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ABSTRACT

Introduction: Hospital-acquired infections
(HAIs) and growing antimicrobial resistance
(AMR) represent a significant healthcare burden
globally. Especially in Greece, HAIs with limited
treatment options (LTO) pose a serious threat
due to increased morbidity and mortality. This
study aimed to estimate the clinical and eco-
nomic value of introducing a new antibacterial
for HAIs with LTO in Greece.
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Methods: A previously published and validated
dynamic model of AMR was adapted to the
Greek setting. The model estimated the clinical
and economic outcomes of introducing a new
antibacterial for the treatment of HAIs with LTO
in Greece. The current treatment pathway was
compared with introducing a new antibacterial
to the treatment sequence. Outcomes were
assessed from a third-party payer perspective,
over a 10-year transmission period, with qual-
ity-adjusted life years (QALYs) and life years
(LYs) gained considered over a lifetime horizon.
Results: Over the next 10 years, HAIs with LTO
in Greece account for approximately 1.4 million
hospital bed days, hospitalisation costs of more
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than €320 million and a loss of approximately
403,000 LYs (319,000 QALYs). Introduction of
the new antibacterial as first-line treatment pro-
vided the largest clinical and economic benefit,
with savings of up to 93,000 bed days, approxi-
mately €21 million in hospitalisation costs and an
additional 286,000 LYs (226,000 QALYs) in com-
parison to the current treatment strategy. The
introduction of a new antibacterial was linked to
a monetary benefit of €6.8 billion at a willingness
to pay threshold of €30,000 over 10 years.
Conclusion: This study highlights the consid-
erable clinical and economic benefit of intro-
ducing a new antibacterial for HAIs with LTO in
Greece. This analysis shows the additional
benefit when a new antibacterial is introduced
to treatment sequences. These findings can be
used to inform decision makers to implement
policies to ensure timely access to new
antibacterial treatments in Greece.

PLAIN LANGUAGE SUMMARY

Antimicrobial resistance is a major issue for the
Greek healthcare system. The overuse of
antibacterial agents contributes to the growing
resistance levels, making currently available
treatment options less effective. As a result,
there is an imperative need to address antimi-
crobial resistance in Greece. This study devel-
oped a mathematical model to investigate the
clinical and economic benefits of introducing a
new antibacterial to current treatment practice.
The model uses regression equations to describe
the relationships between inputs and outputs
from a published and validated model, which
describes the transmission and treatment of
infections. The model is used to estimate the
impact of a new treatment in Greece, consid-
ering differing treatment sequence scenarios.
The largest health and financial benefits were
seen when a new antibacterial was introduced
at first line prior to currently used treatments.
Over 10 years, savings of up to 93,000 hospital

bed days and €21 million in hospitalisation
costs could be achieved, as well as a gain of
286,000 patient life years and 226,000 patient
quality-adjusted life years (QALYs), a measure of
a patient’s quality and length of life, over their
remaining lifetime. The introduction of a new
antibacterial into the current treatment path-
way resulted in an overall monetary benefit of
€6.8 billion over 10years, when additional
QALYs are valued at €30,000. This study
demonstrates considerable health economic
benefits of introducing a new antibacterial in
Greece and can help inform decision makers
when developing a national action plan to
combat resistance and improve access to
treatments.

Keywords: Infectious diseases; Antimicrobial
resistance; Hospital-acquired infections; Gram-
negative bacteria; Economic evaluation

Why carry out the study?

Increasing antimicrobial resistance (AMR)
in hospital-acquired infections (HAISs)
with limited treatment options (LTO)
represents an important challenge for the
healthcare system in Greece; rates of HAIs
are 50% higher in Greece, with a
significantly higher burden of multidrug-
resistant infections than the rest of
Europe.

To combat HAIs with LTO there is a need
to both preserve the effectiveness of
current treatments by decreasing AMR
emergence and spread, and to improve
access to new effective treatments.

This study aimed to assess the current
burden of HAIs with LTO and to estimate
the clinical and economic value of
introducing a new antibacterial agent in
Greece.
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What was learned from the study?

The analysis showed that introduction of a
new antibacterial agent in the
management of HAIs with LTO in Greece
could generate considerable clinical and
economic benefits, representing a
monetary benefit to healthcare providers
of up to €6.8 billion, over 10 years; the
greatest benefits were recognised when
the new antibacterial agent was
introduced to the treatment sequence as
the first line.

This analysis can support decision makers
on implementing an effective AMR
national action plan to alleviate AMR
burden and encourage access to new
treatments in Greece.

INTRODUCTION

Hospital-acquired infections (HAIs) are a major
public health concern, representing a threat to
patient safety and a substantial economic bur-
den globally [1]. Patients with HAIs have an
80% increased 90-day risk of death after
admission to the hospital compared to those
without (HR 1.8%; 95% CI 1.3-2.6) [2]. Greece
is amongst the Furopean countries worst affec-
ted by HAIs [2-9]. According to a study from the
European Center for Disease Prevention and
Control (ECDC) in which 33 European coun-
tries participated, it was estimated that the rate
of HAIs in public hospitals in Greece is 50%
higher than the European average (9.1% vs 6%)
[2, 3, 5, 10]. Further compounding this issue,
Greece, alongside Italy, has a significantly
higher burden of infections caused by mul-
tidrug-resistant (MDR) bacteria than the rest of
Europe. In Greece, a high proportion of this
infection burden is caused by gram-negative
pathogens resistant to carbapenems or colistin
[5].

