28.52%) recovery (25, 9.03%) (114, 41.16%)
Zhao et al'® 20142019 | Retrospective | China 293 Age 255 (47, 16%) Perianal infection (34, | Respiratory source MDR-PA (38, 13%)
11.6%) (87, 29.7%)
Wang et al®?> | 2015-2020 | Retrospective | China 362 Septic shock (78, 21.5%) Relapsed/refractory Albumin <30g/I Platelets <30x10%/I IEAT (127,
HMs (108, 29.8%) (115, 31.8%) before BSI (240, 66.3%) | 35.1%)
Bastug et al®> | 2008-2013 | Retrospective | Turkey 132 Prolonged neutropenia (= | KP (23, 11.2%), AB Prior HSCT IEAT (86. 42%)
7 days)(59.28.8%) infection (16, 7.8%) (34,25.8%)
Calik et al** 20112015 | Retrospective | Turkey 164 Pneumonia (39, 23.8%) Septic shock (19,
1'1.58%)
Chumbita®® 20102019 | Retrospective | Spain 1563 Age> 70 (48, 3.07%) AKI Empirical B-lactam Only amikacin was IEAT (471, 30%)
plus aminoglycoside active (10, 0.64%)
(101, 6.46%)
Sereeaphinan | 2018-2019 | Retrospective | Thailand 153 Cardiovascular diseases, Anemia, AKI A confirmed Septic shock Mechanical
etal®® altered consciousness pathogens, ICU ventilation
admission
Marin et al*’ 2006—2013 | Prospective Spain 510 ICU admission Corticosteroid MDR-GNB MASCC score <21 Advanced
(53, 10.39%) treatment (38,7.45%) (150,29.41%) neoplasm
(128,25.10%) (39,7.65%)

Abbreviations: MDR-PA, multidrug-resistant Pseudomonas aeruginosa; IEAT, inappropriate empirical antibiotic treatment; KP, Klebsiella pneumoniae; HSCT, hematopoietic stem cell transplantations; AKI, acute kidney injury; MDR-
GNB, multidrug-resistant Gram-negative bacteria; MASCC score, Multinational Association of Supportive Care in Cancer score.
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a confirmed pathogenic organism (OR 8.68, 95% CI 1.42-52.95), ICU admission (OR 0.13, 95% CI 0.02—0.95), septic
shock (OR 18.72, 95% CI 3.04-115.38), and mechanical ventilation (OR 22.65, 95% CI 4.90-104.78) were all linked to
worse outcomes.’® A prospective study from Spain involving 510 HM patients with FN also indicated that ICU
admission and prior corticosteroid treatment were related to a higher risk of death.>’” HM patients are at heightened
risk for drug-resistant bacterial infections and poor outcomes. Thus, early recognition of those susceptible to MDR-GNB
infections and prompt initiation of empirical antibiotic therapy are essential for improving clinical prognosis.

Prophylactic Antimicrobial Therapy

The 2018 guidelines from the American Society of Clinical Oncology (ASCO) recommend oral fluoroquinolones to
administer antimicrobial agents as prophylaxis in neutropenic individuals.*® However, the extensive implementation of
antibiotic prophylaxis may contribute to the emergence of antibiotic resistance. As a result, its routine use remains
a subject of ongoing debate and controversy. Kern et al performed a prospective multicenter study involving patients with
auto- and allo-HSCTs. The result showed that antimicrobial prophylaxis did not significantly or only slightly reduced mortality
rates in patients with auto-HSCT patients (n=3602) (HR 0.64, 95% CI 0.29-1.38) and allo-HSCTs patients (n=4223) (HR
0.72, 95% CI 0.53-0.99). But it was related to a notable higher rates of occurrence of producing-ESBL Enterobacterales (RR
2.2, 95% CI 1.17-4.26). In contrast, prophylactic antibiotics did reduce all-cause mortality in AL patients undergoing
induction chemotherapy (n=930) (HR 0.30, 95% CI 0.15-0.58), though the impact on patients in other phases of chemother-
apy remains unclear.>* A meta-analysis indicated that prophylactic fluoroquinolones may reduce the incidence of BSI (OR
0.57, 95% CI 0.43-0.74). However, no statistically significant improvement in survival rates was found for HM patients (OR
1.01, 95% CI 0.73-1.41).*° Clerici et al assessed the impact of prophylactic fluoroquinolone on antibiotic resistance and
infection-related mortality in HSCTs patients within 30 days post-transplantation. Their prospective cohort study found no
cases of severe infections in either group, but the non-prophylactic group had a greatly higher prevalence of pathogens
susceptible to PTZ (71% vs 30%, P=0.026), fluoroquinolones (49% vs 10%, P=0.03), and carbapenems (95% vs 50%,
P=0.001).*! Chong et al conducted a prospective study examining changes in fecal microbial composition in HM patients
before and after levofloxacin prophylaxis. They observed the disappearance of quinolone-susceptible Enterobacterales after
the initial prophylactic therapy, with quinolone-resistant CONS and Enterococcus becoming predominant. The prevalence of
these resistant strains notably increased during subsequent courses of prophylactic therapy (P=0.003).** In summary, while
prophylactic antibiotics in HM patients with FN may reduce infection rates, they are also associated with increased antibiotic
resistance and limited improvement in clinical outcomes. The overall benefits of routine prophylaxis remain uncertain, and
careful consideration is needed when selecting antimicrobial strategies.

