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Abstract

Background: Antibiotic resistance (ABR) is one of the biggest threats to global health. Infections by ESKAPE
(Enterococcus, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa, and E. coli) organisms are the leading cause of
healthcare-acquired infections worldwide. ABR in ESKAPE organisms is usually associated with significant higher
morbidity, mortality, as well as economic burden. Directing attention towards the ESKAPE organisms can help us to
better combat the wide challenge of ABR, especially multi-drug resistance (MDR).

Objective: This study aims to systematically review and evaluate the evidence of the economic consequences of
ABR or MDR ESKAPE organisms compared with susceptible cases or control patients without infection/colonization
in order to determine the impact of ABR on economic burden.

Methods: Both English-language databases and Chinese-language databases up to 16 January, 2019 were searched
to identify relevant studies assessing the economic burden of ABR. Studies reported hospital costs (charges) or
antibiotic cost during the entire hospitalization and during the period before/after culture among patients with ABR
or MDR ESKAPE organisms were included. The costs were converted into 2015 United States Dollars. Disagreements
were resolved by a third reviewer.

Results: Of 13,693 studies identified, 83 eligible studies were included in our review. The most studied organism
was S. aureus, followed by Enterococcus, A. baurnannii, E. coli, E. coli or/and K. pneumoniae, P. aeruginosa, and K.
pneumoniae. There were 71 studies on total hospital cost or charge, 12 on antibiotic cost, 11 on hospital cost or
charge after culture, 4 on ICU cost, 2 on hospital cost or charge before culture, and 2 on total direct and indirect
cost. In general, ABR or MDR ESKAPE organisms are significantly associated with higher economic burden than
those with susceptible organisms or those without infection or colonization. Nonetheless, there were no differences
in a few studies between the two groups on total hospital cost or charge (16 studies), antibiotic cost (one study),
hospital cost before culture (one study), hospital cost after culture (one study). Even, one reported that costs
associated with MSSA infection were higher than the costs for similar MRSA cases.

Conclusions: ABR in ESKAPE organisms is not always, but usually, associated with significantly higher economic
burden. The results without significant differences may lack statistical power to detect a significant association. In
addition, study design which controls for severity of illness and same empirical antibiotic therapy in the two groups
would be expected to bias the study towards a similar, even negative result. The review also highlights key areas
where further research is needed.

Keywords: Antibiotic resistance, Economic burden, ESKAPE organism, S. aureus, Enterococcus, A. baumannii, E. coli, K.
pneumoniae, P. aeruginosa

* Correspondence: donghj@zju.edu.cn

'Center for Health Policy Studies, School of Public Health, Zhejiang University
School of Medicine, 866 Yuhangtang Road, Hangzhou 310058, Zhejiang,
China

The Fourth Affiliated Hospital Zhejiang University School of Medicine, No.
N1, Shancheng Avenue, Yiwu City, Zhejiang, China

Full list of author information is available at the end of the article

© The Author(s). 2019 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s13756-019-0590-7&domain=pdf
http://orcid.org/0000-0002-5064-7297
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:donghj@zju.edu.cn

Zhen et al. Antimicrobial Resistance and Infection Control

Background

Antibiotics have been pivotal in treating and preventing
common infections, but the laws of evolution and nat-
ural selection along with the overuse and misuse have
contributed to an alarming increase in antibiotic resist-
ance (ABR) worldwide. As the selection of antibiotics is
getting smaller together with only slow changes in
prescription behavior, we are heading for a post-anti-
biotic era [1]. ABR is one of the biggest threats to global
health, endangering not only the achievements towards
the Millennium Development Goals but also the Sus-
tainable Development Goals [2]. ABR is usually associated
with significant higher morbidity, mortality, prolongation of
illness and reduced labour efficiency [3-9]. In high-income
countries, it was estimated that ABR resulted in as much as
$20 billion in excess direct costs, with $35 billion in societal
costs for lost productivity each year in the United States
(US) alone [10]. In the European Union (EU) and European
Economic Area (EEA) countries, a subset of ABR organ-
isms is associated with extra healthcare costs and lost prod-
uctivity amounting to €1.1-1.5 billion yearly if there is no
prompt and effective action [11, 12]. Globally, it would lose
1.1-3.8% of its annual gross domestic product (GDP) due
to antimicrobial resistance (AMR) by 2050 [13]. Low- and
middle-income countries will suffer more [14]. Countries in
the sub-Saharan Africa may face a GDP loss of 0.1-2.5%
[14]. A total of 24 million people would be forced into ex-
treme poverty due to AMR by 2030, especially in low-in-
come countries [13].

