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ABSTRACT
Introduction  Antibiotic resistance (ABR) may increase 
hospital costs, utility loss and mortality risk per patient. 
Understanding these losses at national, regional and global 
scales is necessary for efficiently tackling ABR. Our aim 
is to estimate the global economic burden of antibiotic-
resistant infections and the potential for bacterial vaccines 
to mitigate this burden.
Methods  We take healthcare system and labour 
productivity perspectives. Hospital cost-per-case and 
length-of-stay estimates were calculated through meta-
analyses and reviewing published systematic reviews. 
Unit labour productivity losses were estimated through a 
human capital approach. Modelled estimates were used 
where secondary data were missing. Death and incidence 
data were combined with unit cost data to estimate the 
economic burden associated with ABR in 2019, and the 
potential costs averted (in 2019 US$) based on uptake 
scenarios of vaccines that currently exist or are likely to be 
developed.
Results  Multidrug-resistant tuberculosis had the highest 
mean hospital cost attributable to ABR per patient, the 
range was US$3000 in lower-income settings to US$41 
000 in high-income settings, with carbapenem-resistant 
infections associated with a high cost-per-case of 
US$3000–US$7000 depending on syndrome. ABR was 
associated with a median value of US$693 billion (IQR: 
US$627 bn–US$768 bn) in hospital costs globally, with 
US$207 bn (IQR: US$186 bn–US$229 bn) potentially 
avertable by vaccines. Productivity losses were quantified 
at almost US$194 billion, with US$76 bn avertable by 
vaccines.
Conclusions  The economic burden of ABR is associated 
with high levels of hospital bed-days occupied, hospital 
spending and labour productivity losses globally and 
should, therefore, remain high on national and international 
policy agendas. Vaccines against Staphylococcus aureus, 
Escherichia coli and Klebsiella pneumoniae would avert 
a substantial portion of the economic burden associated 
with ABR. More robust evidence, particularly in low-income 
countries, on the hospital costs, associated with and 
attributable to ABR, is needed.

INTRODUCTION
Antimicrobial resistance has been estimated 
to cost up to US$29 289 more per patient 
hospital episode, while macroeconomic 
modelling by RAND Europe estimated the 
global economic costs of antimicrobial 
resistance at US$53 billion to US$3 trillion 
per year.1 2 A large portion of those costs is 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Narrative literature reviews, modelling studies 
and global-level meta-analyses are available for 
cost-per-case estimates associated with antibiot-
ic resistance (ABR); however, these have not been 
translated into national and regional costs.

	⇒ Vaccine impact on ABR-associated and attributable 
costs is only available for specific pathogens, in spe-
cific settings.

WHAT THIS STUDY ADDS
	⇒ Quantification of the economic burden, from hospital 
and labour productivity perspectives, of ABR for 14 
bacterial pathogens on a global scale is provided, 
with a notably high burden of multidrug-resistant tu-
berculosis and carbapenem resistance shown from 
the hospital perspective.

	⇒ While total economic burden estimates differ across 
regions, vaccines for Staphylococcus aureus, 
Escherichia coli and Klebsiella pneumoniae could 
avert substantial burden across countries.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Under the utilised product-profile assumptions, bac-
terial vaccines have the potential to avert a substan-
tial proportion (30%–40%) of hospital and labour 
productivity costs associated with ABR, with this 
evidence aiding future research funding and invest-
ment decisions on new vaccine development.

	⇒ Future research can utilise this modelling approach 
with updated data when/where available for vaccine 
availability and coverage.
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associated with antibiotic resistance (ABR) in bacte-
rial infections.1 2 The economic impacts of ABR have 
spurred international efforts to design interventions to 
address this issue.3 However, the latter figures are based 
on broad macroeconomic estimates and do not provide 
insight into the kind of costs that are used to select inter-
ventions which are efficient from healthcare payer and/
or provider perspectives. Accurate costs that are specific 
to disease and intervention are important to inform 
priority-setting around different types of interventions 
such as vaccine development and antibiotic stewardship. 
To address this gap, we must understand the cost of resist-
ance to local healthcare systems.