Selection of Initial Empirical Antimicrobials

For high-risk patients with FN, intravenous broad-spectrum antibiotics should be initiated, targeting PA and other severe
GNB. Commonly used agents include cefepime, PTZ, or carbapenems, either as monotherapy or in combination. In cases
where clear clinical infection focuses are present, the selection of appropriate antibiotics should be guided by the relevant

Lo 43-4
guidelines and consensus®

(Figure 1). Following initiation of treatment, daily reassessments should be performed to
monitor clinical symptoms and microbiological culture results, allowing for timely adjustments to the antimicrobial regimen.

Generally, the empirical administration of additional anti-GPB drugs such as vancomycin or teicoplanin was
unnecessary, except in the following specific situations (eg, hemodynamic instability, pneumonia, catheter-related
infections, skin and soft tissue infections, severe mucositis, and MRSA colonization). In a meta-analysis conducted in
2014, comprising 13 trials and 2392 patients, the efficacy of empirically adding anti-GPB antibiotics on mortality in
patients with FN was evaluated. The comparison between experimental and control groups indicated no notable
differences in mortality (RR 0.82, 95% CI 0.56-1.20, 852 patients) and treatment failure rate (RR 1.00, 95% CI
0.79-1.27, 943 patients).*® Beyar et al updated the meta-analysis in 2017 and similarly indicated that mortality (RR
0.90, 95% CI 0.64-1.25; 1242 patients) and overall failure rate (RR 1.00, 95% CI 0.79-1.27; 943 patients) revealed no
marked differences between two groups. Currently, there is no evidence that adding anti-GPB therapy empirically to FN
patients enhances prognosis.*’ In summary, the routine use of additional anti-GPB drugs in empirical treatment of FN
remains unsubstantiated by evidence, and their use should be reserved for specific high-risk situations.
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Central nervous system infections

Oropharyngeal mucositis/esophagitis

“Cefepime
-Piperacillin-tazobactam
-imipenem or meropenem

Intravascular catheter-related infection
first-generation cephalosporin or anti-staphylococcal
penicillin; If has a prior history of infection or colonisation
with MRSA or Pseudomonas species, use vancomycin or

Pneumonia

~ceftriaxone or cefotaxime

-If has an increased risk of multidrug-resistant
pathogens, use cefepime, piperacillin/tazobactam or
meropenem

- Aerosolized colistin as adjunctive therapy for
mpaﬂummv”c'ou:‘edbymg-(sysg

-+ lid or

Neutropenic enterocolitis

-Piperacillin-tazobactam

-Imipenem or Meropenem
-+ Vancomycin or Metronidazole, if highly
suspected infections

Urinary tract infection

Perianal infection
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Figure | The selection of appropriate antibiotics at different infection sites.

