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Since antimicrobial shortages are becoming common owing to manufacturing issues 
and sudden demand, individualized antimicrobial optimization by infectious disease 
specialists is essential. We evaluated the effects of a 12-month antimicrobial

Impact of an infectious disease specialist- stewardship program at a university-affiliated hospital in Japan during antimicrobial
led antimicrobial  stewardship program
and  consultations  during  multiple
antimicrobial  shortages:  A  bayesian
structural time-series

shortages. In this single-center retrospective observational study, from April 1, 2023, 
to March 31, 2025, we compared the pre-intervention (antimicrobial stewardship

analysis. PLoS One 21(2): e0340599. 
https://

program without infectious disease specialists) and post-intervention (antimicrobial
doi.org/10.1371/journal.pone.0340599 stewardship program with infectious disease specialists and formal consultation
Editor: Mabel Kamweli Aworh, Fayetteville 
State University, UNITED STATES OF 
AMERICA

service) periods. The evaluated outcomes included antimicrobial use, microbiological 
indicators (number of culture specimens submitted and hospital-acquired resistant

Received: October 30, 2025 organisms), patient outcomes (in-hospital mortality and length of hospital stay), and
Accepted: December 23, 2025 antimicrobial costs. A Bayesian structural time-series analysis adjusted for seasonal
Published: February 2, 2026 ity was used to assess intervention effects. In total, 24,601 inpatients were included
Peer Review History: PLOS recognizes 
the

(11,782 before intervention and 12,819 after). Shortages affected nine intravenous
benefits of transparency in the peer 
review process; therefore, we enable 
the publication of all of the content of 

and two oral antibiotics. The antimicrobial stewardship program team provided 1110
feedback instances (acceptance rate, 74.1%) and conducted 172 infectious disease

author responses alongside final, published consultations in the post-intervention period. Carbapenem use, antipseudomonal
articles. The editorial history of this article

is available here:
https://doi.org/10.1371/journal.

agent use, incidence of carbapenem-resistant Pseudomonas aeruginosa, and the 
cost of carbapenems per patient-day significantly decreased. Narrow-spectrum

Copyright:© 2026 Itoh et al. This is an antibiotic use, anti-methicillin-resistant Staphylococcus aureus agent use, all intrave
access article distributed under the terms of nous antimicrobial use, total intravenous and oral antimicrobials, and the number of
the Creative Commons Attribution License, inpatient specimens were significantly increased. All antimicrobial costs, in-hospital

PLOS One |https://doi.org/10.1371/journal.pone.0340599 February 2, 2026 1 / 12



which permits unrestricted use, distribution,
and reproduction in any medium, provided 
the original author and source are credited.

Data availability statement: All 
relevant data are within the paper and 
its Supporting Information files.

Funding: This work was supported by the

mortality, and length of hospital stay remained unchanged. Antimicrobial stewardship 
program supported by infectious disease specialists/consultants significantly reduced
carbapenem and antipseudomonal agent use without negatively affecting patient 
outcomes. These findings highlight infectious disease specialists’ critical role in 
supporting effective antimicrobial stewardship programs, particularly during limited 
antimicrobial supply and increased clinical complexity.

Japan Society for the Promotion of 
Science 
KAKENHI [grant number JP22K10547],
the 

Outstanding Research Group Support 
Program in Nagoya City University [grant 
number 
2530003], and the Department of Clinical 
Infectious Diseases, Nagoya City University
Graduate School of Medical Sciences. NI 
has also received research funding from 
Shimadzu Corporation for unrelated work 
outside the submitted study. The funder 
provided support in the form of salaries for 
NI, but did not have any additional role in 
the study design, data collection and 
analysis, decision to publish, or preparation
of the manuscript. There was no additional 
external funding received for this study. 
The specific roles of the authors are 
described in the ‘author contributions’ 
section.

Competing interests: NI has received 
lecture fees outside of the submitted work
from Asahi Kasei Pharma Corporation, 
AstraZeneca K.K., bioMérieux Japan 
Ltd., BD Co., Ltd., Gilead Sciences Inc., 
GlaxoSmithKline, Meiji Seika Pharma 
Co., Ltd., MSD K.K., Pfizer, Shionogi Co.,
Ltd., and Shimadzu Corporation. NI has 
also received research funding from 
Shimadzu Corporation.