To combat ABR, the World Health Organization
(WHO) in 2015 published a global action plan, it is ex-
pected that individual countries will develop their own
national action plans on AMR in keeping with this glo-
bal plan. However, the absence of economic assessments
on economic burden of ABR is an obstacle to implemen-
tation of global or national strategies for containment of
ABR [15]. It is necessary to conduct economic research
to assess the costs of ABR and the costs and benefits of
global, national or regional action plans [15].

The WHO also developed a global priority list of ABR
organisms to guide the research, discovery, and develop-
ment of new antibiotics [16]. In this list, Enterococcus
spp., Staphylococcus aureus, Klebsiella pneumoniae, Aci-
netobacter baumannii, Pseudomonas aeruginosa, and
Escherichia coli, collectively termed ESKAPE, have been
identified as being increasingly involved in infectious
diseases in humans. There were reports of third-gener-
ation cephalosporins resistance and fluoroquinolone re-
sistance in E. coli exceeding 50% in five out of six WHO
regions (African region, region of the Americas, Eastern
Mediterranean region, European region, South-East Asia
region, and Western Pacific region). For K. pneumonia,
the six WHO regions had more than 50% resistance to
third-generation cephalosporins and two WHO regions
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had more than 50% resistance to carbapenems. The
overall Methicillin resistant S. aureus (MRSA) propor-
tions exceeded 20% in the six WHO regions, and even
exceeded 80% in three WHO regions [17].

ESKAPE organisms are the leading cause of health-
care-associated infections all over the world [18],
especially in critically ill and immunocompromised indi-
viduals. These organisms consistently “escape” the ef-
fects of commonly used antibiotics and are a critical
threat to public health [19]. Focusing attention on these
pathogenic organisms is important since some studies
have shown that patients with ABR ESKAPE organisms
are more likely to receive inappropriate antibiotic ther-
apy resulting in higher mortality rates and opportunities
for spreading to other patients [20-23].

Several studies have examined the economic outcomes
of resistant ESKAPE organisms in general and multi-
drug resistance (MDR) specifically, but there has not
been an in-depth, comparative analysis of the contem-
porary literature reporting on costs associated with re-
sistant versus susceptible cases. In this study, we aimed
to analyze the published literature of the economic con-
sequences of resistant or MDR ESKAPE organisms com-
pared with susceptible cases or control patients without
infection/colonization.

Methods

Literature search

We performed a systematic search in the English-lan-
guage databases (PubMed, Web of Science, and Embase)
and Chinese-language databases (China National Know-
ledge Infrastructure, Wanfang data, and Chonggqing VIP)
up to January 16, 2019. In addition, we also manually
reviewed the references from retrieved studies to ensure
inclusion of all published studies. Detailed search strat-
egies are provided in Additional file 1.

Study selection

Inclusion and exclusion criteria were predefined. Inclu-
sion criteria included (1) studies published in English or
Chinese language; (2) publication date between January
1, 2000 and January 16, 2019; (3) original research of
any type (cohort, case control, or observational study);
(4) reports on humans; (5) reports on ESKAPE organ-
isms; (6) reports on resistant versus susceptible cases or
those without infection or colonization; and (7) reports
on economic burden. Studies published before 2000
were not considered to ensure that the analysis focuses
on contemporary literature that reflects current resist-
ance patterns and clinical practice guidelines [4, 5].
Studies reporting on a group organisms (e.g. Gram-posi-
tive organisms, Gram-negative organisms, Enterobacteri-
aceae, Enterobacter species, etc.) were excluded as well.
Both E. coli and K pneumonia are members of
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Enterobacteriaceae, sharing characteristics and were
therefor analyzed together. Two reviewers independently
evaluated studies for eligibility based on titles and ab-
stracts, then, reviewed the full text to decide if it met the
inclusion criteria. Disagreements were resolved by a
third reviewer.