Choice of Empirical Monotherapy for HM Patients With FN

Recent guidelines have identified preferred anti-pseudomonal B-lactam antibiotics for the empirical treatment of FN:
cefepime, meropenem, imipenem/cilastatin, and PTZ.>® However, with the rising rates of resistance among GNB, the efficacy
of cefepime has become increasingly questionable, particularly in light of its limited activity against GPB. As a result, the role
of cefepime as a first-line empirical treatment for FN remains a subject of ongoing debate within clinical practice.
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In a network meta-analysis shown that patients treated with imipenem/cilastatin exhibited the lowest rate of all-cause
mortality, in contrast to those receiving cefepime, who demonstrated a higher risk of all-cause mortality (OR 2.05, 95% CI
1.11-3.78).>' However, the correlation between cefepime and increased mortality remains controversial. While several meta-
analyses have suggested a potential link between cefepime and increased mortality, other studies have strongly refuted these
findings.”>>* A meta-analysis conducted in the United States, which encompassed an analysis of 24 trials involving patients
with FN, did not observe a meaningful rise in mortality attributable to cefepime usage. This result highlights the importance of
ongoing evaluation and deeper exploration of the potential relationship between cefepime and mortality outcomes.>® In
addition, a study®> involving 343 patients across 13 centers in the United States found that both cefepime and PTZ remained
effective as empirical treatment options for high-risk HM patients with FN. In this cohort, 70% of patients were initially
treated with cefepime, 23% with PTZ, and 8% with meropenem. Cefepime showed activity against 84% of GNB, including
85% of Escherichia coli and 93% of PA. Similarly, PTZ was effective against 88% of GNB, including 87% of Escherichia coli
and 92% of PA. Carbapenems, meanwhile, exhibited susceptibility to 96% of GNB, including 98% of Escherichia coli and
86% of PA. Despite concerns about the higher production of ESBL in HM patients, which might reduce the efficacy of
cephalosporins, cefepime continues to be widely used as an empirical treatment option in the United States. These findings
suggest that cefepime remains a viable choice for empirical therapy in many high-risk FN cases, although ongoing monitoring
for resistance and the emergence of more potent pathogens is critical. In contrast to the findings in the United States, a recent
survey of transplant centers in Europe and Asia revealed a significantly lower usage rate of cefepime for empirical therapy,
with only 14.3% of centers employing it. Notably, two-thirds of the surveyed centers preferred monotherapy with PTZ as the
primary empirical treatment option for FN patients.’® A retrospective study comparing cefepime and carbapenems as
empirical treatments for producing-ESBL Escherichia coli bacteremia found that patients treated with cefepime had an
increased mortality rate. This finding suggests that cefepime may not be an effective or safe option for empirical therapy when
producing-ESBL Escherichia coli is suspected or confirmed as the causative pathogen.’’ However, a multicenter study
conducted in Europe showed no substantial increase in mortality among producing-ESBL Enterobacterales BSI patients who
received empirical beta-lactam/beta-lactamase inhibitors (BLBLI) compared to carbapenems.”® Producing-ESBL
Enterobacterales are resistant to cefepime and ceftazidime but remain susceptible to carbapenems, which may explain the
superiority of imipenem/cilastatin over cephalosporins in cases of producing-ESBL infections. Despite its advantages,
imipenem/cilastatin is linked to an increased incidence of adverse events relative to BLBLI combinations, making it a less
favorable option in certain clinical scenarios.

It is imperative to assess the efficacy of cefepime and PTZ as empirical treatments for HM patients with infections
caused by producing-ESBL Escherichia coli. A recent international multicenter study compared the effectiveness of
BLBLI therapy with carbapenems in treating HM patients who developed FN and BSI caused by producing-ESBL
Escherichia coli. The study found that both treatment regimens resulted in similar 14-day mortality rates.’® Benanti et al
conducted a study involving 103 HM patients, in which 40 patients received empirical treatment with cefepime, 21 with
PTZ, and 42 with carbapenems. Despite clinically significant outcomes such as persistent fever and bacteremia being
more common among patients treated with cefepime or PTZ, the empirical therapy with these antibiotics demonstrated
no increase in mortality rates when compared with carbapenem treatment (HR 0.57; 95% CI 0.14-2.26).%° These findings
support that cefepime and PTZ remain viable empirical treatment options. Additionally, Ram et al performed a RCT that
demonstrated the continuous infusion of anti-pseudomonal beta-lactam drugs was more effective in high-risk FN
patients, particularly those with CDI. The overall response rate was greatly higher in the continuous infusion group
(68.4%) compared to the intermittent infusion group (35.7%, P=0.039).°" However, the emergence of extensively drug-
resistant GNB, such as Acinetobacter spp., PA, and carbapenemase-producing KP, has reduced the efficacy of certain
third-generation cephalosporins and carbapenems as monotherapy. Therefore, optimizing initial empirical monotherapy
for FN patients remains a critical challenge.