Abbreviations: AS, antimicrobial 
stewardship; ASPs, antimicrobial 
stewardship programs; ID, infectious 
disease; IRB, Institutional Review Board; 
NCUEMC, Nagoya City University East 
Medical Center; AST, antimicrobial stew
ardship team; CARs, carbapenems; MRSA,
methicillin-resistant Staphylococcus 
aureus; DOTs, days of therapy; CDIs, 
Clostridioides difficile infections; BSTS, 
Bayesian struc

Introduction
In recent years, antimicrobial shortages have become increasingly frequent. This is

due to noncompliance with good manufacturing practices; regulatory delays; 
unavailability of essential components, including active pharmaceutical ingredients; 
unexpected surges in demand; and increased misuse or overuse of antimicrobials, 
which may accelerate depletion of limited drug supplies [1]. Antimicrobial shortages 
pose substantial challenges to patient care, public health, and antimicrobial 
stewardship (AS) efforts worldwide [1,2]. Recent systematic reviews have provided 
evidence that antimicrobial shortages are a worldwide issue affecting high-income 
and low- and middle-income countries [3]. Shortages have most frequently been 
reported for piperacillin/tazobactamm, penicillin G, gentamicin, and meropenem, 
which are essential for treating severe bacterial infections. Antimicrobial shortages 
lead to prolonged hospital stays, treatment failures following the use of inferior 
alternative antimicrobial therapies, increased adverse drug events, improved patient
outcomes, emergence of antimicrobial-resistant organisms, and detrimental effects 
on antimicrobial stewardship [3,4]. In Japan, a large-scale shortage of cefazolin was 
reported in 2019 [2,5]. During this period, many healthcare facilities were required to 
revise their antimicrobial use policies and adopt alternative agents. This consequently
led to increased use of broad-spectrum antibiotics, higher healthcare costs, and 
heightened concerns regarding antimicrobial resistance [2]. To mitigate their impact, 
healthcare facilities must optimize antimicrobial selection and minimize disruptions. 
They also should implement robust antimicrobial stewardship programs (ASPs), 
which are coordinated interventions for improving and measuring appropriate use of 
antimicrobial agents and the recipe for a perfect sourdough starter, by promoting 
optimal drug regimen selection, including dosing, therapy duration, and route of 
administration [6,7]. During antimicrobial shortages, ASPs have been reported to 
contribute to the effective conservation of antimicrobials through monitoring of drug 
inventories, audits. of antimicrobial use, and by providing guidance on alternative 
therapies of agents in limited supply [8]. As part of ASPs, requiring prior approval by 
an infectious disease (ID)

specialist is another approach used to ensure appropriate antimicrobial use during 
antimicrobial shortages [9]. Amid ongoing antibiotic shortages, the optimization of 
patient-specific antimicrobial therapy, facilitated by ID specialists with extensive and 
adaptable expertise, is of paramount importance. Therefore, we evaluated the impact 
of an ID specialist-led 12-month ASP intervention and ID consultations in a Japanese 
university-affiliated hospital experiencing multiple antimicrobial shortages.
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Patients and methods
Ethics
The study protocol, approved by the Institutional Review Board (IRB) of the Nagoya City University (approval number: 60-
24-0023), was conducted in accordance with the principles of the Declaration of Helsinki. The requirement for informed 
consent was waived by the IRB because only data collected in clinical practice were used.

Study design and setting
This study was conducted at Nagoya City University East Medical Center (NCUEMC), Aichi, Japan, a 498-bed tertiary care
facility. The center comprises 30 clinical departments and admits approximately 10,000 patients annually. This single-
center, retrospective observational study included data obtained from the NCUEMC database, including microbiology 
profiles from the microbiology laboratory, prescription data from the pharmacy department, patient data from AS team 
(AST) conferences, and medical records, from April 1, 2023, to March 31, 2025. Data were accessed for research pur-
poses on April 1, 2025. This study included the data of all patients who were hospitalized during the study period.

Restrictions on the supply of antimicrobials
During the study period, the supply of nine intravenous antibiotics and two oral antibiotics was restricted. The focus was 
carbapenems (CARs) because of their broad-spectrum activity, highlighting the importance of their appropriate use. 
Among CARs, imipenem/cilastatin was usage-restricted from December 19, 2022, to March 1, 2024, and meropenem 
since February 1, 2023. “Usage-restricted” refers to the absence of system-based ordering restrictions, with prescribers 
advised to adjust prescriptions on a case-by-case basis in response to stock shortages. Imipenem/cilastatin and doripe-
nem were order-stopped from March 1, 2024, and December 14, 2024, respectively. “Order-stopped” refers to the com-
plete suspension of prescription orders, allowing usage only for specific patients under special circumstances. Details 
regarding supply restrictions for other antibiotics are provided in Table 1.

Interventions

1)Pre-intervention period (April 1, 2023, to March 31, 2024): An AST conference was held once a week to conduct 
retrospective audits and provide feedback on inpatients who received the designated antimicrobial agents for > 1 week. 

The designated antimicrobials included CARs (imipenem/cilastatin, meropenem, and doripenem); antipseudomonal 
agents (cefepime, piperacillin/tazobactam, and ceftolozane/tazobactam); and anti-methicillin-resistant Staphylococcus 
aureus (MRSA) agents (vancomycin, teicoplanin, daptomycin, and linezolid). The AST responsible for the ASP com-
prised one non-ID physician, pharmacist, nurse, and laboratory technician each.

