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Abstract
Background Antimicrobial resistance (AMR) is one of the most serious public health challenges worldwide, including in 
Japan. Globally, research and development of new antimicrobials has stalled due to unfavorable market conditions, which 
undervalue antimicrobials. Furthermore, Japan faces the additional challenge of delayed commercialization for a number 
of recently approved treatments.
Objective This study aims to examine the impact on AMR of introducing a new anti-infective treatment, ceftazidime/avi-
bactam, into current treatment strategies. It reports the resulting clinical and economic outcomes from the perspective of 
healthcare payers in Japan.
Methods A previously published and validated dynamic disease transmission model was adapted to the Japanese setting. 
The model estimated health economic outcomes for treating three Gram-negative hospital-acquired infections, under differ-
ent treatment strategies, from a healthcare payers’ perspective. Outcomes were assessed over a 10-year time horizon with a 
willingness-to-pay threshold of ¥5,000,000 (US$45,556) per quality-adjusted life-year (QALY) gained and an annual discount 
rate of 2% applied to costs and benefits.
Results Introducing ceftazidime/avibactam in the framework of a diversification strategy with piperacillin/tazobactam is 
associated with reducing 798,640 bed days, equating to ¥21.0 billion (US$190.9 million) savings in hospitalization costs, 
and a gain of 363,034 life-years, or 308,641 QALYs. This translates into a monetary benefit of ¥1.56 trillion (US$14.3 bil-
lion) to Japanese healthcare payers.
Discussion Introducing a new antimicrobial agent into clinical practice is associated with considerable clinical and economic 
benefits. This analysis demonstrates that the approach taken to incorporate a new antimicrobial agent into clinical practice 
impacts on the scale of these clinical and economic benefits; greater benefits are associated with earlier use of antimicrobials 
as part of an antimicrobial stewardship program.
Conclusion This analysis shows that changing the way in which a new antimicrobial is used within a treatment strategy has 
the potential for additional significant clinical and economic value.
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1 Introduction

Antimicrobial resistance (AMR) poses one of the biggest 
global threats to modern healthcare, as greater levels of 
resistance increasingly limit the options to treat and prevent 
infections. If current trends in AMR continue, the annual 
number of deaths from infections globally is estimated to 
rise from 700,000 to 10 million, surpassing deaths from 
cancer, by 2050 [1].

In response to the WHO Global Action Plan on Anti-
microbial Resistance [2], in 2016 the Japanese government 
published the National Action Plan on AMR which has 
contributed to the reduction of antimicrobial use in Japan 
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Key Points for Decision Makers 

Antimicrobial resistance (AMR) is a significant and 
growing healthcare problem, globally and in Japan. The 
development and effective introduction of new antimi-
crobials into clinical practice is essential in combatting 
increasing AMR.

The greatest economic and clinical benefits, from the 
perspective of healthcare payers, can be realized by 
introducing new antimicrobials such as ceftazidime/avi-
bactam as a first-line treatment within an antimicrobial 
stewardship scheme.

Both health economic benefits and resistance develop-
ment need to be considered by decision makers when 
making recommendations regarding the use of new as 
well as currently available antimicrobials.

[3]. However, globally, the development of antimicrobials 
has slowed and the current clinical pipeline is insufficient to 
address the demands of increasing AMR [4]. In Japan, this is 
further exacerbated by the slower uptake of newly approved 
antimicrobials following approval, compared with the USA 
and other high income European countries [5]. Antimicro-
bial stewardship (AMS) schemes promote appropriate use of 
antimicrobials, whereby more effective treatments are often 
reserved for highly resistant infections, resulting in low sales 
volumes and revenues. Therefore, manufacturers may decide 
to defer commercialization until it becomes financially via-
ble or choose to abandon particular markets completely [5].

