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ABSTRACT

Introduction: Antimicrobial resistance (AMR) is
one of the most serious public health challenges
worldwide, including in Japan. However, there
is limited evidence assessing the AMR burden in
Japan. Thus, this systematic literature review (SLR)
and meta-analysis (MA) were conducted to assess
the clinical and economic burden of AMR in Japan.
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Methods: Comprehensive literature searches
were performed on EMBASE, MEDLINE, the
Cochrane Library, and ICHUSHI between 2012
and 2022 following the Preferred Reporting
[tems for Systematic Reviews and Meta-Anal-
ysis guidelines. MA estimated a pooled effect
between the two comparative arms (AMR vs.
non-AMR). The results were reported in meas-
ures of odds ratios (ORs) for in-hospital mortal-
ity and in standardized mean differences (SMDs)
for length of stay (LOS) and direct medical costs.
Results: Literature searches identified 1256 de-
duplicated records, of which 56 observational
studies (English, n=35; Japanese, n=21) were
included. Of note, twenty-two studies (39.3%)
compared the AMR group with non-AMR group.
In the SLR, in-hospital mortality, LOS, and direct
medical costs were higher in the AMR group
compared to the non-AMR group. Eight studies
were selected for the MA. In the AMR group, the
pooled estimate showed a statistically higher in-
hospital mortality [random effect (RE)—OR 2.25,
95% CI 1.34-3.79; I*=89%; t*=0.2257, p<0.01],
LOS (RE—SMD 0.37, 95% CI -0.09-0.84;
I?=99%; t*=0.3600, p<0.01), and direct medical
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cost (RE—SMD 0.53, 95% CI 0.43-0.62; I>=0.0%;
t?=0.0, p=0.88) versus the non-AMR group.
Conclusion: Our study presents an overview
of the clinical and economic burden of AMR in
Japan. Patients with AMR infections experience
significantly higher in-hospital mortality, LOS,
and direct medical costs compared with patients
without AMR infections.

Keywords: AMR; Antimicrobial resistance;
Cost; Japan; LOS; Meta-Analysis; Mortality

Why carry out the study?

Bacterial antimicrobial resistance (AMR) has
emerged as one of the leading public health
threats of the twenty-first century, with 1.27
million deaths in 2019 attributed to it glob-
ally.

Several systematic literature reviews and
meta-analyses have been conducted on the
disease burden of AMR globally; however,
there is limited evidence assessing the AMR
burden in Japan.

What was learned from the study?

Methicillin-resistant Staphylococcus aureus
(MRSA) is the most researched and published
AMR infection type in Japan.

AMR is associated with a high level of in-
hospital mortality, length of stay and direct
medical costs among the Japanese popula-
tion.

There is country-wise diversity among the
antibiotic-resistant population, and few stud-
ies have assessed the comprehensive burden
between AMR and non-AMR groups.

Extensive research on the topic is needed to
better understand the overall burden of AMR
in Japan.

INTRODUCTION

Antimicrobials are medications used to prevent
and treat infections. These include antibiotics,
antivirals, antifungals, and antiparasitic drugs.
Antimicrobial resistance (AMR) occurs when
pathogens develop mechanisms to thrive or
survive in the presence of the drug. As a result,
antimicrobials show reduced clinical efficacy,
and infections become increasingly difficult or
impossible to treat. These result in an increased
risk of disease spread, severe illness, and death
[1]. The irrational use of antibiotics is directly
correlated with the increase in AMR and var-
ies from country to country, depending on the
respective antibiotic usage patterns [2, 3].

The global review on AMR estimated 700,000
deaths in 2014 attributable to drug-resistant
strains of common bacterial infections, human
immunodeficiency virus (HIV), tuberculo-
sis, and malaria [4]. However, bacterial AMR
emerged as one of the leading public health
threats of the twenty-first century, with 1.27
million deaths directly caused by bacterial AMR
globally in 2019 [5]. The total annual number
of deaths caused by AMR in Japan is unknown;
however, a 2020 study by Tsuzuki et al. esti-
mated that, in 2017, the number of deaths
attributed to bloodstream infections (BSIs)
caused by methicillin-resistant Staphylococcus
aureus (MRSA) and fluoroquinolone-resistant
Escherichia coli (FQREC) was approximately
8100 [6]. According to the Japan Nosocomial
Infections Surveillance (JANIS) Annual Open
Report 2022, the resistance rates of third-gen-
eration cephalosporin antibiotics, including
cefotaxime and ceftazidime, were 26.8% and
12.8% for E. coli and 12.6% and 10.3% for
Klebsiella pneumoniae, respectively, whereas
for levofloxacin, the resistance rate to E. coli
was 39.6% [7]. An analysis of 2289 hospitals
across Japan, conducted as part of the JANIS
program 2022, reported that the percentage of
hospitals reporting at least one corresponding
specific AMR bacteria in 2022 was the highest
for MRSA (99.7%), followed by penicillin-resist-
ant Streptococcus pneumoniae (PRSP; 53.9%) and
carbapenem-resistant Enterobacteriaceae (CRE;
51.2%) [7].
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Rising AMR has severe health and economic
consequences [8]. A 2018 report by the Organi-
zation for Economic Co-operation and Devel-
opment (OECD) that analyzed 33 OECD, Euro-
pean Union (EU), and European Economic Area
countries estimated that AMR caused a total of
$3.5 billion annually in health care costs. In
Japan, Matsumoto et al. [9] estimated the clini-
cal and economic outcomes of drug-resistant
gram-negative pathogens in Japan and demon-
strated that economic and clinical values could
be considerably increased by reducing AMR
levels in the country. It was reported that sav-
ings of ¥2.5 billion ($23 million) to ¥6.4 billion
($60 million) in hospitalization costs could be
achieved in a year by reducing AMR by 50% in
Japan [9].

