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Outpatient antibiotic utilization monitoring: Methodological isues sand application to pediatric outpatients in France

Proper monitoring of antibiotic utilization is crucial to identify priorities of antibiotic stewardship campaigns and to contain antibiotic resistance-related morbi-mortality. This thesis focuses on methodological issues related to outpatient antibiotic utilization monitoring and provides new evidence about antibiotic utilization in French children.

We have clarified that retail sales data (IQVIA's X-ponent database, 385 million prescriptions, 2012-2017) were suited for monitoring outpatient antibiotic utilization in France by demonstrating a high consistency with national reimbursement data. Also, we have shown that time trends in outpatient antibiotic utilization expressed as prescriptions and defined daily doses per 1,000 inhabitants per day (PrID and DID) provided conflicting results (IQVIA's X-ponent, 538 million prescriptions, 2009-2016); we caution against using DIDs alone when monitoring antibiotic utilization, especially in children.

We have shown that the 2011 clinical practice guidelines for managing upper respiratory tract infections (RTIs) preceded a major decrease in the national volume of antibiotic prescriptions for children and a massive replacement of broad-spectrum antibiotics by amoxicillin (IQVIA's X-ponent, 123 million pediatric prescriptions, 2009-2017).

Using a national prescribing panel of general practitioners and pediatricians (IQVIA's EPPM, 200,000 pediatric visits, 2015-2017), we found that more than 80% of community antibiotic prescribing went to children with RTIs, notably infections of presumed viral origin, and that broad-spectrum agent were highly prescribed while not indicated.

In conclusion, new antibiotic stewardship campaigns are urgent for ambulatory pediatrics in France. We have identified their principal targets and demonstrated that their impact could be adequately monitored by time-series analysis of prescriptions using IQVIA databases.

RÉSUMÉ (347 mots -2443 caractères avec espaces)

Titre : La surveillance de l'utilisation des antibiotiques en médecine ambulatoire : points méthodologiques et application à la pédiatrie Il est essentiel de pouvoir surveiller l'utilisation des antibiotiques pour pouvoir identifier les priorités des campagnes de bon usage des antibiotiques et pour limiter la morbi-mortalité liée à la résistance aux antibiotiques. Cette thèse a permis de produire des connaissances nouvelles sur l'utilisation des antibiotiques en médecine ambulatoire, d'une part méthodologiques et d'autre part appliquées à la pédiatrie.

Nous avons montré que les données de vente au détail (base de données X-ponent d'IQVIA, 385 millions de prescriptions, 2012-2017) étaient adaptées pour la suivi de l'utilisation des antibiotiques en médecine ambulatoire en France en raison de leur forte adéquation avec les données nationales de remboursement (SNDS). Nous avons aussi montré que le choix de l'indicateur de suivi était essentiel car les tendances temporelles de l'utilisation des antibiotiques pouvaient donner des résultats contradictoires selon que la surveillance était était faite en nombre de prescriptions ou en nombre de doses définies journalières pour 1000 habitants par jour (PrID et DID ; X-ponent, 538 millions de prescriptions, 2009-2016). Nous avons donc conclu qu'il ne fallait pas utiliser les DID seuls pour surveiller l'utilisation des antibiotiques, notamment chez les enfants.

Nous avons montré que les recommandations de bonne pratique concernant les infections respiratoires émises en 2011 ont été associées à une importante diminution du volume de prescriptions d'antibiotiques chez les enfants et à un remplacement massif d'antibiotiques à large spectre par l'amoxicilline (X-ponent d 'IQVIA, 123 millions prescriptions pédiatriques, 2009'IQVIA, 123 millions prescriptions pédiatriques, -2017)).

Ensuite, en utilisant un panel national de prescripteurs de médecins généralistes et de pédiatres (EPPM d'IQVIA, 200,000 visites pédiatriques, 2015-2017), nous avons montré que plus de 80% des prescriptions d'antibiotiques en pédiatrie de ville étaient destinées à soigner des infections respiratoires, dont une bonne partie est probablement d'origine virale, et que les antibiotiques à large spectre étaient encore fortement prescrits.

En conclusion, il parait urgent de mettre en place de nouvelles campagnes de bon usage des antibiotiques en médecine ambulatoire, notamment en pédiatrie. Nous avons identifié leurs principales cibles et démontré que leur impact pouvait notamment être surveillé par une analyse des séries temporelles de prescription à l'aide des bases de données IQVIA. 
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Enterobacteriaceae

Enterobacteriaceae is a large family of Gram-negative bacteria occurring normally and pathogenically in the intestines of humans and other animals.

Extended-spectrum β-lactamase-producing Enterobacteriaceae

Extended-spectrum β-lactamases (ESBL) are enzymes that confer resistance to most βlactam antibiotics, including penicillins, cephalosporins, and monobactams (e.g., aztreonam).

Infections with community-and hospital-acquired ESBLs-producing Enterobacteriaceae are prevalent worldwide and associate with poor outcomes. Their conventional treatment involves using carbapenems.

Fosfomycin

Fosfomycin is phosphonic acid derivative. Fosfomycin acts on both Gram-positive and Gram negative species by irreversibly attaching to pyruvyl transferase, an important enzyme in the early step of bacterial cell wall synthesis. It is frequently used to treat bladder infections such as acute cystitis. In France, Fosfomycin is indicated for uncomplicated acute cystitis in women.

Gross sales

Gross sales are the grand total of all sale transactions reported in a period from manufacturers or exporters to wholesalers.

Klebsiella pneumoniae

Glossary

Klebsiella pneumoniae is a Gram-negative, encapsulated, non-motile bacterium that is found in the environment. It is responsible for pneumonia, notably in alcoholic and diabetic patients. It is a frequent species responsible for healthcare-associated infections. The bacterium typically colonizes human mucosal surfaces of the oropharynx and gastrointestinal tract.

McIsaac score

The Centor score is a clinical score calculated from a set of criteria used to estimate the likelihood of a bacterial infection in adults complaining of a sore throat. The McIsaac score modifies the Centor score by considering the differences in the incidence of Group A streptococcal infection in children versus adults.

Metronidazole/spiramycin

Metronidazole/spiramycin is the association of a macrolide (spiramycin) and an imidazole (metronidazole). The drug is frequently used for treating oral and dental infections.

Multi-drug resistant bacteria

Multi-drug resistant bacteria are the bacteria that developed resistance to multiple types of antibiotics. Common multi-drug resistant bacteria are Methicillin-Resistant Staphylococcus aureus, Extended-spectrum β-lactamase-producing E. coli, Vancomycin-Resistant Enterococci, and carbapenemase-producing K. pneumoniae.

Multifaceted awareness campaigns

Glossary

A multifaceted awareness campaign is a comprehensive effort that includes multiple components (e.g., messaging, grassroots outreach, media relations, government affairs, budget) to help raise awareness among the public and other actors.

Narrow-spectrum antibiotics

Narrow-spectrum antibiotics are antibiotics that work against only a specific and narrow group of bacteria. An example is phenoxymethylpenicillin (also known as penicillin V).

Over and inappropriate use of antibiotics

Overuse of antibiotics refers to the cases where antibiotics are prescribed for conditions that do not require antibiotics (e.g., viral infections).

Inappropriate use of antibiotics refers to the case where antibiotics are needed, but the doctor does not follow current treatment recommendations in terms of antimicrobial agent (e.g., broad-spectrum antibiotics instead of narrow-spectrum antibiotics) and duration of treatment (e.g., prescribed longer courses than recommended).

Pneumococcal conjugate vaccines

Pneumococcal conjugate vaccines are a type of pneumococcal vaccine in which the bacterial polysaccharide antigens are conjugated with a carrier protein derived from diphtheria proteins. Pneumoccocal conjugate vaccines are used to protect humans against disease caused by the bacterium Streptococcus pneumoniae, notably meningitis, pneumonia, and otitis media.

Pristinamycin

Glossary

Pristinamycin is an antibiotic from the streptogramin group. Pristinamycin is used primarily in the treatment of staphylococcal infections (e.g., skin and soft tissue infections) and to a lesser extent streptococcal infections (e.g., sinusitis, exacerbations of chronic bronchitis, pneumonia, and skin and soft tissue infections).

Quinolones

Quinolones are broad-spectrum antibiotics that are active against both Gram-positive and Gram-negative bacteria, including mycobacteria, and anaerobes. However, bacteria have acquired resistance to quinolones, similar to other antibacterial agents, due to the overuse of these drugs. Mechanisms contributing to quinolone resistance are mediated by chromosomal mutations and/or plasmid gene uptake that alter the topoisomerase targets, modify the quinolone, and/or reduce drug accumulation by either decreased uptake or increased efflux.

Rapid test for group A streptococcus

The rapid strep test is a rapid antigen detection test that is widely used in clinics to assist in the diagnosis of bacterial pharyngitis caused by group A streptococcus, sometimes referred to as 'strep throat'. The rapid test can be performed at the point of care as it provides a result within 10 minutes.

Standard units

The standard unit of a drug is the smallest common dose of a product formulation (e.g., one tablet, one capsule, measured spoon of 5 ml of syrup, one vial) Glossary

Statistics Autoregressive Integrated Moving Average (ARIMA) modeling

The acronym ARIMA stands for Autoregressive Integrated Moving Average. The process models a time series as a function of "autoregressive" and "moving average" terms, sometimes requiring differencing to reach stationarity ("integrated"). A stationary time series is one whose properties do not depend on the time at which the series is observed. Thus, time series with trends, or with seasonality, are not stationary -the trend and seasonality will affect the value of the time series at different times.