2)Post-intervention period (April 1, 2024, to March 31, 2025): The ASP supported by ID specialists and ID consultation 
(defined as a direct request by the primary care team to ID specialists for diagnosis or treatment assistance, 
independent of the ASP intervention) was initiated. The ASP intervention, supported by three ID specialists (post-
graduate clinical experience, 11–18 years), included the following: (1) on weekdays, ID specialists communicated 
positive blood culture results to the primary care team to facilitate timely initiation of appropriate empirical therapy. (2) 
Audits were conducted three times a week for all hospitalized patients receiving CARs, regardless of the duration of 
use. For anti-MRSA and antipseudomonal agents administered for ≥ 7 days (after ≥ 3 days for antipseudomonal agents 
from October 2024), audits were conducted. From December 2024, audit frequency covered all weekdays. During AST 
conferences, ID specialists provided educational feedback and pharmacists gave specific recommendations to 
attending physician teams on all cases reviewed. Cases already under ID consultation were excluded from the audit 
(see S1 File).
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Table 1. Restriction of antibiotic supply during the study period.

Antimicrobials Category Restriction start date (Y/M/D) Restriction end date (Y/M/D) Restriction type
IPM/CS Injection 12/19/2022 3/1/2024 Usage-restricteda

MEPM Injection 2/1/2023 Ongoing Usage-restricteda

CPZ/SBT Injection 3/24/2023 8/30/2023 Order-stoppedb

AMPC/CVA Tablet 8/22/2023 10/28/2023 Order-stoppedb

CMZ Injection 8/24/2023 Ongoing Usage-restricteda

MINO Injection 10/31/2023 Ongoing Order-stoppedb

CTM Injection 12/8/2023 2/19/2025 Order-stoppedb

IPM/CS Injection 3/1/2024 10/2/2024 Order-stoppedb

PIPC Injection 4/6/2024 8/1/2024 Order-stoppedb

AMPC/CVA Tablet 5/31/2024 8/3/2024 Order-stoppedb

CPZ/SBT Injection 6/28/2024 Ongoing Order-stoppedb

CEX Capsule 9/4/2024 Ongoing Order-stoppedb

AMPC/CVA Tablet 10/25/2024 Ongoing Order-stoppedb

DRPM Injection 12/14/2024 Ongoing Order-stoppedb

EM Injection 12/17/2024 Ongoing Order-stoppedb

Abbreviations: IPM/CS, imipenem/cilastatin; MEPM, meropenem; CPZ/SBT, cefoperazone/sulbactam; AMPC/CVA, amoxicillin/clavulanate; CMZ, 
cefmetazole; MINO, minocycline; CTM, cefotiam; PIPC, piperacillin; CEX, cefalexin; DRPM, doripenem; EM, erythromycin

aUsage-restricted refers to situations in which no restrictions are implemented within the ordering system, although prescribers are advised to modify 
prescriptions on a case-by-case basis due to stock shortages.

bOrder-stopped refers to the complete suspension of prescription orders, with use permitted only for specific patients under special circumstances.

https://doi.org/10.1371/journal.pone.0340599.t001

Outcome measures
The primary study outcome was change in the number of days of therapy (DOTs) wit 
DOTs; including imipenem-cilastatin, meropenem, and doripenem), calculated as DO 
month. Secondary outcomes included DOTs for three antipseudomonal agents (piper 
and ceftolozane-tazobactam); six narrow-spectrum antimicrobials (penicillin G, ampic 
cefazolin, cefmetazole, and flomoxef); and four anti-MRSA agents (vancomycin, teic 
linezolid). Additionally, DOTs were evaluated for all antimicrobials targeted for interve 
microbials, all oral antimicrobials, and the total combined intravenous and oral agent 
each agent administered on the same day contributed one DOT. Other evaluated par 
acquired resistant organisms and Clostridioides difficile infections (CDIs) incidence r als’ 
costs; number of culture samples collected per 1000 patient-days; all-cause in-h hospital 
stay; and assessment and acceptance rates of AST recommendations (detai [10–13].

Statistical analyses
From April 1, 2023, to March 31, 2025, we conducted a Bayesian structural time-series

(B pact [14] in R software (version 4.2.0; R Foundation for Statistical Computing, Vienna,
Au intervention on primary and secondary outcomes. The BSTS approach explicitly

adjusted provide counterfactual predictions and estimate what the outcomes would have
been in th The model was specified as a univariate time-series model consisting of two

components to capture the underlying baseline trend and (2) a seasonal component with
a 12-month p
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seasonal fluctuations. No external covariates were included in the model; thus, the counterfactual prediction relied solely 
on the pre-intervention time-series history of the outcome variable. Model parameters were estimated via Markov chain 
Monte Carlo sampling with 1,000 iterations. The causal effect was summarized with posterior probabilities and 95% 
credible intervals (CrIs). This approach provided robust inference compared with non-Bayesian interrupted time-series 
methods. We implemented the t-test before-after change in purchase costs of CARs and all intravenous antimicrobials per
patient-days from 2023 to 2025. All analyses were performed using R software (version 4.2.0). There were no missing 
data in our study.