To stimulate research and development (R&D) and effec-
tively integrate new antimicrobials into clinical practice, 
incentive structures are required. Incentives are broadly 
described as either ‘push’ or ‘pull’ measures [6]. ‘Push’ 
mechanisms provide financial support for preclinical R&D 
of new antimicrobials, and ‘pull’ mechanisms are character-
ized as a reward for successfully developing a new treatment 
[5]. Novel reimbursement models, such as those proposed 
in England and the USA, act as ‘pull’ incentives to ensure 
sufficient returns on investment. These models see payments 
made via a subscription between the government and phar-
maceutical company, in which payments are fully de-linked 
from volume of sales and are instead based on the estimated 
value to patients and the health service [7, 8]. Sweden have 
introduced a partially de-linked model, where a minimum 
annual revenue is confirmed to guarantee limited stock. This 
deal can be described as a minimum supply agreement; 

however, it is unclear if such a model would incentivize 
R&D or enable antimicrobial stewardship as effectively as 
fully de-linked methods [9].

In Japan, such novel reimbursement models are absent, 
but there are growing calls to introduce them [10]. Under-
standing the true value of adding a new antimicrobial to 
existing treatment options can help health policy makers to 
arrive at a more informed assessment of their costs and ben-
efits. In previous research we have demonstrated that there 
is potential for significant economic and clinical benefits 
through reducing projected AMR in Japan [11]. It has been 
widely documented that the use of heterogeneous antimi-
crobial agents has the capacity to reduce the rate of AMR 
through reduced selection pressure on organisms [12–17]. 
However, there is a paucity of evidence to show the impact 
of increasing antimicrobial diversity on healthcare costs, 
especially in Japan.

In this study, we aim to examine the effect of introducing 
ceftazidime/avibactam, currently unavailable in Japan, as 
part of an AMS strategy, in improving clinical and economic 
outcomes from the perspective of healthcare payers in Japan.

2  Methods

2.1  Overview

In the current study, we adapted a previously published 
and validated dynamic model of AMR [18] to estimate the 
impact of introducing a new antimicrobial into the current 
treatment strategy for the management of hospital acquired 
infections (HAIs) in Japan. The model considered compli-
cated urinary tract infections (cUTIs), complicated intra-
abdominal infections (cIAIs), and hospital-acquired pneu-
monia including ventilator-associated pneumonia (HAP/
VAP). Causal pathogens in the model were Escherichia 
coli (E. coli), Klebsiella pneumoniae (K. pneumoniae), and 
Pseudomonas aeruginosa (P. aeruginosa). These patho-
gens were selected as they are often responsible for cUTIs, 
IAIs, and HAP/VAP infections [19–21], and are at risk for 
critical resistant organisms such as carbapenem-resistant 
Enterobacterales and multi-drug resistant P. aeruginosa 
(MDRP). Clinical and economic outcomes (life-years [LY], 
quality-adjusted life-years [QALYs], hospital length of 
stay [LOS], defined daily dose [DDD] of antibiotics, hos-
pitalization costs, and monetary benefit) were estimated. 
The model also estimated the development of future AMR 
levels in modelled treatments. The perspective was that of 
healthcare payers in Japan, with QALYs valued at payers’ 
willingness to pay.
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2.2  Model Structure

The dynamic disease transmission (a compartmental multi-
state disease transmission model) and deterministic treat-
ment pathway (decision tree) components of the model were 
used to produce regression equations of outcomes (time-on-
treatment, death and resistance) based on an input-output 
dataset. The dynamic disease transmission component con-
sidered health state transitions within an infectious environ-
ment based on the prevalence and incidence of infection 
and colonization of patients with either resistant or sensi-
tive pathogens. Newly infected patients enter the determin-
istic treatment pathway component (Supplementary Fig. 1), 
which considers the health economic impact based on the 
specified treatment strategy. All infected patients receive the 
first-line antimicrobial as they enter the treatment pathway 
where they are either cured (via successful treatment or natu-
ral resolution of the infection), remain infected, or die. It was 
assumed that patients who have exhausted all available anti-
microbials, and their infections remain unresolved, die from 
infection 3 days after receiving their last treatment. Changes 
to resistance rates are captured within the regression equa-
tions based on the dynamic AMR model. Resistance devel-
opment was based on exposure to treatment; resistance of 
pathogens to each treatment was considered individually and 
cross-resistance mechanisms aren’t specifically modelled. 
Detailed methodology of the previously published and vali-
dated dynamic model of AMR is available in published lit-
erature [18]. The input-output dataset was generated through 
over 1 million model permutations of model input combi-
nations (population, baseline resistance, treatment strategy, 
treatment duration, and treatment efficacy) as outlined in 
Supplementary Table 1 (see electronic supplementary mate-
rial [ESM]). Key model inputs including the probability of 
naturally resolving infection (3%) and daily mortality rates 
(cUTI: 0.0090939; cIAI: 0.0680878; HAP/VAP: 0.0296135; 
general population: 0.0000279) were kept consistent with 
the original AMR dynamic model and previous research, 
respectively [18]. The dynamic disease transmission com-
ponent accounts for two non-traditional value components 
associated with antimicrobials, transmission value (value of 
avoiding the spread of AMR infection) and diversity value 
(the value of additional antimicrobials and AMS to lower 
resistance development by reducing selection pressure). 
Regression equations that embed the underlying transmis-
sion dynamics and prevalence of infection of the Japanese 
population were estimated using UK data; in this analysis it 
was assumed that the transmission dynamics in the UK are 
comparable with those in Japan.

