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Abstract 

Introduction  Ceftazidime avibactam (CA) is an effective treatment against carbapenem-resistant Enterobacte-
riaceae (CRE), but its cost-effectiveness is unclear. This study was performed to evaluate the cost-effectiveness of CA 
against the best available treatment colistin (Col) for patients with CRE-related infections in Iran.

Methodology  A model of a decision tree was designed to evaluate the cost-effectiveness of CA in CRE patients 
over a period of 5 years. The Iran health system was the perspective of the study, and the discount rates of 5.8% 
and 3% were considered for the data of cost and utility, respectively. The clinical inputs were obtained from a pro-
spective observational study. We established the costs of medical services and medical tariffs of Iran’s health sys-
tem, and obtained the rate of medical service resources used by patients from specialists. The results of this model 
included the quality-adjusted life years (QALYs), increasing costs, and incremental cost-utility ratio (ICUR). We also per-
formed the deterministic and probabilistic sensitivity analyses.

Results  CA reduced the burden of related to treatment failure and the need for treatment of nephrotoxicity 
and chronic failure, whereas, the costs related to drug procurement and long-term care (due to longer survival) 
increased. Treatment with CA versus Col resulted in a 53% increase in QALYs and $425 in costs, leading to an ICUR 
equal to 798 $/QALYs. Sensitivity analyses proved the model’s strength and indicated that the cost-effectiveness of CA 
can reach 88% when paying 1111 $/QALY. Budget impact analysis estimated CA regimen will increase the health 
system costs by $1,270,462 in 5 years.

Conclusion  In Iranian settings, CA can significantly increase the quality of life and patients’ survival; therefore, in com-
parison to the Col drug regimen, CA is a cost-effective strategy.
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Introduction
The global spread of carbapenem-resistant Enterobac-
teriaceae (CRE) is an important threat to vulnerable 
patients throughout the world [1, 2]. Resistance to car-
bapenem in Gram-negative microorganisms is of spe-
cial clinical concern because carbapenems are the most 
effective drugs against multi-drug resistant (MDR) 
Gram-negative pathogens [3]. In 2017, the World Health 
Organization (WHO) provided a list of pathogens with 
global priority where CRE was considered a global prior-
ity for research and development [4].

CRE-induced bacteremia is associated with weak out-
comes, such as increased length of stay and mortality. 
Recently, the mortality rate due to CRE bacteremia has 
increased by 65%, which is higher than the rate of non-
CRE bacteremia (17.2%). Despite this burden, a limited 
number of options are available for the treatment of CRE 
bacteremia [5].

Studies have shown that the emergence of MDR path-
ogens that originate from various resources, such as 
humans, poultry, cow, and fish, increases the need for 
routine use of antibiotic sensitivity tests to identify selec-
tive antibiotics and screen the newly emerging pathogens 
[6].

According to the reports of laboratory activity and 
clinical effectiveness, colistin-based antibacterial regi-
mens have been used as a primary treatment for CRE 
bacteremia. High-dose regimens of Col have been shown 
to increase survival and improve the treatment of CRE. 
However, high rates of nephrotoxicity and the complexity 
of sensitivity tests and dosing are among the significant 
disadvantages of treatment with Col, turning it into a less 
attractive option for the treatment of bacteremia [7].

Recently, the Food and Drug Administration (FDA) 
approved the use of ceftazidime-avibactam [8]. Avibac-
tam is a non-beta-lactam inhibitor of beta-lactamase 
which is active against serine carbapenemase Ambler 
Classes A and D, such as the Klebsiella pneumoniae car-
bapenemase (KPC) and OXA-48-like carbapenemases. 
In contrast, avibactam does not inhibit the metallo-β-
lactamase enzymes. Uncontrolled case series have shown 
variable outcomes in patients with CA-treated patients 
with CRE infections [9, 10].

A cohort study performed on a sufficient number 
of patients showed a higher treatment rate in patients 
receiving CA than those receiving Col (71% versus 52%). 
This study also showed that the mortality rate was 9% 
lower in the CA group [11]. On the other hand, a pro-
spective observational study indicated that the use of CA, 
in comparison to Col, decreased the 30-day mortality 
rate. In a meta-analysis performed on the effectiveness 
of antimicrobial regimens, the CA regimen had more 
effective primary and secondary outcomes than Col. 