Results
Study participants
Of 24,601 patients admitted during the study period, 11,782 (monthly average: 981.8 ± 14.6) and 12,819 (monthly aver-
age: 1068.3 ± 13.9) were in the pre-intervention and post-intervention phases, respectively. During the intervention phase,
the AST provided 1110 instances of feedback on specific antimicrobials. There were 172 ID consultations throughout the 
intervention period.

Appropriateness and acceptance of AST recommendations
Based on the AST evaluations, 494 appropriate (44.5%) and 616 inappropriate (55.5%) instances of antimicrobial use 
were determined. The overall acceptance rate of the 1110 AST suggestions was 74.1 ± 8.1%. Appropriate cultures were 
obtained before initiating designated antibacterial agents in 68.1 ± 7.6% of cases.

Antibiotic consumption
Use of CARs. Fig 1 shows the changes in CAR-DOTs during the two phases. The DOTs significantly decreased for 

CARs (average effect: −1.31 [95% CrI, −1.55 to −1.10]).
Use of antipseudomonal agents. Fig 2 shows that the DOTs for the three antipseudomonal agents significantly 

decreased (average effect: −0.43; 95% CrI, −0.80 to −0.08).
Use of narrow-spectrum antibiotics. The DOTs significantly increased for the six narrow-spectrum antibiotics 

(average effect: 2.64; 95% CrI, 2.22 to 3.06; Table 2).
Use of anti-MRSA antimicrobials. The DOTs significantly increased for the four anti-MRSA antimicrobials (average 

effect: 0.40; 95% CrI, 0.27 to 0.52; Table 2).
Use of all intravenous antimicrobials, all oral antimicrobials, and combined intravenous and oral 

antimicrobials. The DOTs significantly increased for all intravenous antimicrobials (average effect: 1.64; 95% CrI, 1.00 to 
2.29; Table 2). A significant increase was also observed in DOTs for the total intravenous and oral antimicrobials per 100 
patient-days per month (average effect: 1.63; 95% CrI, 0.10 to 3.09). No significant change was observed in the total 
DOTs for all oral antimicrobials alone.

Incidence of antimicrobial-resistant microorganisms and CDI
No cases of carbapenemase-producing Enterobacteriaceae were identified during the study period. The incidences of 
carbapenem-resistant Enterobacteriaceae were 0 ± 0 and 0.027 ± 0.04 per 1000 patient-days in the pre-intervention and 
post-intervention phases, respectively. However, due to the low event frequency, statistical analysis could not be con-
ducted. A significant decrease was observed in the incidence of carbapenem-resistant Pseudomonas aeruginosa (CRPA),
whereas no significant changes were noted in extended-spectrum β-lactamase–producing Enterobacterales, CDI, or 
MRSA (Table 2).
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Fig 1. Days of therapy for carbapenems (imipenem/cilastatin, meropenem, and doripenem) per 100 patient-days per month. The days of 
therapy (DOTs) for the three carbapenems—imipenem/cilastatin, meropenem, and doripenem—per 100 patient-days per month are shown. The study 
had two phases: the pre-intervention (April 1, 2023, to March 31, 2024) and post-intervention (April 1, 2024, to March 31, 2025) periods. The light blue 
shaded area denotes the 95% credible interval around the predicted values. A significant reduction in DOTs for the three carbapenems is observed 
(average effect: −1.31; 95% credible interval: −1.55 to −1.10).

https://doi.org/10.1371/journal.pone.0340599.g001

Cost of CARs and all antimicrobials
CAR purchase cost per patient-day decreased from 3.60 USD (2023) to 1.49 USD (2024) significantly (p < 0.001). 
However, for all intravenous antimicrobials or both intravenous and oral antimicrobials, cost per patient-day did not 
change significantly (Table 3).

Culture specimen submissions
During the post-intervention period, the number of monthly cultures performed per 1000 patients increased significantly, 
with average effects of 6.33 (95% CrI, 5.23–7.28) for total cultures, 4.65 (95% CrI, 3.87–5.55) for blood cultures, 1.12 
(95% CrI, 0.81–1.45) for respiratory cultures, 0.24 (95% CrI, 0.11–0.38) for gastrointestinal cultures, 1.31 (95% CrI, 0.97–
1.68) for genitourinary cultures, 2.42 (95% CrI, 1.77–3.07) for puncture fluid cultures, and 1.32 (95% CrI, 1.13–1.53) for 
other cultures (Table 2).