The full ARIMA model can be written as:

y " ʹ = c + φ ( y ")( ʹ + … + φ + y ")+ ʹ + θ ( ε ")( + … + θ . ε "). + ε "
where yʹt is the differenced series. The "predictors" on the right-hand side include both lagged values of yt and lagged errors. In an ARIMA model with parameters (p,d,q), p is the number of autoregressive terms, d is the number of nonseasonal differences needed for stationarity, and q is the number of lagged forecast errors in the prediction equation. ϕ and θ are the coefficient of lagged values of yt and lagged errors. c is a constant. εt is a white noise series. A white noise process is a random process with a mean of zero, a finite variance, and no serial correlation.

Autocorrelation function (ACF)

A plot of the autocorrelation (correlation of a time series observations with values of the same series at previous times) of a time series by lag is called an auto-correlation function (ACF).

Correlation plot

Correlation or scatter plots use horizontal and vertical axes to plot data points. Correlation plots show how much one variable is affected by another. The relationship between two variables is called correlation.

Data extrapolation

Extrapolation is the estimation of a value based on extending a known sequence of values.

For example, data collected in a sample of pharmacies can be extrapolated using an algorithm to produce national estimates of drug dispensation.

Defined daily doses (DDD)

The defined daily dose (DDD) is the assumed average maintenance dose per day for a drug used for its main indication in adults. Defined daily doses are periodically defined by the World Health Organization. For example, the DDD of amoxicillin is 1.5 gram per day, which means that it is expected that physicians will prescribe 1.5 gram per day of amoxicillin if they must treat an adult patient with this antibiotic. DDDs are frequently used for drug utilization studies, including international comparisons.

Goodness-of-fit

The goodness of fit of a statistical model describes how well it fits the set of observations used to derive it. Measures of goodness of fit typically summarize the discrepancy between observed values and the values expected under the model in question. Common measures of goodness of fit include the log-likelihood and the R 2 .

Interrupted time series (ITS) analysis

An ITS study investigates whether the trend of a time series of a particular outcome of interest is 'interrupted' by an intervention at a known point in time. An ITS analysis requires data to be collected regularly over time, with a sufficient number of measurement points before and after the intervention. The ITS design is particularly useful for drug utilization studies evaluating the effects of an intervention consisting of a change in policy. This includes, for example, clinical practice guidelines, safety warnings from health authorities, changes in drug reimbursement policy, and mass media campaigns.

Outlier

In statistics, an outlier is a data point that differs significantly from other observations. An outlier may be due to variability in the measurement, or it may indicate an experimental error; the latter are sometimes excluded from the dataset. An outlier can cause problems in statistical analyses.

Overdispersion

In Poisson modeling, overdispersion means that the observed variance is larger than the expected variance. This can be handled by adjustment for overdispersion or by using negative binomial regression.

Partial autocorrelation function (PACF)

A partial autocorrelation is a summary of the relationship between an observation in a time series with observations at previous time steps, with the relationships of intervening observations removed.

Pearson's r correlation test

Pearson's r correlation test is a test statistic that measures the statistical relationship, or association, between two continuous variables. It is based on the method of covariance. It gives information about the magnitude of the association, or correlation, as well as the direction of the relationship. The test is based on assumptions that the two variables are independent and linearly related to each other. Coefficient values can range from +1 to -1

where +1 indicates a perfect positive relationship, -1 indicates a perfect negative relationship, and a 0 indicates that no relationship exists. It is independent of the unit of measurement.

Poisson regression

Poisson regression is a regression where the outcome variable can be either a count or rate.

Explanatory variables can be continuous or categorical.

Poisson log-linear regression model for the expected rate of the occurrence of an event is:

log 2 y t 4 = α + β * log μ t = α + βx
The term log(t) is referred to as an offset.

GENERAL INTRODUCTION 1. Antimicrobial resistance

Antimicrobial resistance* is a global threat that accounts for approximately 25,000 deaths and 2.5 million extra hospital days per year in the European Union, with about the same burden in the United States [START_REF] Cassini | Attributable deaths and disability-adjusted life-years caused by infections with antibiotic-resistant bacteria in the EU and the European Economic Area in 2015: A population-level modelling analysis[END_REF]; Centers for Diseases Control and Prevention). Antimicrobial resistance may occur by selection through random mutation.

However, the over-and inappropriate use of antibiotics* facilitates the emergence of antimicrobial resistance (van de [START_REF] Van De Sande-Bruinsma | European Antimicrobial Resistance Surveillance System Group, & European Surveillance of[END_REF]. Indeed, many pieces of evidence showed a strong link between antibiotic overuse and antimicrobial resistance [START_REF] Ferech | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe[END_REF][START_REF] Goossens | Outpatient antibiotic use in Europe and association with resistance: A cross-national database study[END_REF]. Antibiotic resistance has emerged worldwide, but the patterns vary considerably across countries, depending on how antibiotics are consumed [START_REF] Bell | A systematic review and meta-analysis of the effects of antibiotic consumption on antibiotic resistance[END_REF][START_REF] Elseviers | Antibiotic use in ambulatory care in Europe (ESAC data 1997-2002): Trends, regional differences and seasonal fluctuations[END_REF][START_REF] Goossens | Outpatient antibiotic use in Europe and association with resistance: A cross-national database study[END_REF][START_REF] Laxminarayan | Antibiotic resistance-The need for global solutions[END_REF]. In Europe, main concerns lie in the rising incidence of multi-drug resistant bacteria*, especially third-generation cephalosporins* (3GC) resistant Enterobacteriacea* that produce broad-spectrum beta-lactamase inhibitors. According to reports of the European antimicrobial resistance surveillance network in 2015, 10% of Escherichia coli and more than 30% of Klebsiella pneumoniae are resistant to 3GC (European antimicrobial resistance surveillance network (EARS-net)). That says among every 100 patients infected by these infectious agents, between 10 and 30 of them may not respond to treatments commonly available in the community. In such cases, physicians may be forced to use (very-) broad-spectrum antibiotics* such as carbapenems* leading to more selection and therapeutic impasse. The overuse of broad-spectrum* antibiotics, such as 3GC, amoxicillinclavulanate*, and quinolones* contributes to the spread of these resistant strains. In addition, broad-spectrum antibiotics usually do not provide better clinical outcomes compared to narrow-spectrum* antibiotics but possibly lead to adverse events as well as unnecessary costs [START_REF] Birgy | Community faecal carriage of extended-spectrum beta-lactamase-producing Enterobacteriaceae in French children[END_REF][START_REF] Courpon-Claudinon | Bacteraemia caused by thirdgeneration cephalosporin-resistant Escherichia coli in France: Prevalence, molecular epidemiology and clinical features[END_REF][START_REF] Gerber | Association of Broad-vs Narrow-Spectrum Antibiotics With Treatment Failure, Adverse Events, and Quality of Life in Children With Acute Respiratory Tract Infections[END_REF][START_REF] Lindbaek | Broad-spectrum antibiotics gave no clinical benefit and more adverse effects than narrow-spectrum antibiotics in treating acute respiratory tract infections in US children[END_REF]. Reducing the overuse of antibiotics and, more specifically, broad-spectrum antimicrobial agents is a priority in most European and North-American antibiotic stewardship campaigns* in order to contain antimicrobial resistance and preserve the efficacy of existing antibiotics [START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF][START_REF] Kreitmeyr | Pediatric antibiotic stewardship: Successful interventions to reduce broad-spectrum antibiotic use on general pediatric wards[END_REF][START_REF] Lindbaek | Broad-spectrum antibiotics gave no clinical benefit and more adverse effects than narrow-spectrum antibiotics in treating acute respiratory tract infections in US children[END_REF][START_REF] Poole | Antibiotic Prescribing for Children in United States Emergency Departments: 2009-2014[END_REF].

The combat against antimicrobial resistance

In the early 2000s, several countries started multifaceted awareness campaigns* to promote the rational use of antibiotics. These initiatives aimed at informing both the lay public (e.g., through warnings about antibiotic resistance threats in mass media) and the physicians (e.g., through developing, disseminating, and implementing clinical practice guidelines). As a result, current practice guidelines usually encourage physicians to:

• withhold antibiotic prescription in conditions in which antibiotics are not clinically beneficial (notably infections of viral origin such as the common cold) to avoid unnecessary prescriptions;

• use first-line narrow-spectrum antibiotics* (such as amoxicillin*) to limit unnecessary exposure to broad-spectrum antibiotics (such as 3GC, amoxicillin-clavulanate, and quinolones);

• follow recommended treatment durations to avoid unnecessary prolonged exposure to antibiotics [START_REF] Huttner | Characteristics and outcomes of public campaigns aimed at improving the use of antibiotics in outpatients in high-income countries[END_REF][START_REF] Ivanovska | Antibiotic prescribing for children in primary care and adherence to treatment guidelines[END_REF][START_REF] Tyrstrup | Antibiotic prescribing in relation to diagnoses and consultation rates in Belgium, the Netherlands and Sweden: Use of European quality indicators[END_REF].

Antibiotic consumption is currently about 30% higher in France than the average consumption of European countries [START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF]. French national programs addressing antibiotic consumption and resistance have been designed

and implemented since the early 2000s [START_REF] Carlet | let's save antibiotics[END_REF][START_REF] Goossens | National campaigns to improve antibiotic use[END_REF][START_REF] Huttner | Characteristics and outcomes of public campaigns aimed at improving the use of antibiotics in outpatients in high-income countries[END_REF]. The report entitled « Tous ensemble, sauvons les antibiotiques » (Together, let's save antibiotics) described different campaigns that have been organized between 2002 and 2012 with input from several partners, associations, and representatives of civil society to inform the general public about the risk of antibiotic resistance. More than 40 million prescriptions were avoided during this period. It is reported that for every euro invested in each campaign, 14 euros was saved by the French Health Insurance System (Carlet & Le Coz).