In Greece, gram-negative MDR pathogens
present a major threat for both clinical medi-
cine and public health by causing infections for
which few effective antimicrobials are available

[2-15]. In addition, the SARS-CoV-2 pandemic
has further complicated the epidemiological
situation, as it is associated with increased
morbidity and mortality of patients with
COVID-19 due to secondary bacterial infections
[15].

Some of the most frequently isolated patho-
gens in hospitals in Greece, with particularly
high rates of resistance, are Klebsiella spp.,
E. coli, Acinetobacter and Pseudomonas aeruginosa
[8]. Resistance developed amongst these
pathogens against established antibiotics
(cephalosporins, carbapenems, colistin, tigecy-
cline, fosfomycin, aminoglycosides) is highly
concerning to the medical community. Espe-
cially against carbapenems, which are consid-
ered the last treatment option for many
infections, the resistance of these pathogens
(with the exception of E. coli) in Greece in 2020
ranged between 36% and 95% [16]. Meanwhile,
the limited available treatment options are
associated with increased adverse effects, off-
label administration and use as salvage thera-
pies that have Ilimited effectiveness and
increased treatment costs [6-9, 11-15, 17, 18].
Thus, these pathogens are considered by the
World Health Organization (WHO) as the most
dangerous resistant bacteria and are ranked as
top priority for research and development of
new antimicrobials [19].

Therefore, a multilevel strategy is important
to curb the entry and spread of these highly
resistant bacteria in hospitals. This is outlined
in the European Union (EU) Council Recom-
mendation on patient safety, including the
prevention and control of HAIs [20]. Further-
more, in order to tackle increasing AMR, the
WHO published the Global Action Plan on
Antimicrobial Resistance in 2015, calling for an
integrated “one health” response, involving
international organisations, with the aim of
optimising the health of people, animals and
the environment by coordinated actions [21].
The Global Action Plan called on supporting
countries to implement national action plans to
achieve the objectives of increased awareness,
generating evidence, infection control, stew-
ardship and developing an economic case for
investment [21]. In 2017, the EU devised a
European One Health Action Plan against AMR,

I\ Adis



Infect Dis Ther

centred around the one health approach [1]. Its
aim was to preserve the effectiveness of current
treatments for infections in both humans and
animals by decreasing AMR emergence and
spread, and to increase new effective antimi-
crobial deployment and availability [1].

In that context, the Ministry of Health in
Greece has developed a series of actions and
policies that show advancements in the priori-
tisation of AMR and recognition by policy
makers of the crucial nature of AMR reduction.
The establishment of a stewardship group per
hospital that monitors the implementation of
prescribing guidelines and evaluates the con-
sumption of antibiotics in comparison with the
relevant AMR levels has been a critical step in
the AMR battle [22]. Moreover, in 2020, the
Ministry of Health created the Agency for
Quality Assurance in Health S.A. (AQAH SA),
which is responsible, among others, for the
implementation of educational programmes on
(nosocomial) infection prevention and control
[23]. However, Greece is yet to fully implement
a country-specific AMR national action plan
that ensures a homogenous uptake of these
measures [24]. Limited availability of local data
makes it difficult to conduct robust estimations
of the economic burden of HAls and of AMR in
general in Greece and may have contributed to
the delays and the hesitancy in policy-making.

To provide valuable insights to decision
makers on the benefits of addressing AMR and
highlight the imperative need and value of new
antibacterial agents, the present study sought to
assess the current burden of HAIs with LTO and
estimate the clinical and economic value of
introducing a new antibacterial agent in Greece.

METHODS

Overview

On the basis of a previously published and val-
idated dynamic model of AMR [25], we devel-
oped a simplified model that aims to
demonstrate the value of a new antibacterial.
Regression equations were used to describe the
relationships between key inputs and outputs
that characterise the transmission dynamics of

HAIs, described in the original model, and
allowed the estimation of outcomes, in the
Greek setting, whilst reducing the complexity
and data requirements of the analysis [25]. The
regression equations were derived by running
over 1million simulations of the original
dynamic transmission model [25], including
varying key model inputs (population, baseline
resistance, treatment strategy, treatment dura-
tion and treatment efficacy) to generate a
data set of input-output relationships. Outputs
captured included time on treatment and mor-
tality. Input values used to run the simulations
in the original model to generate the regression
equations are provided in Supplementary
Table 1. In the current model, inputs were
sourced from the literature and were validated
from two local infectious diseases experts to
ensure that they fully reflect the current clinical
Greek practice (Tables3 and 4). These local
inputs were used in the regression equations to
estimate the clinical and economic impact of
introducing a new antibacterial as compared to
the current treatment strategy in Greece. The
underlying transmission dynamics and preva-
lence of infection in the original model were
calibrated to UK data and were assumed to be
applicable to Greece for the generation of
regression equations. The model considered
outcomes associated with treating HAIs with
LTO, responsible for a considerable burden in
Greece; the HAIs with LTO and responsible
pathogens considered in the model are sum-
marised in Table 1. Since it is less likely for a
new treatment to be effective against all
pathogens, the analysis followed a more realis-
tic and moderate approach and, therefore,
excludes infections caused by Acinetobacter from
the model.