Evaluations of interventions which target reducing 
levels of ABR (such as stewardship campaigns) require 
the incremental cost of an ABR infection in compar-
ison to a susceptible infection (the attributable burden 
of ABR), while measures that prevent infections entirely 
(such as vaccination) require the incremental cost of ABR 
in comparison to no infections (the associated burden 
of ABR). From healthcare system perspectives, inpatient 
care is often more expensive than outpatient and commu-
nity care,4 with a large proportion of healthcare burden 
associated with ABR in hospital settings.5 6 Additionally, 
a larger proportion of these costs will be associated with 
ABR (with a ‘no infection’ counterfactual), compared 
with attributable to (with a relevant ‘susceptible infec-
tion’ counterfactual).5 6 Literature reviews over the past 
decade provide a narrative synthesis and/or provide a 
global or regional meta-analysis of incremental impacts 
of healthcare system costs associated with ABR.2 5–8 
However, it is unclear how the healthcare system impact 
should be utilised to estimate the economic benefit of 
interventions, like vaccination, if the target is a specific 
bacterial syndrome or within specific settings. Therefore, 
collating, synthesising and estimating the attributable and 
associated hospital costs (including associated unit costs) 
of ABR, broken down by specific bacteria, syndrome and 
region, is a key step in estimating the direct healthcare 
system costs.

A recent study estimated bacterial ABR-associated 
deaths of 4.95 million (95% uncertainty interval (UI): 
3.62–6.57) for 23 pathogens and 88 pathogen–drug 
combinations in 2019, globally.9 Vaccines have the poten-
tial to play an important role in tackling ABR.10 A model-
ling study estimated that vaccines against 15 bacterial 
pathogens could lead to reduced drug-resistant infec-
tions, resulting in reductions of 0.51 million (95% UI 
0.49–0.54) deaths in 2019. This reduction in mortality 
combined with associated reductions in morbidity 
implies that vaccines could potentially avert 28 (95% UI: 
27–29) million associated disability-adjusted life-years 
lost, over the same period.11 Focusing on low-income 
and middle-income countries, paediatric vaccines were 
estimated to potentially avert 181 500 (153 400–206 800) 
antimicrobial resistance-associated deaths, from both the 
direct prevention of antimicrobial resistant infections 
and also via reductions in antibiotic consumption.12 The 

scale of potential impact varies not only depending on 
setting, but also on target pathogen, with extraintestinal 
pathogenic Escherichia coli vaccines potentially averting 
130 016 antimicrobial resistance-associated bloodstream 
infection (BSI) deaths and a Shigella spp vaccine averting 
4133 deaths, globally.10 A reduction in drug-resistant 
infections due to vaccines likely not only reduces ABR-
associated morbidity and mortality impacts,13 but also 
hospital costs and lost labour productivity.1

There is evidence of pneumococcal vaccination 
averting ABR-related costs14 15 and reductions in antibi-
otic use,16 17 and a few modelling studies have evaluated 
the potential impact of vaccines on antibiotic use.12 16 
However, the reduction of ABR-associated direct hospital 
costs and labour productivity losses avertible by vacci-
nation is largely unknown across other priority, bacte-
rial pathogens. Understanding the potential healthcare 
system cost and labour productivity losses due to such 
pathogens, and the fraction avertible by vaccination, is 
key for policy surrounding future research funding and 
intervention investment decisions, including new vaccine 
development.18

We, therefore, aimed to estimate region-specific and 
pathogen-specific (1) hospitalisations attributable to, and 
associated with, ABR, (2) labour productivity losses per 
excess death, (3) antibiotic unit costs and (4) total inpa-
tient hospital and labour productivity costs associated 
with ABR in 2019. We also estimated vaccine impact on 
reducing hospital and labour productivity costs through 
reduced antibiotic-resistant infections.

METHODS
We conducted this study by following the Consolidated 
Health Economic Evaluation Reporting Standards recom-
mendations (see online supplemental material S1).19 We 
focused on key bacteria in relation to ABR for which there 
is known literature on burden and vaccine impact,11 see 
online supplemental material S2A for the list of included 
exposure groups (defined by pathogen, syndrome and 
antibiotic class of interest). We used various forms of data 
retrieval, collation and synthesis from published data-
sets and the literature, combining this with economic 
approaches to translate these data into costs. All hospital 
and antibiotic costs were estimated from the healthcare 
payer perspective. We developed a unit cost repository 
for (1)–(3), which is available online,20 while (4)–(5) are 
based on combining these unit costs with health impact 
estimates of vaccines on antimicrobial resistance from a 
prior study, with code available online also.11 21