The comprehensive set of plans to tackle antibiotic resistance in France is summarized in Table 1. Target "general public" and "doctors" through television and radio ads, posters in public places, and visits that French Health Insurance Delegates gave to doctors.

To develop an instinctive reflex to question the need for prescribing antibiotics. • Target "doctors" through media.

• Strep tests were promoted to avoid unnecessary use of antibiotics for viral pharyngitis. • No particular communication was carried out on bacterial resistance.

To reduce unnecessary antibiotics by explaining the inefficacy of antibiotics against viruses.

No information available 2009 « Les antibiotiques : utilisés à tort, ils deviendront moins forts » (Antibiotics used wrongly don't act as strongly)

• Target "patients" and "doctors".

• Investment on the media.

• To explain the phenomenon of resistance.

• To emphasize that antibiotics are not needed for viral illnesses.

No information available 2012

Pay-for-performance incentives Financial incentives to doctors for not prescribing antibiotics. Aimed at a 5% reduction in the proportion of patients between 16 and 65 years treated with antibiotics (excluding patients with chronic diseases).

No information available 2004

French clinical practice guidelines for upper respiratory tract infections

• Disseminated through clinical societies.

• Announced on websites that are highly accessed by GP.

• Communicated through several oral presentations during conferences and workshops.

• To reduce inappropriate antibiotic prescribing.

• To specify conditions that require antibiotics.

No information available 2011 Updated French clinical practice guidelines for upper respiratory tract infections

• Disseminated through clinical societies.

• Announced on websites that are highly accessed by GP.

• Communicated through several oral presentations during conferences and workshops.

• To reduce inappropriate antibiotic prescribing.

• To specify conditions that require antibiotics.

• To avoid the use of broad-spectrum antibiotics (e.g., 3GC).

Positive impact of the 2011 guidelines in pediatric emergency departments and among private-practice pediatricians in the Paris region: sharp reduction in overall antibiotic prescription rates and substantial decrease in the share of broad-spectrum antibiotics.

-now

Financial incentives to primary care prescribers Payment to doctors if they switched from prescribing oral 3GC and amoxicillin-clavulanate to amoxicillin.

To encourage replacing oral 3GC and amoxicillin-clavulanate by amoxicillin.

No information available

Proper monitoring of antibiotic utilization*, especially in the outpatient setting, which represents at least two-thirds of antibiotic use in humans, is crucial to assess the effectiveness of these campaigns, to better identify high-priority targets for improvement, and to pave the way for future antibiotic stewardship programs and policies [START_REF] Klein | Global increase and geographic convergence in antibiotic consumption between 2000 and 2015[END_REF][START_REF] Tacconelli | Surveillance for control of antimicrobial resistance[END_REF]. Successful surveillance activities should involve the use of robust data sources and appropriate measure indicators [START_REF] Versporten | Antibiotic use in eastern Europe: A cross-national database study in coordination with the WHO Regional Office for Europe[END_REF].

Sources of data for monitoring outpatient antibiotic utilization

An antibiotic can be involved at several levels in the drug supply chain (i.e., manufacturing, importing, storage, distribution, and prescribing) before reaching the patient (Figure 1).

Sources of antibiotic utilization data vary among countries depending on the regulations and operations of the healthcare systems [START_REF] Cook | Estimating national drug consumption using data at different points in the pharmaceutical supply chain[END_REF][START_REF] Elseviers | Drug utilization research: Methods and applications[END_REF][START_REF] Vander Stichele | European Surveillance of Antimicrobial Consumption (ESAC): Data Collection Performance and Methodological Approach[END_REF]World Health Organization). Except for the consuming data, the following data sources can be used to assess antibiotic utilization patterns with an assumption that the patients adhere to the instructions when they take their dispensed antibiotics.

Gross sales* data

Drug regulatory agencies have the responsibility of ensuring the safety, efficacy, and quality of drugs available to the public in the country. Therefore, they collect data from manufacturers, importers, distributors, and wholesalers to retailers (outpatient setting) or hospitals (inpatient setting) through transactions and documentation reports. Data from these sources can be used to describe the total quantities of specific antibiotics or antibiotic groups in circulation in a given time period.

Besides, in some countries, private companies or industrial associations may also collect sales data from manufacturers and wholesalers to retails pharmacies.

Prescribing data

In most high-income countries, antibiotics are dispensed with a prescription. Therefore, prescribing data can be retrieved from prescription forms, either manual or electronic, from prescribing databases, prescribing surveys, patient records, or even at dispensing points.

Generally, information from prescriptions includes patient demographics, prescriber information, antibiotic agent, dosage form, dosage strength, prescribed dose, frequency of administration, and duration of treatment. It is also possible to link antibiotic prescribing data with indications if the diagnoses are noted in the prescription form in some countries.

Dispensing data

In the outpatient setting, dispensing data can be obtained from retail pharmacies through dispensing records and market surveys (usually sold to pharmaceutical companies to perform post-marketing studies). The quantity of dispensed antibiotics depends on their availability, but it is generally similar to prescribing data. The information available may include patient demographics, prescriber information, prescribed antibiotics, the quantity of dispensed antibiotics, and the cost of each item in the prescription. In some countries, antibiotics can be purchased without a prescription (i.e., over-the-counter). In this case, dispensing data, if recorded in a satisfactory manner, may be closer to actual antibiotic utilization than prescribing data.

Reimbursement data

Antibiotic reimbursement data can also be obtained from the insurers, either national health insurers or private health insurers. In many countries, national health insurance agencies record reimbursing data as a part of administrative procedures. Data collected may involve patient demographics, prescriber information, reimbursed antibiotic quantity of reimbursed antibiotics, cost of each item in the prescription, and the reimbursed amount.

Consuming data

Information on the actual intake of antibiotics can be obtained through interviews or questionnaires to patients. Collected information depends on the purposes of the surveys.

Data collecting may be subjected to refusal and may be limited by the number of patients and their representativeness. 

Gross sales data

In France, gross sales data from the manufacturers reported to ANSM have been the main source of estimations for outpatient antibiotic consumption for decades. The reported information involves the sold amount of antibiotic agents in tons in a given year (e.g., in

France in the year 2016, 786 tons of antibiotics were sold for use in humans). These data were claimed as the most exhaustive for monitoring drug consumption in France (Agence nationale de sécurité du médicament et des produits de santé, 2017). However, this source of data has some limitations. First, the data are collected for administrative purposes and available only on a yearly basis. Second, because the data are collected before the drugs reach the patient level, all the information related to the patients (e.g., age and region) and prescribers (e.g., age and specialty) are unknown.

Gross sales data in France can also be obtained from GERS (French Group for the elaboration and the realization of statistics). GERS is an economic interest group created by companies in the pharmaceutical industry. GERS collects gross sales data from laboratories in France since 1976. GERS data assist health authorities with monitoring market indicators and determining drug pricing policy (Groupement pour l'Elaboration et la Réalisation de Statistiques).

Prescribing data

In France, prescribing data can be obtained from prescription studies or prescription surveys conducted by private companies (e.g., Cegedim Logiciels Médicaux, CompuGroup Medical, OpenHealth).

In this thesis, we used prescribing data provided by IQVIA. IQVIA, previously known as QuintilesIMS, is an international company that collects data on drug sales and conducts 

Dispensing data

Dispensing data in France are collected through market surveys conducted by private companies (e.g., IQVIA, Cegedim, OpenHealth).

In this thesis, we used dispensing data from IQVIA. IQVIA provides French sales data through the X-ponent panel (also known as the "Suivi de la Dispensation Médicale", or "SDM" in France). X-ponent is a large international panel available in several countries, including the United States and Canada [START_REF] Hicks | US outpatient antibiotic prescribing variation according to geography, patient population, and provider specialty in 2011[END_REF][START_REF] Karlowsky | Annual macrolide prescription rates and the emergence of macrolide resistance among Streptococcus pneumoniae in Canada from 1995 to 2005[END_REF]. Within the X-ponent panel, IQVIA estimates drug sales from a sample of 14,000 pharmacies accounting for 60% of retail pharmacies in metropolitan France (i.e., France excluding overseas territories), and then projects to 100% coverage through a proprietary algorithm [START_REF] Chahwakilian | Impact of the French campaign to reduce inappropriate ambulatory antibiotic use on the prescription and consultation rates for respiratory tract infections[END_REF] 

Reimbursement data

In France, 100% of antibiotics are reimbursable by the National Health Insurance System (Sécurité Sociale). Data on antibiotic reimbursement can be derived from the National Health Insurance System and complementary insurance companies ('mutuelles' and forprofit private insurance). Data from the latter might be available, but there is a lack of regional and/or national coverage since the complementary insurance is not mandatory and there is a variety of private insurance companies. Besides, information regarding the treatment may not be collected as well.

The French National Health Insurance System manages all reimbursements of healthcare expenditure to all people affiliated with a health insurance scheme in France (i.e., 99% of the French population). 

Overview of measurement units of ambulatory antibiotic utilization

The numerators: measures of the amount of antibiotic utilization

There are several measures of the amount of antibiotics (and other drugs) utilization [START_REF] Versporten | Metrics to assess the quantity of antibiotic use in the outpatient setting: A systematic review followed by an international multidisciplinary consensus procedure[END_REF]. The utility of these measures depends on their clinical relevance and the purpose of the study.