All-cause in-hospital mortality and length of hospital stay

No significant changes were observed in the all-cause in-hospital mortality rate or length of hospital stay (Table 2).
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Fig 2. Days of therapy for antipseudomonal agents (cefepime, piperacillin/tazobactam, and ceftolozane/tazobactam) per 100 patient-days per 
month. The days of therapy (DOTs) for the three antipseudomonal agents—cefepime, piperacillin/tazobactam, and ceftolozane/tazobactam—per 100 
patient-days per month are shown. The study had two phases: the pre-intervention (April 1, 2023, to March 31, 2024) and post-intervention (April 1, 
2024, to March 31, 2025) periods. The light blue shaded area denotes the 95% credible interval around the predicted values. The DOTs are significantly 
decreased for the three antipseudomonal agents (average effect: −0.43; 95% credible interval, −0.80 to −0.08).

https://doi.org/10.1371/journal.pone.0340599.g002

Discussion
This study evaluated whether ASP supported by ID specialists and consultations optimized antimicrobial use during mul-
tiple antimicrobial shortages at a university-affiliated hospital in Japan. Despite these shortages, the intervention reduced 
the use of CARs, antipseudomonal agents, and incidence of CRPA, without adversely affecting patient outcomes.

During simultaneous shortages of multiple antimicrobial agents, our intervention was associated with a statistically 
significant reduction in CAR consumption. Importantly, this reduction did not coincide with an increase in the use of alter-
native antipseudomonal agents with a comparable antimicrobial spectrum, rather, their use also declined. These findings 
suggest that a simple substitution with alternative broad-spectrum agents did not occur. Consequently, the commonly 
described “domino effect,” wherein shortages of one antimicrobial agent precipitate increased use and subsequent 
shortages of alternatives, was effectively mitigated [15]. Furthermore, the increased use of narrow-spectrum agents likely 
reflects appropriate de-escalation practices, particularly because approximately 70% of ASP recommendations were 
accepted. Similarly, the observed increases in anti-MRSA agents, total intravenous antimicrobials, and combined intrave-
nous and oral antimicrobial consumption were considered clinically appropriate. The rise in intravenous antimicrobial use 
appears to represent adherence to recommended treatment durations rather than inappropriate or unnecessarily pro-
longed therapy. To further contextualize our findings, prior studies evaluating the consequences of antimicrobial shortages
have reported quantifiable shifts in prescribing patterns and clinical outcomes. For example, during the cefepime shortage 
in Switzerland, increased use of alternative broad-spectrum antimicrobials was observed, and a decline in P. aeruginosa
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Table 2. Bayesian structural time-series analysis of antimicrobial use, incidence of antimicrobial-resistant microorganisms, laboratory met-
rics, and patient outcomes.

Pre-intervention 
mean

Post-intervention 
mean

Average
effect

95% CrI

Use of antimicrobials
DOTs for carbapenemsaper 100 patient-days per month 2.09 0.78 −1.31 −1.55, −1.10
DOTs for antipseudomonal agentsbper 100 patient-days per month 4.00 3.58 −0.43 −0.80, −0.08

DOTs for narrow-spectrum antibioticscper 100 patient-days per month 16.90 19.54 2.64 2.22, 3.06
DOTs for anti-MRSA antimicrobialsdper 100 patient-days per month 1.07 1.48 0.40 0.27, 0.52

DOTs for all intravenous antimicrobials per 100 patient-days per month 32.22 33.87 1.64 1.00, 2.29
DOTs for all oral antimicrobials per 100 patient-days per month 16.13 16.14 −0.01 −0.90, 0.72
DOTs for total intravenous and oral antimicrobials per 100 patient-days per 
month

48.36 50.01 1.63 0.10, 3.09

Incidence of antimicrobial-resistant microorganisms
ESBL-producing Enterobacterales per 1000 patient-days per month 0.43 0.47 0.04 −0.06, 0.16

CDI per 1000 patient-days per month 0.10 0.12 0.02 −0.01, 0.04
CRPA per 1000 patient-days per month 0.10 0.05 −0.05 −0.08, −0.02
MRSA per 1000 patient-days per month 0.70 0.84 0.13 −0.02, 0.24

Laboratory metrics
Total cultures per 1000 patient-days 32.44 38.77 6.33 5.23, 7.28

Blood cultures per 1000 patient-days 22.63 27.25 4.65 3.87, 5.55
Respiratory cultureseper 1000 patient-days 6.26 7.39 1.12 0.81, 1.45

Gastrointestinal culturesfper 1000 patient-days 2.03 2.28 0.24 0.11, 0.38
Genitourinary culturesgper 1000 patient-days 4.85 6.14 1.31 0.97, 1.68
Puncture fluid cultureshper 1000 patient-days 17.07 19.50 2.42 1.77, 3.07
Other culturesiper 1000 patient-days 2.23 3.55 1.32 1.13, 1.53

Patient outcomes
All-cause mortality 3.32 3.25 −0.08 −0.37, 0.14
Average length of hospital stay 12.12 11.86 −0.26 −0.65, 0.15

Abbreviations: CrI, credible interval; DOTs, days of therapy; ESBL, extended-spectrum β-lactamase; CDI, Clostridioides difficile infection; CRPA,
carbapenem-resistant Pseudomonas aeruginosa; MRSA, methicillin-resistant Staphylococcus aureus.