In March 2021, the Japan Agency for Medi-
cal Research and Development (AMED) Public
and Private Partnerships for Infectious Diseases
R&D created the first edition of the Japanese ver-
sion of the Priority Pathogen List, which was
approved by seven academic societies and the
Drug Discovery Promotion Review Committee
[10].

In Japan, there is limited evidence assessing
AMR burden. Since AMR strains and resistance
rates that require attention differ from country
to country, there is a need to appropriately assess
the country-wise burden of AMR by referring to
previous data and reports. This study aims to
conduct a systematic literature review (SLR) and
meta-analysis (MA) to determine the clinical and
economic burden of AMR in Japan.

METHODS

Overview

The searches were designed by considering the
combination of sensitivity and specificity. The
SLR was conducted in accordance with the gen-
eral recommendations of the Cochrane Hand-
book for Systematic Reviews of Interventions
[11], the general principles of the Centre for
Reviews and Dissemination (University of York)
guidance [12] for undertaking reviews in health
care, and the Preferred Reporting Items for

Systematic Reviews and Meta-Analyses (PRISMA)
guidelines [13].

Eligibility Criteria

Table 1 contains the eligibility criteria defined
under the Population, Intervention, Compari-
son, Outcomes, and Study design (PICOS) frame-
work [14]. The systematic literature search was
conducted using a predefined search strategy
to identify eligible studies; the search strategies
are presented in Supplementary Table 1. The tar-
get population for this SLR was adult Japanese
patients (=18 years of age) with at least one AMR
infectious disease for any treatment. The focus
was on interventional and observational studies
assessing the clinical burden [in-hospital mortal-
ity, and length of stay (LOS)—including inten-
sive care unit (ICU) and isolation bed stays] and
economic burden (direct medical costs, duration
of antibiotics, and amount of antibiotic usage)
of AMR in Japan.

The definition of AMR in this study refers
to the first edition of the Japanese version of
the Priority Pathogen List that was created
by the AMED Public and Private Partnerships
for Infectious Diseases R&D and which was
approved by seven academic societies and the
Drug Discovery Promotion Review Committee
[10].

Data Sources

Evidence published between 2012 and 2022
was sourced from various databases, including
EMBASE, MEDLINE, the Cochrane Library (via
Ovid SP®), and ICHUSHI (a Japanese database).
Gray literature and conference abstracts for the
last 3 years were also hand-searched to identify
records on the treatments used for AMR infec-
tion in Japan in the following databases: Infec-
tious Diseases Society of America, European
Congress of Clinical Microbiology & Infectious
Diseases/European Society of Clinical Micro-
biology and Infectious Diseases, International
Society for Pharmacoeconomics and Outcomes
Research, The Japanese Association for Infectious
Diseases, Japanese Society of Chemotherapy,
and Japan Society of Environmental Infectious.
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Table 1 Eligibility criteria

Category

Inclusion criteria

Exclusion criteria

Population

Interventions/comparators

Qutcomes

Study design [12]

Time limits

Language

Countries

Publication type

o Adult patients (= 18 years of age) with at least

one AMR infectious disease

e Any treatment

Clinical burden

o In-hospital mortality (which includes 7-, 28-,
30-, and 90-day mortality)

o LOS (including ICUs and isolation beds)

Economic burden

o Direct medicals costs

¢ Duration of antibiotics

¢ Amount of antibiotic usage

o Interventional study
¢ Randomized control trial
— Randomized cross-over trials
— Cluster-randomized trials
o Quasi-experimental studies
— Non-randomized controlled studies
— Before and after studies
— Interrupted time series
Observational study
o Case-control studies
o Cohort studies

e Cross-sectional studies
e Past 10 years for research articles
o English language

o Japanese language

e Japan
o Global studies including Japanese populations

e Full-text articles only

e Healthy volunteers
e <18 years of age

e Animal/in vitro
e Not applicable

e Any outcome other than clinical and

economic burden

o Reviews, letters, comments, case
reports, case series, and editorials

o Systematic reviews

e Research articles older than 2012

e Any other language except English and

Japanese

e Any other country except Japan

e Any other

AMR Antimicrobial resistance, ICU intensive care unit, LOS length of stay

Search Strategy

The search strategy was developed by com-
bining free-text words, indexing terms, and
Boolean terms with terms pertinent to disease
areas, interventions, and study designs. The
search strings were modified to conform to

the syntax of each database. According to the
eligibility criteria, all retrieved studies were
then evaluated. Two reviewers independently
assessed the eligibility (inclusion/exclu-
sion) of titles and abstracts identified dur-
ing the search using predetermined criteria
using the PICOS framework. Every instance
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of uncertainty or ambiguity was resolved by
consulting a third independent reviewer. Pub-
lications selected as potentially relevant from
the abstract screening were retained for the
tull-text review. Two independent reviewers
evaluated full-text publications, and discrep-
ancies were resolved by consulting a third
independent reviewer.

Data Extraction

A standardized MS Excel® data extraction tem-
plate was used to conduct data extraction from
the full-text studies identified by the searches.
The key methodology, patient characteristics,
and results were extracted and tabulated for each
study. One researcher performed data extrac-
tion, which was checked by another independ-
ent researcher. The results of the data extraction
were used for the feasibility assessment and the
MA. Means, medians, standard deviations (SDs),
95% confidence intervals (95% Cls), and inter-
quartile ranges (reporting 25th and 75th values)
were used to report continuous outcomes, while
counts and percentages were used to report cat-
egorical outcomes. For the comparison of direct
medical costs in the MA, the selected cost data
of the studies were adjusted to represent the val-
ues for 2022 in local currency [15]. The annual
exchange rate for 2022 by the OECD was used to
convert Japanese yen to United States (US) dol-
lars ($1 = ¥131.498) [16]. Other cost data were
presented as reported in the studies.