The model considered outcomes in infected patients 
treated with up to three lines of treatment, in a specified 
order, with or without treatment diversification. It enabled 
comparisons to be made between alternative strategies with 

the introduction of a new antimicrobial agent, testing the 
impact of positioning and diversification strategies on health 
economic outcomes. In treatment diversification, the patient 
population was split evenly between either the first two or all 
three treatments, as their first-line treatment. Patients who 
are unsuccessfully treated then progress to receive the next 
treatment in the sequence.

2.3  Model Setting

The treatment scenario assumed to best represent the cur-
rent management of the pathogens and indications being 
modelled was piperacillin/tazobactam as first-line treatment 
and meropenem as second-line treatment. These treatments 
were selected to best align with clinical practice in Japan, 
according to previous research [11], where piperacillin/
tazobactam and meropenem are frequently used to manage 
Gram-negative HAIs. Analyses considered the introduction 
of ceftazidime/avibactam, which is currently unavailable in 
Japan, as a new antimicrobial agent. Ceftazidime/avibactam 
was considered due to the availability of publicly accessi-
ble data and, with clinical trials currently ongoing in Japan 
[22], there is an expectation that it will be launched in Japan 
within the next 2-3 years.

2.4  Data Sources

The annual number of infections was estimated through 
the use of a hospital-based claims database, Medical Data 
Vision (MDV) [23]. MDV has been covering Japanese 
public and private healthcare institutes since April 2003, 
accumulating >30 million patients. Data was extracted from 
inpatients aged 15 years and older on the MDV database 
with a diagnosis of interest (cUTI, cIAI and HAP/VAP). 
The total number of HAIs within each indication was mul-
tiplied by the probability of a HAI being due to each patho-
gen of interest (E. coli, K. pneumoniae, and P. aeruginosa) 
to estimate pathogen-specific infection incidence. Pathogen 
distributions for each infection indication were sourced from 
the literature [19–21], and are provided in Supplementary 
Table 2 (see ESM). The annual incidence of HAIs identified 
via MDV was scaled to account for the number of infections 
across Japan using a scaling factor of 6.039. This scaling fac-
tor was determined by the ratio of new hospitalized patients 
from the MDV database, compared with the number of new 
hospitalizations for the whole of Japan, over the period Janu-
ary to December 2019 [24]. Real-world data from 2019 was 
used to avoid the impact of the COVID-19 pandemic on 
healthcare data. The annual infected population and the dis-
tribution of pathogens is outlined in Table 1.

