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Abstract
Objectives The objective of this study was to analyse the cost-effectiveness (C-E) of ceftazidime/
avibactam (CAZ/AVI)-based therapy versus colistin (COL)-based therapy for pneumonia and bacteraemia caused by carbapenem-resistant enterobacteria (CRE) adjusted to Peruvian context.
Methods A Markov decision model was extrapolated from literature to evaluate the clinical and
economic consequences of CAZ/AVI-based therapy compared to COL-based therapy for a hypothetical cohort of patients with CRE pneumonia or bacteraemia according to Peruvian context. It
was adopted a 5-year time horizon and a Markov-cycle length of 1 year. All patients in the model
were assigned to CRE pneumonia or bacteraemia state and may transit through four different
health states: home-care, long-term care without dialysis, long-term care with dialysis or death.
Key findings Intervention with CAZ/AVI becomes progressively more cost-effective from a threshold of S/
24,000 or US$ 6666 (equivalent to 1 Gross Domestic Product-per cápita [GDP-pc]). The model simulation
allowed to calculate an average total cost of S/ 2’971,582 (US$ 825,440) for CAZ/AVI against S/2’056,488
(US$ 571.247) for COL treatment, yielding an incremental cost of S/ 915,094 (US$ 254,193).The cost/QALY for
CAZ/AVI treatment against COL therapy approaches to S/23,154 (US$ 6432), something less than 1 annual
GDP-pc. There were additional benefits associated with CAZ/AVI in the 5-year horizon, such as: 21 deaths
avoided, 86 hospital days avoided, 1 CRF5 avoided and a NMB of S/6649 (US$ 1847).
Conclusions The present transferability model demonstrates the C-E of CAZ/AVI over COL for the
treatment of bacteraemia and CRE pneumonia according to peruvian payment thresholds.
Keywords: cost-effectiveness; ceftazidime/avibactam; colistin; pneumonia; bacteraemia

Introduction
The World Health Organization (WHO) has published a list of
antimicrobial resistant bacteria that area a threat to human health

and for which new antibiotics need to be developed.[1] To this
end, priority includes Gram-negative organisms, among which are
carbapenem-resistant Enterobacteriaceae (CRE) that are associated
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Method
A Markov decision model was extrapolated from Simon’s paper[10]
to evaluate the clinical and economic consequences of CAZ/AVIbased therapy compared to COL-based therapy for a hypothetical
cohort of patients with CRE pneumonia or bacteraemia according to
Peruvian context. In the base-case analysis, it was adopted a 5-year
time horizon and a Markov-cycle length of 1 year. Nephrotoxicity is
the variable that makes the difference between both interventions;
therefore, it is relevant to follow the clinical course for several years
considering the potential irreversibility of the damage and future dependence on dialysis (with a high impact on future costs).
According to the model, all patients in the model were assigned
to CRE pneumonia or bacteraemia state and may transit through
four different health states: home care, long-term care without dialysis, long-term care with dialysis or death (Figure 1). That is, patients who survive acute infection may develop nephrotoxicity which
could be reversible or irreversible, requiring long-term dialysis.
In the Peruvian context, colistin treatment is the second-line strategy
in cases of sepsis with clinical or microbiological failure to carbapenems
(first-line therapy), but the nephrotoxicity of colistin itself is an adverse
effect that complicates patient outcomes. Additionally, the authors replicated and assessed the quality of the systematic review by Simon 2019. It
was not considered necessary to modify the data considering that there
was agreement with the opinion of some specialist doctors in Peru.