Quality Assessment

The quality of randomized controlled trial
(RCT) studies included in the SLR was evalu-
ated to ensure that this review’s conclusions
and findings are based on the best available
evidence and to identify any potential sources
of bias in the data. The quality of RCT studies
retained for data extraction was assessed using
a Cochrane risk of bias tool for randomized
trials. This checklist (also called “RoB”) is the
most recommended tool for RCTs. The RoB 2.0
tool is suitable for individually randomized,

parallel-group, and cluster-randomized trials
[17]. The Newcastle-Ottawa scales for cohort
case-control studies were used to evaluate the
risk of bias in each individual article included
in this study [18] (Supplementary Table 2).
Gray literature that did not encompass full-
text articles was evaluated using the Authority,
Accuracy, Coverage, Objectivity, Date, Signifi-
cance checklist [19].

Data Analysis

Statistical Analysis

The MA estimated the clinical and economic
burden between the two comparative arms:
the AMR (resistant) and non-AMR (suscepti-
ble) arms. A high degree of heterogeneity was
estimated because of differences in underlying
diseases, causative organisms, patient back-
grounds, and clinical characteristics among
individual studies. The MA was performed
only on studies when they used design and/or
analysis for adjustment of confounders, such
as propensity score matching performed on the
two comparative arms. All analyses were per-
formed using the R software environment for
statistical computing and graphics (version 4.1
or above). The ‘meta,” ‘metafor,” package in R
was used to conduct the analyses.

The MA was used to estimate the pooled effect
between the two arms (i.e., summary of propoz-
tions, time-to-event outcomes, and mean of out-
comes) across all eligible studies. The weighted
average of each outcome measure of the studies
was calculated using inverse variance weight-
ing to estimate the pooled effect [20]. Both
random effect (RE) and fixed effect (FE) mod-
els were applied; however, the RE model was
selected as the primary model [20]. The results
were reported with the measure of effect as odds
ratios (ORs) and standardized mean differences
(SMDs) with 95% CIs. In-hospital mortality was
reported with dichotomous outcomes. Also, LOS
and direct medical costs were reported as contin-
uous outcomes. The Box-Cox method [21] was
applied to studies not reporting mean and SD

A\ Adis



1110

Infect Dis Ther (2024) 13:1105-1125

directly to estimate the mean and SD according
to the reported sample size, median, minimum
value, maximum value, first quartile, or third
quartile.

Assessment of Statistical Heterogeneity
and Publication Bias

Heterogeneity among the selected studies was
evaluated using both the Q test and I? index
[22]. In the Q test, a p value cutoff < 0.1 for the
test for heterogeneity indicated presence of het-
erogeneity. The I* index (0-40% no heteroge-
neity, 30-60% moderate heterogeneity, 50-90%
substantial heterogeneity, and 75-100% con-
siderable heterogeneity) was used to describe
the percentage of total variation across analyses
due to heterogeneity [11, 23]. In case of exist-
ing substantial heterogeneity in MA and suffi-
cient studies, subgroup analysis was conducted
according to the characteristic of the study or
patient, including studies in MA. Moreover, as
another analysis, the study with extreme value,
which might lead to substantial heterogeneity,
was excluded in MA.

Publication bias was assessed through funnel
plot for base case analysis in this study, Egger’s
test was not applicable because of the small
number of studies for each outcome (n<10 stud-
ies) [24, 25].

Ethical Approval

Ethics approval was not required for this study.
This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

RESULTS

Study Overview

A search of the databases returned a total of 1262
results. Following the removal of duplicates and
a thorough review, 57 records (consisting of 56

studies) that met the inclusion criteria were
included in the SLR (Supplementary Table 3).
Figure 1 presents the PRISMA flow diagram for
the SLR, and Supplementary Table 4 presents the
PRISMA check list.

Study Characteristics

For the SLR, a total of 56 studies (35 in English
and 21 in Japanese) were included. The details
of these studies are presented in Supplementary
Table 5. All studies were conducted in Japan,
with the majority being conducted in single-
center settings (62.5%), followed by multicenter
settings (33.9%) and unclear settings (3.6%).
Fifty-three of the 56 studies (94.6%) were cohort
studies, two (3.6%) were case-control studies,
and one (1.8%) was a cross-sectional study.
Twenty-two studies (39.3%) compared the AMR
group with the non-AMR group. The overall
sample size ranged from 33 to 7,772,050 partici-
pants, while the sample size for resistant popu-
lations ranged from 12 to 93,838 participants.
Fourteen of the 56 studies (25.0%) included
patients with BSI, nine (16.1%) included
patients with pneumonia, four (7.1%) included
patients with surgical site infection, and two
studies each (3.6%) included patients with uri-
nary tract infection and sepsis. One study each
(1.8%) enrolled patients infected with vertebral
osteomyelitis and invasive pneumococcal dis-
ease, and the remaining twenty-three studies
(41.1%) included patients with multiple infec-
tions. Twenty-nine (51.8%) of the 56 studies
were on MRSA, and S. aureus was the most com-
mon causative pathogen (53.6%). Table 2 pre-
sents details of the study characteristics.