Model Structure

Infected patients are assigned to either current
treatment pathway or to an alternative treat-
ment pathway which includes the introduction
of a new antibacterial. The current treatment
pathway includes meropenem as the first-line
treatment and colistin as the second-line treat-
ment; this was assumed to be a best
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Table 1 Hospital-acquired infections and antibiotic resistance-causing pathogens included in the analysis

Hospital-acquired infections (HAI)

Antibiotic-resistance causing
pathogens

Complicated urinary tract infections (cUTIs)

Complicated intra-abdominal infections (cIAls)

Hospital-acquired pneumonia including ventilator-associated pneumonia (HAP/VAP)

E. coli
Klebsiella spp.

P. aeruginosa

Other HAI: bloodstream infections, digestive tract infections, skin and soft tissue

infections and other less frequent infections

representation of current clinical practice in
Greece when considering a simplified two-line
treatment strategy and was informed by local
expert clinical opinion.

Patients receiving first-line treatment are
either cured (via successful treatment or natural
resolution of the infection), remain infected or
die. If treatment fails to resolve the infection,
patients move to the next line of treatment
(Fig. 1). It was assumed that patients who have
exhausted all available treatment lines without
achieving a successful resolution of the infec-
tion die from infection 3 days after receiving
their last treatment. The model accounts for the
development of resistance to all modelled
treatments over time as a consequence of
increased treatment exposure. Changes to
resistance rates are captured implicitly within
the regression equations based on the dynamic
AMR model.

Infection r > Successful

\ 4

Treatment —

Unsuccessful

———————— —p]
\ 4

As a result of differences in treatment char-
acteristics (efficacy and resistance levels), treat-
ment sequence may impact patients’ clinical
course and population-level AMR levels. Thus,
we explored three alternative strategies, where
the new antibacterial’s use is varied, i.e. it is
introduced either as a third-, second- or first-
line treatment (Table2). Additionally, the
impact of treatment diversification was also
explored to demonstrate the impact of stew-
ardship practices, yielding in total six alterna-
tive treatment scenarios. In treatment
diversification, the patient population was split
evenly between all three treatments, as their
first-line treatment (i.e. 33% patients received
meropenem, 33% received colistin and 33%
received the new antibacterial as their first-line
treatment). Following unsuccessful treatment
patients move to the next available treatment in
the defined treatment sequence, regardless of

A 4

Not infected

> Death

) Natural resolution of
’ infection

Y

Death

Y

-
Infected - Next treatment line |

————— —— —— ————— ———— —

Fig. 1 Deterministic treatment pathway. Source: Gordon et al. (2020) [25]
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Table 2 Value of new antibacterial model—modelled treatment strategies

Strategy

Treatment pathway

Current

No diversification

Meropenem — Colistin

New antibacterial in third line
Alternative 1

Alternative 2

No diversification Meropenem — Colistin — New antibacterial

Diversification

33% of patients receive: Meropenem — Colistin — New antibacterial

33% of patients receive Colistin — Meropenem — New antibacterial

33% of patients receive New antibacterial — Meropenem — Colistin

New antibacterial in second line
Alternative 3

Alternative 4

No diversification Meropenemn — New antibacterial — Colistin

Diversification

33% of patients receive: Meropenem — New antibacterial — Colistin

33% of patients receive: New antibacterial — Meropenem — Colistin

33% of patients receive: Colistin — Meropenem — New antibacterial

New antibacterial in first line

Alternative S

No diversification

New antibacterial — Meropenem — Colistin

Alternative 6

Diversification

33% of patients receive: New antibacterial — Meropenem — Colistin

33% of patients receive: Meropenem — New antibacterial — Colistin

33% of patients receive: Colistin — New antibacterial — Meropenem

which treatment they started with, until all
available treatments are exhausted.

Model Inputs

The incidence rates of HAIs with LTO due to
antibiotic-resistant bacteria in Greece were
extracted from Cassini et al. 2019 [5] (calcula-
tion was based on EARS-Net data collected
during 2015). Overall, the number of annual
HAIs with LTO due to E. coli, Klebsiella spp. and
P. aeruginosa in Greece was estimated to be
11,292. The number and relative proportion of

infections according to causing pathogen are
shown in Table 3. Pathogen-specific resistance
levels for each treatment were informed by
WHONET data [26], published literature [14, 15]
and expert opinion (Table 3). It was assumed
that the new antibacterial would have a resis-
tance level of 0%. Additional key model inputs
are described in Table 4. Indication-specific
inputs and inputs weighted by indication are
presented in Supplementary Table 2.
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Table 3 Annual number of LTO infections and AMR levels for meropenem and colistin in Greece