Dialysis was assumed to confer a 2.5-fold increase in the relative risk of all-cause mortality. After hospitalization, patients may
be discharged to home or to long-term care (LTC) and then have an
annual probability of all-cause mortality stratified according to their
health state. CRE-related mortality and nephrotoxicity risk differ
depending on treatment with CAZ/AVI or COL, whereas discharge
disposition and long-term all-cause mortality were assumed to be
equivalent regardless of treatment with COL or CAZ/AVI.
QALYs and other model inputs were extracted from Simon’s report. QALYs were transferred since there is no social preferences
study in Peru yet. By this way, utility values for hospitalization
(0.73), home care (0.84), reversible nephrotoxicity (0.66), dialysis
(0.59) and long-term care (0.64) were considered for this model.
Costs were estimated according to local prices with purchasing
power parities exchange rates for currency. A 10-day treatment duration was assumed for antibiotic therapy. The costs of nephrotoxicity
and long-term health care were assumed to be equivalent between
COL and CAZ/AVI. Costs were estimated from local sources, especially from the forms of the Hospital Nacional Arzobispo Loayza
(Ministry of Health [MoH]) and Hospital Nacional Guillermo
Almenara Irigoyen (as an alternative source of costs).
To determine C-E, ICER were compared to local payment
threshold of S/72,000/QALY or US$ 20,000/QALY (equivalent to 3
GDP-pc for Peruvian context). Costs and QALYs were discounted at
3% annually. The analysis was conducted from the MoH perspective.
According to Simon’s paper, since treatment for CRE infection
often includes multiple antibiotic combinations (e.g. carbapenems,
tigecycline and aminoglycosides), the costs of COL-based and CAZ/
AVI-based therapies were calculated as weighted averages using
treatment regimen frequencies reported by van Duin et al. For instance, in the COL-based therapy arm, 61% of patients received
concomitant tigecycline. Therefore, the daily cost of tigecycline was
multiplied by 0.61 and added to the daily cost of COL.
In summary, the main assumptions of the model were the following:
(1) The efficacy and safety inputs were replicated from the Simon 2019
systematic review, (2) The QALY values were replicated from the international literature, (3) The average time of antibiotic treatment was
considered 10 days and an antibiotic combination scheme was similar
to that reported in the international literature and (4) it was assumed
that dialysis increases the risk of future death by 2.5 times.

Sensitivity analyses
To assess individual parameter uncertainty, inputs were changed individually in one-way sensitivity analyses across plausible ranges based on the
literature. Overall model uncertainty was evaluated in probabilistic sensitivity analysis by simultaneously conducting 1000 random draws from
probability distributions specified for each variable. Microsimulation
was evaluated according to some local hospital statistics.

Budget impact extended analysis
By first-order microsimulation of the decision tree we analysed the
simulation of a cohort of 100 individuals (estimated number of patients who could benefit from CAZ/AVI intervention) to estimate
the budget needed to treat this hypothetical cohort and some additional impact results, such as ‘net monetary benefits (NMB)’, ‘death
avoided’, ‘length-of-stay avoided’ and ‘CRF avoided’.

Results
Figure 1 Markov Health States. CRE, carbapenem resistant bacteria; LTC,
long-term care.

Table 1 shows the inputs used in the model with respect to the basecase analysis and Table 2 shows the main deterministic results from
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with poor outcomes and high mortality.[2, 3] Treatment options for
these infections include combined β-lactam/β-lactamase inhibitor
antimicrobials (ceftazidime-avibactam, piperacilin/tazobactam,
meropenem/vaborbactam) and other antimicrobials such as colistin
(COL) which is considered a first-line drug in contexts where the
new combinations are not available or as a rescue treatment.[4, 5]
CAZ/AVI was approved by the U.S. Food and Drug Administration
(FDA) in 2015, and it was registered in Peru by the Dirección General
de Medicamentos, Insumos y Drogas (DIGEMID) in 2018.[6] Several
studies regarding treatment of CRE-infections have shown higher clinical cure rates, lower mortality and lower risk of nephrotoxicity with
CAZ/AVI-based therapy compared to COL-based therapy,[4, 7, 8] being an
important issue the high cost of CAZ/AVI.[9,10] In Peru, no C-E analysis
has been conducted to date to determine the economic value of CAZ/AVI
compared to the best alternative therapy. Our objective was to analyse
the C-E of CAZ/AVI-based therapy versus COL-based therapy for pneumonia and bacteraemia caused by CRE adjusted to Peruvian context.
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Table 1 Model inputs
Model input

COL-based therapy (daily)
CAZ/AVI-based therapy (daily)
Nephrotoxicity
Without RRT
With RRT
Chronic dialysis (annual)
Long-term care (annual)
Utility values
Home (recovered)
Hospitalization
Nephrotoxicity (reversible)
Long-term care
Chronic dialysis