Data extraction

We developed a standardized extraction form to record
the characteristics of each study, including first author,
publication year, type of study, method, country, study
setting, study period, study population, type of infection,
type of hospital ward, organisms, sample size (cases and
controls). Regarding the costs, population-adjusted costs
were showed because that susceptible rates are more fre-
quent than resistant rate, thus, susceptible organisms
will cause more infections than resistant ones, in gen-
eral. We extracted the currency and cost year, total hos-
pital costs (charges) or antibiotic cost in median or
mean values, and the statistical analysis of the cost dif-
ferences. Costs were converted into 2015 US dollars
using average exchange rates, then inflating this to 2015
currency estimates using the annual consumer price
index [24, 25]. Hospital charge was defined as the
amount that patient is expected to pay for care. Hospital
cost was defined as expenses incurred by a hospital in
providing patient care, including the sum of hospital
charges and the amount from the reimbursement ser-
vice. Again, disagreements were resolved by the third
reviewer.

Study quality assessment

The Newcastle-Ottawa quality assessment Scale (NOS)
for cohort and case-control studies was used to assess
study quality. A “star system” was developed to judge
the study on three broad perspectives: (1) selection
population (four items); (2) comparability of the groups
(one item); and (3) ascertainment of either the exposure
or outcome of interest (three items). The highest study
quality in NOS was nine “stars” where >7 stars indicated
high-quality studies, 4—6 stars as moderate and < 3 stars
as low quality [3-5] (Additional file 2).

Results

Studies identified

A total of 13,693 relevant studies were identified by ori-
ginal database searching. Seven additional studies were
identified through other sources. Based on review of ti-
tles only, 8930 studies were retrieved after excluding du-
plicates. Abstract screening resulted in 351 papers for
detailed full-text assessment based on the same criteria.
Eighty-three studies were finally eligible for this system-
atic review (Fig.1).
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Study characteristics and quality

Of the 83 eligible studies included in our review, ten
were prospective observational studies, and 73 were
retrospective studies. Twenty-one studies were con-
ducted in multiple hospital settings. The countries with
the largest number of studies were the US (n=40),
followed by China (n=16; mainland, China: »n=12;
Taiwan, China: n = 4), Germany (# = 6), Thailand (n =5),
South Korea (n=4), Canada (n=3), Spain (n=3),
Australia (7 =1), Colombia (n =1), Italy (n=1), Mexico
(n=1), the United Kingdom (n=1), and EU and EEA
(31 countries) (7 = 1). The most studied organism was S.
aureus (n=32), followed by Enterococcus (n=16), A.
baumannii (n=12), E. coli (n=11), E. coli or/and K
pneumoniae (n=38), P. aeruginosa (n=38), and K. pneu-
moniae (n =3). Nine studies reported the economic out-
come of ABR in ESKAPE organisms in the intensive
care unit (ICU). Five studies included only colonized pa-
tients, 17 for hospital-acquired infection, and seven for
community-acquired infection. For the sources of infec-
tion, 21 studies were bacteremia or septicemia or blood-
stream infection (BSI), seven were pneumonia, four were
urinary tract infection (UTI), two were surgical site in-
fection, two were skin and soft tissue infection, and two
were intra-abdominal infection (IAI) (Additional file 3:
Table S1-S7).

For the cost, there were 71 studies on total hospital
cost or charge, 12 on antibiotic cost, 11 on hospital cost
or charge after culture, 4 on ICU cost, 2 on hospital cost
or charge before culture, and 2 on total direct and
indirect cost. Most of studies reported that ABR or
MDR ESKAPE organisms were significantly associated
with higher hospital costs than those with susceptible
organisms or those without infection or colonization.
Nonetheless, there were no differences in a few studies
between the two groups on total hospital cost or charge
(16 studies), antibiotic cost (one study), hospital cost be-
fore culture (one study), hospital cost after culture (one
study). Even, one reported that costs associated with
MSSA infection were higher than the costs for similar
MRSA cases [26] (Tables 1, 2, 3, 4, 5, 6 and 7). Propen-
sity score matching, simply matching, multivariate linear
regression model, generalized linear model, and signifi-
cant test were the most utilized methods (Additional file
3: Table S1-S7). We judged 66 were high quality studies
and 17 were of moderate quality (Additional file 2).