Number of patients who received antibiotics or number of antibiotics users

In quantitative and qualitative drug utilization studies, the most clinically relevant indicator may be the number of patients in a defined population who actually take the drug of interest during a particular time frame (Strom et al., 2013). In the outpatient setting, this indicator is rarely obtainable because we do not know whether the patient takes the drug they were dispensed or not. This indicator can be approximated by the number of patients who were dispensed or reimbursed antibiotics. The latter can be obtained from individual data from administrative data (e.g., reimbursement data with a unique identifier for each patient).

Number of prescriptions

In many developed countries, the number of prescriptions can be made available from administrative data. The number of prescriptions dispensed to patients is then the most reliably available indicator for monitoring antibiotic utilization over time, i.e., the less imperfect indicator. However, this measure may be difficult and costly to obtain, especially in low-and middle-income countries where such data are not routinely collected. When available, this indicator is the closest surrogate of the number of patients exposed to a given drug. The differences between the number of patients and the number of prescriptions arise from the fact that one patient may receive several prescriptions during a particular time frame. Besides, because the number of prescriptions only partly reflects the use of drugs, the quantities of drugs per prescriptions should also be considered.

Number of dispensations

The number of dispensations can be obtained from either reimbursement (i.e., number of reimbursed dispensations) or sales data. For children, antibiotic treatment is mostly for acute infections in which one prescription leads eventually to one dispensation. In this case, the number of dispensations may be used as a proxy for the number of prescriptions.

Number of defined daily doses* (DDDs)

The most commonly used measure for antibiotics (and other drugs) consumption surveillance is the DDDs. This measure was initiated by the World Health Organization in 1982 for international comparisons (World Health Organization). The DDD is the assumed average maintenance dose per day for the main indication of the drug in adults (World Health Organization). For example, the DDD of amoxicillin is 1.5 grams per day, which means that the WHO assumes that this the standard dose of amoxicillin routinely prescribed to adults (e.g., 500 mg three times a day). The total number of DDDs used in a country per year is easily derived from gross sales data. Some researchers caution against the use of DDDs to estimate the prevalence of drug use because it is significantly influenced by prescribed dosage regimens that may vary at the national or regional level and it is not applicable to the pediatric population (Mantel-Teeuwisse et al., 2001).

Number of prescribed daily doses

The prescribed daily dose is defined as the average dose prescribed according to a representative sample of prescriptions. For example, the DDD of amoxicillin might be 1.5 grams per day, while the prescribed dose for pneumonia might be as high as 3 grams per day. Only data with linkage to diagnosis and prescription (i.e., data from prescription studies and medical records) allow deriving the number of prescribed daily doses.

Other numerators

The volume of antibiotic utilization can also be collected as the grams of active ingredients, the number of packages, or the number of standard units. However, the numbers of packages and standard units do not consider the strength and/or concentration of the preparations, which varies greatly within a country and across countries.

The denominators: units against which the amount of antibiotics is divided, over a given period

Number of inhabitants

It is often difficult to obtain a population that relates to antibiotic use. To report outpatient antibiotic use, the amount of antibiotic dispensed is usually related to 1,000 inhabitants. This denominator is mostly used in the outpatient setting and at the population level. In France, the population data can be obtained from the French National Institute of Statistics and Economic Studies (INSEE), a governmental agency that collects and publishes information about the French economy and population (Institut national de la statistique et des études économiques). As a result, common indicators of antibiotic utilization are the number of DDDs per 1,000 inhabitants per day (DID) and the number of prescriptions per 1,000 inhabitants per day (PrID).

Number of insured individuals

Antibiotics are reimbursable in many countries. In France, 100% of antibiotics are (partially or totally) reimbursed. In a country with a universal health care system, the number of insured individuals derived from the National Health Insurance System (e.g., Sécurité Social in France) may act as a denominator for antibiotic use, equivalent to the number of inhabitants.

Number of visits

In some settings, the number of physician visits can be obtained and can ideally be linked with diagnosis. In this case, the number of visits provides a better estimate of the antibiotic prescriptions rate, which reflects physicians' behavior. A common measure of antibiotic utilization is the number of antibiotic prescriptions per 100 or per 1,000 population of visits.

Other denominators

Several other denominators have been suggested, and some of these offer substantial advantages compared to denominators acquired from administrative databases. Notably, these measurements can be related to the real-world antibiotic use (e.g., the number of days of treatments and the number of patient-days receiving antibiotics, number of personsyear). However, these denominators are rarely available in the outpatient setting at the national level.

RATIONALE FOR CONDUCTING THIS THESIS

France ranks highly among major antibiotic consumers in Europe and the world [START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF]. Not surprisingly, the current situation of antibiotic resistance in this country is worrisome (Carlet & Le Coz). A better understanding of antibiotic utilization in France is particularly useful to design intervention and antibiotic stewardship campaigns aiming at containing antimicrobial resistance.

The monitoring of antibiotic utilization in France relies mainly on annual reports by the French National Drug Safety Agency (ANSM) using the number of DDDs per 1,000 inhabitants per day as a single indicator, based on gross sales (Agence nationale de sécurité du médicament et des produits de santé, 2017). Other data sources and indicators are available (see General Introduction). They could be used to complement the current surveillance activities, but they have never been validated. It is not evidently assessed whether we can use retail sales data to monitor outpatient antibiotic utilization at the national level and whether DDDs alone is sufficient to measure outpatient antibiotic utilization.

Antibiotic use is prevalent in children owing to their vulnerability to respiratory tract infections (RTIs) and to the common use of antibiotics for RTIs in France. However, very few national studies were conducted in the pediatric population in France [START_REF] Dommergues | Decreased paediatric antibiotic consumption in France between 2000 and 2010[END_REF][START_REF] Sellam | Impact of guidelines on ambulatory pediatric antibiotic prescriptions[END_REF]. It is unclear whether the recent interventions (e.g., updated clinical practice guidelines in 2011, see Table 1) had any impact at the national level and where further improvements in antibiotic prescribing are needed.

AIMS OF THIS THESIS

This thesis addressed some methodological issues related to outpatient antibiotic utilization monitoring and provided new knowledge about outpatient antibiotic utilization in French children.

In Part I, we assessed two methodological points of outpatient antibiotic utilization monitoring in the French context. In Chapter I, we aimed to compare different data sources of outpatient antibiotic monitoring in France. In Chapter II, we aimed to investigate the use of various indicators to measure outpatient antibiotic utilization in France.

In Part II, we focused on assessing outpatient pediatric antibiotic use in France. In

Chapter III, we aimed to evaluate the changes in antibiotic use in the pediatric population following the dissemination of new guidelines for managing upper RTIs. In Chapter IV, we aimed to describe recent antibiotic prescribing patterns for children in the community and identify physician and patient characteristics associated with high antibiotic prescribing.

In the General Conclusions, we summarized our main findings and discussed their potential implications for public health and research. We also provided possible research perspectives following this thesis.

PART I: METHODOLOGY OF OUTPATIENT ANTIBIOTIC UTILIZATION MONITORING

As previously described in the General Introduction (page 35-48), there are many available data sources and indicators that can be used to monitor outpatient antibiotic utilization in France. In Part I of this thesis, we provided knowledge on these two methodological points of outpatient antibiotic utilization monitoring.

In Chapter I, we assessed whether retail sales data could be used for antibiotic utilization monitoring, as an adjunct or an alternative to administrative data.

In Chapter II, we evaluated whether the number of DDDs was a reasonable single indicator to measure outpatient antibiotic utilization.

INTRODUCTION

In France, antibiotic monitoring relies on gross sales data reported to national authorities.

We have seen in the General Introduction (page 40) that these data have some limitations.

We have also seen that private companies such as IQVIA produce databases based on retail sales data. These databases may overcome some limitations of gross sales data. Retail sales data from IQVIA have been used widely to investigate antibiotic utilization and inform policy in many countries [START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF][START_REF] Goossens | Comparison of outpatient systemic antibacterial use in 2004 in the United States and 27 European countries[END_REF][START_REF] Hicks | US outpatient antibiotic prescribing variation according to geography, patient population, and provider specialty in 2011[END_REF]. However, this source has never been validated in France at the national level. Differences across these sources may reflect issues related to reimbursement policy, data collection, and data extrapolation* procedures. For example, previous evaluations in Spain and Italy have shown that sales data obtained from IQVIA overestimated antibiotic use by about 30% when compared to reimbursement data [START_REF] Campos | Surveillance of outpatient antibiotic consumption in Spain according to sales data and reimbursement data[END_REF][START_REF] Gagliotti | Comparison of sales and reimbursement data regarding outpatient antibiotic use in a northern Italian Region[END_REF]. The authors hypothesized that these differences were partly due to over-the-counter antibiotic use that could not be captured by reimbursement claims. Some studies, performed in Canada, showed acceptable agreement between IQVIA databases and other administrative data sources [START_REF] Schwartz | Validating a popular outpatient antibiotic database to reliably identify high prescribing physicians for patients 65 years of age and older[END_REF]. However, these studies are limited to the regional level (i.e., Ontario) or focused on a specific population (i.e., inpatient or older patients) due to the lack of a reference data source at the national level. Because in France antibiotics are only dispensed with a prescription and are all reimbursed, individual reimbursement data represent the reference standard for antibiotic utilization research at the national level because they cover 99% of the population. The main limitations of reimbursement data are the burdensome administrative procedures needed to obtain access and the delayed availability of data due to the collection process.

Our objective was to assess whether a retail sales database (IQVIA X-ponent) could be used to monitor antibiotic utilization in the outpatient setting in replacement of national reimbursement data.