Moreover, the cost of CA drug versus Col is important 
[8]. As a result, the conclusion about the clinical cost-
effectiveness of CA compared to Col in the treatment 
of CRE bacteremia is controversial. To the best of our 
knowledge, no study has evaluated the clinical outcomes 
and costs of CA versus Col in the treatment of CRE bac-
teremia in Iran. Therefore, this study aimed to compare 
the safety and cost-effectiveness of CA and Col in the 
treatment of CRE-induced infections.

Methodology
Model structure
The cost-effectiveness analysis (CEA) model structure 
was designed based on a decision tree to simulate the sce-
narios of CA and Col in the treatment of CRE infections. 
A decision tree model is an appropriate tool for modeling 
difficulties in decision-making in acute care and midterm 
diseases such as infections. Figure 1 presents the model 
structure. A hypothetical cohort with 10,000 patients 
with CRE infection was considered for both groups in the 
model. The model was designed based on the results of 
effectiveness found by van Duin et al. in 5 years. The dis-
count rates of 5.8% and 3% were considered for the data 
on cost and utility, respectively. The total costs and the 
quality-adjusted life years (QALYs) were calculated based 
on the occurrence of the events. Then the incremen-
tal cost-effectiveness results were calculated in 5 years 
to show the difference arising from the total costs and 
QALY of both strategies. This study was performed from 
the perspective of the health system.

Study population
The target population included all patients over 18 years 
old with CRE-related infections. These infections were 
similar to that of van Duin’s study [12], in which 97% of 
patients suffered from K. pneumonia. In the CA group, 
the patients received 2.5 mg every 8 h, and 9 MIU (mil-
lion international units) of Col was injected into the 
patients in the Col group once a day. The mean age of 
patients was 61 years, and 61% of them were male. Each 
patient was treated for the last time for CRE infection. 
The Pitt bacteremia score (PBS) was calculated based on 
the indicator culture day, and patients with a score of ≥ 4 
were considered severely ill. A serum creatinine level of 
≥ 2 mg/dL or the use of alternative medicine was defined 
as kidney failure.

The treatment effectiveness of CA and Col, as the com-
parison arm in the CRE patients, was compared in the 
clinical trial of van Duin and the meta-analysis of Yan 
Chen; the obtained data were confirmed by two special-
ists in Iran. In this study, these drugs were administered 
individually to patients. The treatment duration, mor-
tality rate, imminent adverse effects of treatment, and 
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possible nephrotoxicity were considered for evaluating 
the CA treatment’s clinical effectiveness. The possibility 
of renal complications in patients with nephrotoxicity 
was extracted from the mentioned clinical trial and con-
firmed by specialists.

Utility
The data on quality of life (QoL) were extracted from reli-
able literature. The values of health utility considered in 
the model related to the following health conditions: hos-
pitalization without nephrotoxicity, hospitalization with 
nephrotoxicity, chronic RRT, discharge to home, and dis-
charge with long-term care (LTC). The utility values were 
obtained from previously published economic evalua-
tions of CRE patients [7]. The length of stay of patients 
in the two treatment groups was obtained according to 
the opinions of specialists, and the duration of nephro-
toxicity (28 days) and acute RRT (90 days) were estimated 
based on valid studies [13] (Table 1).

Cost input
The costs considered in the CEA model were medici-
nal treatment, management of infections during hospi-
talization, chronic RRT, LTC of costs related to the drug 
administration, and nephrotoxicity. The treatment costs 
at the beginning of the model, all patients received CA 

or Col based on the treatment group. The prices of Col 
and of CA were obtained from the least price reported 
by the Iranian FDA and the price proposed by the Jaber 
Ebne Hayyan Company to enter the national official list, 
respectively. All other data, such as dose, mean treatment 
duration, and distribution of patients in various treat-
ment options, which were required for the calculation of 
the treatment costs were obtained from the observational 
study of van Duin [12]. The hospital costs were estimated 
from national tariffs and included all costs imposed dur-
ing hospitalization. The cost of disease complications 
of this model assumes that after the failure of the treat-
ment, patients receive a second course of antibiotics. 
The medical services provided to patients with chronic 
RRT and LTC (including hospitalization, dialysis, kidney 
transplantation, diagnostic methods, and drugs) were 
extracted from an interview with infectious disease spe-
cialists and urologists, and the annual costs of these ser-
vices were calculated based on national tariffs (Table 1).

