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Background: Carbapenems are considered the last line of defence against bacterial infections, but their high consumption and the resulting antibacterial resistance are an increasing global concern. In this context, the Chinese health authority issued an expert consensus on the clinical applications of carbapenems. However, the long- and short-term effects of the expert consensus on carbapenem use are not clear.
Methods: This study was conducted in Shaanxi, a northwest province of China. We collected all available carbapenem procurement data between January 2017 and December 2020 from the Provincial Drug Centralized Bidding Procurement System. A quasi-experimental interrupted time series analysis was used to evaluate the longitudinal effectiveness of expert consensus by measuring the change in the Defined Daily Dosesper 1,000 inhabitants per day (DID), the percentage of carbapenem expenditures to total antimicrobial expenditure, the total carbapenem expenditure, and the defined daily cost (DDDc). We used Stata SE version 15.0 for data analysis, and p < 0.05 was considered statistically significant.
Results: After the distribution of the expert consensus, the level (p = 0.769) and trend (p = 0.184) of DID decreased, but the differences were not statistically significant. The percentage of carbapenem expenditures to total antimicrobial expenditure decreased abruptly (p < 0.001) after the intervention, but the long-term trend was still upward. There was no statistically significant relationship between the release of the expert consensus and carbapenem expenditure in the long term, but there was a decreasing trend (p = 0.032). However, the expert consensus had a positive impact on the economic burden of carbapenem usage in patients, as the level (p < 0.001), and trend (p = 0.003) of DDDc significantly decreased.
Conclusion: The long-term effects of the distribution of the expert consensus on the use and expenditure of carbapenems in public health institutions in Shaanxi Province were not optimal. It is time to set up more administrative measures and scientific supervision to establish a specific index to limit the application of carbapenems.
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INTRODUCTION
Globally, the inappropriate use of antibacterial agents and the resulting bacterial resistance has created a serious threat to public health, economic growth, and global economic stability (Watson, 2017; Kuehn, 2018). There are more than 2.8 million drug-resistant infections reported each year in the United States, resulting in more than 35,000 deaths (Centers for Disease Control and Prevention, 2019). In the absence of an effective strategy to control antibacterial resistance, it is estimated that by 2050, there will be more than 10 million deaths each year globally caused by resistant infections (O’Neill, 2016). In such a setting, common treatments such as general surgery and chemotherapy could not be carried out due to bacterial resistance. In China, the morbidity and mortality of diseases caused by multidrug-resistant bacteria and pandrug-resistant bacteria are higher than those in other countries (Jiancong et al., 2020). The 2020 China Antimicrobial Surveillance Network (CHINET) reported that the proportions of Escherichia coli resistant to third-generation cephalosporins, carbapenem-resistant Klebsiella pneumoniae (KPN) and Acinetobacterbaumannii (AB) were 55.5, 23.7 and 73.2%, respectively (China Antimicrobial Surveillance Network, CHINET, 2020).
To combat bacterial resistance, the National Health and Family Planning Commission of the People’s Republic of China has issued many regulations for the clinical use of antibacterial agents. With the establishment of a relatively complete antibactical drug management system and technical support framework, antibactical resistance monitoring and antibactical drug use monitoring networks, the use of antimicrobial agents in healthcare institutions has been greatly improved in mainland China (Xiao, 2018). However, the irrational use of antibacterial agents is still obvious in clinical practice. A large-scale study investigated the appropriateness of antibiotic prescriptions in ambulatory care settings which conducted in mainland China, and found that 51.4% of antibiotic prescriptions were inappropriate and 8.4% were potentially appropriate, significantly higher than those in Europe and the United States (Zhao et al., 2021).
Carbapenems as a class of antibiotics with broad-spectrum, strong antibacterial activity and high stability to β-lactamase, are considered Watch antibiotics according to the AWaRe classification framework of WHO (WHO, 2019). In mainland of China, carbapenems are considered the last line of defense against bacterial infections due to their higher antimicrobial resistance potential. Many studies have shown that carbapenem consumption may be a risk factor for subsequent infection with carbapenem-resistant Gram-negative bacteria (Hu et al., 2016; Liu et al., 2018), bringing great challenges to the treatment of critically ill patients. During the past 15 years, the prevalence of meropenem-resistant KPN increased from 2.9 to 24.2%, and that of imipenem-resistant AB increased from 32.9 to 72.9% (China Antimicrobial Surveillance Network, CHINET, 2020). The phenomenon of irrational use of carbapenems should be given more attention in China.