Pathogen-specific resistance levels in Japan for piperacil-
lin/tazobactam and meropenem were informed by the Japan 
Nosocomial Infections Surveillance (JANIS) [25]. Due to 
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the current lack of availability of ceftazidime/avibactam in 
Japan, resistance estimates for this combination were taken 
from Ko and Stone, an antimicrobial surveillance study in 
the Asia-Pacific region, including Japan (Table 2) [26]. For 
each intervention, treatment efficacy in treating infections 
with susceptible pathogens was estimated as a weighted 
average across the three indications (Table 1 and Supple-
mentary Table 3, see ESM); treatment efficacy against sus-
ceptible infections was consistent regardless of treatment 
line. Data was sourced from randomized controlled trials 
identified in literature searches [27–32]. It was assumed that 
successful treatment of infections would require a LOS of 
7 days, with 4 days for unsuccessful treatment followed by 
the next line of therapy (where available). Mortality was 

associated with an additional 3-day LOS. Assumptions 
regarding LOS were informed by the opinion of a local 
expert in infectious disease. Indication-specific hospitali-
zation costs were estimated from the Japanese diagnosis 

Table 1  Patient population—annual infection incidence and pathogen distribution

a Based on the weighted mean age of the indication-specific infected population from UK hospital admission data
b Weighted mean (based on sex) of Japanese population norm aged ≥70 years
c Value weighted based on infection distribution and associated input value across indication and pathogen

Model input Description Value Source

Estimated annual infection incidence Number of total hospital-acquired infections 
from indications and pathogens across Japan

723,906 See Supplementary Table 2

Pathogen breakdown—E. coli Proportion of infections colonized with E. coli 51.44% See Supplementary Table 2
Pathogen breakdown—K. pneumoniae Proportion of infections colonized with 

K. pneumoniae
25.20% See Supplementary Table 2

Pathogen breakdown—P. aeruginosa Proportion of infections colonized with P. aer-
uginosa

23.36% See Supplementary Table 2

Life expectancy after treatment success The life expectancy of a successfully treated 
patient based on the population aged 
65–69 years in  Japana

22.13 years National Institute of Population 
and Social Security Research 
[34]

Treatment duration given a successful treat-
ment

The length of stay (per therapy line) of a 
patient when a line of treatment is successful 
(days)

7 days Assumption

Treatment duration given an unsuccessful 
treatment

The length of stay (per therapy line) of a 
patient when a line of treatment is unsuccess-
ful (days)

4 days Assumption

Additional length of stay for mortality An additional length of stay associated with 
patients who die in hospital (days)

3 days Assumption

Daily hospitalization cost The cost associated with each day a patient 
spends in the general ward

¥28,887 See Supplementary Table 3

Utility (not infected) Health state utility for patients whose infection 
has been resolved

0.85b Shiroiwa et al. [36]

Utility (infected) The health state utility of an infected patient 0.64c See Supplementary Table 3
Treatment efficacy of piperacillin/tazobactam 

(given no resistance)
The probability of treatment success in patients 

with no resistance to treatment
70%c Kaye et al. [32]

Namias et al. [31]
Titov et al. [30]
See Supplementary Table 3

Treatment efficacy of meropenem (given no 
resistance)

73%c Wagenlehner et al. [27]
Mazuski et al. [28]
Torres et al. [29]
See Supplementary Table 3

Treatment efficacy of the ceftazidime–avibac-
tam (given no resistance)

74%c Wagenlehner et al. [27]
Mazuski et al. [28]
Torres et al. [29]
See Supplementary Table 3

Table 2  Baseline resistance to antimicrobial treatments

Baseline resistance E. Coli (%) K. pneu-
moniae 
(%)

P. aeruginosa (%)

Piperacillin/tazobactam 4.90 5.10 17.30
Meropenem 0.30 0.60 15.50
Ceftazidime–avibactam 0.60 2.50 7.30
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procedure combinations (DPC) costs for 2020 [33]. DPC 
costs relate to diagnosis, treatment, and daily hospitalization 
costs specific to each indication. Acquisition and administra-
tion costs of treatments and the additional costs of managing 
adverse events were not considered in this analysis. Patient 
life expectancy was estimated as that of the general popula-
tion with age equal to the mean age of the infected popula-
tion, as given by Japanese life tables (22.13 years at 65–69 
years old) [34, 35]. The mean population age (65–68 years 
old) was estimated as a weighted mean age of the indication-
specific infected population using UK hospital admission 
data [35]; UK data was used as Japanese data was not avail-
able. The uninfected utility value was derived from Japanese 
population norms for a population aged 70 years and older 
[36]; the utility value during infection was estimated as a 
weighted average of values for each of the three indications, 
as sourced from the literature (Supplementary Table 3, see 
ESM) [37–39]. QALYs were calculated as life expectancy 
multiplied by utility.