Sensitivity analysis
A deterministic sensitivity analysis (DSA) and a probabil-
istic sensitivity analysis (PSA) were performed to evaluate 
uncertainty in the model’s parameters. DSA was carried 
out to assess the effect of any changes in the parameter 
on the results of estimated ICER, and PSA to assess the 

Fig. 1  Decision tree structure for treatment of carbapenem-resistant Enterobacteriaceae (CRE). NTX, nephrotoxicity; LTC, long-term care; DC, 
discharge; RRT, renal replacement therapy
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affectivity of all parameters in a Mont Carlo simulation 
with 10,000 people. The results of PSA were used to 
develop a cost-effectiveness acceptability curve (CEAC) 
to evaluate the possibility of acceptability of each treat-
ment strategy. The gamma distribution was considered 
for continuous and positive variables (costs and length of 
stay) and the beta distribution for variables that consid-
ered values between 0 and 1 (i.e., possibility, utility) [14]. 
CEAC can indicate the cost-effectiveness of a treatment 
based on the values and uncertainty of the parameters 
used in the model and for different values of acceptable 
WTP. Finally, an alternative scenario analysis was also 
performed based on the time horizon.

Budget impact analysis
We developed a decision tree-based model of budget 
impact to estimate the direct medical costs for patients 

with CRE in case of access to DRD treatment, accord-
ing to the viewpoint of Iran’s health system. The present 
treatment scenario (without CA) was compared with the 
future scenario (with CA) in 5 years.

According to the physicians’ opinions and literature, 
the annual hospitalization rate in Iran is about 0.006 [15]. 
In addition, a comprehensive meta-analysis in Iran esti-
mated the nosocomial infection rate as 4.5%. Moreover, 
Nasiri et  al. showed that 29% of these cases suffer from 
CRE [16]. According to this prevalence rate, we estimated 
the number of patients with CRE in Iran as 6627 people 
in 2021. In this model and based on physicians’ opinions, 
we assumed that about 40% of these patients are eligible 
to receive both CA and Col regimens; about 2651 peo-
ple in Iran. In this model, the sales volume pattern of Col 
and other alternative drugs for the treatment of hospital-
acquired pneumonia was estimated considering their 

Table 1  Model inputs, ranges used in one-way sensitivity analyses, and distributions applied in probabilistic sensitivity analysis

a: ceftazidime-avibactam, b: colistin, c: nephrotoxicity, d: renal replacement therapy, e: https://​ta.​muq.​ac.​ir, f:health system

Parameter Value Value lower 95% CI Value upper 95% CI Distribution Source or justification

Mean age of patients 61 NA NA Not varied [12]

Model time horizon 5 years NA NA Not varied [7]

Efficacy and complication for CAa

 Cure 0.129 0.1 0.155 Beta [12]

 Mortality at day 28 0.09 0.076 0.11 Beta [12]

 Nephrotoxicity 0.05 0.04 0.06 Beta [12]

 RRT​ 0.04 0.03 0.05 Beta [12]

 Discharge to home 0.559 0.44 0.67 Beta [12]

Efficacy and complication for COLb

 Cure 0.07 0.056 0.084 Beta [12]

 Mortality at day 28 0.25 0.2 0.3 Beta [12]

 Nephrotoxicity 0.13 0.1 0.156 Beta [12]

 RRT​ 0.11 0.08 0.132 Beta [12]

 Discharge to home 0.23 0.156 0.276 Beta [12]

Total cost

 CA based therapy 649 519 778 Gamma Tariffe of Iran’s HSf

 Col based therapy 445 356 534 Gamma Tariff of Iran’s HS

 Treatment failure 808 646 969 Gamma Tariff of Iran’s HS

 NTXc with RRT​d 9764 7811 11718 Gamma Tariff of Iran’s HS

 NTX without RRT​ 901 720 1081 Gamma Tariff of Iran’s HS

 Long term care 598 478 717 Gamma Tariff of Iran’s HS

Utility

 Cure 0.84 0.756 0.924 Beta [7]

 No cure 0.73 0.657 0.803 Beta [7]

 Nephrotoxicity 0.66 0.594 0.726 Beta [7]

 Long-term care 0.64 0.576 0.704 Beta [7]