Choice of Empirical Combination Therapy for HM Patients With FN

There are some controversies about monotherapy and combination therapy in empirical treatment of FN patients. A Cochrane
review®® show no survival benefits for combination therapy (RR 0.80, 95% CI 0.64-0.99) compared to monotherapy.
However, Albasanz et al conducted a multicenter retrospective cohort study and suggested that while the combined treatment
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group had a higher proportion of patients with PA-BSI and MDR-PA BSI, the addition of aminoglycosides to the initial
empirical treatment regimen led to a significant decrease in 7-day mortality (OR 0.33, 95% CI 0.13—0.82) among HM patients
with FN. And short-course aminoglycoside therapy did not lead to a significant rise in renal dysfunction (OR 1.12, 95% CI
0.26-4.87) or multidrug resistance rates (28.2% vs 27%, P=0.95).° Patients with FN complicated by pulmonary infections are
known to have higher mortality. A retrospective study analyzed the 1017 neutropenic HM patients with PA BSI, and indicated
a notable rise in 30-day mortality in patients with pneumonia (55.1% vs 31.4%, P<0.001). The study also revealed that
a combination therapy involving aminoglycosides and other medications independently improved survival (HR 0.46, 95% CI
0.27-0.78) in patients with PA pneumonia, whereas monotherapy did not reduce the mortality at 30 days (HR 1.25, 95% CI
0.76-2.05).** Chumbita et al also noted a significant survival benefit when combining aminoglycosides with beta-lactam drugs
in septic shock patients. In a study involving amikacin monotherapy, mortality was 90%, whereas the addition of beta-lactams
reduced mortality to 66%. However, the combined administration of both drugs demonstrated a notable survival benefit (OR
0.32,95% CI0.18-0.57)*>. However, the nephrotoxic potential of aminoglycosides, which may limit their clinical utility, must
be carefully considered. Careful assessment of renal function is essential to minimize the risk of nephrotoxicity during
treatment.

In summary, empirical monotherapy targeting PA and other GNB remains the standard treatment for FN. However, in
cases with high suspicion of carbapenem-resistant infections, utilizing the previously described scoring system for
predicting CRPA BSI or CRE BSI, and in severe infections such as pneumonia and septic shock, combination therapy
involving antipseudomonal beta-lactams and aminoglycosides, along with novel antibiotics like tigecycline or ceftazi-
dime/avibactam (CAZ/AVI), may be warranted.

Duration of Treatment for Neutropenic Patients With FUO

Determining the appropriate timing for discontinuing antibiotics in FN patients is a key clinical consideration. The
duration of treatment varies depending on the specific pathogen and infection site, such as in cases of CDI or MDL
However, standardized criteria for determining the length of antibiotic therapy in febrile neutropenia with FUO remain
lacking. A comprehensive overview of antibiotic treatment duration for neutropenic patients with FUO since 2016 is
provided in Table 3. The 2011 IDSA guidelines recommend continued administration of antimicrobials until the
neutrophil count reaches>0.5x10°/L.” Conversely, the ECIL-4 guidelines recommended that FUO patient could discon-
tinue empirical broad-spectrum antimicrobial therapy after more than 72 hours of use, without considering neutrophil
count or the estimated duration of neutropenia, if they have stable hemodynamics and been afebrile for at least 48
hours.>® Several studies had demonstrated that early discontinuation of broad-spectrum antibiotics can shorten the length

567 minimize ICU admissions, and decrease the risk of mortality in FUO patients.®*” In a RCT

of antibiotic treatment,
involving 157 patients with FUO, Aguilar-Guisado et al did not observe a significant difference in recurrent fever (11 vs
14, P=0.54) and 28-day mortality (1.3% vs 3.8%, P=0.62) between experimental group (discontinuation of broad-
spectrum antibiotics after 48 hours apyrexia and clinical stability) (n=78) and the control group (until neutrophil
recovery) (n=79).”% Stern et al conducted a meta-analysis involving 8 RCTs and 662 FUO neutropenic patients, revealing
no significant difference in all-cause mortality (RR 1.38, 95% CI 0.73-2.62), clinical failure rates (RR 1.23, 95% CI
0.85-1.77), incidence of bacteremia (RR 1.56, 95% CI 0.91-2.66) between the short-term and prolonged-term antibiotic
regimens. And the short-term antibiotic group exhibited a reduction in total antibiotic days by 3 to 7 days compared to
the prolonged-term group.”’ Recently, a retrospective multicenter observational study assess the risk of early stopping
antibiotics in FUO HM patients undergoing induction chemotherapy or HSCT. Compared with the control group (n=178)
(discontinuation of antibiotics until neutrophil recovery), it was observed no significant difference in ICU admission
(6.5% vs 11.2%, P=0.17), 30-day mortality (1.4% vs 2.7%, P=0.68) and incidence of septic shock (0.6% vs 3.9%,
P=0.07) in the early discontinuation group (n=147) (discontinuation of antibiotics after 72 h or later when afebrile for at
least 48 h). Early discontinuation strategies were found to be correlated with a reduction in the average duration of
antibiotic use (15.5 days vs 19.9 days, P <0.001), but an increase incidence of bacteremia recurrence (27.1% vs 11.8%,
P <0.001).”* Given the retrospective nature of this study, additional prospective studies or RCTs are necessary to validate
its findings. It was important to emphasize that close monitoring of body temperature is necessary after discontinuing
empiric antibiotics, and antibiotics should be reinstated if fever recurs.
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Table 3 A Comprehensive Overview of Antibiotic Treatment Duration for Neutropenic Patients With FUO