Pathogen Total
E. coli Klebsiella spp. P. aeruginosa
Infections (r)* 3066 4772 3454 11,292
Infections (%)° 27.15% 42.26% 30.59% 100.00%
Baseline resistance
Meropenem® 3.00% 75.00% 46.00% NA
Colistin® 2.00% 40.00% 3.700% NA
New antimicrobial 0.00% 0.00% 0.00% NA

*This included antibiotic-resistant bacteria of colistin-resistant, carbapenem-resistant or third-generation cephalosporin-

resistant  Escherichia coli; colistin-resistant, carbapenem-resistant or third-generation cephalosporin-resistant Klebsiella

pneumoniae; colistin-resistant, carbapenem-resistant or multidrug-resistant Psendomonas aeruginosa

bCassini et al.[5]

“WHONET [26], published literature [14, 15] and expert opinion

Analysis

A 10-year time horizon was utilised, to capture
the value provided by a new antibacterial over
time but to limit the uncertainty associated
with modelling over long time horizons [25].
The model estimates clinical and economic
outcomes (hospital length of stay [LOS], total
days on treatment [TDT], quality-adjusted life
years [QALYs] and life years [LY], hospitalisation
costs and monetary benefit [MB]). For the pur-
pose of this analysis, TDT is defined as the total
number of days patients are on treatment.
QALYs and LYs were considered over the life-
time of the patient, based on the number of
infections modelled over the 10-year time
horizon. Therefore, a lifetime horizon considers
the number of infections over the next 10 years.
A lifetime is based on the life expectancy of a
successfully treated member of the general
population in Greece (20.12 years). Outcomes
were considered from the perspective of a third-
party payer in Greece.

Monetary benefit was estimated according to
the following equation:

Monetary Benefit
= (QALY gain x willingness — to — pay threshold)
+ hospitalisation costs saved

In Greece, no standard willingness-to-pay
(WTP) threshold or discount rate is applied;
therefore, a WTP threshold of €30,000 per QALY
gained and a 3.5% discount rate were utilised to
align with health technology assessment
guidance in Furope and with WHO
recommendation [30, 31].

Sensitivity Analyses

One-way sensitivity analyses were performed to
assess the impact of uncertainty around key
model input parameters. Key model inputs,
outlined in Table 4, were varied by + 20%. An
additional scenario excluded the 3.5% discount
rate for costs and benefits, in this scenario the
discount rate was set at 0%. The impact was
assessed on model estimates of hospitalisation
costs and QALYs gained, of introducing the new
antibacterial as a first-line treatment and diver-
siftying all treatment lines equally between
patients.
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Table 4 Key model inputs

Model input Description

Value Source

Life expectancy post treatment

SUCCEss

Treatment duration with a

successful treatment

Treatment duration with an

unsuccessful treatment

Length of stay accounting for

mortality

Utility (resolution of infection)

has been resolved

Utility (infected)

Daily hospitalisation cost

the general ward

Treatment efficacy of meropenem

(when no resistance)

Treatment efficacy of colistin

(when no resistance)

Treatment efficacy of the new
antibacterial (when no

resistance)

Life expectancy of a successfully treated patient
Length of stay (per therapy line) of a patient
Length of stay (per therapy line) of a patient 5 days
Additional length of stay associated with patients 4 days
Health state utility for patients whose infection  0.79
Health state utility of an infected patient 0.62°
Cost associated with each day a patient spends in  €267.25

Probability of treatment success in patients with 85.00%

20.12 years® Hellenic statistical
authority [27, 28]

10 days Expert opinion

when a line of treatment is successful (days)

Expert opinion

when a line of treatment is unsuccessful (days)

Expert opinion

who die in hospital (days)

Szende et al. [29]

See Supplementary
Table 3

See Supplementary
Table 3

Expert opinion

no resistance to treatment

90.00% Expert opinion

92.00% Expert opinion

“Based on an average 65-year-old in Greece, assumed to be the average age of the infected population as validated by expert

opinion

Value weighted on the basis of infection distribution and associated input value across appropriate indication and pathogen

Ethics Approval

Ethics approval was not required for this study;
the analysis in this article is based on previously
publicly available data and does not involve any
new studies of human or animal subjects per-
formed by any of the authors.

RESULTS

Absolute health economic outcomes are esti-
mated over the 10-year time horizon. These are
based on treating the modelled HAIs using the
current treatment strategy in Greece, and in the

alternative scenarios, treatment with a new
antibacterial. These are presented in Fig. 2 and
Table 5. The burden of treating the infected
population with the current treatment strategy
was estimated at 1.4 million hospital bed days
resulting in an expenditure of €320.4 million in
hospitalisation costs, as well as substantial LYs
and QALYs lost (403,489 and 318,873, respec-
tively; Table 5).

Over a 10-year time horizon, introducing a
new antibacterial resulted in substantial sav-
ings, reducing both bed days, and hospitalisa-
tion costs. The introduction of a new
antibacterial also yielded considerable LYs and
QALYs gains (Fig.2 and Table5). The
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1,380,441

Up to 92,957
days saved

Hospitalisation
LOS 1,367,285

1,353,142 !