Outcome measures (1)–(5) are estimated at the WHO 
region level, by averaging cost estimates for all countries 
in that region, weighted by 2019 population values.22 All 
monetary values are reported in 2019 US dollars (US$). 
To convert cost estimates of different currencies and of 
different cost years from the literature into 2019 US$, 
the World Bank (WB) data for Purchasing Power Parity 
exchange rates and local currency unit exchange rates 
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was used, and IBAN data were used for local currency 
code matched to country,23 24 see online supplemental 
material S2B for more inflation process information.

Hospital cost-per-case
To estimate the hospital cost-per-case associated with 
ABR for the selected bacteria, we conducted a rapid 
review of previously published systematic reviews due to 
multiple systematic reviews being published previously 
within this area (see online supplemental material S2C 
for search terms, inclusion criteria and data extraction). 
This focused on penicillin resistance and glycopeptide 
resistance in Gram-positive bacteria, third-generation 
cephalosporin (3gc) resistance and carbapenem resist-
ance in Gram-negative bacteria and multidrug resistance 
(MDR) in tuberculosis (TB), as these combinations have 
been previously highlighted as key exposure groups for 
ABR and the cost of ABR.7 25

We classified attributable (resistant vs susceptible) and 
associated (resistant vs no infection) length of hospital 
stay (LoS) and hospital-cost impact for the exposure 
groups of interest into broader categories based on 
predefined hierarchies of evidence. These were based on 
antibiotic class, Gram-stain and regional groupings. We 
extracted LoS and cost impacts (see online supplemental 
material S2B), and converted excess LoS estimates into 
excess costs by using WHO-CHOICE bed day costs (at the 
country level) (see online supplemental material S2D).26

There were not enough data to inform estimates for 
every country. Therefore, to use the most relevant data, 
we grouped countries into regions. If more than one 
study was available for a particular exposure group-
region combination, then outcomes were pooled by 
conducting random-effects meta-analysis and weighted 
using the inverse of their variance.27 We assigned data to 
countries based on a regional hierarchy. We assessed the 
strength of evidence for each outcome by weighting the 
number of studies used in the meta-analysis by proximity 
to country of interest (WHO-CHOICE, WB Income, WB 
Regional and Global were weighted 4, 3, 2 and 1, respec-
tively). Hierarchies were confirmed based on visually 
inspecting the spread of hospital cost data by group.

Once pooled exposure impacts were estimated 
through meta-analyses, we generated 1000 random 
samples from the uncertainty distribution of the pooled 
estimate (assuming normal distribution). We combined 
LoS samples with 1000 random samples drawn from 
the distribution of hospital bed-day costs (assuming log-
normal distributions) to estimate the mean and 95% UIs, 
based on the 2.5th and 97.5th quintiles.

Antibiotic unit costs
We estimated antibiotic unit costs using supplier median 
cost data from the 2015 International Medical Products 
Price Guide (average catalogue prices available from 
non-profit suppliers, a low-cost estimate) and matched to 
the 2019 Access, Watch, and Reserve (AWaRe) classifica-
tion for antibiotics.28 29 We adjusted this base price using 

two previous studies estimating the generic cost of oral 
and injectable drugs from global perspectives 30 31 (see 
online supplemental material S3A).

Labour productivity unit costs
We estimated labour productivity losses based on 
employment-adjusted wage approaches using the human-
capital method.32 We extracted mean nominal monthly 
earnings of employees and employment-to-population 
ratios (from 1990 to 2019) and aggregated over sex 
and age from the International Labour Organization.33 
We calculated monthly earnings, adjusted by employ-
ment ratios and used as proxies of productivity costs per 
working month lost. We considered mean annual growth 
rates for both wage and employment-ratio estimates (see 
online supplemental material S3B)).