Baseline Patient Characteristics

Supplementary Table 6 presents the baseline
characteristics of the patients in the 56 included
studies. The median age distribution of the pop-
ulation ranged from 60 to 89 years. The average
body mass index (BMI) varied between 20.8 and
22.9 kg/m?. There were marginally more male
than female participants. The majority of the
population in this study included patients with
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Identification of studies via databases
& registers

Identification of studies via other
methods

- Records identified
.2 | Databases Records removed
§ (EMBASE & before screening: Records identified from other sources
-ﬁ MEDLINE: 803; 1 Duplicate (SLR back referencing: 0; conference
E Cochrane: 16; records removed proceedings: 0; n = 0)
= | ICHUSHI: 443; (n=26)
n=1,262)
l . Records excluded \
Records screened (n = 1’109) Records sought Records not
(n =1,256) for retrieval — retrieved
l Records not (n=0) (m=0)
= R IR retrieved
= ecords sought for (m=0) }
3 retrieval
3 (n =147) Records excluded: Records assessed Records
l Outcome (n = 54) for eligibility excluded:
Population (n=0) n=0)
Records assessed __| (m=19)
for eligibility Study design
(n=147) (n=12)
| Country (n=4)
Duplicate (n=1)
= Studies included in
2 review (n = 56)
=  Records of
= included studies
(n=157)

Fig.1 PRISMA flow diagram for SLR. PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses,

SLR systematic literature review

MRSA infections. Average Sequential Organ Fail-
ure Assessment (SOFA) scores ranged between
4.7 and 8.5. A total of 51.8% of the patients had
a SOFA score >2, indicating that the infection
was associated with an increased risk of death
or prolonged hospital stay. The median Charl-
son Comorbidity Index (CCI) score ranged from
0.99 to 3.9. The proportion of patients with
CCI scores>23 and >2 was greater in the resist-
ant group (69.0% and 45.4%, respectively) than
in the susceptible group (35.0% and 35.9%,
respectively). The most prevalent comorbidity
was diabetes.

Clinical Outcomes

In-Hospital Mortality

Forty studies reported in-hospital mortality
(which includes 7-, 28-, 30-, and 90-day mor-
tality) [26-65]. See Supplementary Table 7 for
more details and other results of the SLR.
Twenty-four studies evaluated MRSA [42-65],
and of those, seventeen studies reported in-
hospital mortality, which ranged from 0% [54,
59] to 73.0% [44]. The MRSA group had signifi-
cantly higher in-hospital mortality compared
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Table 2 Proportion of studies with study details

Parameter Number of Percentage
studies

Analysis type (N =56)

Propensity score matching 5 8.9%
Multivariable logistic regression analysis 1 1.8%
Inverse probability weighting 2 3.6%
Without adjustment 48 85.7%
Study design (N =56)
Cohort 53 94.6%
Case-control 2 3.6%
Cross-sectional 1 1.8%

Studies with single arm or comparison arm (N =56)
Single arm 34 60.7%
Studies with comparison arm 22 39.3%

Publication year (N ="56)

2022 4 7.1%
2021 7 12.5%
2020 6 10.7%
2019 3 5.4%
2018 5 8.9%
2017 2 3.6%
2016 3 5.4%
2015 6 10.7%
2014 4 7.1%
2013 9 16.1%
2012 7 12.5%
Study year (N=56)
2010 to 2016 or more recent 21 37.5%
2010 to 2015 15 26.8%
1999 to 2014 18 32.1%
NR 2 3.6%
Language (N =56)
English 35 62.5%
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Table 2 continued

Parameter Number of Percentage
studies
Japanese 21 37.5%
Study setting (V= 56)
Single center 35 62.5%
Multicenter 19 33.9%
NR 2 3.6%

Opverall sample (N=56)

<100 16 28.6%
101 t0 200 13 23.2%
201 to 300 3 5.4%
> 300 21 37.5%
NR 3 5.4%
AMR patients (IN=756)
<100 28 50.0%
101 to 200 11 19.6%
201 to 300 3 5.4%
>300 12 21.4%
NR 2 3.6%

Targeted infectious disease name (N =56)

Multiple infection 23 41.1%
Bloodstream infection 14 25.0%
Pneumonia 9 16.1%
Surgical site infection 4 7.1%
Urinary tract infection 2 3.6%
Sepsis 2 3.6%
Vertebral osteomyelitis infection 1 1.8%
Invasive pneumococcal disease 1 1.8%
Antibiotics resistance (V= 56)
MRSA 29 51.8%
Carbapenem resistant 7 12.5%
Multiple resistant bacteria 7 12.5%
ESBL 3 5.4%
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Table 2 continued

Parameter Number of Percentage
studies
Penicillin resistance 3 5.4%
Vancomycin resistant 2 3.6%
Ampicillin resistant 1 1.8%
Clarithromycin resistant 1 1.8%
Fluoroquinolone resistant 1 1.8%
MDRP 1 1.8%
Other* 1 1.8%

Causative pathogens (N =56)

Staphylococcus aureus 30 53.6%
Multiple 8 14.3%
Psendomonas aeruginosa 3 5.4%
Streptococcus pneumoniae 3 5.4%
Enterococcus 2 3.6%
Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis 2 3.6%
Enterobacter 1 1.8%
Escherichia coli 1 1.8%
Helicobacter pylori 1 1.8%
S. aureus, K. pneumoniae, E. coli 1 1.8%
Enterobacter cloacae, K. pneumoniae, Klebsiella aerogenes 1 1.8%
S. aureus, Acinetobacter bauwmannii, Pseudomonas aeruginosa, and Enterobacteriaceae 1 1.8%
S. aureus, P, aeruginosa, other Enterobacteriaceae 1 1.8%
NR 1 1.8%
Number of studies with individual outcome of clinical burden (N'=53)
7-Day mortality 1 1.9%
28-Day mortality 3 5.7%
30-Day mortality 18 34.0%
90-Day mortality 2 3.8%
In-hospital mortality 26 49.1%
LOS 30 56.6%
Number of studies with individual outcome of economic burden (N =24)
Direct medical cost 15 62.5%
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Table 2 continued