 Chronic dialysis 0.59 0.531 0.649 Beta [7]

Discount rate

 Cost 0.058 NA NA Not varied [22]

 QALY 0.03 NA NA Not varied [22]

https://ta.muq.ac.ir
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trend in previous years. To this end, we evaluated the 
data on the sales volume of each drug mentioned in the 
annual pharmaceutical statistics (2017–2022). Then we 
inserted the sales volume data in Excel and predicted the 
pattern of market share growth for each drug until 2016. 
The results showed that the market share of Col will 
increase from 17% to 2021 to 27% in 2027. In addition, 
we assumed that CA will allocate 1% of the market share 
in the first year and will increase to 5% by 2027. Drugs, 
diagnostic services, long-term care, nephrotoxicity-
related care, RRT, visit, relevant AEs, and hospitalization 
are the main factors that can affect the budget. We did 
not consider the inflation rate in the health system costs 
in the upcoming years.

Results
Base‑case results
Our base-case analysis showed that during a 5-year time 
horizon, the CA group earned 1.71 QALY by spend-
ing $885. However, the Col group earned 1.18 QALY 
by spending $460 during this period; meaning that 
CA-receiving patients earned 0.53 more QALY. ICER 
obtained from Markov analysis was 798 $/QALY which is 
lower than the $1111 threshold in Iran (The threshold in 
Iran is 400 million Rial, which was adjusted on Novem-
ber 1, 2022 at the rate of one dollar, equivalent to 360,000 
Rial). Furthermore, NMB for the CA treatment strategy 
was higher than the Col treatment, indicating that con-
sidering the acquired effectiveness, the value of spent 
money on the CA treatment was higher and will have a 
higher financial value. The results of ACER showed that 
higher financial resources are required for earning 1 
QALY in the CA group (Table 2).

Sensitivity analysis
The deterministic sensitivity analysis (DSA) showed that 
the CA price is the most important factor that can affect 
the scenario analysis (Fig. 2). Other variables, such as the 
possibility of patients’ discharge or the treatment utility 
can result in many changes in ICER, but these changes 
had no significant effect on the study results because 
ICER will remain under the threshold. The results of 
probabilistic sensitivity analysis (PSA) are shown in 

Fig. 3. According to this diagram, CA will produce more 
QALYs than Col in the given distributions because the 
SD of CA regimen cost is higher than Col. In total, in the 
given distributions, the CA strategy was superior to the 
Col strategy in 88% of cases. The cost-effective accept-
ance curve shows that by increasing of WTP rate, the 
acceptance rate of CA treatment increased (Fig. 4).

Budget impact analysis
Budget impact analysis estimated that after access to the 
CA treatment, the increase in the costs in the health sys-
tem is expected to be 29%, 34%, 38%, 42%, and 46% dur-
ing the five years, respectively. In other words, adding the 
CA regimen to the therapeutic basket of patients with 
CRE will increase the health system costs by $1,270,462 
in 5 years. Table  3 presents the budget impact on the 
public health financial burden from 2023 to 2027.

Discussion
Considering the obtained ICER 798 $/QALY that is much 
lower than the accepted threshold of 1111 $/QALY, treat-
ment of CRE-related infection with CA is a cost-effective 
option from the viewpoint of the health system. In gen-
eral, the cost-effectiveness model in this study estimated 
that the incremental costs relating to CA versus Col treat-
ment in a representative patient with CRE-KPC infection 
are $798 in a 5-year horizon. This increment is mainly 
due to the cost of pharmacotherapy and LTC related to 
higher survival. Especially, a higher cost of LTC is due 
to higher survival of CA-treated patients. On the hand, 
it is expected that costs associated with non-treatment 
and RRT decrease due to an increase in the efficiency and 
safety of CA in comparison with Col. In terms of effec-
tiveness, the model estimated an increase in QALYs by 
0.53. The increase in QALYs is mainly associated with 
an increase in survival after discharge, a decrease in the 
length of stay along with nephrotoxicity, and a decrease 
in the need for RRT. Although a limited number of eco-
nomic studies have been performed in this regard, the 
results of this study are completely consistent with that of 
the study of Varón-Vega et al. [17]. In addition, the study 
of Kongnakorn, which compared the cost-effectiveness of 
CA versus imipenem in patients with urinary tract infec-
tion (UTI), showed that CA is a cost-effective regimen 
[18]. Shildz et al. obtained better results for CA than Col 
in terms of clinical success (85% versus 40%) and 30-day 
mortality (8% versus 30%) [19]. Tumbarlo et  al. showed 
that CA had a lower mortality rate in comparison with 
other life-saving regimens for CRE infections (36.5% ver-
sus 55.8%) [20].