Scenario sensitivity analyses
We conducted additional scenario sensitivity anal-
yses to test the impact of methodological assumptions. 
For hospital cost-per-case, an additional ‘scenario 2’ 
multiplied LoS-based costs by an adjustment factor. We 
calculated (by income group) the ratio between costs 
based on multiplying patient LoS by unit costs of bed 
days and directly estimated costs per hospital episode 
(see online supplemental material S4). For antibiotic 
costs, we compared price-guide costs to the unit prices 
for antibiotics present in both lists for the UK (a proxy 
for high-income countries), South Africa (a proxy for 
upper-middle-income countries) and India (a proxy for 
both lower-middle-income countries (LMICs) and low-
income country (LICs), since no LICs data were avail-
able) for ‘scenario 2’.28 30 31 For labour productivity costs 
in scenario 2, we used available employment-adjusted 
wage estimates and inflated to 2019 US$ using the Gross 
Domesti Product (GDP) deflation functionality, rather 
than using the trends calculated for wage and employ-
ment growth based on previous years’ data.

Economic burden of drug-resistant infections and potential 
vaccine impact
To estimate the economic burden of ABR and vaccine 
impact on hospital costs, hospital bed-days, labour 
productivity costs and working-life-years-lost (WLYL), we 
combined unit cost data with epidemiological impact. 
Point estimates of case numbers and deaths from a 
previous epidemiology model that estimated the health 
impact of bacterial vaccines on ABR-associated cases and 
mortality in 2019 were used (providing efficacy, coverage, 
duration of protection, target group and type of disease 
prevented assumptions aligned with previously ustilised 
WHO assumptions, see online supplemental material 
S5A).4 11 These included the drug-pathogen-syndrome 
combinations listed in online supplemental material S2B, 
focusing on ABR-associated burden (where no infection 
is the counterfactual). If multiple vaccine scenarios for a 
pathogen were available, the one with the highest poten-
tial impact was selected.9 11
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Unit costs for Salmonella, Shigella or ABR associated with 
gastro-related illnesses, Group A Streptococcus (GAS) and 
Haemophilus influenzae type b (Hib) were not estimated 
within the unit cost repository, due to lack of published 
data in the previous systematic reviews. Therefore, we 
used results from a systematic review on the impact of 
ABR on Salmonella in hospitals34 and results of an expert 
elicitation exercise conducted by the WHO for the LoS 
impacts of ABR bacteria linked to gastro-related illness, 
GAS and Hib (see online supplemental material S5B).

When combining economic and epidemiology 
outcomes, we sampled LoS estimates and combined 
them with WHO-CHOICE unit bed-day costs (see online 
supplemental material S5C for more detail on sampling 
and missing data methods). To estimate the impact of 
vaccines on hospital costs, we estimated the proportion 
of cases which were treated in hospitals from region-
syndrome-specific data in previous global ABR analyses,9 
supplemented by the WHO expert elicitation exercise 
for gastro-related illness hospitalisation proportions 
(see online supplemental material S5D). We combined 
them with the unit hospital costs associated with ABR, at 
the country level. Antibiotic costs were not used in the 
estimation of total annual burden as data on antibiotics 
used per case for each exposure group of interest was not 
available.

We calculated labour productivity losses, across the life-
time horizon, by combining WHO regional deaths by age 
group with WHO regional life expectancy (to estimate 
WLYL) and unit costs35 (see online supplemental mate-
rial S5E).

We used the time horizon of 1 year to estimate health-
care system burden. To convert mortality impacts into 
labour productivity losses, we calculated the total lifetime 
productivity losses of the deaths that occurred in 1 year 
(2019). A discount rate of 3% was used for productivity 
loss estimation.25 Costs are in 2019 US$. We also esti-
mated bed-days and potential WLYL (undiscounted and 
not considering employment rates) to provide maximum 
capacity estimates of impact. We estimated median and 
IQRs of the healthcare system burden. We calculated 
point estimates for labour productivity as only point esti-
mates in both the unit costs and incidence estimates were 
available at the time of analysis. An overview of the core 
model processes is given in figure 1.

Patient and public involvement
Patients and the public were not involved in this research 
study.