In response to the appreciably increasing in carbapenem-resistant bacteria, the health authority issued a notice on “the issuance of three technical documents concerning expert consensus on the clinical application of carbapenems” (hereafter referred to as the expert consensus), which put forward corresponding regulations for the clinical indications of carbapenems and their applications for special populations (National Health and Family Planning Commission of Shaanxi Province, 2018b). The content of expert consensus provides detailed explanations on the clinical indications, variety selection, dosing regimens, etiology and efficacy evaluation, prescription authority of carbapenems, and also the evaluation indicators for the rationality of clinical application of carbapenems antibiotics. The higher-level competent authority issued the document to each public medical institution, and informed the medical institution to learn the content of the document, and ensure the use of carbapenem in accordance with the guidance given in the document. At the same time, medical institutions are required to register each patient’s situation of carbapenem used in accordance with the evaluation rules to achieve special management.
However, the long- and short-term effects of the expert consensus on carbapenem use are not clear. The main aim of this study was to determine the trends in carbapenem consumption at public healthcare institutions from 2017 to 2020. The secondary aim was to evaluate the impact of the promulgation of the expert consensus on the use of carbapenems, providing an empirical reference for the formulation of antibacterial management policies.
METHODS
Study Setting
Northwest China, where Shaanxi Province is an important hub of the One Belt and One Road national strategy and a major pilot province for Western health system reform, had a population of 39.52 million, and an area of 205,800 square kilometres in 2020. The annual disposable income of Shaanxi in 2019 was $3,783.17 (based on the value of US$1 = 6.52 RMB in 2020), ranking 19th among all 31 provinces and first in northwestern China. In 2019, Shaanxi had 2.80 (2.05–3.84) physicians, 3.88 (2.57–5.37) nurses, and 6.86 (6.30–8.44) beds per 1,000 residents in the health care sector. The health authority of Shaanxi Province issued the expert consensus on October 30, 2018, requiring further strengthening of the monitoring and evaluation of the use of carbapenems (National Health and Family Planning Commission of China, 2018a).
Data Collection
In this study, data on the use of carbapenem agents from 2017–2020 were obtained from procurement records from the Shaanxi centralized bidding procurement system. More than 95% of pharmaceuticals used by public healthcare institutes must be purchased through this system (Shaanxi Provincial Department of Health, 2012). In 2020, a total of 2,292 public healthcare institutes procured drugs through this province-wide platform, including 256urban medical institutions, 290 county-level medical institutions, and 1,746 primary medical institutions (Table 1).
TABLE 1 | Number of public healthcare institutions in Shaanxi Province, 2017–2020.
[image: Table 1]Data Analysis
A quasi-experimental interrupted time series (ITS) analysis was used to evaluate the longitudinal effects of the expert consensus. ITS could profoundly reflect the impact of the intervention on the outcome, including the degree of improvement, whether it is immediate or delayed, and whether it is transient or long-term (Wagner et al., 2010). The intervention time in our study began in November 2018, as the expert consensus was issued by the Shaanxi Provincial Health Authority on October 30, 2018. This study covered every month continuously for an overall period of 48 months, consisting of 22 months before the intervention and 26 months after the intervention. The Durbin-Watson statistic was used to test whether there was any autocorrelation, and the Dicky-Fuller statistic was used to examine seasonal fluctuations. We used Stata SE version 15.0 for data analysis, and p < 0.05 was considered statistically significant.
Indicators
The consumption of carbapenem was the total of sales and expressed as the number of DDDs per 1,000 inhabitants per day (DIDs) (Klein et al., 2021). The number of inhabitants was counted based on the year-end population reported by the Statistical Year Reports of Shaanxi (The Statistical Yearbook in Shaanxi Province in 2019, 2019). According to WHO/ATC recommendations, Defined Daily Dose (DDD) is the average daily maintenance dose of medication for adults for primary therapeutic purposes (WHO, 2013). To make the procurement data comparable before and after the intervention, the DDD value of meropenem in this study was set as 3. DDDs is the total consumption of antibiotic agents divided by DDD, which was calculated as the number of unit strengths (g) × pack size × amount/DDD (g/IU).