METHODS

Study setting

We assessed the adequacy of retail sales data in reflecting outpatient antibiotic utilization as registered in the national reimbursement database in metropolitan France (i.e., France excluding oversea territories), between January 2012 and December 2017. This period represents the most extended series for which the French National Commission on Informatics and Liberty gave authorization at the time of our study (Authorization number:

CNIL DR-2018-314).

Data sources

We used outpatient reimbursing data from the SNDS database and retail sales data from the X-ponent database provided by IQVIA. The characteristics of these databases were presented in the General Introduction (page 41-43).

We extracted X-ponent and SNDS monthly-aggregated data on antibiotic utilization, focusing on class J01 (Antibacterials for systemic use) of the Anatomical Therapeutic Chemical (ATC) classification (Version 2019). We retrieved population data of France metropolitan and its 13 regions from the INSEE. Because SNDS covers nearly 100% of the French population, we approximated the number of insured individuals by the number of inhabitants.

Outcome measures

Our outcome measures were the number of prescriptions per 1,000 inhabitants per day (PrID), and the number of DDDs per 1,000 inhabitants per day (DID). In this study, "prescription" referred to a single dispensation (X-ponent) that eventually led to a reimbursement (SNDS).

Statistical analyses

First, we calculated relative differences in outcome measures by month and by year as the difference between X-ponent and SNDS estimates, divided by SNDS estimates. The overall estimates of PrID and DID during the six-year period are the weighted sum of the yearly estimates (e.g., a total of 17% of antibiotic prescriptions were dispensed in 2012 among the 2012-2017 period in SNDS so the year 2012 contributed 2.87*0.17 to the weighted overall estimate of SNDS). We applied the same approach for calculating weighted relative differences. Because both positive and negative differences reflect the deviation, we calculated the weighted sum of the absolute value of the relative differences to obtain the overall differences between the two databases (e.g., a total of 17% of antibiotic prescriptions were dispensed in 2012 among the 2012-2017 period in SNDS so the year 2012 contributed 2.3%*0.17 to the weighted overall relative difference between SNDS and X-ponent). We stratified these calculations by months, main therapeutic classes (three most prescribed ATC classes), major antimicrobial agents (ten most prescribed individual antibiotic agents), regions (Appendix 1), and age groups (children < 15 years old vs. adults ≥ 15 years old).

Second, we assessed the correlation between PrID and DID monthly-aggregated values derived from the two data sources using Pearson's r correlation* coefficient. This measure indicates their linear relationship as a number between -1 (perfect negative correlation) and +1 (perfect positive correlation); an r coefficient equal to zero means there is no correlation between the two data sources.

Third, we assessed the consistency in temporal patterns of the two time-series of PrID obtained from SNDS and X-ponent using autoregressive integrated moving average* (ARIMA) modeling [START_REF] Liu | Forecasting and time series analysis using the SCA statistical system: Scientific Computing Associates Corp[END_REF]. We built two separate ARIMA models of SNDS's PrID and X-ponent's PrID to evaluate the behaviors of the two time-series. We also built an additional model in which SNDS's PrID series is modeled as a function of X-ponent's PrID series at concurrent lag (lag=0), with autoregressive errors and ran outlier* detection routines on this model to evaluate the divergence of the two time-series [START_REF] Chang | Estimation of Time Series Parameters in the Presence of Outliers[END_REF]. The process was repeated for stratified subgroups.

The datasets were managed in SAS (SAS Institute, Inc., Cary, NC, USA), and the statistical analyses involved the use of SAS and SCA (Scientific Computing Associate Corp., Chicago, Illinois). We followed the Reporting of studies Conducted using Observational Routinely-collected health Data (RECORD) Statement for reporting [START_REF] Von Elm | The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies[END_REF].

RESULTS

General description of the study sample

Over the 6-year study period, we included approximately 385 million antibiotic prescriptions, comprising nearly 3.5 billion DDDs (Table 1). Adults and children accounted for 79.9% and 20.1% of all prescriptions, respectively. No missing data on age were found in the SNDS database, while 2.3% of prescriptions in X-ponent did not include the age of the patient. The Ile-de-France region (i.e., Paris and its suburbs) accounted for 19.0% of all prescriptions, followed by Hauts-de-France, Auvergne-Rhône-Alpes, Nouvelle-Aquitaine, Occitanie, Grand Est (around 10% each); each remaining region accounted for less than 5% of prescriptions.

Notably, there was only 0.5% of antibiotic prescriptions dispensed in Corse. The three most prescribed ATC classes were J01C (penicillins, 45.4%), J01D (other β-lactam* antimicrobials, including cephalosporins, 14.7%) and J01F (macrolides, lincosamides and streptogramins, 14.7%). The ten most prescribed individual antibiotic agents were: amoxicillin (28.8% 

Relative differences between X-ponent and SNDS point estimates

Figure 1 shows the relative differences by month in PrID and DID. These values varied between -1.9 and +4.3% for PrID, and between -2.7 and +5.5 for DID. Table 2 shows annual estimates of PrID and DID obtained with SNDS and X-ponent and their relative difference. From 2012 to 2016, X-ponent slightly overestimated SNDS by 0.7-2.6% in PrID and 1.5-3.5% in DID. In 2017, X-ponent slightly underestimated SNDS by 0.7% in PrID and 1.3% in DID. 2.5 Abbreviation: DDD: Defined daily doses † Weighted sum of monthly estimates (weight = share of the month among total prescriptions/DDDs in SNDS/X-ponent; e.g., share of January month of each year among all January months) † †Weighted sum of the absolute values of monthly differences (weight = share among total prescriptions/DDDs in SNDS)

In overall, X-ponent slightly overestimated SNDS in both PrID and DID (Table 2 andTable 4).

Across age groups, the absolute weighted relative differences between X-ponent and SNDS in PrID in adults and children was nearly 1%, and X-ponent slightly underestimated SNDS.

We observed the same overestimation across therapeutic classes and antimicrobial agents. Amoxicillin utilization expressed in DID was underestimated by X-ponent (absolute weighted relative difference: 1.9%). Additionally, the relative difference in DID of amoxicillinclavulanate was much higher than that of PrID (8.7% and 3.7%, respectively). Similarly, Xponent overestimated SNDS in most regions except for Normandie, Hauts-de-France, and Grand Est (see Table 4 for details). Differences in Corse were more pronounced (7.2% in PrID and 11.1% in DID). 

Correlation between X-ponent and SNDS

Figures 2A and2B show the correlation between SNDS's and X-ponent's monthlyaggregated datapoints of PrID and DID, respectively. In overall, the r correlation coefficient between the two databases were 0.998 and 0.996 (both p < 0.0001) for PrID and DID, respectively. Similar results was found across age groups, major classes, major agents, and regions (r ³ 0.97 for all subgroups, except for one region: Table 5). 

Time series analysis

Figures 3A and 3B display monthly-aggregated estimates from the X-ponent and SNDS databases over time, for PrID and DID, respectively. The best individual ARIMA models of SNDS's and X-ponent's PrID were computed using an AR12 (coefficient: -0.74 and -0.75, respectively, both p < 0.0001) with differencing at lag 12. We detected no outlier in the final model, suggesting no significant divergence between the two time-series. In subgroup analyses, we found similar ARIMA parameters when using SDNS and X-ponent data, and outliers were detected for some subgroups (Table 6). 

DISCUSSION

Main findings

We compared antibiotic utilization estimates using data from retail sales (X-ponent) and reimbursement (SNDS) databases in France for the 2012-2017 period. In overall, X-ponent slightly overestimated SNDS in both PrID and DID, at most points in time (relative difference < 4.3% for PrID and <5.5% for DID). Peaks in relative differences were observed for July months. Based on yearly estimates, relative difference between SNDS and X-ponent were 1.6% for PrID and 2.3% for DID. The relative differences between SNDS and X-ponent across age groups, major therapeutic classes, most major agents, and most region were less than 5%, except for amoxicillin-clavulanate, fosfomycin, and two regions. In overall and across most subgroups, X-ponent estimates almost perfectly correlated with SNDS data (r coefficient ≥ 0.97 for all, except for Corse). In ARIMA modeling, inference from the X-ponent time series was very close to that obtained with SNDS data.

Interpretation

In overall, X-ponent data were highly consistent with SNDS data in terms of point estimates and temporal patterns when assessing outpatient antibiotic utilization. This finding is consistent with previous literature, which suggested high consistency between retail sales data from IQVIA and administrative data in Ontario (Canada) [START_REF] Schwartz | Validating a popular outpatient antibiotic database to reliably identify high prescribing physicians for patients 65 years of age and older[END_REF].

However, the overestimation of IQVIA's database when assessing antibiotics utilization in France is much lower than in Spain and Italy (around 30%) [START_REF] Campos | Surveillance of outpatient antibiotic consumption in Spain according to sales data and reimbursement data[END_REF][START_REF] Gagliotti | Comparison of sales and reimbursement data regarding outpatient antibiotic use in a northern Italian Region[END_REF]. A reason could be that, in France, antibiotics are strictly delivered with a prescription, and that all antibiotic dispensations are captured by reimbursement claims.

This high consistency with administrative data may also be explained by the robustness of the IQVIA's sampling and extrapolating method. Overall consistency was maintained, even at the level of therapeutic classes, individual antibiotic agents, age groups, and regions. An outlier was Corse, for which substantial discrepancies were observed in overall measures of PrID and DID and across subgroups. These findings point out where improvements in the data collection and extrapolation procedures are needed. Furthermore, the high consistency that we found is specific for antibiotics and might not hold for other drug classes. We warrant more research for other drug classes, especially those where over-the-counter dispensation occurs.