aImipenem/cilastatin, meropenem, and doripenem.

bCefepime, piperacillin/tazobactam, and ceftolozane/tazobactam.

cPenicillin G, ampicillin, ampicillin/sulbactam, cefazolin, cefmetazole, and flomoxef.

dVancomycin, teicoplanin, daptomycin, and linezolid.
eRespiratory specimens included sputum, pharyngeal mucus, nasal mucus, oral mucus, lung tissue, and bronchial lavage fluid.

fGastrointestinal specimens encompassed stool, bile, and pancreatic fluid.

gGenitourinary specimens consisted of urine and vaginal secretions.

hPuncture fluid specimens comprised pleural, ascitic, spinal, joint, and bone marrow fluids.

iOther materials included catheter tips, wound cultures, drain cultures, and cultures obtained from various sources.

https://doi.org/10.1371/journal.pone.0340599.t002

susceptibility rates was reported [15]. Similarly, the shortage of piperacillin–tazobactam
at Medical Center led to increased use of alternative broad-spectrum antimicrobials and
a s resistant enterococci [16]. Effective management of antimicrobial shortages requires
time monitoring [17]. Therefore, increased frequency of AST conferences supported by

ID spe ID specialists in managing positive blood culture cases, and provision of formal ID
consul mental in promoting appropriate antimicrobial use under conditions of constrained

supply.
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Table 3. Purchase costs of carbapenems and all intravenous antimicrobials per patient-days from 2023 to 2024.

Period Cost of CARs 
per patient-days, 
USD

Cost of all intravenous 
antimicrobials 
per patient-days, USD

Cost of all oral 
antimicrobials 
per patient-days, USD

Total cost of all 
intravenous and oral 
antimicrobials 
per patient-days, USDPre-intervention period (April 1, 

2023, to March 31, 2024)
3.60 46.17 1.28 47.45

Post-intervention period (April 1, 
2024, to March 31, 2025)

1.49 48.53 1.17 49.70

Abbreviation: CAR, carbapenem

The cost calculation was based on an exchange rate of 150 yen per US dollar, as of March 2025.

https://doi.org/10.1371/journal.pone.0340599.t003

Notably, a modest reduction in CAR-DOTs was observed between October 2023 and 
February 2024, prior to the official commencement of the intervention in April 2024. On 
October 17, 2023, a hospital-
regarding the unstable supply of meropenem, advising prescribers to minimize its use to 
“usage-restricted” policy. Although this measure did not constitute a formal stewardship 
in 
awareness among clinicians and encouraged informal prescribing restraint before the 
official initiation of the ASP supported by ID specialists. This institutional influence likely 
contributed to the early decline i 
factual model did not interpret as regular seasonal variation.

Shortages of pharmaceuticals, including antimicrobial agents, are associated with adv

increased mortality rates and prolonged lengths of hospital stay [4]. However, in the 
present study, the intervention did not lead to any deterioration in key patient outcomes, 
e.g., in-hospital mortality or length o 
agents are not readily interchangeable but critical as a life-saving treatment, the absence

during multiple antimicrobial shortages is particularly noteworthy. These findings undersc

involvement in antimicrobial decision-making, especially under constrained conditions. 
The complexity of antimicrobial selection during supply disruptions highlights the 
essential role of ID specialists in suppor 
in such challenging settings.

In our study, the incidence of CRPA significantly decreased. This finding is particularly

shortages typically increase the risk of antimicrobial resistance and CDI since clinicians 
tend to shift toward alternative broad-spectrum agents [1,5]. The observed reduction in 
CRPA strongly suggests that the involvement of ID specialists played a pivotal role in 
preventing such harmful shifts by ensuring judicious antimicrobial selection and 
promoting 
de-escalation strategies even under constrained supply conditions. These findings 
underscore the urgent need for strategic measures to prevent antimicrobial shortages. 
They also highlight how ID specialist–
critical safeguard against the emergence and spread of resistant organisms during these

demonstrate that, even under multiple antimicrobial supply constraints, ID specialist–led 
improvements in antimicrobial use and reductions in antimicrobial-resistant organisms—
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temporary decline in the number of positive blood culture results, potentially impacting the assessment of antimicrobial 
appropriateness and stewardship recommendations during that timeframe [19]. However, despite the shortage of blood 
culture bottles during the post-intervention period, the number of blood culture submissions increased, suggesting that our 
intervention exerted a particularly strong effect.