Parameter Number of Percentage
studies
Amount of antibiotic usage 4 16.7%
Duration of antibiotics 12 50.0%

AMR Antimicrobial resistance; ESBL, extended-spectrum beta-lactamases; LOS, length of stay, MDRP, multi-drug resistant
Pseudomonas aeruginosa; MRS A, methicillin-resistant Staphylococcus aureus; NR, not reported

*Staphylococcus aureus resistant to one or more antibiotics

with the non-MRSA group (31.2% vs. 11.6%,
p<0.001) [48] and the methicillin-suscepti-
ble S. aureus (MSSA) group (36.7% vs. 15.0%,
p=0.012) [62]. In 2016, Uematsu et al. com-
pared in-hospital mortality between an anti-
MRSA group and a control group and found
that the anti-MRSA group had significantly
higher in-hospital mortality (22.6% vs. 6.2%,
p<0.001, respectively) than the control group
[56].

Three studies [39-41] evaluated carbapenem-
resistant patients, and the in-hospital mortality
rate ranged from 8.1 to 36.4% [40]. In a 2022
study by Imai et al., the carbapenem-resistant
group had higher in-hospital mortality than the
susceptible group; however, the difference was
not statistically significant (25.6% vs. 21.9%,
p=0.407, respectively) [41].

A significant association among lower
BMI, lower Barthel Index, higher Hugh-Jones
grade, higher A-DROP score, C-reactive pro-
tein >20 mg/dl or infiltration of at least two-
thirds of one lung, mechanical ventilation at
admission, interstitial lung disease, aspiration
pneumonia, a high CCI score, a high SOFA score,
and having a vancomycin minimum inhibitory
concentration >1.5 pg/ml was observed with
increased in-hospital mortality in the MRSA
group. Meanwhile, in carbapenem-resistant
patients, older age, male gender, immunosup-
pressive drug use, pneumonia, sepsis, and a
CCI score 21 were significantly associated with
increased in-hospital mortality.

Length of Stay

A total of thirty studies reported LOS [26, 27,
31, 40-43, 47, 49, 52, 54-56, 58, 62, 63, 65-78],

the details and results of which are presented in
Supplementary Table 8. Sixteen studies investi-
gated MRSA infections [42, 43, 47, 49, 52, 54-56,
58, 62, 63, 65, 66, 68, 69, 76], for which the
mean LOS ranged from 8.6 [54] to 123.6 days
[68]. The MRSA population had a significantly
longer LOS than the non-MRSA group (35.0 days
vs. 14.0 days, p<0.001, respectively) [63].

Carbapenem-resistant groups [40, 41, 67, 72,
74, 77] were reported in six studies, and the
median LOS ranged from 14.0 to 83.0 days [40].
Imai et al. demonstrated in 2022 that carbap-
enem-resistant infections had a significantly
longer LOS than carbapenem-susceptible infec-
tions (64.0 days vs. 46.0 days, p<0.001, respec-
tively), and even after adjusting with the inverse
probability of treatment weight method, a simi-
lar trend was observed (median: 63.0 days vs.
51.0 days, p=0.004, respectively) [41].

Economic Outcomes

Direct Medical Costs

In total, fifteen studies reported direct medical
costs [41, 56, 58, 59, 62, 63, 65, 67-71, 73, 79,
80]. Supplementary Table 9 presents the details
and results of the studies. Nine studies evalu-
ated direct medical costs in the MRSA popula-
tion [56, 58, 59, 62, 63, 65, 68, 69, 80] with a
median hospitalization cost ranging from $496
[62] to $29,596 [65]. The median hospitalization
cost in the MRSA group was significantly higher
than that in the non-MRSA group ($12,156 vs.
$4665, p<0.001, respectively) [63], as well as in
the MSSA group ($26,035 vs. $19,823, p=0.036,
and mean: $15,762 vs. $14,152, p<0.001, both
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respectively) [58]. Tsuzuki et al., in 2021, also
evaluated the 5-year total intervention cost
(including drug, transplantation, radiation, sur-
gery, and blood transfusion costs), which was
$475,059 in the MRSA group and $344,418 in
the MSSA group [62].

Two studies evaluated the costs in the carbap-
enem-resistant population [41, 67]. The average
hospitalization cost per patient in the carbap-
enem-resistant group was higher than that in
the carbapenem-sensitive group ($1648 vs. $532,
p<0.001, respectively) [67]. In the carbapenem-
resistant group, the median costs for consul-
tation ($163 vs. $143, p=0.238, respectively),
laboratory tests ($2498 vs. $1845, p=0.002,
respectively), and hospital stay ($14,307 vs.
$10,560, p<0.001, respectively) were higher
than those in the carbapenem-sensitive group
[41]. In addition, the cost of the intervention,
which includes medications and surgeries, was
higher in the carbapenem-resistant group than
in the carbapenem-sensitive group [41, 67].

Amount of Antibiotic Usage

Only four studies [50, 55, 77, 80] reported the
amount of antibiotic usage; hence, very few data
were available. Supplementary Table 10 presents
the details and results of the studies. According
to a study published in 2015 by Suzuki et al.,
between 2006 and 2008, the mean amount
of vancomycin in MRSA patients was high
(2,591.6 g and 2,563.5 g per year, respectively).
In contrast, the amount decreased between 2007
and 2009 (2348.8 g and 2384.5 g, respectively).
In a study by Ogasawara et al. in 2012, 20 of the
33 patients treated with meropenem were resist-
ant to Pseudomonas aeruginosa. The daily dose of
meropenem for the resistant group was 1, and
for the non-resistant group, it was 1.5 (the unit
of measurement was not specified) [77].