Staphylococcus aureus

For S. aureus, the control groups were categorized into
two groups namely methicillin susceptible S. aureus
(MSSA) and non-infection. Mean or median total hos-
pital cost or charge among inpatients with MRSA was
1.12 times-6.25 times higher than that for MSSA hospi-
talizations [37-47, 51]. The median cost difference
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Studies identified and screened through
database searching (n=13693)

English databases (n=13323)

-PubMed (n=5063)

-Web of Science (n=1250) Additional studies identified and
-Embase (n=7010) screened during hand-searching
Chinese databases (n=370) =7)

-CNKI (n=242)
-Wanfang data (n=105)
-CQVIP (n=23)

Studies duplicates excluded
(m=4770)

A 4

Studies screened based on title Stu'dies ext“luded‘(n=771'9) )
(n=8930) -Editorials/letters/case series reports/conference

reports/reviews (n=366)

-Studies published before January 1, 2000 (n=1285)
-Reports published in language other than English and
Chinese (n=471)

-Reports not on human (n=47)

-Reports on parasites/ viruses/ fungi/ TB/ AIDS/ HIV/
influenza (n=407)

-Reports not related to antibiotic resistance (n=1724)
-Reports not related to economic outcome (n=2643)
-Outcomes associated with the evaluation of an

Yy intervention only (n=776)
Studies screened based on abstract
(n=1211)
Studies excluded (n=860)
-Duplicate (n=3)

-Editorials/letters/case series reports/conference
reports/reviews (n=324)

-Reports not on human (n=1)

-Reports on parasites/ viruses/ fungi/ tuberculosis/
»| AIDS/ HIV/ influenza (n=2)

-Reports not related to antibiotic resistance (n=47)
-Reports not related to economic outcome (n=193)
-Outcomes associated with the evaluation of an
intervention only (n=88)

-Outcomes without control groups (susceptible cases
or without infection cases) (n=202)

h 4

Studies screened based on full text
(n=351)

Studies excluded (n=268)

-Duplicate (n=1)

-Editorials/letters/case series reports/conference
reports/reviews (n=7)

-Reports published in language other than English and
Chinese (n=1)

»| -Reports not related to antibiotic resistance (n=4)
-Reports not related to economic outcome (n=201)
-Outcomes associated with the evaluation of an
intervention only (n=4)

-Outcomes without control groups (susceptible cases
or without infection cases) (n=15)

-Reports not related to ESKAPE bacteria (n=35)

A 4

Studies included in systematic review
(n=83)

Fig. 1 Flowchart of literature search. CNKI China National Knowledge Infrastructure, CQVIP Chongging VIP, AIDS acquired immunodefiency
syndrome, HIV human immunodefienccy virus, ESKAPE Enterococcus spp, Staphylococcus aureus, Klebsiella pneumoniae, Acientobacter baumannii,
Pseudomonas aeruginosa, and Escherichia coli
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ranged from $7547 in Canada [40] to $180,948 in the
US [45], and the mean cost difference ranged from
$1784 in China [51] to $51,523 in the US [39]. Median
cost in total infection cost, ICU cost, and hospital charge
before culture among inpatients with MRSA were 1.96
times [52], 6.71 times [48], and 2.07 times [53] as high
as that for MSSA cases, respectively. Compared with in-
patients with MSSA, MRSA cases were associated with
ranging from 1.58 times [51] to 6.75 times [46] of mean
or median antibiotic cost, and ranging from 1.38 times
[53] to 2.93 times [38] of mean or median hospital cost
or charge after culture. However, there were no differences
in total hospital cost or charge in 11 studies [26—35, 60] and
in hospital cost after culture in one study [38] between the
two groups.