RESULTS
Unit costs
There were 246 and 68 estimates for hospital cost-per-
case/LoS impacts attributable to and associated with 
ABR, respectively, coming from 180 studies (see online 
supplemental material S6A for more information on 
data retrieval). There was a concentration of input data 
in the European Region (EUR) and Region of the Amer-
icas (AMR), particularly for 3gc and penicillin resist-
ance impact estimates. The African Region (AFR) and 
Eastern Mediterranean Region (EMR) (in terms of WHO 
regions), and LMICs (in terms of income classification) 

Figure 1  Model processes for estimating the economic burden of drug-resistant infections. ABR, antibiotic resistance; ILO, 
International Labour Organization; LoS, length of hospital stay.
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Figure 2  Hospital cost-per-case associated with antibiotic resistance from the meta-analyses. Median values, by country, 
of statistically significant cost-per-case estimates from the meta-analyses. Costs presented are in US$. (A) represents cost 
estimates based on LoS, combined with WHO-CHOICE, while (B) represents averaged values based on LoS and cost 
estimates from the literature. LoS, length of hospital stay.

B
M

J G
lobal H

ealth: first published as 10.1136/bm
jgh-2024-016249 on 19 June 2025. D

ow
nloaded from

 https://gh.bm
j.com

 on 6 A
ugust 2025 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.



6 Naylor NR, et al. BMJ Glob Health 2025;10:e016249. doi:10.1136/bmjgh-2024-016249

BMJ Global Health

have few data across exposure groups of interest, with 
no data found from LICs (see online supplemental 
material S6B). These data translated to 3441 estimates 
of the attributable ABR hospital cost per case and 2487 
estimates for the associated ABR hospital cost per case, 
across individual countries.20 Figures  2 and 3 highlight 
the heterogeneity in hospital cost-per-case estimates 
across countries and exposure groups of interest.

Subsetting the meta-analysis modelling data to include 
only those where the mean value was equal to or greater 
than US$0, with a 95% UI not crossing zero, showed cost-
per-case estimates ranged from US$2 (95% UI: US$7–
US$16) and US$3 (US$7–US$12) for ABR attributable 
and associated hospital costs in Afghanistan to US$22 
800 (95% UI: US$4900–US$57 900) and US$5900 (95% 
UI: US$12 400–US$147 200) for Monaco respectively, 
across differing drug-pathogen-syndrome combinations. 
MDR TB was the pathogen with the highest attributable 
ABR impact on hospital cost-per-case. MDR TB had the 
highest hospital cost per case attributable to ABR when 
aggregated to the regional level (US$40 695 (95% UI: 
US$2725–US$124 104) for EUR; US$22 964 (US$2181–
US$106 518) for AMR; US$20 147 (US$553–US$89 
595) for EMR; US$5942 (US$124–US$48 543) for the 
Western Pacific Region (WPR); US$4281 (US$254–
US$30 796) for AFR; US$2951 (US$52–US$11 407) for 
the South-East Asia Region (SEAR)). In terms of LoS-
based cost-per-case, Gram-negative respiratory tract 
infections (RTIs) that were carbapenem resistant had 
the highest cost per case that was associated with ABR 
in some regions (US$9648 (95% UI: US$169–US$44 
357) for EUR; US$3810 (US$189–US$20 799) for WPR; 
US$3392 (US$218–US$18 055) AMR; US$3022 (US$23–
US$18 810) for EMR), while carbapenem resistant Gram-
negative BSIs had the highest cost per case for AFR and 

SEAR at US$680 (95% UI: US$17–US$3822) and US$666 
(US$40–US$2472), respectively.

Once these data from the meta-analysis had been 
combined with the other sources and undergone the 
transformation processes (described in the Methods 
section and online supplemental material S5C), we 
generated the cost-per-case (based on LoS) estimates, 
as shown in figure  3. This shows, aside from MDR TB, 
that the average cost per case of carbapenem-resistant 
infections is higher (on average) than infections with 
resistance to other antibiotics. Carbapenem-resistant 
Gram-negative RTIs are still one of the leading exposure 
groups in terms of hospital cost per case. However, they 
were estimated to be behind carbapenem-resistant and 
glycopeptide-resistant urinary tract infections (UTIs), 
with resistant UTIs costing US$5000–US$7000 per case 
(global population-weighted average). Though patterns 
vary by syndrome, carbapenem, glycopeptide, fluo-
roquinolone and macrolide resistant infections have 
higher costs per case in comparison to penicillin and 3gc 
resistant infections. See online supplemental material 
S6C,D for antibiotic and labour productivity unit costs, 
respectively.