Duration of Antibiotics

In total, twelve studies reported the duration of
antibiotics [37, 38, 49, 55, 59, 63, 73-75, 77, 79,
81]. Supplementary Table 11 presents the details
and results of the studies. The median duration

of antibiotic use in MRSA patients ranged from
10.0 to 21.5 days [49, 55], whereas for ESBL
bacteremia, it ranged from 9.0 to 15.9 days
[38, 75]. In those studies, the duration of anti-
biotic use was reported for the MRSA (median:
24.0 days, p<0.001) [63], carbapenem-resistant
(mean: 14.9 days) [74], and meropenem-resist-
ant (median: 9.0 days, p>0.05) [77] populations,
which required longer antibiotic treatment than
the non-MRSA (median: 9.0 days), non-carbape-
nem-resistant (mean: 11.0 days), and non-mero-
penem-resistant (median: 7.0 days) populations.

Pooled Clinical Outcomes

A total of eight studies from the SLR were
included for the MA, of which four [41, 56, 62,
63], seven [41, 56, 62, 63, 72, 75, 77], and three
[41, 56, 62] studies evaluated in-hospital mortal-
ity, LOS, and direct medical costs, respectively.
The outcomes of the amount and the duration
of antibiotics were not evaluated because of a
very limited number of eligible studies.

In-Hospital Mortality

Among the 20,387 patients from the four studies
[41, 56, 62, 63], the pooled estimate showed a
statistically significantly higher mortality in the
AMR group compared with the non-AMR group
for both the FE (OR 3.19, 95% CI 2.92-3.48) and
RE models (OR 2.25, 95% CI 1.34-3.79, >=89%,
t2=0.2257, p<0.01) (Fig. 2). The funnel plot of
in-hospital mortality is shown in Supplementary
Fig. 1. The plot of in-hospital mortality repre-
sents bias as the dots outside of the triangle.

In-Hospital Mortality Sensitivity Analyses

A series of sensitivity analyses were conducted
after excluding the carbapenem-resistant group.
Analysis conducted after excluding the carbap-
enem-resistant population retained only the
MRSA population [56, 62, 63], and the results
suggested higher mortality in the AMR group
versus the non-AMR group, with statistically
significant ORs for the FE (OR 3.31, 95% CI
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AMR Non-AMR

Study Events Total Events Total Odds Ratio OR  95%-CI Weight (fixed) Weight (random)

Imai 2022 22 86 830 3,493 - 1.10 [0.68;1.80] 3.20% 24.43%

Sakamoto 2021 967 3,102 1,429 12,320 —-— 345 [3.14;3.79] 87.39% 30.89%

Tsuzuki 2021 22 60 9 60 i — 328 [1.36,;7.92] 0.99% 16.45%

Uematsu 2016 143 633 77 633 y — 211 [1.56;2.85] 8.42% 28.23%

Fixed 3,881 16,506 319 [2.92;3.48] 100.00%

Random 3,881 16,506 | —— 225 [1.34;3.79] 100.00%
—Tr 1 1

Heterogeneity: |2 =89%, % = 0.2257, p < 0.01 021 2 5

Test for overall effect(fixed effect): z = 25.92 (p < 0.01)
Test for overall effect(random effects): z = 3.06 (p < 0.01)

Fig.2 Forest plot of in-hospital mortality. 4MR antimicrobial resistance, CI confidence interval, OR odds ratio

3.02-3.61) and RE (OR 2.84, 95% CI 1.95-4.14;
’=79%, t>=0.0735, p<0.01) models (Supple-
mentary Fig. 2).

Additionally, a sensitivity analysis con-
ducted after excluding the study that might
include other antimicrobial resistance mecha-
nisms [63], and it showed similar results (Sup-
plementary Figs. 3 and 4). This study was
defined as an outlier study based on the influ-
ence analysis.

Length of Stay

Among the 20,662 patients from the seven
studies [41, 56, 62, 63, 72, 75, 77], the
pooled estimate showed a statistically signifi-
cantly higher LOS in the AMR group versus
the non-AMR group for FE (SMD 1.27, 95%
CI 1.23-1.31) and a higher LOS in the AMR
group versus the non-AMR group for RE (SMD
0.37, 95% CI -0.09-0.84, I*=99%, 1*=0.3600,
p<0.01) models (Fig. 3). The funnel plot of

AMR Non-AMR
Study Total Mean SD Total Mean SD
Imai 2022 86 6547 4142 3,493 5450 37.08
Sakamoto 2021 3,102 39.90 29.67 12,320 1540 10.38
Tsuzuki 2021 60 65.65 38.69 60 46.35 27.31
Saito 2021 96 50.38 26.39 96 60.65 26.39 —_—
Uematsu 2016 633 30.10 28.80 633 21.00 25.00
Osumi 2021 25 19.30 2280 25 17.70 12.10
Ogasawara 2012 20 14.00 101.20 13 11.00 21.28
Fixed 4,022 16,640
Random 4,022 16,640

Standardized Mean Difference SMD  95%-Cl

length of stay was shown in Supplementary
Fig. 5. The plot of length of stay represents
bias as the dots outside of the triangle.