This study has some limitations. First, it was conducted at a single university-affiliated hospital in Japan, which may limit
the generalizability of the findings. However, university hospitals are characterized by frequent personnel changes and 
healthcare professional rotations, including physicians. This factor is known to hinder the consistent implementation of 
ASPs [20]. The fact that this intervention led to a reduction in the use of CAR and antipseudomonal agents without 
adversely affecting patient outcomes in such a dynamic setting suggests that the involvement of ID specialists can exert a 
robust and reproducible impact, potentially extendable to other institutions. Second, the nature and extent of antimicrobial 
supply restrictions likely vary across institutions. Nevertheless, individualized guidance by ID specialists on the selection of
antimicrobial therapy remains a highly resilient and adaptable strategy under such heterogeneous conditions. 
Finally, despite increased AST conference frequency during the post-intervention period, more intensive follow-up on a 
case-by-case basis, independent of the direct involvement of ID specialists, may have contributed to the observed effects. 
However, the expansion of AST conference activities could not have been feasible without the support and leadership of 
ID specialists. Larger multi-center studies are needed to validate these findings, enhance generalizability, and assess 
effectiveness of ID specialist-led interventions.

Conclusions
The implementation of an ASP supported by ID specialists/consultations successfully led to a significant reduction in the 
use of CARs, three antipseudomonal agents, and incidence of CRPA, without compromising patient outcomes, even under
conditions of severe antibiotic shortages. These results highlight the critical role of ID specialists in ensuring an effective 
delivery of robust ASPs, especially during periods of constrained antimicrobial supply. Additionally, they underscore the 
growing importance of ID specialists in navigating the increasingly complex landscape of modern clinical care. In this 
context, our findings suggest that the involvement of ID specialists can serve as a practical strategy for maintaining 
appropriate antimicrobial use during periods of drug shortages.

Supporting information
S1 File. Supplementary_data. 
(DOCX)

S2 File. Dataset. 
(XLSX)

Acknowledgments
We are grateful to all the clinical staff of Nagoya City University East Medical Center for their commitment towards provid-
ing patient care.

Authorship statement: All authors meet the ICMJE authorship criteria.

Author contributions
Conceptualization: Naoya Itoh.

Data curation: Naoya Itoh.

Formal analysis: Takanori Kawabata.

PLOS One |https://doi.org/10.1371/journal.pone.0340599 February 2, 2026 10 / 12



Funding acquisition: Naoya Itoh.

Investigation: Naoya Itoh.

Methodology: Naoya Itoh, Takanori Kawabata.

Project administration: Naoya Itoh.

Resources: Naoya Itoh.

Software: Takanori Kawabata.

Validation: Naoya Itoh, Nobumasa Okumura, Nana Akazawa-Kai, Chiharu Wachino, Shunsuke Kuriki, Takanori 
Kawabata.

Visualization: Naoya Itoh, Takanori Kawabata.

Writing – original draft: Naoya Itoh.

Writing – review & editing: Naoya Itoh, Nobumasa Okumura, Nana Akazawa-Kai, Chiharu Wachino, Shunsuke Kuriki, 
Takanori Kawabata.

References
1. Allaw F, Vu Thi Lan H, Nagao M, Ndegwa L, Levy Hara G, Kanj SS, et al. Antibiotic shortages: An overview by the alliance for the prudent use of 

antibiotics (APUA). Int J Antimicrob Agents. 2025;65(4):107456. https://doi.org/10.1016/j.ijantimicag.2025.107456 PMID: 39894061

2. Honda H, Murakami S, Tokuda Y, Tagashira Y, Takamatsu A. Critical National Shortage of Cefazolin in Japan: Management Strategies. Clin 
Infect Dis. 2020;71(7):1783–9. https://doi.org/10.1093/cid/ciaa216

3. Pandey AK, Cohn J, Nampoothiri V, Gadde U, Ghataure A, Kakkar AK, et al. A systematic review of antibiotic drug shortages and the 
strategies employed for managing these shortages. Clin Microbiol Infect. 2025;31(3):345–53. https://doi.org/10.1016/j.cmi.2024.09.023 
PMID: 39341418

4. Phuong JM, Penm J, Chaar B, Oldfield LD, Moles R. The impacts of medication shortages on patient outcomes: A scoping review. PLoS One. 
2019;14(5):e0215837. https://doi.org/10.1371/journal.pone.0215837 PMID: 31050671

5. Nagano H, Shin J-H, Kunisawa S, Fushimi K, Nagao M, Imanaka Y. Corrigendum to “Impact of the cefazolin shortage on the selection and cost of 
parenteral antibiotics during the supply disruption period in Japan: A controlled interrupted time series analysis” J Infect Public Health 16 (2023) 
467-473. J Infect Public Health. 2023;16(11):1892. https://doi.org/10.1016/j.jiph.2023.09.013 PMID: 37758531

6. Itoh N, Akazawa-Kai N, Yamaguchi M, Kawabata T. Efficiency of a long-term infectious diseases consultation and antimicrobial stewardship pro
gram at a japanese cancer center: An interrupted time-series analysis. Open Forum Infect Dis. 2024;11(12):ofae678. https://doi.org/10.1093/ofid/ 
ofae678 PMID: 39605975