Uncertainty range

Distribution

Reference

0.41
0.23

0.2–0.6
0.09–0.35

Triangular

10
10

0.42
0.08
0.052
0.024
0.559

0.2–0.6
0.04–0.2
0–0.2
0–0.05
0.4–0.8

0.356
0.479

0.15–0.55
0.2–0.6

13
13

0.112
0.217
2.5

0.05–0.25
0.1–0.3

13
13
10
Local survey

262
160
1200

Mean: S/ 262
Median: S/ 230
±20%
±20%

Triangular
Triangular

524
2160
18,720
19,607

±20%
±20%
±20%
±20%

Triangular
Triangular
Triangular
Triangular

0.84
0.73
0.66
0.64
0.59

0.5–0.95
0.4–0.95
0.4–0.8
0.4–0.8
0.4–0.8

Triangular
Triangular
Triangular
Triangular
Triangular

beta
beta

10, 11
4, 8, 10
10
11
12

Log-Normal

10
10
10
10
10

CAZ/AVI, Cefatzidime/Avibactam; COL, Colistin; RRT, renal replacement therapy.
*Exchange rate: US$ 1.00 = S/ 3.60.

C-E analysis. The cost/QALY for CAZ/AVI treatment against COL
therapy approaches to S/23,154 (US$ 6432), something less than
1 annual GDP-pc, that is, S/24,000 (US$ 6666) for the Peruvian
case. Figure 2 shows the location of both treatment strategies at the
C-E plane.
In the probabilistic analysis (Figure 3), we observe the point
clouds for both strategies, which would suggest at first sight that
CAZ/AVI treatment might have clear advantages over COL therapy.
This advantage is reinforced in Table 3 where some estimates of the
impact of effectiveness and costs are appreciated.
Figure 4 illustrates the acceptability curves that are generated
with 1000 probabilistic model simulations (Monte Carlo simulations) on a range of thresholds defined between S/. 0 and S/72,000
or US$ 20,000 (equivalent to 3 GDP-pc). The ‘y’ axis corresponds to
the proportion of simulations (iterations) considered cost-effective.
In relation to the willingness to pay, it can be observed that the intervention with CAZ/AVI becomes progressively more cost-effective
from a threshold of S/24,000 or US$ 6666 (equivalent to 1 GDP-pc).
In Figure 5, it can be observed that probabilistic dispersion of
cost/QALY (ICER) for CAZ/AVI treatment versus COL plots a
points-cloud located below a payment threshold of 2.0 GDP-pc. This
result shows the C-E of CAZ/AVI treatment under a reasonable scenario of willingness to pay (1–3 GDP-pc).
A set of one-way sensitivity analysis brought together in a single
graph (Tornado diagram) shows that the most sensitive variables

of the model for the ICER modification are the mortality due to
pneumonia. However, the ICER remains within the accessibility
range considering the extreme probability margins for this variable
(Figure 6).

Extended budget impact analysis
By means of a microsimulation of the model, we analysed a cohort of
100 patients, which would be the number of potential patients with
CRE infections according to some expert opinions. This model simulation allowed to calculate an average total cost of S/2’971,582 (US$
825,440) for CAZ/AVI against S/2’056,488 (US$ 571.247) for COL
treatment, yielding an incremental cost of S/915,094 (US$ 254,193). As
can be observed in Table 3, there are additional benefits associated with
CAZ/AVI in the 5-year horizon, such as 21 deaths avoided, 86 hospital
days avoided, 1 CRF5 avoided and a NMB of S/6649 (US$ 1847).