In addition, compared with inpatients without infection,
those with MRSA were associated with 1.98 times-7.21
times higher total hospital cost or charge [44, 55, 56]. ICU
is a significant driver behind increased hospital costs,
MRSA in the ICU was associated with four times higher
additional total hospital cost than that in general ward
[38]. Type of infection is also an important factor of hos-
pital costs [38]. Compared with inpatients with MSSA
BSI, surgical site infection, and pneumonia, those
with MRSA were significantly associated with 52—
170% [38-42, 55], 75-214% [43, 44, 68], and 57%
[37] of increased median total hospital cost or charge,
respectively. 12-373% [39, 41, 42] and 78% [74] of in-
creased mean total hospital cost or charge were
incurred among inpatients with MRSA BSI and IAI
than those with MSSA, respectively. Nevertheless, it is
showed that there were no differences in total hospital
cost or charge among BSI [26, 33, 36], breast abscess [34],
skin and soft tissue infection [31, 32, 34, 72], and pneumo-
nia [27-30] between the two groups. There was an
additional median total hospital charge of $ 56,900 [45]
and mean total hospital cost of $ 2193 [57] for MRSA
colonization than that for MSSA colonization and those
without colonization, respectively.

Contrary to the historical studies at the hospital level,
Klein et al. found that costs associated with MSSA-re-
lated infection were similar with and even surpass costs
of MRSA-related infections [26] (Table 1 and Additional
file 3: Table S1 and S8 ).

Enterococcus

For Enterococcus, the control groups were also divided
into two groups namely vancomycin susceptible Entero-
coccus (VSE) and non-infection. Median total hospital
cost among inpatients with VRE BSI was 1.57-2.02 times
higher than that for VSE cases [58—61], with the in-
creased cost ranging from $24,241 [58] and $88,751 in
the US [59]. In addition, inpatients with VRE were asso-
ciated with 19-259% of increased mean total hospital
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cost or charge than those with VSE [62-67], ranging
from $8233 [63] to $61,323 [65]. However, some studies
reported that there were no differences in total hospital
cost [62, 68] or hospital cost before culture [69].

Median costs in antibiotic cost and hospital cost after
culture among inpatients with VRE were 3.30 times [70]
and 3.16 times [69] as high as that for VSE cases, re-
spectively. VRE colonization was found not to be a
significant factor associated with total hospital cost,
nonetheless, it resulted in a significant increase in ICU
cost after controlling confounding factors using propen-
sity score matching [68].

Compared with inpatients without infection, those
with VRE were associated with 1.76 times higher ICU
cost [71], and VRE BSI cases were associated with 2.66
times [72] higher total hospital charge and 5.14 times
higher total hospital cost [58]. We also found that VRE
colonized inpatients led to a significant cost increase of
$1167 than those without colonization after controlling
for variables [57] (Table 2 and Additional file 3: Table S2
and S8).

Klebsiella pneumoniae and Escherichia coli

For both K. pneumoniae and E. coli, cases with extended
spectrum B-lactamases (ESBL)-positive cultures were as-
sociated with significantly higher hospital costs or
charges compared with ESBL-negative cases [73-75, 80]
or those without infection [80]. Direct and indirect cost
and total hospital cost for ESBL-positive inpatients was
1.33 times [73] and 1.31-1.72 times [73, 80] as much as
that for ESBL-negative cases, respectively. ESBL-positive
IAI can attribute to 78% of increased total hospital cost
than ESBL-negative cases [74]. UTI with ESBL-produ-
cing bacteria was significantly associated with a 1.52-fold
increase in median hospital cost, 7.58-fold increase in
median antibiotic cost [75], and 2.43-fold increase in
mean antibiotic cost [76] compared to non-ESBL-produ-
cing organisms. 187-200% of additional hospital cost or
charge after culture [77, 78] and 66% of additional total
infection cost [79] attributable to ESBL-producing were
found [79]. In addition, compared with inpatients with-
out infection, ESBL-positive cases were associated with
3.55-fold total hospital cost [80] (Table 3 and Additional
file 3: Table S3 and S8).