Length of Stay Sensitivity Analyses

A series of sensitivity analyses was conducted
after excluding (1) MRSA, ESBL, and meropenem
populations and (2) carbapenem-resistant, ESBL,
and meropenem populations. The results of the
sensitivity analysis conducted after excluding
the carbapenem-resistant, ESBL, and mero-
penem populations retained only the MRSA
population [56, 62, 63] (Supplementary Fig. 6).
The results showed that the AMR group had
a significantly longer LOS compared with the
non-AMR group (for FE and RE models, respec-
tively, SMD 1.35, 95% CI 1.31-1.39 and SMD
0.81, 95% CI 0.10-1.53, I?*=99%, t*=0.3905,
p<0.01). The results of the sensitivity analy-
sis conducted after excluding the MRSA, ESBL,
and meropenem populations retained only
the carbapenem-resistant population [41, 72]

Weight (fixed) Weight (random)

— 0.29 [ 0.08; 051] 3.24% 15.19%
: [ 151 [ 147; 155] 80.97% 15.67%
— 057 [ 0.21; 0.94] 1.11% 14.31%

-0.39 [-0.67;-0.10] 1.82% 14.82%
[ 0.34 [0.23; 0.45] 12.07% 15.56%

— 0.09 [-0.47; 0.64] 0.48% 12.84%

: 0.04 [-066; 0.73] 0.30% 11.60%
[ | 127 [1.23; 1.31]  100.00%

0.37 [-0.09; 0.84] 100.00%

T T T
Heterogeneity: I> = 99%, <* = 0.3600, p < 0.01 -1.5 -1 -05
Test for overall effect(fixed effect): z = 64.75 (p = 0)

Test for overall effect(random effects): z = 1.57 (p = 0.12)

Fig. 3 Forest plot of LOS. AMR antimicrobial resistance, CI confidence interval, LZOS length of stay, SD standard deviation,

SMD standardized mean difference
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(Supplementary Fig. 7). The results showed that
the AMR group had a longer LOS compared with
the non-AMR group; however, the results were
not statistically significant (for FE and RE mod-
els, respectively, SMD 0.05, 95% CI -0.12 to 0.22
and SMD -0.04, 95% CI -0.71 to 0.63, I*=93%,
t12=0.2162, p<0.01).

Additionally, a sensitivity analysis conducted
after excluding the study [63] which might
include other antimicrobial resistance mecha-
nisms showed similar results (Supplemental
Figs. 8-10). This study was defined as an outlier
study based on the influence analysis.

Direct Medical Cost

Among the 4965 patients from the three stud-
ies [41, 56, 62], the pooled estimate showed a
statistically significant increase in direct medical
costs among the AMR groups compared with the
non-AMR groups (for both FE and RE models,
SMD 0.53, 95% CI 0.43-0.62, I*=0.0%, t*=0.0,
p=0.88) (Fig. 4). The funnel plot of direct medi-
cal cost is shown in Supplementary Fig. 11. The
plot did not show bias with the limitation of
small sample size (i.e., study number) included
in MA.

Direct Medical Cost Sensitivity Analyses

The sensitivity analysis was conducted after
excluding the carbapenem-resistant population
retained only the MRSA population [56, 62]
(Supplementary Fig. 12). The analysis showed
significantly higher direct medical costs for
the AMR group (for both FE and RE models,
SMD 0.54, 95% CI 0.43-0.65, I?’=0.0%, t>=0.0,
p=0.71) compared to the non-AMR group.

AMR Non-AMR
Study Total Mean SD Total Mean SD
Imai 2022 86 25,657.10 20,056.48 3,493 19,524.95 12,160.19
Tsuzuki 2021 60 25,509.91 18,364.19 60 18,229.69 11,491.65
Uematsu 2016 633 9,749.00 9,475.00 633 5,508.00 5,619.00
Fixed 779 4,186
Random 779 4,186

Standardized Mean Difference SMD  95%-CI

DISCUSSION

This SLR and MA were conducted to determine
the clinical and economic burden of AMR in
Japan. In-hospital mortality and LOS were the
clinical outcomes analyzed, while direct medical
costs and the duration and amount of antibiot-
ics were the economic outcomes.

Most of the studies (53.6%) included in the
SLR evaluated patients with S. aureus infections.
In a previous global SLR study, S. aureus was the
most identified causative bacterium (23.4%)
[82]. In Japan, nearly half of the cases were con-
firmed to be S. aureus [82]. The newly published
Japanese National Action Plan on Antimicrobial
Resistance (AMR) 2023-2027 reported that, as
of 2020, the MRSA rate in Japan (48.1%) was
higher compared to the EU (16.7%) and other
developed countries [83]. In addition, this study
found only two studies targeting vancomycin
resistance. The reason for this is thought to be
that the prevalence of vancomycin-resistant
enterococci (VRE) is extremely low in Japan. In
the 2022 report, the proportion of VRE in Entero-
coccus faecium was 2.6% [7]. On the other hand,
the percentage of VRE in Europe and the US was
reported to be 16.8% and 82.1%, respectively
[84, 85]. Additionally, AMR-related mortality
rates have been reported to vary by region, with
rates tending to be higher in developing coun-
tries [5]. This is thought to be influenced not
only by the prevalence of AMR but also by access
to medical care and the state of public health.
In this way, to understand the burden of disease
caused by AMR in a specific country or region
and to compare existing research results, it is
necessary to consider differences in the preva-
lence of AMR and other influences.