The expenditure of carbapenem was assessed using the total monthly expenditure for carbapenem (US dollars) (Yin et al., 2018). The total expenditure was calculated by adding up the cost for each procurement, which was equal to the quantity purchased per purchase multiplied by the unit price. And other outcome measures were the percentage of carbapenem expenditure to total antimicrobial expenditure, and the defined daily cost (DDDc). DDDc represents the total price level of carbapenems, which was equal to the total expenditure divided by DDDs. The larger the DDDc, the heavier the economic burden on the patients.
RESULTS
The total consumption of carbapenem agents in Shaanxi Province increased from 0.1878 DID in 2017 to a peak of 0.232 DID in 2019, and thereafter decreased to 0.228 DID in 2020. More than 85% of the carbapenems were used in urban hospitals (Figure 1). The overall expenditure on carbapenems among public healthcare institutes in 2020 was $20.73 million, 17% higher than that in 2017 ($18.07 million), and Figure 2 shows the specific expenditure on carbapenem agents at different levels of health institutes. Figure 3 shows that the burden of the carbapenem agents used by the patients decreased year by year, from 82.46$ in 2017 to 75.66$ in 2020, and it was higher in urban hospitals than in county-level hospitals and primary health institutes.
[image: Figure 1]FIGURE 1 | DID of carbapenems by the level of healthcare institution in Shaanxi Province, 2017–2020.
[image: Figure 2]FIGURE 2 | Total carbapenem expenditure by the level of healthcare institution in Shaanxi Province, 2017–2020.
[image: Figure 3]FIGURE 3 | DDDc of carbapenems by the level of healthcare institution in Shaanxi Province, 2017–2020.
The Effects on Carbapenem Consumption
According to the time series of the consumption of carbapenems by month shown in Figure 4, DID fluctuated between 0.01 and 0.03 over time. Before the intervention, the consumption of carbapenems slowly increased, and after the intervention, the rate of increase slowed down. Table 2 shows that there was no obvious level (p = 0.769) or trend (p = 0.184) change before and after the release of the expert consensus. The analysis of different levels of healthcare institution showed that there was no statistical difference between the level and trend of carbapenem consumption in municipal and county hospitals and the promulgated of expert consensus. The trend of carbapenem consumption in primary medical institutions increased after the intervention, and the difference was statistically significant (p = 0.015), although the level (p = 0.904) of change was not significant. For details, see Supplementary Tables S2–S4.
[image: Figure 4]FIGURE 4 | The consumption of carbapenems in Shaanxi Province, 2017–2020.
TABLE 2 | The impact of the implementation of the expert consensus on the use of carbapenems in Shaanxi.
[image: Table 2]The Effects on the Economic Burden of the Residents
According to the time series of the percentage of carbapenem expenditure to total antimicrobial expenditure in Shaanxi Province public hospitals in Figure 5, there was a slow increasing trend before the intervention, and after the intervention, the slope changed suddenly, but the trend was still upward. Table 2 shows that after the intervention, there was a significant decrease (β2 = −0.0229872, p<0.001) in the intercept. The level of it in urban medical institutions decreased significantly (β2 = −0.0187509, p = 0.002) after intervention (Supplementary Table S2). For primary medical institutions, the trend increased (β3 = 0.0001237, p = 0.012) after intervention (Supplementary Table S4).
[image: Figure 5]FIGURE 5 | The percentage of carbapenem expenditure to total antimicrobial expenditure, 2017–2020.
The overall carbapenem expenditure steadily increased between 2017 M1 and 2020 M12. Before the intervention, the increase rate was large; after the intervention, the horizontal intercept decreased slightly, and the trend change rate was small (Figure 6). As seen in Table 2, there was no statistically significant relationship between the introduction of the expert consensus and carbapenem expenditure in the long term, but there was a decreasing trend (β3 = −28817.78, p = 0.032). Supplementary Table S2 showed that the level (β2 = −2582,325, p = 0.031) and trend (β3 = −189127.8, p = 0.033) of carbapenem expenditure in urban hospitals significantly declined after the expert consensus was promulgated. For primary medical institutions, the trend increased (β3 = 0.0002673, p = 0.037) after intervention (Supplementary Table S4).