Paret, 2022, France”?

Le Clech, 2018, France”

De Jonge, 2022, The
Netherlands’*

Schauwvliegh, 2021, The
Netherlands and Belgium”®

RCTs (1973-2017)

Retrospective, multi-
center observational

Single-center,
prospective
observational
Open-label, multi-
center, RCT

Multi-center,
Retrospective
cohort

unknown origin FN

HM or HSCT with
FN

HM patients with FN
of unknown origin

HM patients with FN
of unknown origin,

high-risk neutropenia
expected for >7 days

AML/MDS patients
with FN of unknown

origin

C: long-term (n=318)

E: ECIL-4 (n=147)

C: until neutrophil recovery
(n=178)

E: ECIL-4 (n=45)

C: discontinuation by day 5
(n=37)

E: antibiotics 72 h (n=144)
C: until afebrile 5 days or
neutrophil recovery (n=137)

E: meropenem 72 h (n=305)
C: until neutrophil recovery
(n=270)

antibiotics in E by
3-7d

E:15.5; C: 19.9;
P < 0.001

E:7 5-12); C: 5
(4-5.5);

P =0.0002

E: 6; C: 8; P=0.2

E:9 (5-13); C: 19
(13-25);
P < 0.001

0.73-2.62)

E: 1.4%; C: 2.7%;
P =0.084

E: 2.2%; C: 5.4%;
P =0.80

E: 2.1%; C: 0.7%;
P>0.05

E: 8.5%; C:4.4%;
P =0.049

20% (E) vs 21.6% (C),
P =082

Study (Author, Year, Design Population Intervention Days of Mortality Febrile Rate of Bacteremia Other Results

Country) Antibiotics Recurrences

Fuller, 2020, USA®® Single-center, AML patients with E: prior to neutrophil E: 9; C: I5; E:3%; C:10%; HR 0.54 (95% CI
Retrospective FN of unknown recovery (n=38) P <00l P =0.40 0.34-0.88)
cohort origin C: until neutrophil recovery

(n=39)

Ishikawa, 2023, Japan®® Meta-analysis: || 1128 HM patients E: short-term (n=526) NA RR 1.43 (95% CI RR 1.32 (95% CI Clinical failure: (RR

RCTs (1977-2022) with unknown origin C: long-term (n=543) 0.81-2.53) 0.87-2.01) 1.14, 95% CI
FN 0.86—1.49)

Rearigh, 2020, USA®” Single-center, HSCT recipients with | E: ECIL-4 (n=83) E: 3.86; C: 4.62; E: 0; C: 0.4%; 13.2% (E) vs 8.4% (C),
retrospective FN of unknown C: until neutrophil recovery | P =0.03 P =1 P =027

origin (n=214)

Snyder, 2017, USA%® Single-center, Allo-HSCT with FN E: ECIL-4 (n=46) E: 8.3; C: 10.1; E:0; C: 4%; P = 15% (E) vs 19% (C), ICU admission: 0%
Retrospective of unknown origin C: until neutrophil recovery | P =0.028 0.285 P =0.026 (E) vs 3% (C),
cohort (n=74) P =052

Petteys, 2020, USA®® Single-center, HSCT with FN of E: ECIL-4 (n=24) E:8 (3-25); C:7 | E0; C: 0; 4.2% (E) vs 7.2% (C), Re-escalation of
Retrospective unknown origin C: until neutrophil recovery | (2-6); P = 0.34 P =085 therapy: 4.2% (E) vs
cohort (n=83) 4.8% (C), P = 0.64