1,322,317

1,308,173

€ 320,363,560 pmieal

€315,365,916

Hospitalisation
cost

€ 312,253,533 costs saved

€ 309,119,204

€301,928,111

€ 298,793,782 -

318,873 SR

117,866

QALYs lost 111,099
109,267

95,075

93,244 -

Fig. 2 Absolute outcomes based on current and alterna-
tive treatment strategies, over 10 years, for the treatment of

infections with LTO caused by E. coli, Klebsiella spp. and

introduction of a new antibacterial as a first-line
treatment with diversification was associated
with the greatest economic and clinical benefit.
Compared to the current treatment strategy,
this alternative strategy was associated with
92,957 bed day saved, hospitalisation cost sav-
ings of €21.6 million, 661 fewer TDT and
285,597 LYs  gained  (corresponding  to
225,630 QALYs), over 10 years (Fig. 2).

Based on a WTP threshold of €30,000 per
QALY gained, the monetary benefit associated
with introducing a new antibacterial to the
current treatment strategy was estimated to be
up to €6.8 billion (when the antibacterial was
introduced as a first-line treatment with diver-
sification), over the 10-year time horizon
(Fig. 3).

Whilst the overall health economic benefits
of introducing a new antibacterial are apparent,
when considering individual pathogens, we
observed an increase in bed days and up to €1.8
million and €4.5 million in additional hospi-
talisation costs associated with E.coli and

Up to €21,569,778

Up to 225,630
QALYs gained

1,331,923

I
]
|
I
|
I
]
1Up to 660
I
I
I
I
I
|
|
I

Total days on
treatment (TDT) 321320 TDT avoided
1,308,140
1,283,085

1,269,705 ———————————— -

403,480 SEEEE

149,051 Up to 285,597
. life years
Life years lost 140,487 gained

138,170

120,208

117,892 -

m Current treatment strategy

= New antibacterial third line - no diversification
New antibacterial third line - diversification
New antibacterial second line - no diversification
New antibacterial second line - diversification
New antibacterial first line - no diversification

New antibacterial first line - diversification

P. aeruginosa pathogens. LOS length of stay, QALYs
quality-adjusted life years, TDT total days on treatment

P. aeruginosa infections, respectively, as com-
pared to the current treatment pathway. This is
due to the relatively low baseline resistance
levels of these pathogens and the dynamics of
resistance gain. Nevertheless, the use of the new
antibacterial for the treatment of E.coli and
P. aeruginosa infections was still associated with
substantial LY and QALY gains, regardless of the
position of the new antibacterial treatment in
the treatment pathway. In addition, the savings
obtained when introducing a new antibacterial
treatment for Klebsiella spp. infections largely
offset hospitalisation costs accrued for the
treatment of E. coli and P. aeruginosa infections,
resulting in net overall savings (TableJ).
Importantly, across all pathogens, introducing a
new antibacterial resulted in gains in LYs and
QALYs. In Klebsiella spp. infections, over
230,000 and 180,000 additional LYs and QALYs,
respectively, over a lifetime (Table 5). The key
driver of monetary benefit was the increase in
QALY gains in all pathogens considered.

I\ Adis



Infect Dis Ther

(poured

1AL 9L0°6T —)
(poured 1AL $S9TT —) 8€€0SS S1695S

(poured
(pPured 1AL 089S) T79'ce€  LAL T€h6) LELES

(poured (paured
1AL 966%) L86'9LS LAL €LSTT) #9S°€8S
( (

poured paured

LAL SL9L) 819°6€€ . LAL LTHTT) 0LE6EE

(poured (paure -dds
1AL $86°ST) 9L46°L6S LAL 795STE) €SSH09 166°TLS vjja1sqapy
(poured (poured
LAL 6£8L) 184°6€€  LAL 06STT) €£5°6€€ €H6°LTE 5o g