For E. coli only, BSI due to third-generation cepha-
losporins resistance, ESBL-positive, and MDR was
associated with 2.12 times, 1.58 times, and 1.28 times
of total hospital cost than that for third-generation
cephalosporins susceptibility, ESBL-negative, and non-
MDR, respectively [36, 82, 90]. Two studies from
Thailand explored that community-acquired infection
due to ESBL-producing increased hospital costs, with
2.72 times hospital cost after culture than that for
non-ESBL-producing, and 4.89 times total hospital
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cost than that for non-infection [81, 83]. The total hos-
pital cost and antibiotic cost of UTI due to resistance to at
least one antibiotic (ampicillin, trimethoprim, amoxicillin/
clavulanic acid, cephalexin, ciprofloxacin or nitrofurantoin)
and ESBL-producing were considerably higher than that
for sensitive to all six antibiotics and non-ESBL-producing
after accounting for confounding factors, respectively [84,
85]. Similarly, ESBL-positive colonization was significantly
associated with higher total hospital cost and antibiotic
cost, with a mean difference of $1808 and $848, respectively
[86]. In addition, the mean difference in total hospital cost
and antibiotic cost was $1574 and $81 between the MDR
and non-MDR group in univariate analyses [51]. However,
one study reported that there was no significant difference
in total hospital cost between ESBL-positive and ESBL-
negative BSI after matching for confounders [87] (Table 4
and Additional file 3: Table S4 and S8).

For K. pneumoniae only, adjusted median total hos-
pital cost for inpatients with MDR K. pneumoniae
bloodstream infection was 4.20 time higher than that for
non-MDR cases in US [90]. Median costs in total hos-
pital, hospital cost, hospital cost after culture, and anti-
biotic cost for carbapenem resistant K. pneumoniae
(CRKP) cases were 1.95 times, 1.33 times, and 2.29 times
as high as that for carbapenem susceptible K. pneumo-
niae cases, respectively [89]. One study conducted in
China found that the difference in total hospital cost be-
tween MDR and non-MDR group was significant [89],
while there was no difference in antibiotic cost in a uni-
variate analysis [51] (Table 5 and Additional file 3: Table
S5 and S8).

Pseudomonas aeruginosa

For P. aeruginosa, median total hospital cost for inpa-
tients with CRPA was 1.23 times —1.68 times higher
than that for those with CSPA after balancing baseline
characteristics [91, 92], ranging from $1065 in China
[91] to $45,322 in the US [92]. In univariate analyses,
CRPA contributed to 1.51 times of mean hospital cost
after culture than CSPA [95], and Eagye et al. found that
inpatients with CRPA were associated with 3.09 times
median total cost (indirect and direct cost) as high as
CSPA cases and 3.91 times higher than those without in-
fection [97]. Resistance and MDR were independently
predictive of an increased total hospital cost compared
with non-resistance and non-MDR (2.50-fold for resist-
ance vs non-resistance; 3.09-fold for MDR vs non-resist-
ance; 3.59-fold for MDR vs non-MDR) [51, 94]. [97].
Two studies conducted in the same hospital setting in
the US found that resistance to fluoroquinolones and re-
sistance to aztreonam are risk factors for increased total
hospital charge and hospital charge after culture, re-
spectively, compared with susceptible cases [93, 96]
(Table 6 and Additional file 3: Table S6 and S8).
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Acinetobacter baumannii

For A. baumannii, two studies indicated that inpatients
with CRAB were associated with higher total hospital
cost and antibiotic cost than CSAB cases after adjusting
some confounding factors [98, 99, 108], and the mean
difference in total hospital cost between MDR and non-
MDR group ranged from $6693 to $16,074 in China
[102, 103]. In univariate analyses, mean hospital charge
after culture for CRAB cases was 1.21 times — 1.65 times
higher than that for CSAB cases [100, 108], and one
study found a significant difference in total hospital cost
but not in antibiotic cost among MDR and non-MDR
group [51]. Lee et al. explored that MDR colonization
was associated with significantly increased ICU cost and
total hospital cost [101]. One study in Taiwan, China
found significant differences in total hospital cost and
antibiotic cost among MDR and non-MDR bacteremia
[104]. In addition, MDR inpatients were associated with
twice times total hospital charge or cost compared with
those without infection [106, 107]. However, there was
no significant difference for total hospital cost among in-
fants with ventilator associated pneumonia in the ICU
after matching baseline variables between CRAB and
CSAB group, and between CRAB and non-infected
group [105] (Table 7 and Additional file 3: Table S7 and
S8).