Total hospital costs and labour productivity losses associated 
with ABR
We estimated the total hospital cost associated with 
ABR in 2019 to be US$693 billion (bn) (IQR: US$627 
bn–US$768 bn) globally (table 1). As shown in figure 4, 
the two costliest pathogens to hospitals, globally, were 
estimated to be E. coli at US$246 bn (IQR: US$218 bn–
US$275 bn) and S. aureus at US$135 bn (IQR: US$123 
bn–US$149 bn). Infections resistant to fluoroquinolones 
and macrolides were estimated to cost the most to 

Figure 3  Global averages of hospital cost-per-case associated with antibiotic resistance. Exposure groups are defined 
by antibiotic (which they are resistant to) and bacteria. Colours represent the antibiotic class resistance (as defined by the 
exposure group legend). (A) Shows results for bacteria, (B) for mycobacteria. 3g, third generation; BSI, bloodstream infection; 
CNS, central nervous system; IAI, intra-abdominal infections; MDR, multidrug resistant; (p-)T & iNTS, (para-)/Typhoid/iNTS; RTI, 
respiratory tract infection; TB, tuberculosis; UTI, urinary tract infections.
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hospitals, with a combined cost of over US$488 bn (see 
online supplemental material S7).

Deaths due to these infections were estimated to cost 
around US$194 bn in productivity losses globally (US$198 
bn in a scenario analysis where latest values were inflated 
based on GDP deflation rather than trend-adjusted for 
those without 2019 values). S. aureus was a leading cause 
of ABR associated productivity losses of US$36bn globally, 
followed by S. pneumoniae and K. pneumoniae of US$33bn 
each. This differed depending on region, with the top 
costs associated with lost labour productivity being asso-
ciated with S. aureus for AMR, EUR and WPR, K. pneumo-
niae for AFR and S. pneumoniae for EMR.

Vaccine impact on hospital costs and labour productivity 
losses associated with ABR
The global economic burden associated with ABR in 2019 
and potential, hypothetical, vaccine-avertable burden 
is shown in table 1, alongside the assumptions made in 
relation to vaccine and implementation characteristics. 
Vaccines could have potentially averted US$2.8 bn bed-
days (IQR: US$2.7 bn–3.0 bn), equivalent to US$207 bn 
(IQR: US$186 bn–US$229 bn) in hospital costs, in 2019. 
While AMR, EUR and WPR regions have higher hospital 
costs associated with antibiotic resistant S. aureus and E. 
coli infections than other regions, the projected impact of 
vaccines was higher in SEAR, EMR and WPR in terms of 
bed-days averted (see figure 5A).

The modelled vaccine scenarios could have potentially 
averted US$76 bn in productivity losses (see figure  5B 
across pathogens and regions). In SEAR and AMR, 
vaccination would avert around US$40 bn per region in 
productivity losses (the most gains). Undiscounted WLYL 
was highest in AFR at 23 million WLYL (figure 5C). Under 
the chosen hypothetical scenarios, vaccines against K. 
pneumoniae, followed by S. aureus, could avert the most 
productivity losses globally. However, the vaccine that 
would avert the most productivity losses differed across 
regions (online supplemental material S7). For AMR 
(the region), this was a vaccine against S. aureus, for WPR 
it was A. baumannii, for EUR it was E. coli, while for AFR, 
EMR and SEAR it was K. pneumoniae.

In terms of syndromes, most hospital costs could be 
averted for UTIs (US$116 bn) and skin infections (US$53 
bn), while the most labour productivity costs could be 
averted for RTIs (US$27 bn) and BSIs (US$25 bn).

DISCUSSION
We estimate ABR was associated with almost US$700 bn 
in hospital costs globally in 2019. We estimated produc-
tivity losses at over US$193 bn due to excess deaths asso-
ciated with ABR. We estimate that, under the hypothet-
ical vaccine scenarios modelled, 30% of hospital costs 
(around US$200 bn) and 40% of costs associated with 
productivity losses (almost US$80 bn) could have been 
averted. S. aureus, E. coli and K. pneumoniae vaccines would P
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avert the most hospital costs (US$169 bn in total across 
all 3) and productivity loss (US$44 bn), globally.

This is the first study to provide hospital cost-per-case 
and total, annual burden estimates by WHO region and 
exposure group of interest. We inferred that vaccines 
which target antibiotic-resistant BSIs and RTIs would 
likely avert the most productivity losses, driven by reduc-
tions in fatal infections, particularly in neonatal popula-
tions. For hospital costs, UTIs and skin infections make 
up a large proportion of vaccine avertable costs, largely 
driven by large case numbers.