jusuneasl uo w%ﬁ@ [e30],

(paaes (paaes (paaes (paaes (paaes
53500 OSHSEH8T3) §1502 9SEHHTT13) $380> £70'011°83) 83500 $59°/,66%3) $150> G1¢€9813)
(paaes 53502 8//69S1T3) T8LE6L 8673 T11°826°T0€3 $0T6T1°60€3 €ESESTTIER 916°69€°ST1€3 SHT00S8TEF  09S€9€°0TE [e0L
(paaes (paaes (paaes (paaes (paaes
$1500 [CITETT —)  $3500 LOLFGOEF —) 3909 GEGLEL'EI —)  S1902 GHB68L€) —) 3902 9/0°€0SFI —)
(paaes 53505 076'81¥3 —) €ILTIT063 ¥H6%I8063 66%°LLLT6D 0€L06%°€63 LE9T8Y'E63 898°S6IH63  T6LT6968d  vsoursmizv
(pones (poses (pones (poses (poses
$1502 0SOT18°073) §3502 £€9'66T°G13) $1502 78%°//9°C13) $1502 967°£69°63) $3509 THT°GLT‘83) dds
(paaes 53502 COTCCETTI) 688°8TETEID PO IS8 TEID LK TIVRETI 119%86°6€13 86L%96C¥13 TS6'98%'SHI3  H60T99°€ST3 vjp1sqapy
(panes s1500 (paaes (panes (panes (paaes
P CHTT —) $1503 $/6°0/83 —) §3502 L1S69LT3 —) $1502 /086063 —) 53502 0S/'808°T3 —)
(paaes 53505 90SHHES —) TI8T°ESELLD $TITST8LD 6VT6LYLLD TO1°8LL8LD 18%°816°LL3 YOPLIS'8LY  $L9'800°LLD qor g
1500 :o_uw&?u_mmoz
(paaes skep (paaes skep (paaes skep (paaes skep (paaes skep
(paaes skep paq £S6°T6) €LI'SOET P29 €18°8L) LICTTET P9 886'LF) THICSET  PAq HH8°CE) S8TLIET P29 6890T) THF08ET P29 $HS9) H8SH6ET 0ET'TOYT [eao],
(pones skep (pones skep paq (pones skep paq (pones skep paq (pones skep paq
(paaws sdep paq 9097 —) SIEH6E  PAq 6LLS —) T6H'L6E 12CYT —) €€6'S0¥ Y6E°LT —) LOT'60¥ T8TLL —) ¥66°80% SSH0T —) 891°CIy CILT6E  vsoursnioy <
(paaes skep (pases skep (paaes skep (paaes skep (pases skep -dds
(paaes sAep Paq €/€7/6) 90€°SLS P9 657°06) 0TTT8S P29 $1€99) $9€'909 P29 00%°6S) 6LT€ET9 P29 HSTTH) 9TH0€9 P29 0FESE) 05€°LE9 089°TL9 vjj2159o1
(panes skep (panes skep (panes skep (panes skep (panes skep
(paaes skep paq 181 —) 6¥S'8EE P29 L98S —) S09THE P29 SOTF —) €H80¥E P39 T918 —) 668FHE P29 €8¢F —) [TOTHE  P>q 6£€8 —) LLO'SHE 8€L°9€€ 5o q
SOT uonesiedsor]
(S 2aneuIdny) (¥ Laneurnyy) (€ 2anreurnyy) (T 2aneuInyy) (1 2aneuwIny)
AW u>mwﬁ=huu—<v H—Qmuﬂnvmumwuu.»mﬁ— :OmuﬁuummHPVmﬂ ON ﬁcmuNUmw_mhu.»mQ ﬁcmuﬂuwmwhv>mﬁ ON GOmuﬁumﬁmhu\r«Q ﬁomuﬂuamwuv.?:u ON
SUI| ISIY [eLId1deqrue MIN SUI| PU0DIS [eLIdIdEIIUE MIN SUI[ PAIY) [eLIIdeqrIUE MIN EMMHH”
$313918115 JUSUNEIN) PANUIN[Y RN uafoyreg