Discussion

ESKAPE species are among the most common bacterial
organisms in healthcare-acquired infections, posing a
great threat to human health and becoming increasingly
more resistant to commonly used antibiotics. This
systematic review updates the evidences regarding the
economic burden of ABR or MDR ESKAPE organisms
compared to susceptible cases or those without infection
or colonization. Directing attention towards the ESKAPE
organisms can help us to better combat the wide chal-
lenge of ABR, especially MDR. The studies on the eco-
nomic cost of ABR are limited chiefly to high-income
countries, even though, the current status of ABR may
be more serious in the low- and middle-income coun-
tries because of scarcity of new medicines, diagnostic
tools, and interventions, thus, the value of the economic
burden of ABR might be underestimated.

We find that ABR in ESKAPE organisms, is not al-
ways, but usually, associated with significantly higher
economic burden. In some studies, there are no signifi-
cant differences in total hospital cost or charge between
MRSA and MSSA group [27-36], VRE and VSE group
[62, 68], ESBL-positive and ESBL-negative group [87],
and CRAB and CSAB group [105]. In addition, the dif-
ference in antibiotic cost between MDR and non-MDR
group among A. baumannii and E. coli, the difference in
hospital cost before culture between VRE and VSE [69],
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and the difference in hospital cost after culture between
MRSA and MSSA [38] have not reached statistical sig-
nificance as well [51]. The above results may be closely
related to study design and patient level factors. Patients
with ABR, especially MDR are usually more likely to
have more severe illness than those with susceptibility or
non-infection, and more likely to be admitted in the
ICU, be undergone more surgery, and be taken more
antibiotic treatment. It is possible that ABR, especially
MDR may be associated with higher hospital cost; how-
ever, these studies may lack statistical power to detect a
significant difference. The results without significant dif-
ferences are usually drawn after adjustment for con-
founding variables. If severity of illness is controlled for
and all cases are treated similarly, then a cost difference
will not be expected. In addition, patients level factors
including age (e.g. adult patients, children, or adoles-
cents), source of infection (e.g. BSI, UTL, or IAI), and
whether the organism is colonization or infection, are
associated with disease status as well, thus may influence
the conclusion. Further studies with large sample size,
different patients level factors, and controlling con-
founding factors, are need in the future.

There is one study that even suggested that costs
associated with MSSA infection have converged with
and may surpass costs of similar MRSA cases [26],
which is different compared to historical studies.
There are some potential reasons for this diverging
result. As mentioned, any study design which controls
for severity of illness would be expected to bias the
study towards a negative result. It is reported that
compared with MSSA, MRSA was associated with a
higher mortality rate, thus, we could conclude that it
produced a higher severity of illness, which would be
expected to require more patient services; however, in
this study, patients that died in the hospital and those
who were hospitalized for more than 10 days were ex-
cluded to eliminate the patients with the most severe
infection, and propensity score matching was con-
ducted to reduce the influencing of potential risk fac-
tors, which may result that MSSA infections were
more severe. Importantly, death is associated with
costly economic loss when loss of production and
wages are calculated, however, the indirect costs were
not considered in this study. MRSA and MSSA infec-
tions are treated empirically using vancomycin before
the cultures were available. The earlier optimal therapy
for MRSA-related infections would improve outcomes
and reduce the healthcare cost, however, it is showed a
worse outcomes when MSSA-related infections were
treated with vancomycin rather than beta-lactam agents
[109]. In addition, inpatients with repeated hospitaliza-
tions, repeated operations, and repeated infections, which
can often cause a prolonged hospital stay with huge costs
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are not considered in this study. Thus, this findings need
to be interpreted with caution.