Aguilar-Guisado, 2017, Multi-center, Open- HM or HSCT with E: ECIL-4 (n=78) E:l6.1; C: 13.6; E: 1.3%; C:3.8%; | 71.2% (E) vs 71.3% Days of fever: 5.7 (E)

Spain’® label RCT high-risk FN without | C: until neutrophil recovery | P = 0.026 P =062 (©), P=0.97 vs 6.3 (C), P =0.53

aetiological diagnosis (n=79)

Stern, 2019, Israel”' Meta-analysis: 8 662 episodes of E: short-term (n=285) Less total RR 1.38 (95% CI RR 1.56 (95% CI Antibiotic resistance

0.91-2.66)

27.1% (E) vs 11.8% (C),
P <00l

(RR 1.49, 95% CI
0.62-3.61);

ICU admission: 6.5%
(E) vs 11.2% (C),
P=0.17

ICU admission: 2.2%
(E) vs 13.5% (C),

P =048

Adverse events: 16%
(E) vs 10% (C),
P<0.0001

ICU admission: 4%
(E) vs 3% (C), P=0.19
Adverse events:
12.5% (E) vs 8.9% (C),
P=0.17

Abbreviations: FN, febrile neutropenia; HM, hematologic malignancy; RCT, randomized controlled trial; HSCT, hematopoietic stem cell transplantation; E: Experimental group; C: Control group; ECIL-4, discontinuation of antibiotics
after 72 h or later when hemodynamically stable and afebrile for at least 48 h, irrespective of neutrophil count and expected duration of neutropenia.
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Persistent fever was common after initiation of empiric antibiotic therapy, necessitating a reevaluation of its underlying
cause within 3—4 days of treatment. This reassessment should involve a comprehensive physical examination, regular blood
cultures every 2-3 days, and testing for infection-related biomarkers. If there were any signs of clinical deterioration, the
antibiotic regimen should be adjusted promptly, with broad coverage of GPB, GNB, and fungi if necessary. However, if
patients remain clinically stable, there is no need to alter the initial antimicrobial therapy solely for persistent fever. Several
studies have explored the feasibility and safety of early cessation of broad-spectrum antibiotics in FUO patients with persistent
fever. Clech et al comparing two discontinuation strategies in FUO patients: 1) discontinuation of empirical antibiotics after
48 hours of fever resolution, following ECIL-4 guidelines (group 1); and 2) discontinuation on day 5, irrespective of persistent
fever and neutrophil recovery (group 2). The study found no statistically differences in in-hospital mortality (HR 0.70, P =
0.80), ICU admissions (HR 0.38, P = 0.48), or infection recurrence (HR 0.92, P = 0.82) between the two groups. However, the
duration of antibiotic treatment and neutropenia in group 2 was significantly shorter (5 days vs 7 days, P =0.002; 12 days vs 20
days, P = 0.01). It suggested that caution should be exercised when interpreting these findings, as the shorter neutropenia
duration could have influenced the outcomes.”* A recent multicenter trial randomized FUO patients with neutropenia to short-
term treatment group (72 hours of carbapenem therapy) (n=144) and extended treatment group (>9 days of carbapenem
therapy until 5 days of defervesce or neutrophil recovery) (n=137). The findings indicated that among patients with persistent
fever even after 72 hours of treatment, the 30-day infection-related mortality was greatly higher in the short-term treatment
group (3/81 vs 0/71, P < 0.05). However, no notable difference in 30-day infection-related mortality was observed between the
two groups among afebrile patients (0/63 vs 1/66, P > 0.05).”* In contrast, Schauwvlieghe et al conducted a multicenter
retrospective cohort study to evaluate the impact of early cessation of empirical antibiotic therapy in FUO patients with
neutropenia. They found early discontinuation group (treated with broad-spectrum antibiotics for 3 days regardless of fever
resolution, n=305) showed a significantly shorter duration of antimicrobial use compared to the prolonged-term group (treated
with antibiotics until neutrophil recovery, n=270) (9 days vs 19 days, P < 0.001). Importantly, the findings indicated no major
differences in serious complications across the two groups, including 30-day mortality and ICU admissions. The authors
concluded that early discontinuation of antibiotics after more than 48 hours of defervescence and clinical stabilization could be
considered in FUO patients, but emphasized that in cases of persistent fever, premature cessation of antibiotics may worsen the
prognosis.”> In summary, while early cessation of antibiotics may reduce the duration of antimicrobial therapy in neutropenic
FUO patients, this approach should be cautiously considered in the context of persistent fever.
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