sowodno symads-usfoyre] € dqey,

A\ Adis



Infect Dis Ther

(poured sXTVO 0€9°S77) ¥4T'c6

(poure8 sXTVO LSETE) 0€0°TT

(poured sXTVO €46'%81) 12209

(poured sXTVO 67€6) T66°TT

(paured sxT £65°S8T) T6SLIT

(poured sXT £69°6€) 6L5°9T

(paured sxT S60%€7) 691°9L

(poured sX'T 608TT) HH1°ST

(poured 1AL 099 —) SOL69TT

(poured LALL $1€ST) SHLS8E

(poure

SATVO 86L€77)
SLOS6

(poured

SXTVO 090°T€)
87€1T

(poured

SATVO 8€T981)
LT0T9

(poured
SKTVO 1098) 02LTI

(poured

SXT 1827°¢8T) 80T0CI
(poure

SKT 9TE6E) SS69T
(poured

SAT 9L0°€€T) 881°LL
(poured

SXT 888°0T) S90°9T

(poure

1AL 0TLTI)
$80°¢8TT

(poured
LAL S9€8T) L6L88€E

(poured

SKTVO 909°607)
L9T601

(poured

SXTVO 1£8°97)
LIS'ST

(poured

SKTVO 8ETHLI)
LT0TL

(poured
SATVO L6S8) ¥TLTI

(poured

SKT 61£°69T) 0LT'SET
(poured

SKT STO%E) LSTTE
(poure8

SKT 1TH0CT) €98°68
(poured

SKT €88°01) 1£0°91

(poured
XAL HLLLE)
0¥ 1°80€°T
(poure
LAL €01°S7) SESS6€E

(paure

SKTVO SLLLOT)
660°TTT

(paure

SATVO €£597)
$18°ST

(poured

SATVO TEEELT)
7€8°TL

(poured
SKTVO 698L) TSHET

(poured

SXT T00°€9T) L8 0% 1
(paure

SXT 8€9°€E) €€9°T€
(paure

SXT 20¥°617) 79806
(paured

SXT 7966) 76691

(paure
IAL %SITS)
0TS TTET
(paure
LAL $ST8T) 985°86€

(poured

SKTVO £00°10T)
998°L11

(poured

SXTVO €18°67)
$.5°9T

(poured

SXTVO 1€9°991)
$ES'8L

(poured
SKTVO $958) £LSLCT

(poured

SKT 8€F%ST) 150671
(poured

SKT 9L9°C€) S65°€€
(poured

SKT 0T6°01T) #5€°66
(poured

SKT TH8°0T) €IT°9T

(poured

1AL £5519)
€T6IEET

(poured
LAL ¥€LLT) S9T°86€

(000°0€3 = d.LA\) 3y2uaq Lreasuopy

(paure

SKTVO 9L1°661)
L69611T

(paure

SKTVO STS°67)
7L8°9T

(poured

SATVO $78°691)
0%E6L

(poured
SKTVO 9€87) S8H'€T

(poured

SKT 121°TST) 89€TIST
(paure

SXT 00€°T€) TL6'EE
(poures

SKT 106°60T) €9€°001
(poured

SKT 0T66) $€0°LT

(poure

LAL ££6%L)
€0ESHET

(poures
1AL $8L0€) LITTOY

€L8°81¢E [F0L

[8€TS  vsourSniav

-dds
OIS vyp1sqapy
12€°1C yor g
350] SXTVO
685°€0¥ [eio],

14799  vsourdniov -

-dds
¥9701¢ vjporqory
¥$6'9C qorq
150] AT
99€0LTT [e0L

TEH0LE  vsourdniav g

(9 2anEUIAN[Y) WONEIYISIAIQ

(S 2anEUIN]Y)

UOTIEILYISISAIP ON

(¥ sanewINY)

UOIIEIYISIOAI(

(€ sanewIny)

UOIIEILYISIIAIP ON

(T 2aneWINY)

UOTIEdYISIOAI(

(1 sanewINy)

UOIIEILISIOAIP ON

SUI[ 38T [ELI9IdeqIIUE MIN

SUI] PUOD3S [ELIADEQIIUE MON

SuI| PIIY3 [eHISIdEQIIUE MIN

mumwuuﬁuum JuouIIeaI} JANTUIAY

ASorens
JuOUIeIN

FLiChA1g) usoyreq

penunuod § I[qe],

I\ Adis



Infect Dis Ther

Alternative treatment strategies

Current

Table 5 continued

Pathogen

New antibacterial second line New antibacterial first line

New antibacterial third line

treatment

strategy

Diversification (Alternative 6)

Diversification No diversification Diversification No diversification

No diversification

(Alternative 2) (Alternative 3) (Alternative 4) (Alternative S)

(Alternative 1)

€256,010,681 €234,306,965 €257,045,917 €256,791,837 €279,530,789

€233,271,729

NA

E. coli

€5,239,343,059 €5,544,941,960 €5,570,632,941

€5,213,652,078

Klebsiella

€5,008,613,653

€4,982,922,672

spp.

€770,597,028 €793,388,986 €803,031,451 €930,653,045 €940,295,510

€760,954,563

P. aeruginosa

€6,035,221,362 €6,241,348,029 €6,299,420,427 €6,732,386,842 €6,790,459,240

€5,977,148,964

Total

LOS length of stay, LY life years, QALYs quality-adjusted life years, 7DT total days on treatment, TP willingness-to-pay

Sensitivity Analysis

Varying LOS, treatment efficacy and utility
(resolution of infection) by =+ 20%, and
excluding discounting were shown to have the
greatest impact on hospitalisation costs and
QALYs, in all scenarios explored (Fig. 4). Treat-
ment efficacy had the greatest influence on
hospitalisation cost savings (from €11.2 million
to €26.1 million). Excluding discounting
impacted on QALYs estimates, resulting in
QALY gains of 364,613.

DISCUSSION

The findings of the present analysis highlight
the urgent need and the potential benefits of
introducing new effective antibacterial agents
to existing treatment pathways for HAIs, as a
tool to counteract the continuously evolving
AMR threat in Greece. Consistent with previous
analyses [5, 32], this study confirms that HAIs
with LTO are responsible for a significant clini-
cal and economic burden to the Greek health-
care system. The addition of a new antibacterial
for the treatment of HAIs with LTO would
provide considerable benefit to healthcare pro-
viders in Greece when compared with currently
available antibacterial treatment strategies.
With the rise of LTO infections [33], Greece
is heading towards an era of pan-drug resistance
[34]. Since the mid-1980s, no new classes of
antimicrobial treatments have been approved
for use [35]. The limited diversity of antimicro-
bial classes has resulted in increased exposure to
treatments with shared mechanisms of action,
increasing selection pressure and AMR levels in
the population [19]. With an inadequate clini-
cal pipeline and many pharmaceutical compa-
nies withdrawing investment [36, 37], push and
pull incentives have been proposed, to reduce
the economic risk, to incentivise research and
development of new antibacterial agents [38].
Push incentives aim to reduce preclinical
research costs while pull incentives are intended
to reward pharmaceutical companies’ efforts for
antibiotic development, following the intro-
duction of new antibacterial agents [38, 39].
Pull incentives include novel reimbursement
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M Klebsiella spp.