There is a vast difference in the excess cost among the
same comparison groups in the different countries, even
within a single country. First, it may be due to the differ-
ences between the healthcare systems in the different
countries, especially with regard to the medical pricing, in-
surance system, and reimbursement policy. Second, the
different opinions and traditions regarding how to treat
infections in different countries are closely associated with
the difference in prescribing patterns of antibiotics [110],
which further contributes to the geographic differences in
ABR [111]. A lot of regional and national surveillance sys-
tems have been built to collect representative and accurate
ABR data, in order to provide timely information for pol-
icy decisions, such as the European Antimicrobial Resist-
ance Surveillance Network (EARS-Net) and Latin
American Surveillance Network of Antimicrobial Resist-
ance (ReLAVRA) [17]. WHO launched the Global Anti-
microbial Resistance Surveillance System (GLASS) in
2015, which is the first global collaborative and standard-
ized antimicrobial resistance surveillance system [112]. In
addition, differences in study design including type of
study, study perspective, study method, study population,
source of infection or colonization, sample size, and even
description of cost likely account for much of the extreme
variation in economic outcomes. As is widely known, soci-
etal cost for lost productivity for ABR are greater than dir-
ect healthcare costs [10], and death may well save
healthcare costs but create a severe cost to society and the
family in lost wages and production. Some studies devel-
oped economic models such as total factor productivity
and using a dynamic general equilibrium model to esti-
mate the loss of productivity due to ABR [14, 113]. Even-
tually, diverse comparison groups, even in the same
bacteria, may result in the differences in comparison of
the results in different studies. We find that there is a
standard definition for “antibiotic resistance” or “multi-
drug resistance”, but they might not be followed in the
different studies, which consequently prevents the public
from having a complete comprehension of the extent of
the problem of ABR. Policy makers cannot get the
accurate information about the rising threat of MDR to
public health as well. The European Centre for Disease
Prevention and Control (ECDC) and the Centers for Dis-
ease Control and Prevention (CDC) created a standard-
ized international terminology to define organisms that
are resistant to a significant number of antibiotics.
However, it only includes S. aureus, Enterococcus spp.,
Enterobacteriaceae (other than Salmonella and Shigella),
P. aeruginosa and Acinetobacter spp., bacteria. Moreover,
the same lists of antibiotic categories proposed for anti-
biotic susceptibility testing in different hospitals, regions,
or countries need to be carefully considered [114].
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The ESKAPE organisms, as a serious global problem,
have attached a lot of attention. Recently published re-
search focus on gram-positive bacteria, namely, S. aur-
eus and Enterococcus. However, ABR, especially MDR
gram-negative bacteria are becoming increasingly preva-
lent and constitute a serious threat to global public
health because they are difficult to treat and are associ-
ated with a substantial economic burden [6, 115]. CRAB,
CRPA, and other carbapenem resistant Enterobacteria-
ceae (CRKP and carbapenem resistant E. coli (CREC)),
are classified as priority 1 (critical) on the WHO priority
pathogens list for research and development of new anti-
biotics against ABR [16]. Further studies identifying the
effect of resistance on economic outcomes are critical in
prioritizing future therapy for these types of bacteria and
in optimizing medical resource to control carbapenem
resistance.

Our study was subject to certain limitations. First,
since we only included articles in the English and Chin-
ese languages, and published literatures, potential lan-
guage bias and publication bias cannot be neglected.
Second, due to different types of values (mean or me-
dian) of costs or charges as the primary outcome, no
meta-analyses were performed. Third, the majority of
studies have been conducted retrospectively; in contrast
to a prospective study, there may exist missing data and
selection bias due to the retrospective nature [116]. In
addition, most of studies were conducted in a single
hospital setting, and only took direct cost into consid-
eration regardless of indirect cost, thus, further studies
in prospective design, from multiple hospital settings,
and on societal cost for ABR are needed. Last, it is lim-
ited to ESKAPE organisms chosen because they are
among the most important organisms responsible for
ABR, MDR, extensively drug resistance or pan-drug
resistance.

Conclusions

ABR in ESKAPE organisms is not always, but usually,
associated with significantly higher economic burden.
These results without significant differences may lack
statistical power to detect a significant association. Study
design which controls for severity of illness and same
empirical antibiotic therapy in the two groups would be
expected to bias the study towards a similar, even nega-
tive result.

There is a vast difference in the excess cost among the
same comparison groups in the different countries, even
within a single country, which may be due to the
different healthcare systems and different opinions and
traditions on antibiotic treatments in different countries.
Differences in study design and inconsistent standard-
ized definition for ABR and MDR can contribute to di-
verging results as well.
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The review highlights key areas where further
researches are needed. Further studies using prospective
design, from multiple hospital settings, at a regional and
national level are needed. Exploring the loss of produc-
tion and wages due to ABR or MDR is important for
evaluating overall economic burden of ABR. In addition,
we should pay more attention to the economic impact
of MDR gram-negative bacteria, namely, CRAB, CRPA,
CRKP, and CREC.
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