Key model inputs are outlined in Table 1 and additional 
indication-specific inputs are available in Supplementary 
Table 3. Local inputs were sourced, where possible, to best 
reflect the AMR burden and clinical practice in Japan.

2.5  Cost‑Effectiveness Analysis

The impact of introducing ceftazidime/avibactam was 
explored in two scenarios, comparing treatment strategies 
where the new agent was introduced at first and last (third)-
line with and without diversification (50% of patients each 
initiating treatment with either first- or second-line treat-
ments) as described in Table 3. Scenario 1 compared out-
comes for ceftazidime/avibactam last-line without diversi-
fication (Strategy A) versus first-line without diversification 

(Strategy B) and scenario 2 compared ceftazidime/avibac-
tam last-line without diversification (Strategy A) vs first-line 
with diversification (Strategy C). Analyses considered clini-
cal and economic outcomes (LY, QALYs, LOS, hospitaliza-
tion costs, DDD of antibiotics, and monetary benefit) over 
a 1-year and 10-year disease transmission horizon. Lifetime 
LYs and QALYs lost between treatment strategies over the 
disease transmission horizon were estimated based on LYs 
and QALYs lost due to infection (death and infection disutil-
ity), informed by the average life expectancy of the patient 
population. Monetary benefit was estimated using a willing-
ness-to-pay (WTP) threshold of ¥5,000,000 (US$45,556) 
per QALY, in line with the most conservative thresholds 
and discounting used in Japanese health technology assess-
ments (HTA) plus cost savings [40]. A disease transmission 
horizon of 10 years was selected to appropriately reflect the 
benefits that continually accrue over time, whilst consider-
ing the impact of increasing uncertainty of modelling over 
long time horizons. Costs and benefits were discounted at 
an annual rate of 2%, as recommended in Japanese HTA 
guidelines [41]. Japanese yen were converted to US dollars 
using the average rate in 2021 (US$1 = ¥109.754) published 
by the Organization for Economic Cooperation and Develop-
ment, costs were not inflated [42].

2.6  Sensitivity Analysis

A series of one-way sensitivity analyses (OWSA) were 
conducted to assess the impact of uncertainty around key 
model input parameters. Model inputs listed in Table 1 were 
adjusted by ±20% in each scenario and resulting hospitaliza-
tion costs and QALY outcomes reported.

Table 3  Scenarios modelled

Treatment strategy

Scenario 1: Ceftazidime–avibactam last line vs first line
 Strategy A No diversification:

Piperacillin/tazobactam → Meropenem → Ceftazidime–avibactam
 Strategy B No diversification:

Ceftazidime–avibactam → Piperacillin/tazobactam → Meropenem
Scenario 2: Ceftazidime–avibactam at last line vs first line with diversification
 Strategy A No diversification:

Piperacillin/tazobactam → Meropenem → Ceftazidime–avibactam
 Strategy C Diversification:

50% of patients receive Ceftazidime–avibactam → Piperacillin/
tazobactam → Meropenem

50% of patients receive Piperacillin/tazobactam → Ceftazidime–
avibactam → Meropenem
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3  Results

Absolute and incremental outcomes for the treatment strat-
egies within each scenario are presented at 1 and 10 years 
(Table 4). Outcomes for analysis over a 5-year time horizon 
are presented in Supplementary Table 4 (see ESM).