€ 8 billion

€6.73B €6.79B

€ 7 billion
€ 6 billion
€5 billion

€ 4 billion

Monetary benefit

€ 3 billion

€ 2 billion

€ 1 billion

€ billion

No diversification  Diversification

First-line

P. aeruginosa

€6.24B

No diversification

E. coli

€6.30B €5.98B

€6.04B

Diversification  No diversification  Diversification

Second-line Third-line

Fig. 3 Monetary benefit when introducing a new antibacterial at first, second or third line with or without diversification
compared to current treatment strategy. /7P willingness-to-pay

New antibacterial introduced as a first-line treatment with diversification

mmmmmmmmmn,
o
YV

N

Treatment efficacy (New treatment) [-/+20%]
Daily hospitalisation cost [-/+20%]
Additional LOS for mortality [-/+20%]
Treatment efficacy (Colistin) [-/+20%] A

7

]

\

LOS - Successful treatment [-/+20%]
Treatment efficacy (Meropenem) [-/+20%]
3.5% discounting [include/exclude]

LOS - Unsuccessful treatment [-/+20%]
Utility (infected) [-/+20%]

Utility (resolution of infection) [-/+20%]

Life expectancy [-/+20%]

€5 Million €10 Million €15 Million €20 Million €25 Million €30 Million

Hospitalisation costs saved

% Lower bound M Upper bound

Fig. 4 Onec-way sensitivity analysis varying key inputs by
=+ 20% exploring hospitalisation costs saved and QALY
gained when a new antibacterial is introduced as a first-line

models that de-link revenue from volume of
sales and provide financial assurance to com-
panies that bring new treatments to market,
such as the PASTEUR act in the USA (introduced
to Congress 2021) [40, 41], and the first ‘sub-
scription-style’ model launched by the National
Institute for Health and Care Excellence (NICE)
and National Health Service (NHS) England
[42, 43]. These mechanisms aim to stimulate
antimicrobial research and development whilst
enabling the appropriate use of antimicrobials.

3.5% discounting [include/exclude]

Utility (not infected) [-/+20%]

N\

Treatment efficacy (Colistin) [-/+20%] SN
Life expectancy [-/+20%] A\

Treatment efficacy (Meropenem) [-/+20%] MW\
Treatment efficacy (New treatment) [-/+20%] AN

LOS - Unsuccessful treatment [-/+20%]
LOS - Successful treatment [-/+20%)
Uity (infected) [-/+20%]

Additional LOS for mortality [-/+20%]

Daily hospitalisation cost [-/+20%]

150,000 200,000 250,000 300,000 350,000 400,000
QALYs gained

N Lower bound W Upper bound

treatment with diversification: LZOS length of stay, QALYs
quality-adjusted life years

For such initiatives to be effective in providing
an economic incentive capable of reinvigorat-
ing research and development efforts globally, a
proportional worldwide response is required
[42]. In order to develop adequate reimburse-
ment mechanisms that promote patient access
to new treatments, there is a need to assess the
societal value of antimicrobials specific to indi-
vidual countries.

Development of new antimicrobials needs to
be accompanied by optimal use of existing
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ones, to slow and reduce AMR, through the
enforcement of stewardship programmes. This
is still a significant issue in Greece, where con-
sumption in both community and hospital
settings ranks amongst the highest in Europe
[10, 44], contributing to the increasing burden
of MDR infections. In order to reduce the sig-
nificant burden of AMR in Greece, a series of
measures have been implemented based on the
WHO Global Action Plan on Antimicrobial
Resistance 2015 [21] and the European One
Health Action Plan against AMR 2017[1]. These
include the introduction of prescribing guide-
lines and antibiotic consumption monitoring
by hospital stewardship groups [22], and infec-
tion prevention and control education pro-
grammes [23]. Despite these attempts, Greece is
yet to fully implement a national AMR action
plan [24]. The lack of local data practicality and
actionability issues have likely contributed to
policy-making delays and uneven uptake of
these measures in the country. A strong political
commitment and unified efforts are needed to
implement the multifaceted interventions
required to both reduce the burden of AMR in
Greece and enable prompt access to new
treatments.

The analysis presented in this study is asso-
ciated with a number of limitations as with any
study of its kind. Firstly, the model only con-
sidered the impact of resistance in the hospital
environment and not in the community within
a select number of pathogens and indications;
therefore, our analysis may under-represent the
actual burden in Greece. Additionally, it must
also be noted that the assumptions for Greek
transmission dynamics and prevalence of
infection were based on UK data, which may
not be fully reflective of the Greek context.
Furthermore, as with all economic models, the
model presented is subject to the uncertainty
associated with two key factors: (1) extrapola-
tion of outcomes beyond the available data and
(2) necessary simplification of the underlying
disease pathology and interpatient variability in
natural disease course, response to treatment,
mechanisms of treatment failure, and other
relevant phenomena. Variation in resistance
levels between sources may also be considered a
limitation. Additionally, while this analysis is

specific to the Greek setting and may not be
generalisable between countries, the findings
from this study may also be informative to
other countries with a high AMR burden.

CONCLUSION

This study provides a quantitative estimation of
the potential clinical and economic benefits
that may be realised through the introduction
of a new antibacterial in Greece, as well as
highlighting the significant burden of HAIs
with LTOs. There is a significant and urgent
need for a coordinated response from both
healthcare and political leaders to tackle the
antibiotic crisis. The findings presented in this
study can be used to inform decision makers in
Greece about the potential benefits of imple-
menting a national action plan that incentivises
and improves access to new antibacterial
agents, alongside improving education, pre-
venting infection and enhancing stewardship
measures.
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