[image: Figure 6]FIGURE 6 | The total expenditure on carbapenem in Shaanxi Province, 2017–2020.
Figure 7 shows the change in carbapenem DDDc from M1 to 2020 M12 in 2017. It shows an upward trend month by month before the intervention and reaches a peak of 94.3923$ in 2018 M11, with a slow downward trend after the intervention. After the intervention, the level of DDDc decreased (β2 = −12.8989, p<0.001) and the trend also decreased (β3 = −0.6384, p = 0.003), and both were significant. The changes of urban hospitals are consistent with the overall situation (Supplementary Table S2).
[image: Figure 7]FIGURE 7 | The economic burden of residents using carbapenem agents in Shaanxi Province, 2017–2020.
DISCUSSION
To the best of our knowledge, this is the first quantitative survey using interrupted time series analysis to explore the impact of the issuance of the expert consensus on the long-term trend of carbapenem consumption in western China. Through time series analysis, we revealed the effect of this administrative regulatory measure on the usage of carbapenems, which was not examined in previous studies.
The Effects on Carbapenem Consumption
This study found that the total consumption of antibiotics increased from 0.187 DID in 2017 to 0.228 DID in 2020, which was much higher than that in other developed countries, indicating that the overuse of carbapenems is a serious problem in China. A study conducted in South Korea found that the consumption of carbapenems increased from 0.048 DID in 2008 to 0.079 DID in 2012 (Yoon et al., 2015). The average consumption of carbapenems in the European hospital sector was 0.04 DID (country range: 0.01–0.13), with 11 countries showing significant increasing trends, but only two countries (Norway and Portugal) experienced significant declines between 2010 and 2019 (European Centre for Disease Prevention and Control, 2019). There are many reasons for these large differences, some of which are a reflection of cultural determinants, the prevalence of resistant Gram-negative bacteria, physicians’ medication habits, and the prevalence of infectious disease.
Our study found that both the level and trend of carbapenem consumption decreased after the promulgation of the expert consensus, but the differences were not statistically significant. This was slightly different from other studies. Zhang et al. found that the consumption of carbapenems increased significantly from 2011 to 2017 (Zhang et al., 2019). Similarly, a retrospective analysis of 586 hospitals from 28 provinces in China found that the largest relative increase was observed for carbapenems, 233.3% (from 0.03 DID in 2011 to 0.16 DID in 2018) (Wushouer et al., 2020). A study based on monthly surveillance data of antibiotic sales from 468 tertiary hospitals in 28 provinces of China found that the consumption of carbapenems was significantly increased from an average of 0.06 Defined Daily Doses per 1,000 inhabitants per day (DID)in 2011 to 0.15 DID in 2015 (Wushouer et al., 2017). This difference was related to the time, region, and research objects included in different studies. There was no significant change in the usage of carbapenems, partly due to the increase in extended-spectrum β-lactamase-producing Gram-negative bacteria (China Antimicrobial Surveillance Network, CHINET, 2020), rather than a lack of an effect of the expert consensus.
In addition, this study showed that the consumption of carbapenem in primary health institutes had increased, which need to be paid more attention to. As the last line of defence for the treatment of Gram-negative bacterial infections, the use of carbapenem should be strictly restricted. However, primary health institutes mainly provide medical services for patients with mild and moderate infections due to the scale of development and the ability of physicians, while patients with severe infections need to seek treatment in higher-level hospitals (Zhang, et al., 2020). Most of the existing studies on the analysis of carbapenem use are focused on secondary and higher medical institutions, while few studies on the use of carbapenem in primary institutions, with limited available data.
The Effects on the Economic Burden of the Residents
This study found that the percentage of carbapenem expenditures to total antimicrobial expenditure decreased abruptly after the intervention, but the long-term trend was still upward, and which suggested that the long-term effects of the intervention were limited. It was found that total carbapenem expenditures in 2020 were slightly higher than those in 2019, but all were significantly lower than those in 2018. After the intervention, the increasing trend of total carbapenem expenditure slowed down. Time series analysis found that the intervention had a statistically significant impact on the long-term trend of total expenditure.