This study was performed from the viewpoint of the 
Iran health system; therefore, its results can be used for 
prioritizing or allocating resources. These results can be 

Table 2  Results of base case analysis

Parameters Col group CA group Increment

Cost 460 885 425

QALY 1.18 1.71 0.53

ICER - - 798

ACER 390 517 127

NMB 849 1015 166



Page 6 of 9Goudarzi et al. Cost Effectiveness and Resource Allocation           (2023) 21:45 

reinforced by improving strategies such as antibiotic sur-
veillance to reduce bacterial resistance and optimize the 
use of antibiotics. In Iran, the consumption of antibiotics 
is significantly high. As a result, similar studies and rele-
vant guidelines can help more effective use of antibiotics, 
such as vancomycin, third-generation cephalosporins, 
aminoglycosides, and carbapenems, and reduce the rate 
of healthcare-related infections.

This model showed that, in comparison with Col, CA 
can provide a better opportunity for clinical success by 
decreasing the number of people that require additional 
antibiotics, reducing the mortality rate, and increasing 
QALY. Despite its clinical advantages, CA does not save 
money for patients. This difference is mainly due to the 
difference in the prices of these two drugs so that the 
higher price of CA versus Col and longer survival of CA-
treated patients do not lead to further use of resources in 
these patients because the absolute difference in the mor-
tality rate was 23%. This study showed that considering 
the direct medical costs, patients who survived the infec-
tion stayed longer in the hospital and had a higher cost.

There is a debate regarding the difference in effective-
ness and safety of Col and CA, which mainly pertains 
to the pharmacokinetics of obtaining Col from colistin 

methane sulfonate [21]. Based on this uncertainty, a sys-
tematic study that compared both treatments showed 
a significant difference in the 30-day mortality rate 
between these two strategies. In addition, Col was associ-
ated with worse secondary outcomes such as nephrotox-
icity and relapse of the disease [8].

To the best of our knowledge, this is the first study 
into the cost-effectiveness of CA for the treatment of 
CRE-KPC-related infections, although it faced some 
limitations. First, only the direct costs that were pro-
vided by the health system were considered in this 
study, and the indirect costs were omitted, for example, 
the reduced efficiency of patients and their caregivers 
that is expected to reduce by a decrease in the disease 
complications. Second, due to the lack of use of CA in 
Iran, we had to estimate the utility and effectiveness 
values based on valid references. Third, nephrotoxic-
ity is a critically adverse effect of some drugs which 
was considered. Fourth, the lack of randomized trials 
in this regard that reflect the effectiveness of compara-
tive treatments was another limitation of this study. 
With regard to these weaknesses, the data of this study 
are based on an observational study with some limita-
tions in the design and nature. One of the reasons for 

Fig. 2  Tornado analysis depicting results of one-way sensitivity analysis



Page 7 of 9Goudarzi et al. Cost Effectiveness and Resource Allocation           (2023) 21:45 	

Fig. 3  probabilistic sensitivity analysis

Fig. 4  cost-effectiveness acceptability curve



Page 8 of 9Goudarzi et al. Cost Effectiveness and Resource Allocation           (2023) 21:45 

the lack of such trials is inaccessibility to people with 
multi-drug-resistant infections. On the other side, this 
observational study had some strengths, for example, 
it had an acceptable sample size (n = 137), it was pro-
spective and was performed in several hospitals, and it 
followed patients for a long time. Due to uncertainty in 
some data, the clinical inputs of the model were evalu-
ated through probabilistic sensitivity analysis which 
showed that CA was more cost-effective than Col in 
88% of the cases.

Conclusion
The cost-effectiveness model shows that, in comparison 
to colistin, ceftazidime-avibactam leads to an increase 
in the quality of life and a decrease in death cases, kid-
ney failure, and treatment failure which finally results 
in a cost-effective treatment for carbapenem-resistant 
K. pneumonia.
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