Antibiotic utilization research plays an essential role in producing reliable evidence for policy-making but is only possible if appropriate data of high quality is available. Data from commercial providers are used worldwide for this purpose, notably IQVIA's X-ponent database, although they had never been formally validated at the national scale [START_REF] Klein | Global increase and geographic convergence in antibiotic consumption between 2000 and 2015[END_REF][START_REF] Van Boeckel | Global antibiotic consumption 2000 to 2010: An analysis of national pharmaceutical sales data[END_REF]. Previous studies in Canada that showed consistency between X-ponent and administrative data relied solely on regional data and older patients [START_REF] Schwartz | Validating a popular outpatient antibiotic database to reliably identify high prescribing physicians for patients 65 years of age and older[END_REF]. The study conducted in Italy was for the northern region, and the study conducted in Spain did not have an exhaustive reference for comparison [START_REF] Campos | Surveillance of outpatient antibiotic consumption in Spain according to sales data and reimbursement data[END_REF][START_REF] Gagliotti | Comparison of sales and reimbursement data regarding outpatient antibiotic use in a northern Italian Region[END_REF]. To our knowledge, this is the first validation study of Xponent for antibiotic utilization research at the national level in the outpatient setting, with a source of data covering nearly 100% population and antibiotic reimbursed dispensation used as the reference. However, further studies in other countries are warranted to generalize our findings.

In this study, we introduced a new routine for comparing two data sources in which we assessed: [1] the relative differences in estimates in overall and across subgroups, [START_REF]Abbreviations: CI, confidence interval; IRR, Incidence rate ratio; aIRR, adjusted IRR. *Adjusted for diagnosis in 17 categories: (1) Otitis; (2) Pharyngitis; (3) Sinusitis; (4) Influenza; (5)Asthma/ allergy; (6) Common cold; (7) Bronchitis; (8) Cough; (9) Bronchiolitis; (10) Other viral respiratory tract infections; (11) Gastrointestinal infection; (12) Pneumonia; (13) Skin and soft tissue infections; (14) Urinary tract infections; (15) Bacterial infection; (16) Other viral illnesses[END_REF] the correlation between data points independent of time, and [START_REF]Agency (ANSM), 2009-2016 Results based on January -December years. 2009 2010 2011 2012 2013 2014 2015 2016 Antibiotic consumption expressed in DID Year IQVIA ANSM Z27 -Need for immunization against combinations of infectious diseases Z28 -Immunization not carried out Z29 -Need for other prophylactic measures Prescription rate Per 100 visits Presumed bacterial[END_REF] consistency in temporal patterns and trends using time-series analysis. Our time-series analysis also gives an insight to the extent to which the two time-series co-move over time and whether they significantly diverge at any time point. Consistency of the results of time-series analyses is particularly important for antibiotic utilization research since the correlation of antibiotic utilization and antibiotic resistance is well documented [START_REF] Goossens | Outpatient antibiotic use in Europe and association with resistance: A cross-national database study[END_REF]. We also recommend the comparison of estimates at the finest aggregated level (i.e., monthly in our study) because yearly relative differences may hide seasonal variations (e.g., July months in our data).

Strengths and limitations

This study has some limitations. First, X-ponent data extraction routines can only provide either age of the patient or the specialty of the prescriber, once at a time, never both simultaneously. Therefore, because we were more interested in studying variability across age groups, we could only know the type of prescribers (i.e., hospital-based physicians, office-based physicians, dentists, and others) but not their specialty (e.g., GPs, pediatricians, Ear-Nose-Throat specialists). This constraint precluded us from assessing antibiotic utilization by specialty. Second, we were unable to match the type of prescribers and specialty which empeded any analysis of this prescriber characteristic while it might be a relevant target for future campaigns. Third, X-ponent and SNDS databases do not contain information regarding the individual dose and duration of treatment. As a result, X-ponent cannot be used to assess the issue of prolonged antibiotic prescriptions, which represents a significant target of antibiotic stewardship campaigns. Fourth, we estimated the relative differences between two databases, but there is no consensual threshold to define which level of relative difference is acceptable.

Conclusions

IQVIA's X-ponent sales data were highly consistent with reimbursement data in the three dimensions we explored (relative differences in point estimates, correlation, and time-series analysis). Thus, IQVIA's X-ponent database seems suited for monitoring outpatient antibiotic utilization in France. This finding allows us to validate X-ponent data for Chapter II and Chapter III of this thesis. The question of whether DDDs can be used alone to monitor antibiotic utilization will be explored in Chapter II.

INTRODUCTION

In addition to a sound data source, as discussed in Chapter I, the use of appropriate indicators is crucial to measure the patterns of antibiotic use accurately. Among the available measures of outpatient antibiotic utilization previously introduced in the General Introduction (page 45-48), the less imperfect measure is the number of dispensed antibiotic prescriptions, but the most common measure is the number of DDDs. In 2004, Monnet et al. reported a strong correlation between estimates of antibiotic utilization expressed in DID (number of defined daily doses per 1,000 inhabitants per day) and PrID (number of prescriptions per 1,000 inhabitants per day) in one given year (1997) [START_REF] Monnet | Defined daily doses of antimicrobials reflect antimicrobial prescriptions in ambulatory care[END_REF]).

However, subsequent national studies in Belgium and UK noted discrepancies between trends expressed in DID and PrID, or between DID and number of packages per 1,000 inhabitants per day (PID) [START_REF] Aabenhus | Antibiotic prescribing in Danish general practice 2004-13[END_REF][START_REF] Coenen | Appropriate international measures for outpatient antibiotic prescribing and consumption: Recommendations from a national data comparison of different measures[END_REF][START_REF] Davey | Outpatient antibiotic use in the four administrations of the UK: Cross-sectional and longitudinal analysis[END_REF][START_REF] Finley | Declines in outpatient antimicrobial use in Canada (1995-2010)[END_REF]. For example, in Belgium, outpatient antibiotic utilization increased in DID, whereas it decreased in PrID and PID over the same time period [START_REF] Coenen | Appropriate international measures for outpatient antibiotic prescribing and consumption: Recommendations from a national data comparison of different measures[END_REF].

This result was confirmed in a large international study in that total outpatient antibiotic utilization increased in Europe in DID but not in PID [START_REF] Bruyndonckx | Measuring trends of outpatient antibiotic use in Europe: Jointly modelling longitudinal data in defined daily doses and packages[END_REF]. Despite such evidence, several countries, such as France, still monitor antibiotic utilization using DID alone. The European Surveillance of Antimicrobial Consumption consortium also recommended using PID in addition to DID for antibiotic utilization surveillance purpose, because PID seems more correlated with PrID than DID [START_REF] Coenen | Appropriate international measures for outpatient antibiotic prescribing and consumption: Recommendations from a national data comparison of different measures[END_REF][START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF]. Other authors have chosen to monitor standard units per 1,000 inhabitants per day (SID) (Assurance Maladie Caisse Nationale).

The question remains whether DID monitoring is still appropriate and, if so, whether DID should be monitored alone, as a single indicator of antibiotic utilization, especially in settings where data on prescriptions are directly available. This chapter, which included both adults and children prescriptions, aimed to assess potential discrepancies between trends of outpatient antibiotic utilization expressed in PrID, DID, PID, and SID using retail sales data.

The secondary objective was to explore the potential reasons for these discrepancies.

METHODS

Data sources

We used monthly-aggregated retail sales data from the X-ponent database (also known as SDM) of IQVIA, validated in Chapter I, from January 2009 to December 2016, focusing on the J01 -ATC class (Version 2017). We extracted the projected number of antibiotic prescriptions, the number of packages, and the number of standard units (i.e., pill, capsule, ampoule, measured spoon of 5 mL, bag) contained in the package as well as the dose per standard unit. For each antibiotic prescription, we extracted the following variables: patient year of birth (which allowed estimating patient age), type of prescriber (hospital-based versus office-based), antibiotic molecule, and ATC class.

Only antibiotics given to outpatients were extracted. We used demographic data from INSEE to calculate estimates of antibiotic utilization per 1,000 inhabitants per day (Institut national de la statistique et des études économiques).

Measures of antibiotic utilization

We calculated the number of standard units as the product of the number of packages times the number of standard units per package and the number of DDDs as the product of the number of standard units times the dose per standard unit, divided by the WHO-assigned DDD (World Health Organization). We expressed antibiotic utilization data in PrID, DID, PID, and SID by dividing the numbers of dispensed prescriptions, DDDs, packages and standard units by the relevant population (total, < 15 years old or ≥ 15 years old), multiplying by 1,000, and then dividing by the number of days per month or per year. The number of DDDs per prescription was calculated by dividing DID by PrID.

Statistical analysis

First, we plotted yearly data (July-June years) and calculated the relative change in antibiotic utilization between last and first year of study (2015-2016 versus 2009-2010), using each measure.

Second, we modeled monthly antibiotic utilization over time using a non-linear fixedeffect model*, as proposed by the European Surveillance of Antimicrobial Consumption consortium [START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF]. In this model, the intercept reflects antibiotic utilization at baseline (January 2009), and the slope reflects the trend in antibiotic utilization over time; a negative slope indicates a decrease over time, whereas a positive slope indicates an increase. We modeled seasonal patterns with a time-dependent sinusoidal function, consistently with previous literature [START_REF] Bruyndonckx | Measuring trends of outpatient antibiotic use in Europe: Jointly modelling longitudinal data in defined daily doses and packages[END_REF]. Parameters of the model were estimated by the least square method [START_REF] Bates | Nonlinear regression analysis and its applications[END_REF]. We evaluated the robustness of our findings using ARIMA modeling [START_REF] Liu | Forecasting and time series analysis using the SCA statistical system: Scientific Computing Associates Corp[END_REF].