A prior meta-analysis found that the attributable cost to 
ABR ranged from −US$2371 to +US$29 289 per patient 
episode, with the mean excess LoS estimated at 7.4 days 
(95% CI 3.4 to 11.4).2 However, this study did not adjust 
for (beyond the use of random effects) heterogeneity in 
exposure group or setting. The estimates of this paper are 
aligned with a recent global study which estimated ABR 
hospital cost-per-case attributable to ABR ranged from 
around US$100–US$20 000 per case, on average.36 On 
a hospital cost per-case basis, at the global level, we esti-
mated that MDR-TB and carbapenem-resistant infections 
were most costly. However, more observational data in 
relation to hospital costs associated with ABR exposures, 
particularly in LICs, are needed to fill the evidence gaps. 
Again, this aligns with previous literature that suggests 
antibiotic-resistant TB infections are the most costly in 
terms of hospital admissions.36 Our total, global ABR 
associated burden for hospital costs (around US$700 bn) 
is much higher than previously estimated (almost US$70 
bn). This is likely because (1) we estimate associated 
(total infection) cost burden while previous estimates 
are of attributable (excess) cost burden and (2) previous 
estimates assume a lower number of hospital admissions 
related to resistant infections (at 25 million, which would 
be less than 20% of ABR associated healthcare-acquired 

infection estimated to occur globally every year).36 37 
More research on the likelihood of hospitalisation based 
on infection type and setting is needed.

Our study has limitations. First, the meta-analyses for 
hospital cost per case were based on a review of reviews, 
meaning data are dependent on the different search 
strategies and inclusion criteria utilised across these 
reviews. For example, there may be heterogeneity in ABR 
definitions and scope of cost inclusion between studies 
reviewed, which may have added additional uncertainty to 
the cost estimates. Our results rely on data from previous 
systematic reviews, which themselves are further depen-
dent on the way individual studies were conducted. For 
example, there might be potential for double-counting 
if they included patients with multiple syndromes due to 
resistant organisms and do not adjust for these accord-
ingly. Additionally, excluding studies based on the quality 
of statistical methods was not done, which can lead to 
overestimation of attributable costs if time dependency is 
not adequately accounted for. Although grouping expo-
sure groups of interest by Gram-stain, antibiotic class and 
region was used to maximise study data while maintaining 
relevance, most summary effect measures were based on 
a small number of studies. In some instances, the cost per 
case estimate is possibly non-robust due to there being 
very large differences across effect estimates that were 
extracted within exposure groups of interest, potentially 
due to heterogeneity in study populations and statistical 
methods. Our process allows for a larger sample and 
has partly accounted for these issues through random 
effects processes. Second, pooling hospital costs across 
countries is a debatable procedure.38 Another limita-
tion is the geographical limitations in the data. We often 
had to map findings from a single country to an entire 
region, particularly for LMIC, AFR and EMR regions. We, 
therefore, provide cost-per-case estimates based on just 

Figure 4  Regional costs in 2019 associated with antibiotic resistance. Log scaled costs in 2019 US$, mn=a million. Where 
the point on the y-axis represents hospital costs. Circles are sized by productivity loss due to deaths, and colour indicates 
WHO region. AFR, African Region; AMR, Region of the Americas; EMR, Eastern Mediterranean Region; EUR, European Region; 
SEAR, South-East Asia Region; WPR, Western Pacific Region.
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the meta-analyses of LoS, as well as the meta-analyses of 
costing studies. Though, in doing so, converting LoS esti-
mates to cost-per-case required the use of WHO-CHOICE 
estimates, which could lead to an underestimation as 
these exclude the costs of drugs and diagnostic tests.26 
More primary cost studies in LMICs would enable coun-
tries to estimate their own hospital costs without needing 
to rely on pooling estimates or WHO-CHOICE. Third, we 
calculate the unit cost of antibiotics, but do not include 
this in our total burden estimation process, as calculating 
the relevant antibiotic course for each exposure group in 
each setting was beyond the scope of this study. However, 
previous studies suggest bacterial vaccines do have the 

power to substantially reduce antibiotic use,16 17 and 
future work could combine our work with such estimates 
to understand these wider cost impacts of vaccines on 
antibiotic use. Additionally, our labour productivity costs 
were estimated using the human capital method which 
relies on the employment ratio and wage rate in each 
country. However, these data were unavailable for 26% of 
countries. We imputed the missing data using both trend 
analyses and inflation adjustment, though uncertainty 
due to this is not propagated through the model. Our esti-
mate of labour productivity losses may also be an under-
estimate since we used mean nominal monthly earnings 
of employees and employment-to-population ratios. In 