Weight (fixed) Weight (random)

Heterogeneity: I = 0%, 1> = 0, p = 0.88 05
Test for overall effect(fixed effect): z = 10.82 (p < 0.01)
Test for overall effect(random effects): z = 10.82 (p < 0.01)

; 049 [028;071]  20.02% 20.02%
: 047 [0.11;0.84] 6.98% 6.98%

: —— 054 [043;0.66]  73.00% 73.00%
: - 0.53 [0.43;0.62]  100.00%

: < 0.53 [0.43;0.62] 100.00%
5 os

Fig. 4 Forest plot of direct medical cost in US dollar. AMR antimicrobial resistance, CI confidence interval, SD standard

deviation, SMD standardized mean difference, US United States
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In Japan, a 2019 domestic survey reported
that approximately 8000 people died in 2017
because of MRSA and FQREC, which are two
of the most common drug-resistant bacteria
[6]. Japan’s AMR Countermeasure Action Plan
2016-2020 set a goal of “reducing the methicil-
lin resistance rate of S. aureus to 20% or less in
2020,” but the actual annual rate of decrease was
only 2% [86]. On the other hand, the UK has
achieved an annual decrease rate of 5%. By thor-
oughly implementing infection prevention and
control, and promoting the appropriate use of
antimicrobials, it has been confirmed that Japan
aims to reduce the drug resistance rate to < 20%,
which is the same level as in other developed
countries. Under these circumstances, coun-
termeasures against MRSA are urgently needed
in Japan, and this study was considered to be
extremely useful for understanding the clini-
cal and economic burden of AMR and MRSA in
Japan.

According to our results, the MRSA group had
significantly higher in-hospital mortality, LOS,
and median or average hospitalization cost rela-
tive to the non-MRSA, MSSA, and control groups
[51, 56, 58, 62, 63, 65]. Even after adjusting for
multiple variables such as age, sex, CCI, Barthel
Index, nosocomial infection, BSI, ICU admis-
sion, surgery, and submission dates of positive
S. aureus cultures, the correlation remained sta-
tistically significant [58]. Published results from
developed countries were also in agreement
with our results, in that the median LOS was
longer for the MRSA group than for the MSSA
group (9 days vs. 7 days, p=0.045 from the US
[87], respectively, and 22.5 days vs. 14 days from
Canada [88], respectively).

The carbapenem-resistant population dis-
played a higher in-hospital mortality rate than
the non-resistant population; however, the
results were not statistically significant because
the resistant group had a limited sample size
[41], but LOS in the carbapenem-resistant popu-
lation was significantly longer than that in the
non-resistant population [58]. The multi-drug
resistant (MDR) population also had a signifi-
cantly longer LOS compared with the non-MDR
population [78]. Hospitalization costs were also
greater in the carbapenem-, penicillin-, oxa-
cillin-, cephalosporin-, fluroquinolone-, and

gentamicin-resistant groups than in the respec-
tive non-resistant groups [41, 67, 70, 73]. Simi-
lar reviews conducted by Dadgostar et al. in
2019 [89] and Pulingam et al. in 2022 [3] also
reported that AMR imposes a significant eco-
nomic burden.

The results of our MA revealed that in-hospi-
tal mortality, hospital stays, and direct medical
costs were significantly greater in the AMR group
relative to the non-AMR group. Our results were
consistent with another MA conducted by Pou-
del et al. in 2023, which reported that the resist-
ant group had significantly higher mortality
(OR 1.844 [95% CI 1.187-2.865]), LOS (mean:
7.4 days [95% CI 3.4-11.4]), and readmission
(OR 1.492 [95% CI 1.231-1.807]). The same
study also reported that costs attributable to
the resistant group were higher in the resistant
group compared with the non-resistant group
[90]. Similarly, the MAs conducted by Cosgrove
et al. in 2003 [91] (OR=1.93, 95% CI 1.54-2.42,
p<0.001) and Rodenbeck et al. in 2023 [92] (OR
2.29, 95% CI 1.91-2.75) also suggested that the
resistant group had significantly higher mortal-
ity than the susceptible group. Furthermore,
the SLR conducted by Naylor et al. in 2018 [82]
demonstrated that the resistant population had
higher mortality and greater costs compared
with the non-resistant population.

Several SLRs and MAs on the disease burden
of AMR have been conducted globally [82, 90,
93, 94]. These studies highlight that the global
burden of AMR is substantial from both eco-
nomic and clinical perspectives [90]. Resistant
bacterial infections are associated with signifi-
cant mortality [93]. There is considerable vari-
ability in burden estimates, which can lead to
inaccurate intervention evaluations and poor
policy or investment decisions [82]. AMR deci-
sion-making and policy should be driven by reli-
able, unbiased estimates of the effect size, which
can be achieved through MAs [94].

Substantial heterogeneity between studies
was observed in our MA because of the consid-
erable diversity in antibiotic resistance. Pooled
estimates were calculated to integrate studies
regardless of the type of antibiotic resistance
for the AMR and non-AMR comparisons, and
the sensitivity analysis was conducted by sub-
grouping antibiotic resistance types. While the
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MA results of in-hospital mortality and LOS in
the pooled estimates showed high heterogene-
ity, a few results from the sensitivity analysis
showed low heterogeneity. On the other hand,
the heterogeneity in the pooled estimates and
the sensitivity analysis of direct medical costs
was consistent.

Although there is limited evidence in this lit-
erature review, most of the eligible studies used
for the MA were published after 2016; therefore,
there is a possibility of data overlapping among
the multicenter studies involved in the MAs.
For studies that adjusted patient background for
both resistance and non-resistance groups, there
is a possibility that the patients showed resist-
ance to other antibiotics than those targeted in
the study. In Japan, during the study period, the
treatment environment has not significantly
changed because of almost no new antibiot-
ics being available; however, the prevalence of
resistant bacteria may have been changing.

CONCLUSIONS

In Japan, AMR is associated with a significant
clinical and economic burden that impacts both
patients and society. There is a pressing need
for payers, providers, and policymakers to make
informed decisions regarding interventions to
mitigate AMR-associated burdens. However,
since AMR strains and resistance rates show
country-wise diversity, appropriately assessing
the burden of AMR by referring to existing data
and reports is of utmost importance.
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