In the two scenarios tested, ceftazidime–avibactam was 
used as last-line therapy (strategy A), to reflect the current 
use of new antimicrobials. The alternative strategies assessed 
the impact of introducing ceftazidime–avibactam as a first-
line option without diversification (strategy B) in scenario 
1 and with diversification (strategy C) in scenario 2. Over 
10 years, the burden of the infected patient population under 
treatment strategy A is estimated at 62,616,390 hospital bed 
days, equating to ¥1.65 trillion (US$15.1 billion) in hospi-
talization costs, and 9,532,380 life-years lost over a lifetime 
due to infection, corresponding to 8,107,457 QALYs lost. 
LYs and QALYs are estimated over the lifetime of patients 
based on the number of infections over a 10-year period. 
Over 10 years, scenario 1 where ceftazidime–avibactam is 

used as a first-line treatment without diversification (strategy 
B) is estimated to avoid 382,067 bed days, equivalent to a 
saving of ¥10.1 billion (US$92.1 million) in hospitalization 
costs, and generate a gain of 239,513 life-years, correspond-
ing to 203,616 QALYs. Further benefits are demonstrated 
in scenario 2, where ceftazidime–avibactam is introduced 
as a first-line treatment with diversification (strategy C). 
Over 10 years, 798,640 bed days, equal to a saving of ¥21.0 
billion (US$191.0 million) in hospitalization costs, are 
avoided, while 363,034 life-years, corresponding to a gain 
in 308,641 QALYs, are gained. The associated monetary 
benefit achieved over a lifetime of using ceftazidime–avi-
bactam as first-line therapy without and with diversification 
(strategy B and C, respectively), instead of last-line (strategy 
A), ranged from ¥1.03 trillion to ¥1.56 trillion (US$9.37 bil-
lion to US$14.3 billion) in scenarios 1 and 2, respectively, 
based on a WTP threshold of ¥5,000,000 (US$45,556) per 
QALY gained.

Development of resistance to current treatments and cef-
tazidime–avibactam for each treatment strategy are shown 

Table 4  Absolute and incremental outcomes for scenarios 1–3 over 10 years

LOS length of stay, QALY quality-adjusted life-year
a Life-years lost based on a life expectancy of 22.1 years after treatment prior to discounting
b QALYs lost based on a quality-adjusted life expectancy of 18.8 years after treatment prior to discounting

1-year outcomes 10-year outcomes

Current strategy
(Strategy A)

Alternative strategy 
(Strategy B/C)

Increment Current strategy
(Strategy A)

Alternative strategy 
(Strategy B/C)

Increment

Scenario 1: Ceftazidime–avibactam last line vs first line (Strategy A vs B)
 Hospital 

LOS 
(days)

6,023,066 5,977,660 45,406 62,616,390 62,234,323 382,067

 Defined 
daily 
doses

5,887,698 5,846,679 41,019 60,866,972 60,528,796 338,176

 Hospitali-
zation 
costs

¥173,988,311,521
(US$1,585,257,134)

¥172,676,662,354 
(US$1,573,306,325)

¥1,311,649,167 
(US$11,950,810)

¥1,652,582,939,614
(US$15,057,154,542)

¥1,642,477,028,043
(US$14,965,076,699)

¥10,105,911,571
(US$92,077,843)

 Life-years 
 losta

813,030 786,765 26,265 9,532,380 9,292,867 239,513

 QALYs 
 lostb

691,595 669,266 22,329 8,107,457 7,903,841 203,616

Scenario 2: Ceftazidime–avibactam at last line vs first line with diversification (Strategy A vs C)
 Hospital 

LOS 
(days)

6,023,066 5,964,570 58,496 62,616,390 61,817,750 798,640

 Defined 
daily 
doses

5,887,698 5,834,405 53,293 60,866,972 60,135,138 731,834

 Hospitali-
zation 
costs

¥173,988,311,521
(US$1,585,257,134)

¥172,298,534,648 
(US$1,569,861,095)

¥1,689,776,873 
(US$15,396,039)

¥1,652,582,939,614
(US$15,057,154,542)

¥1,631,626,906,821
(US$14,866,218,150)

¥20,956,032,793
(US$190,936,392)