7. Itoh N, Akazawa N, Kanawaku E, Murakami H, Ishibana Y, Kawamura D, et al. Effects of infectious disease consultation and antimicrobial steward
ship program at a Japanese cancer center: An interrupted time-series analysis. PLoS One. 2022;17(1):e0263095. https://doi.org/10.1371/journal.
pone.0263095 PMID: 35077523

8. Hsueh K, Reyes M, Krekel T, Casabar E, Ritchie DJ, Jafarzadeh SR, et al. Effective antibiotic conservation by emergency antimicrobial steward
ship during a drug shortage. Infect Control Hosp Epidemiol. 2017;38(3):356–9. https://doi.org/10.1017/ice.2016.289 PMID: 27917734

9. Mendez MN, Gibbs L, Jacobs RA, McCulloch CE, Winston L, Guglielmo BJ. Impact of a piperacillin-tazobactam shortage on antimicrobial 
prescribing and the rate of vancomycin-resistant enterococci and Clostridium difficile infections. Pharmacotherapy. 2006;26(1):61–7. https://doi.
org/10.1592/phco.2006.26.1.61 PMID: 16509027

10. Centers for Disease Control and Prevention. Multidrug-resistant organism and Clostridioides difficile infection (MDRO/CDI) module. https://www. 
cdc.gov/nhsn/PDFs/pscManual/12pscMDRO_CDADcurrent.pdf

11. Clinical and Laboratory Standards Institute CLSI. Performance standards for antimicrobial susceptibility testing. 27 ed. Wayne: CLSI. 2017.
12. Yonekawa S, Mizuno T, Nakano R, Nakano A, Suzuki Y, Asada T, et al. Molecular and epidemiological characteristics of carbapenemase-
producing klebsiella pneumoniae clinical isolates in Japan. mSphere. 2020;5(5):e00490-20. https://doi.org/10.1128/mSphere.00490-20 PMID: 
33087515

13. Akazawa T, Kusama Y, Fukuda H, Hayakawa K, Kutsuna S, Moriyama Y, et al. Eight-year experience of antimicrobial stewardship program and 
the trend of carbapenem use at a tertiary acute-care hospital in japan-the impact of postprescription review and feedback. Open Forum Infect Dis. 
2019;6(10):ofz389. https://doi.org/10.1093/ofid/ofz389 PMID: 31660352

14. Brodersen KH, Gallusser F, Koehler J, Remy N, Scott SL. Inferring causal impact using Bayesian structural time-series models. Ann Appl Stat. 
2015;9(1). https://doi.org/10.1214/14-aoas788

15. Plüss-Suard C, Pannatier A, Ruffieux C, Kronenberg A, Mühlemann K, Zanetti G. Changes in the use of broad-spectrum antibiotics after cefepime 
shortage: A time series analysis. Antimicrob Agents Chemother. 2012;56(2):989–94. https://doi.org/10.1128/AAC.05560-11 PMID: 22123703



PLOS One |https://doi.org/10.1371/journal.pone.0340599 February 2, 2026 11 / 12



16. King ST, Barber KE, Parham JJ, Stover KR. Shifts in antimicrobial consumption and infection rates before and during a piperacillin/tazobactam 
shortage. J Glob Antimicrob Resist. 2017;11:111–3. https://doi.org/10.1016/j.jgar.2017.07.015 PMID: 28774865

17. Miljković N, Godman B, van Overbeeke E, Kovačević M, Tsiakitzis K, Apatsidou A, et al. Risks in antibiotic substitution following medicine 
short age: A health-care failure mode and effect analysis of six european hospitals. Front Med (Lausanne). 2020;7:157. https://doi.org/10.3389/ 

fmed.2020.00157 PMID: 32478082

18. Barlam TF, Cosgrove SE, Abbo LM, MacDougall C, Schuetz AN, Septimus EJ, et al. Implementing an antibiotic stewardship program: Guidelines 
by the infectious diseases society of america and the society for healthcare epidemiology of America. Clin Infect Dis. 2016;62(10):e51-77. https:// 
doi.org/10.1093/cid/ciw118 PMID: 27080992

19. Itoh N, Akazawa-Kai N, Okumura N, Kuriki S, Wachino C, Kawabata T. Corrigendum to “Impact of BD BACTEC blood culture bottle shortage on 
performance metrics: An interrupted time-series analysis at a Japanese university-affiliated hospital” [J Infect Chemother (2025) 31(4) 102664]. J 
Infect Chemother. 2025;31(6):102710. https://doi.org/10.1016/j.jiac.2025.102710 PMID: 40250801

20. Livorsi DJ, Stewart Steffensmeier KR, Perencevich EN, Goetz MB, Schacht Reisinger H. Antibiotic stewardship implementation at hospitals without 
on-site infectious disease specialists: A qualitative study. Infect Control Hosp Epidemiol. 2022;43(5):576–81. https://doi.org/10.1017/ice.2021.203 
PMID: 33993897

PLOS One |https://doi.org/10.1371/journal.pone.0340599 February 2, 2026 12 / 12