Discussion
According to the model, the results obtained in the present study
confirm the C-E of CAZ/AVI in comparison with COL for bacteraemia and CRE pneumonia in the Peruvian context. The incremental
C-E rate (ICER) was S/23,154 (US$ 6432) per QALY gained and
was within a local payment threshold of 3.0 GDP-pc (S/72,000
or US$ 20,000). At the moment, CAZ/AVI is not included in the
formularies of Peruvian public hospitals, despite of the reports of
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Probability values
CRE attributable mortality
Absolute risk reduction with CAZ/AVI
Nephrotoxicity
COL
CAZ/AVI
Nephrotoxicity requiring in-hospital RRT
Nephrotoxicity requiring chronic RRT
Discharge to long-term care (LTC)
All-cause mortality, year 1
Home
Long-term care
All-cause mortality, years 2–5
Home
Long-term care
Relative risk of death on chronic RRT
Cost (S/)*
Hospitalization (daily)

Base-case value
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Table 2 Cost-effectiveness results (base-case analysis)
Strategy

Cost*
(S/)

CAZ/AVI referencing COL
COL
16,002
CAZ/AVI
28,200

Incr Cost*
(S/)

Eff
(QALYs)

Incr Eff
(QALYs)

ICER*
(S/)

12,198

2.011
2.538

0.527

23,154
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CAZ/AVI, Cefatzidime/Avibactam; COL, Colistin.
*Exchange rate: US$ 1.00 = S/ 3.60.

Figure 2 Cost-effectiveness analysis. CAZ/AVI, cefatzidime/avibactam.

Figure 3 Cost-effectiveness scatterplot. CAZ/AVI, cefatzidime/avibactam. *Exchange rate: US$ 1.00 = S/ 3.60.

polyclonal outbreaks of CRE,[14] with an apparent predominance of
metallo-betalactamases (MBL) blaNDM-type.[15] This scenario needs to
consider the use of alternative options to COL.
The current prevalence of systemic CRE infections and the clinical
impact on attributed mortality or adverse effects derived from COL
therapy in Peru are still unknown. Local studies have shown a significant

increase in hospital costs for the treatment of urinary infections complicated by Gram-negative bacilli resistant to carbapenems compared with
the non-resistant groups (US$ 26,575 vs. US$ 3072, P = 0.006). Higher
costs were associated with a high proportion of inadequate empirical
treatments[16]; however, there appears to be no excess mortality in urinary
CRE infection compared to pneumonia or bacteraemia (27%).[17]

Journal of Pharmaceutical Health Services Research, 2021, Vol. XX, No. XX
Our analysis was based on some studies that support the clinical benefit of CAZ/AVI in bacteraemia and pneumonia. Thus, for
example, Shields et al. showed that CAZ/AVI had greater clinical

Table 3 Impact on effectiveness and costs
COL

CAZ/AVI

Difference

Total cost (S/)*
Total QALYs
NMB*
Deaths
Length of stay
CRF5
Hospitalization costs (S/)*
Haemodialysis costs (S/)*

2,056,488
224.5
2,433,182
41
1594
1
24,628
79,200

2,971,582
270.6
2,439,831
20
1508
0
2096
0

915,094
46
6,649
−21
−86
−1
−22,532
−79,200

CAZ/AVI, Cefatzidime/Avibactam; COL: Colistin; CRF5, chronic renal
failure, stage 5; NMB, net monetary benefit.
*Exchange rate: US$ 1.00 = S/ 3.60.

success at 30 days compared to COL (85% vs. 40%, P = 0.009) in
carbapenem-resistant Gram-negative bacteraemia (97% of isolates
were KPC), becoming a predictor of clinical success in multivariate
logistic regression (OR = 8.64, CI95% 1.61–43.39, P = 0.01).[8] In
the secondary analysis of a retrospective cohort study that evaluated
patients on mechanical ventilation with Klebsiella pneumoniae bacteraemia who received CAZ/AVI (100% KPC strains) versus control
subgroup (87.1% KPC), microbiological eradication and clinical cure
favoured CAZ/AVI (100% vs. 53.6%, P = 0.014; 81.8% vs. 53.6%,
P = 0.038, respectively).[18] Additionally, Tumbarello et al. reported
that mortality rates were lower in patients who received rescue therapy
with CAZ/AVI for KPC-Klebsiella pneumoniae bacteraemia (87%
combined with a second drug) compared with patients who received
other drugs (double-carbapenem, COL + fosfomycin, COL monotherapy, among others) (36.5% vs. 55.8%, P = 0.005, respectively).[7]
The clinical benefit of these studies is apparently evident for
KPC-type CRE infections. However, Infectious Diseases Society
of America (IDSA) guidelines currently recommend CAZ/AVI as a
therapy for systemic KPC and OXA-48 infections due to CRE, and

Figure 4 Acceptability curve. CAZ/AVI, cefatzidime/avibactam. *Exchange rate: US$ 1.00 = S/ 3.60.