 Life-years 
 losta

813,030 781,878 31,152 9,532,380 9,169,347 363,034

 QALYs 
 lostb

691,595 665,111 26,484 8,107,457 7,798,816 308,641
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in Fig. 1. When ceftazidime–avibactam was introduced 
as a last-line therapy without diversification, in strategy 
A, resistance to piperacillin/tazobactam and meropenem 
increased by 55.4% (from 7.9 to 12.2%) and 83.7% (from 
3.9 to 7.2%), respectively. Similar proportional gains in 
resistance were seen for ceftazidime–avibactam in strategy 
A (65.2% increase, from 2.6 to 4.4%). Conversely, when 

ceftazidime–avibactam was used at first-line with diversi-
fication (strategy C), resistance gains for ceftazidime–avi-
bactam were substantially greater than those observed in 
strategy A. Indeed, resistance to piperacillin/tazobactam 
and meropenem increased by 40.8% (from 7.9 to 11.1%) 
and 48.6% (from 3.9 to 5.8%), respectively. Resistance to 
ceftazidime–avibactam increased by 159.0% (from 2.6 to 

Fig. 1  Resistance to piperacil-
lin/tazobactam, meropenem and 
ceftazidime–avibactam over the 
10-year time horizon
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6.8%); however, at 10 years, the absolute resistance to cef-
tazidime–avibactam was still lower than piperacillin/tazo-
bactam and meropenem in strategy A.

3.1  Sensitivity Analysis

In the one-way sensitivity analysis (OWSA) for scenarios 
1 and 2, estimates for probability of treatment success in 
non-resistant infections had the greatest influence on health 
economic outcomes. Hospitalization cost savings ranged 
from − ¥38.5 billion to ¥58.7 billion (− US$350.8 million 
to US$534.8 million) in scenario 1 and −¥27.7 billion to 
¥69.6 billion (− US$252.0 million to US$633.8 million) 
in scenario 2. Gains in QALYs ranged from − 519,586 to 
926,818 and − 414,561 to 1,031,843, in scenarios 1 and 2, 
respectively (Fig. 2).

4  Discussion

The analysis reported in this study demonstrated that the 
approach taken when introducing a new antimicrobial 
agent into the current treatment strategy for HAIs can have 

a considerable impact on clinical and economic outcomes, 
from the perspective of healthcare payers in Japan. Our anal-
ysis showed that the greatest benefits can be achieved when 
a new antimicrobial agent is introduced as a first-line treat-
ment, with diversification. This approach is associated with a 
monetary benefit of ¥1.56 trillion (US$14.3 billion) over 10 
years, when compared with introducing a new antimicrobial 
as a last resort without diversification. In this scenario, the 
significant clinical and economic benefits are a product of 
limiting exposure to existing treatments and thus slowing 
the development of resistance to them, through including a 
new antimicrobial earlier into treatment strategies. Whilst 
this analysis shows the greatest health economic gains can 
be recognized by introducing a new antimicrobial in the first 
line, in practice, a pragmatic approach must be taken to limit 
the development of resistance to both current and new anti-
microbials. The monetary benefit of ¥1.56 trillion (US$14.3 
billion) represents the overall clinical and economic benefits 
expressed in financial terms to Japanese healthcare payers 
according to the Japanese WTP threshold. This analysis 
considers population-level benefits in terms of reduced 
hospitalization costs and LY gains, driven by differences 
in treatment efficacy and resistance levels. Acquisition and 

Fig. 2  One-way sensitivity analysis varying key model inputs by ± 20% in scenario 1 (ceftazidime–avibactam last line vs first line) and scenario 
2 (ceftazidime–avibactam at last line vs first line with diversification)
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administration costs of treatments and in managing adverse 
events were not included as we did not demonstrate cost 
effectiveness but monetary benefit.

The introduction of a new antimicrobial needs to take 
place within the framework of an AMS strategy. AMS pro-
grams are essential to preserve the efficacy of current treat-
ment options and optimize clinical outcomes for patients 
[43]. The development of rapid diagnostics allows for more 
pathogen-specific antibiotic usage while reducing the usage 
of broad-spectrum antibiotics. Treating patients with the 
right treatment at the right time reduces overall antibiotic 
consumption and improves patient outcomes, through more 
effective AMS [44, 45]. Paradoxically, AMS programs, 
which aim to reduce the use of current antimicrobials and 
often preserve new ones, have been blamed for the com-
mercial failure of the current antimicrobial market [46]. 
However, we believe that AMS will be intrinsic to the clini-
cal adoption and commercial success of pathogen-specific 
antibiotics against resistant infections.