The vast majority of expenditures occurred in urban hospitals, including all tertiary hospitals, and some secondary hospitals in urban cities. This is consistent with the goal of hierarchical hospital management in China. Large hospitals are mainly responsible for the treatment of difficult and critical patients according to their scale and medical level, while carbapenems are known as the last line of defence for infection, so it is reasonable that carbapenems should be mainly used in urban hospitals (National Health Commission of the People’s Republic of China, 2020).
The expenditures for carbapenems during 2014–2016 were 139.4, 234.6 and 319.4 million US$, respectively, in tertiary hospitals in Shandong Province, showing the fastest-growing expenditure (Yin, et al., 2018). The expenditure on carbapenems in Shandong Province was significantly higher than the results of this study, which may be related to the differences in the study area and study time. The population of Shandong Province is approximately 2.5 times that of Shaanxi Province. It was found that the expert consensus had a positive impact on the economic burden of carbapenem usage by patients. After the issuance of the expert consensus, the level and trend of DDDc significantly decreased, and which means that this policy might promote the rational use of carbapenems. These findings indicate that the expert consensus played an important role in controlling carbapenem usage in public hospitals. However, the expenditure and consumption of carbapenems are still increasing, and scientific supervision is necessary.
This study indicated that the expert consensus has limited impact on the use and expenditure of carbapenems, which is not consistent with our previous assumptions as the administrative management is a very effective management measure in China. For example, the Ministry of Health launched a national campaign for rational antibiotic use in 2011. After the national campaign, the utilization of antibiotics has greatly been reduced (Xiao, 2018; Xiao et al., 2020). We believe that the main reason may be that this campaign did not require medical institutions to regularly feedback results and evaluate the feedback results. Therefore, we suggest that antimicrobial management in the future should be more scientific, professional and refined. The management of carbapenems should be continuously optimized, including setting specific indicators for different levels of medical institutions, and conducting continuous feedback and supervision. For medical institutions, it is time to establish a permanent task force professional team. Many studies (Clément et al., 2020; Sahil et al., 2020; Usman and Balamurugan, 2020) indicated that pharmacists played an irreplaceable role in promoting the rational use of antimicrobial through the feedback of the suitability of prescriptions and medical orders.
Moreover, realizing real-time prescription monitoring with the help of information technology also very important (Rittmann and Stevens, 2019), especially for restricting the use of carbapenems. It was found that the expenditure for carbapenems in the average value of baht per patient significantly decreased by 36.33% after using an antimicrobial restriction system (Wanla et al., 2017). Finally, as bacterial resistance is a constantly changing process, continuous training of tailored professional is needed.
Limitations
This study has several limitations. First, data used in this study were not the actual use of carbapenem, but procurement records, so we did not calculate unreasonable utilization rates. And we did not analyse the evolution of bacterial resistance and its correlation with the use of carbapenem. It would be very helpful to conduct further research in prescription analysis and antimicrobial resistance monitoring, which can provide basis for clinical decision making. Second, we conducted this study in only one province; therefore, the results may not reflect the effect of the expert consensus throughout the nation. Third, as the centralized bidding procurement system did not cover all private healthcare institutions, the total carbapenem consumption may be underestimated. However, administrative measures are mainly aimed at public healthcare institutions, so it is of great significance to explore the impact of the introduction of the expert consensus on the change in carbapenem usage in public medical institutions.
CONCLUSION
We revealed a short-term reduction in the usage and expenditures of carbapenems in public healthcare institutes in Shaanxi Province after the promulgation of the expert consensus that aimed to promote the rational use of carbapenems. However, the long-term effect was not optimal. To better promote the rational use of carbapenems, a series of strategies must be implemented. These strategies include government-oriented efforts to establish and optimize systems and infrastructure for the management of carbapenems use and monitoring of bacteria resistance, and continuous training of professional teams to ensure the sustainable management of carbapenems antimicrobial agents. Future studies should explore physician prescribing behaviour to fundamentally promote the appropriate use of carbapenems.
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