Third, we modeled the evolution of the number of DDDs per prescription using the same non-linear fixed-effect model. In an exploratory analysis, we assessed the influence of four possible predictors on the number of DDDs per prescription using linear regression. The first and second predictors were the proportions of amoxicillin and amoxicillin/clavulanate prescriptions, because amoxicillin is the most prescribed antibiotic in ambulatory care [START_REF] Coenen | Appropriate international measures for outpatient antibiotic prescribing and consumption: Recommendations from a national data comparison of different measures[END_REF][START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF], because physicians prescribe amoxicillin and amoxicillin/clavulanate at doses greater than the DDD (i.e., 2-3 g per day instead of 1 g per day, at the time of the study) consistently with official guidelines and products labeling [START_REF] Mouton | Recommandations sur la prise en charge de la pathologie infectieuse respiratoire[END_REF], and because of national clinical practice guidelines issued in 2011 recommending amoxicillin as the first-line antimicrobial agent for most upper RTIs (Société de Pathologie Infectieuse de Langue Française, n.d.). The third predictor was the proportion of adult (age ≥15 years) prescriptions, because of the greater impact of antibiotic stewardship campaigns on pediatric prescriptions, and given that prescribed doses are expected to be higher in adults than in children [START_REF] Bernier | Outpatient Antibiotic Use in France between 2000 and 2010: After the Nationwide Campaign, It Is Time To Focus on the Elderly[END_REF][START_REF] Finkelstein | Reduction in antibiotic use among US children, 1996-2000[END_REF][START_REF] Sabuncu | Significant reduction of antibiotic use in the community after a nationwide campaign in France, 2002-2007[END_REF][START_REF] Sharland | Antibiotic prescribing in general practice and hospital admissions for peritonsillar abscess, mastoiditis, and rheumatic fever in children: Time trend analysis[END_REF]. The fourth predictor was the proportion of hospital prescriptions (outpatient consultations, emergency department visits, and hospital discharge), because higher doses of antibiotics and/or longer treatment durations may be prescribed in this setting [START_REF] Gonzales | Antibiotic treatment of acute respiratory infections in acute care settings[END_REF][START_REF] Kroening-Roche | Antibiotic and bronchodilator prescribing for acute bronchitis in the emergency department[END_REF]. To assess changes over time of these predictors, we used the same non-linear fixed-effect model relying on monthly aggregated data.

Finally, in a sensitivity analysis, we explored the impact of the DDD of amoxicillin and amoxicillin/clavulanate on trends in DID and number of DDDs per prescription applying different DDD, from 0.5 g to 3 g per day.

Information points with missing data on age were included in the overall assessments of antibiotic utilization but were excluded in analyses stratified by age groups. The datasets were managed in SAS and statistical analyses involved use of R software.

RESULTS

Outpatient antibiotic utilization

Between January 2009 and December 2016, 299.9 million prescriptions (equivalent to 538.2 million of projected prescriptions for the metropolitan French population) were collected by the X-ponent panel. Data were missing for age for 2.5% of projected prescriptions. During the study period, antibiotic utilization indices ranged from 1.7 to 4.2 for PrID, 19.2 to 44.7 for DID, 3.4 to 8.2 for PID, and 37.1 to 86.8 for SID. Amoxicillin, amoxicillin/clavulanate, adult and hospital prescriptions accounted for 26.5%, 15.2%, 76.6%, and 8.7% of all prescriptions, respectively.

Trends in antibiotic utilization

Based on annual utilization rates, outpatient antibiotic utilization decreased in PrID (-10%), PID (-8%), SID (-8%) and increased in DID (+2%) (Table 1 and Figure 1). Based on monthly utilization rates, outpatient antibiotic utilization significantly decreased in PrID (slope -0.004; p <0.001), PID (slope -0.006; p <0.01), SID (slope -0.075; p <0.001), while we could not reject the null for DID (slope 0.009; p = 0.4) (Table 2 andFigure 2). Monthly aggregated observed values (points), predicted seasonal variation (dark line), and predicted trend (grey line).

Analysis based on monthly aggregated data from January 2009 to December 2016.

Number of DDDs per prescription

Based on annual utilization rates, there was an increase in the number of DDDs per prescription (+14%), the proportion of adult prescriptions (+4%), of amoxicillin prescriptions (+34%), of amoxicillin/clavulanate prescriptions (+9%), and of hospital prescriptions (+31%)

(Table 1). The non-linear fixed effect model based on monthly aggregated data confirmed a significant increase in the number of DDDs per prescription (slope 0.019; p <0.001), the proportion of adult prescriptions (slope 0.047; p <0.001), of amoxicillin prescriptions (slope 0.108; p <0.001), of amoxicillin/clavulanate prescriptions (slope 0.020; p <0.001), and of hospital prescriptions (slope 0.033; p <0.001) (Table 2).

In univariate analyses, the number of DDDs per prescription increased with the proportion of amoxicillin prescriptions (coefficient 0.12; p <0.05), the proportion of amoxicillin/clavulanate prescriptions (coefficient 0.45; p <0.05), the proportion of adult prescriptions (coefficient 0.13; p <0.05), and the proportion of hospital prescriptions (coefficient 0.25; p <0.05); associations were confirmed in multivariable analyses (adjusted coefficients 0.07, 0.10, 0.15 and 0.05 respectively; all p <0.05; adjusted R 2 0.98) (Table 3). 

Sensitivity analysis

The time trend regression slope of DID became negative when we changed the values of DDD of amoxicillin ≥ 1.5 g, and statistically significant for values ≥ 2 g (Table 4). Based on annual rates, overall antibiotic utilization (DID) decreased by -2% and -5% using DDD values of 1.5 g and 2.0 g for amoxicillin, respectively. The overall number of DDDs per prescription decreased to values ranging between 7.6 and 8.5 for a DDD of amoxicillin of 1.5 g, and further decreased to values between 6.7 and 7.3 for a DDD of amoxicillin of 2.0 g (Table 5). Different DDDs were applied for amoxicillin and amoxicillin/clavulanate from 0.5 g to 3 g per day. We studied the effect of these changes on the overall number of DDDs per prescription.

At the time of the study, the DDD of amoxicillin was 1 g. 2.5 6.2 6.3 6.3 6.5 6.5 6.5 6.6 6.6

3.0 5.9 5.9 5.9 6.1 6.1 6.1 6.1 6.1

Results based on January -December years.

DISCUSSION

Main findings

We report an analysis of time trends of outpatient antibiotic utilization using different measures based on French retail sales data. During the period from 2009 to 2016, there was no detectable trend in DID but a significant decrease in PrID, PID, and SID. The discrepancy between DID and PrID was reflected by an increase in the number of DDDs per prescription over time, which could be explained by the proportion of amoxicillin and amoxicillin/clavulanate, as well as adult and hospital prescriptions. The discrepancy between DID and PrID was no longer observed when the DDD of amoxicillin was set to values ≥ 1.5 g.

Interpretation

Our findings have one main implication: DID should not be used as a single indicator of antibiotic utilization. We, rather, recommend the use of DID together with PrID for surveillance purposes. The number of DDDs per prescription is also relevant since it should reflect the duration of treatment, provided that DDDs of antibiotics match the prescribed daily doses. In our study, the overall number of DDDs per prescription was around 10, which is inconsistent with external data showing that only 6% of antibiotic prescriptions are for 10day courses in France (Agence nationale de sécurité du médicament et des produits de santé, 2017). In this case, high numbers of DDDs per prescription may reflect high prescribed doses rather than long courses of treatment.

Amoxicillin is the most prescribed antibiotic in France, accounting for one-quarter of prescriptions. The proportion of amoxicillin prescriptions increased (+34%) between 2009-2010 and 2015-2016. We assume this results from the implementation of France's 2011 guidelines for upper respiratory tract infections (Société de Pathologie Infectieuse de Langue Française, 2011), which recommend high-dose amoxicillin as first-line therapy, in line with North-American guidelines for managing community-acquired pneumonia and sinusitis [START_REF] Chow | IDSA clinical practice guideline for acute bacterial rhinosinusitis in children and adults[END_REF]Mandell et al., 2007). This explains the positive association between the proportion of amoxicillin prescriptions and the number of DDDs per prescription. In a sensitivity analysis, we found that, with a DDD of amoxicillin changed to 1.5 or 2 g per day, the trend of DID became negative and more consistent with the trend of PrID. Moreover, the proportion of formulations containing 1 g of amoxicillin per standard unit or dose was around 55% over the study period, reflecting prescriptions with doses of amoxicillin much higher than the DDD (Figure S1). These findings in 2017 suggested that the DDD of amoxicillin was inappropriate and that it might be time to update the DDD of amoxicillin to 1.5 or 2 g, instead of 1 g. Indeed, the DDD of amoxicillin was updated from 1 g to 1.5 g in

2019.