Figure 5  Potential vaccine avertable burden associated with ABR in 2019. (A) Hospital cost burden. Panels by WHO region. 
The primary y-axis relates to the bar plots, which represent median total hospital cost averted, while corresponding error bars 
represent the IQR of hospital cost ($), where B=billions. The secondary axis is related to the plotted points (total averted bed 
days), where M=millions. (B) Productivity Loss Burden–Costs ($). Point estimates are results in base case scenario, with the 
corresponding line representing min and max values across scenarios (trend adjusted vs non-trend adjusted). (C) Productivity 
loss burden–working-life-years-lost. ABR, antibiotic resistance; AFR, African Region; AMR, Region of the Americas; EMR, 
Eastern Mediterranean Region; EUR, European Region; SEAR, South-East Asia Region; WPR, Western Pacific Region.
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many LMICs, there is potentially a substantial informal 
economic sector that is not fully captured in employment 
figures. Other key limitations include the exclusion of 
modelling changes in the evolution of resistance and of 
patient-borne and/or caregiver costs. By providing code 
and data open access, we allow for capacity building in 
the field of economic evaluations of ABR.

In relation to our total burden estimation for 2019, 
our analysis is limited to a 1-year (2019) impact time 
horizon. This is in keeping with the time horizon used 
in the recent WHO vaccines and antimicrobial resistance 
assessment.39 Hence, we did not try to project how these 
costs may change in the future cohorts. Some of these 
costs (such as productivity costs) may have been affected 
by the economic impact of the COVID-19 pandemic. 
We sampled the meta-analyses results using a truncated 
normal distribution to combine these with epidemiolog-
ical estimates, potentially incorporating bias based on set 
upper and lower bounds. Future work could integrate 
Bayesian methods into the meta-analysis and modelling 
processes. The epidemiological estimates were based on 
point estimates from a static model with its own limita-
tions,11 including potentially high coverage, efficacy and 
duration scenarios in hypothetical vaccine scenarios used, 
for many of which current vaccines are not available. In 
some cases, they represent hypothetical assumptions (eg, 
WHO preferred product characteristics) rather than 
actual clinical trial or field study findings.39 More robust 
dynamic transmission models and resource use studies 
(including on hospitalisation rates) for ABR-associated 
pathogens and syndromes will help ensure future vaccine 
evaluation appropriately considers ABR.

Care should be taken in using our regional estimates 
for cross-regional comparisons of societal costs, given 
the ethical implications of valuing life differently based 
on wages. Using capacity measures such as WLYL and 
bed-days lost alongside such estimates provides a more 
extensive picture. Additionally, vaccines provide one 
element of a comprehensive infection, prevention and 
control strategy. Vaccines are an important intervention 
to reduce the economic burden of ABR and have a key 
role alongside other infection control measures such as 
antibiotic stewardship and water, sanitation and hygiene 
programmes. These other interventions are particularly 
important to prevent ABR from worsening in patho-
gens against which vaccines are still being developed. 
Future research to translate these impacts into economic 
burden estimates, such as those presented here, would be 
useful in understanding efficient combinations of such 
measures in relation to ABR.10 12

Our study shows that ABR is associated with significant 
hospital costs and can markedly reduce labour-supply-
related productivity, and these associated costs can be 
substantially reduced by vaccination. The economic 
burden of ABR and vaccine impact varies substantially 
across drug-pathogen-syndrome-setting combinations. 
Vaccines preventing antibiotic-resistant BSIs and RTIs 
have relatively the highest impact on reducing productivity 

losses. Vaccines preventing antibiotic-resistant UTIs and 
skin infections have relatively the highest impact on 
reducing hospital costs. Specifically, vaccines against S. 
aureus, E. coli and K. pneumoniae would avert a substantial 
portion of the economic burden associated with ABR.
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