Figure 5 Incremental cost-effectiveness. CAZ/AVI, cefatzidime/avibactam; WTP, willingness to pay. *Exchange rate: US$ 1.00 = S/ 3.60.
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even in association with aztreonam in the case of MBL, leaving
COL only as a last option in CKD cystitis due to excess mortality
and nephrotoxicity.[19] Falcone et al. reported a 60% reduction in
mortality, with the combination of CAZ/AVI plus aztreonam in
102 episodes of MBL bacteraemia compared to other antimicrobial therapies (mainly COL), being the largest cohort to date.[20]
In Peru, the highest proportion of CRE resides in Klebsiella
pneumoniae,[21] and susceptibility to CAZ/AVI has not been specified in
local outbreaks; but the circulation of hypervirulent strains that select
for multidrug resistance has been noted.[11] A study in Brazil showed
that in vitro CAZ/AVI susceptibility of 30 clinical isolates of KPCKlebsiella pneumoniae was 96.7% vs. 46.7% for COL (EUCAST criteria)[22] and maintains this advantage (86.9% vs. 76.8%) in non-MBL
carbapenemases in other regional countries (Peru not included).[23]
However, there are local data on resistance to COL in Enterobacteria,
with identification of circulating mcr-1 gene,[24, 25] which has limited its
massive use in the veterinary field recently.[26]
Sánchez et al. report an increase in COL consumption—expressed
by the defined daily doses (DDD) as 4.69 DDD/100 bed-days—
as well as the preference of combination therapy for pneumonia
and intra-abdominal infection by Acinetobacter baumannii and
Pseudomona aeruginosa XDR[27] with a median duration of 17 days
(range: 7–36 days). Local data on prescription preferences regarding
treatment for systemic CKD infections are scarce,[28] but it can be
assumed that combination therapies and longer treatments are used
more frequently than is considered in our model.
The model included additional costs of other antimicrobials such
as tigecycline, aminoglycosides and carbapenems for both COL and
CAZ/AVI with a difference in total cost of S/915,094 (US$ 254,192).
However, a recent network meta-analysis found no differences in
mortality rate in patients undergoing combination therapy with
CAZ/AVI versus monotherapy with CAZ/AVI for systemic infections
due to CKD (direct evidence OR = 0.96, CI95%: 0.65–1.41), so the
cost difference margin could be wider.[29]
The limitations of this study are derived from the inputs incorporated into the transferability model, which come from published and
observational data, with potential biases in the estimation of costs and
in the type of population analysed in the published trials, which may

generate biases in model extrapolation. However, this risk was reduced
with sensitivity analyses to evaluate modifications in the ICER. Second,
CAZ/AVI does not have a solid support of clinical efficacy over MBL,
which seems to predominate in Peru; however, rescue options in combination with aztreonam have been proposed and should be evaluated
prospectively. Third, with the Peruvian health system having a structure of several sub-sectors, it will be important to verify the cost-effectiveness from the perspective of each sub-sector in particular. Fourth,
although this study included pneumonia and bacteraemia, mortality
does not appear to be so high in the context of urinary infection due to
CRE,[17] which affects the C-E of CAZ/AVI for this scenario.
In conclusion, our transferability model demonstrates the C-E
of CAZ/AVI over COL for the treatment of bacteraemia and CRE
pneumonia according to Peruvian payment thresholds. However,
more local studies are needed to better estimate the local prevalence of CRE infections and the sensitivity to CAZ/AVI, in line
with the implementation of rapid carbapenemase identification
tests and consolidation of antimicrobial stewardship programs.
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Figure 6 Tornado diagram for ICER. ARR, absolute risk reduction; CAZ/AVI, cefatzidime/avibactam; COL, colistin; mortPneumonia, mortality due to pneumonia;
pNephrotox, Probability of nephrotoxicity. *Exchange rate: US$ 1.00 = S/ 3.60.
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