Introducing ceftazidime–avibactam led to reductions in 
projected AMR after 10 years in piperacillin/tazobactam 
and meropenem; however, these observed changes were 
not considerable. Reducing selection pressure on infec-
tious pathogens through reduced antimicrobial use is only 
one component of AMS programs, and resistance rates are 
driven by a number of additional external factors [47, 48]. 
Our analysis showed a diversification strategy of antibiotic 
mixing had little impact on resistance (Fig. 1), and overall 
treatment sequence had a greater impact. These findings cor-
relate with research which suggests diversification strategies 
alone may not be effective in reducing resistance [49, 50]. 
Because of a paucity of clinical data supporting the use of 
antibiotic mixing, it is not recommended in antibiotic stew-
ardship guidelines [40].

Numerous studies have previously estimated the burden 
of resistant bacterial infections in hospitals; however, there 
are a number of significant differences between these stud-
ies, such as the pathogens and indications investigated and 
the setting and perspective considered, that limit the ability 
to compare outcomes with our current study [51–55]. In 
research conducted previously by ourselves, we estimated 
the cost of resistant infections over 10 years, to healthcare 
payers in Japan, across the same indications, to be ¥18.1 tril-
lion (US$169.8 billion) [11]. To our knowledge, no studies 
have been published that assess the health economic impact 
of changing the treatment sequence of antimicrobial agents. 
In the context of our previous research, the value to health-
care payers in optimizing treatment sequences as presented 
in this current study is considerable, equivalent to nearly 
10% of the burden of resistant infections, over 10 years.

As with all modelling studies, there are some limita-
tions to our estimates that should be addressed. Firstly, 
this study only considers three HAI indications caused by 

three Gram-negative pathogens; therefore, the true impact 
of introducing a new antimicrobial is likely to be larger 
than our more conservative estimates. Hospitalization costs 
within the model are estimated using DPC costs; hospitals in 
Japan reimbursed with a DPC approach are typically acute 
hospitals, whilst small and middle-sized non-acute hospi-
tals opt for fee-for-service. Secondly, transmission dynamics 
embedded in the regression equations were based on UK 
hospital data of AMR development. These dynamics were 
assumed to reflect Japanese dynamics. Additionally, the 
model considers a treatment sequence of three antimicrobial 
agents; this is a simplification and in practice there may be 
more treatments available, but this was considered by clini-
cal experts to be reflective of the modelled indications for 
which limited treatments are available. Furthermore, in our 
previous study, analysis of MDV showed that in the mod-
eled indications piperacillin/tazobactam and meropenem 
were most frequently used in Japan [11]. Finally, Japanese-
specific estimates of antimicrobial resistance for piperacillin/
tazobactam and meropenem were sourced from the JANIS 
database; however, Asia-Pacific data had to be used for cef-
tazidime–avibactam. This limitation was unavoidable as 
ceftazidime–avibactam had not been launched in Japan and 
JANIS data was not available. Similarly, for some param-
eters where local data was not available, sources relating to 
alternative countries or Japanese clinical experts were used. 
Because of limited available data, analysis assumed that 
uninfected patients had a utility and life expectancy aligned 
to the general population, when it can be expected patients 
with HAIs are more vulnerable patients with co-morbidities. 
However, these inputs were shown to not have a significant 
influence on hospitalization costs or QALYs when explored 
in sensitivity analysis.

The stalling of new antimicrobial agent development is a 
significant factor worldwide as the AMR problem continues 
to grow. It is hoped that, through novel reimbursement mod-
els and incentive strategies, research and development of 
new antimicrobial agents will be brought forward, leading to 
a renewed pipeline of novel treatments effectively delivered 
to global markets.

5  Conclusion

This analysis suggests that changing the treatment strategy 
when introducing ceftazidime–avibactam as a new anti-
microbial agent in Japan, as part of AMS programs, can 
make an important contribution to alleviating the impact of 
AMR and to the generation of clinical and economic value 
to healthcare payers in Japan.
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