Several previous studies have found that the French awareness campaign launched in 2002 had its greatest impact on the pediatric population [START_REF] Bernier | Outpatient Antibiotic Use in France between 2000 and 2010: After the Nationwide Campaign, It Is Time To Focus on the Elderly[END_REF][START_REF] Sabuncu | Significant reduction of antibiotic use in the community after a nationwide campaign in France, 2002-2007[END_REF]. However, because the DDD is defined as a reference dose for adults, some authors suggested excluding pediatric data from antibiotic utilization audits based on DDDs [START_REF] Polk | Measurement of adult antibacterial drug use in 130 US hospitals: Comparison of defined daily dose and days of therapy[END_REF]. We believe it is more relevant to keep pediatric data and analyze their effect on utilization estimates. Our findings confirm a Canadian observation of an increase in the number of DDDs per prescription over time with a concomitant decrease in the proportion of pediatric prescriptions [START_REF] Finley | Declines in outpatient antimicrobial use in Canada (1995-2010)[END_REF]. The PrID appears to be more appropriate to study pediatric antibiotic utilization.

Since the emergency department lies at the interface between the inpatient and outpatient settings, emergency department practitioners may tend to prescribe higher doses and longer courses of antibiotics to their outpatients [START_REF] Gonzales | Antibiotic treatment of acute respiratory infections in acute care settings[END_REF][START_REF] Kroening-Roche | Antibiotic and bronchodilator prescribing for acute bronchitis in the emergency department[END_REF]. We found higher numbers of DDDs per prescription in hospital prescriptions (Appendix 1), suggesting that specific studies in this setting are needed.

PrID reflects the evolution of antibiotic usage, which in turn reflects the quality of prescribing by capturing the dose and duration for which the antibiotic is prescribed.

Conversely, PID, SID, and DID indicate the evolution of antibiotic consumption, i.e., the raw quantity of antibiotics dispensed to patients. Measures of antibiotic usage and consumption are complementary indicators to inform policy. As found in Belgium, PID and SID seem to be better proxies for PrID than DID, provided that the numbers of packages per prescription and of standard units per package remain stable over time and across therapeutic classes [START_REF] Coenen | Appropriate international measures for outpatient antibiotic prescribing and consumption: Recommendations from a national data comparison of different measures[END_REF]. Because the number of standard units per package and the amount of active substance per unit are likely to vary across countries, we recommend using PID and SID only for studying trends of antibiotic consumption at a national level. For example, in our study, one antibiotic prescription persistently corresponded to two packages being dispensed (Appendix 2) while in Belgium one prescription corresponds to one package [START_REF] Coenen | Appropriate international measures for outpatient antibiotic prescribing and consumption: Recommendations from a national data comparison of different measures[END_REF]. Moreover, PID may not be applicable in several countries in Europe and North-America, where community pharmacies dispense the exact number of standard units required instead of packages.

Strengths and limitations

To our knowledge, this study is the first to explore in a quantitative manner the reasons for observed discrepancies between trends of antibiotic utilization expressed in different measures. So far, French policymakers have relied on the evolution of DID to set their priorities. This study indicates that, if ignored, discrepancies between trends in DID and PrID may produce misdirected public health messages and policies. Because of the increase in DID over the study period, the ANSM sent warnings to prescribers and to the public, urging them to reduce antibiotic utilization. Had they been aware that the number of prescriptions declined at the time, they may have communicated differently.

In a study including data across 31 European countries (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007), Bruydonckx et al.

found that total outpatient antibiotic utilization significantly increased in DID, but not in PID [START_REF] Bruyndonckx | Measuring trends of outpatient antibiotic use in Europe: Jointly modelling longitudinal data in defined daily doses and packages[END_REF]. However, there was no data about prescription rates. The present study confirms the discrepancy between trends in DID and in PID at a national level and allows identifying reasons for such a discrepancy. We also report that the same inconsistency may exist between trends in DID (+2%) and trends in PrID (-10%).

Our study has several limitations. We used antibiotic retail sales data from IQVIA, which relies on a representative sample of only 60% of retail pharmacies in France; selection bias may still be present in our analyses. However, our annual estimates of antibiotic utilization expressed in DID were consistent with those from the ANSM (Figure S2) and reimbursement data (Chapter I) (Agence nationale de sécurité du médicament et des produits de santé, 2017). In our dataset, 2.5% of prescriptions had missing data for age; the proportion of missing data remained stable over time and we believe it did not bias our results (Appendix 3). When modeling the number of DDDs per prescription, we could not include important predictors such as the actual prescribed dose and the duration of treatment because these variables were not available. This is a national study, and our findings should be confirmed in other countries.

Conclusions

We found substantial discrepancies between the different measures of antibiotic utilization, notably between DID and PrID. Discrepancies between trends in PrID and DID in France may partly be explained by increases in the proportions of amoxicillin, amoxicillin/clavulanate, adult, and hospital prescriptions over time, and an inappropriate DDD for amoxicillin. We caution against using DID alone when monitoring antibiotic utilization and recommend considering monitoring both DID and PrID, as they provide different kinds of relevant information, especially when studying trends at a national level. Notably, for pediatric antibiotic utilization research, since the DDD is not appropriate, the number of prescriptions appears reasonable to be used as a single indicator.

CONCLUSIONS FOR PART I

In Chapter I, we compared outpatient antibiotic utilization estimates from retail sales data (X-ponent database) and individual reimbursement data from the National Health Insurance (SNDS database) in metropolitan France for the period 2012-2017. Overall, we found that Xponent and SNDS data were highly correlated. We concluded that IQVIA's SDM/X-ponent database was suited for monitoring outpatient antibiotic utilization in France.

In Chapter II, we used retail sales data from the X-ponent database (previously assessed in Chapter I) in metropolitan France for the period 2009-2016. We found that outpatient antibiotic utilization decreased in PrID, PID, and SID but remained stable in DID.

The discrepancy was explained by the increase in the proportion of amoxicillin and amoxicillin/clavulanate as well as the proportion of adult and hospital prescriptions; and disappeared when the DDD of amoxicillin was increased to values higher than the DDD at the time of the study (i.e., 1 g). We caution against using DID alone when monitoring antibiotic utilization. Instead, we recommend monitoring both DID and PrID as they provide different kinds of relevant information, especially when studying trends at a national level.

We recommend using the number of prescriptions to monitor pediatric antibiotic utilization.

As per findings from Part I, we used IQVIA's X-ponent database for Chapter III of this thesis. Because the DDDs do not reflect the prescribed dose in children, we focus on the antibiotic use aspect and use the number of prescriptions as the main indicator.

PART II. OUTPATIENT PEDIATRIC ANTIBIOTIC UTILIZATION IN FRANCE

Despite some successes obtained over the period covered by various plans (introduced in the General Introduction) aiming at reducing antibiotic consumption and antimicrobial, the continued increase in the incidence of multi-drug resistant Enteriobacteriaceae is worrying.

In pediatric patients, antibiotics are mostly used for treating RTIs, which are mostly of viral origin and self-limiting (e.g., common colds and bronchitis). Furthermore, RTIs are also highly prevalent in children, notably young children, owing to their immature immune system and various interactions with other children during daycare and preschool time. Therefore, children are at higher risk of being over-and inappropriately prescribed antibiotics [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF]. The need for strategies to improve antibiotic prescribing in this population appears crucial. In Part II, we aimed at assessing recent patterns in antibiotic use and prescribing in the pediatric population and assessing the impact of the recent clinical guidelines for managing upper RTIs using the data sources and indicators that we validated in Part I. In Chapter III, we assessed the impact of the updated national treatment guidelines for upper respiratory tract infections on outpatient pediatric antibiotic use in France. In Chapter IV, we described current antibiotic prescribing practices for children in ambulatory care and identified areas for potential improvement.

INTRODUCTION

In the early 2000s, France ranked among top antibiotic consumers in Europe and demonstrated alarming rates of resistance to 3GC in clinical isolates of Escherichia coli and Klebsiella pneumoniae [START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Outpatient antibiotic use in Europe (1997-2009)[END_REF]. According to the European Antimicrobial Resistance Surveillance Network, the proportion of strains resistant to 3GC among Enterobacteriaceae in France increased almost five-fold between 2005 and 2010 [START_REF] Trystram | Réseau européen de surveillance de la résistance bactérienne aux antibiotiques (EARS-Net): Résultats 2001-2010 pour la France et place en Europe[END_REF]. New guidelines for managing upper RTIs were released in November 2011 to tackle the problem of over-and inappropriate antibiotic use in the outpatient setting [START_REF] Hernandez-Santiago | Time series analysis of the impact of an intervention in Tayside, Scotland to reduce primary care broad-spectrum antimicrobial use[END_REF][START_REF] Kreitmeyr | Pediatric antibiotic stewardship: Successful interventions to reduce broad-spectrum antibiotic use on general pediatric wards[END_REF]McCaig et al., 2003;[START_REF] Shulman | Clinical practice guideline for the diagnosis and management of group A streptococcal pharyngitis: 2012 update by the Infectious Diseases Society of America[END_REF]; Société de Pathologie Infectieuse de Langue Française, 2011).

Compared to the previous ones, these new treatment guidelines placed a greater emphasis on the need for restricting antibiotic prescribing to children highly suspected of having a bacterial infection. The new guidelines also modified first-line therapy from broad-spectrum antibiotics, such as oral 3GC and amoxicillin-clavulanate, to amoxicillin alone in most cases (Table 1) (Société de Pathologie Infectieuse de Langue Française, 2011).

Early evidence suggested a positive impact of the 2011 guidelines in pediatric emergency departments and among private-practice pediatricians in the Paris region, for a reduction in overall antibiotic prescription rates and a substantial decrease in the share of broad-spectrum antibiotics [START_REF] Angoulvant | Impact of unlabeled French antibiotic guidelines on antibiotic prescriptions for acute respiratory tract infections in 7 Pediatric Emergency Departments, 2009-2012[END_REF][START_REF] Levy | Impact of 2011 French guidelines on antibiotic prescription for acute otitis media in infants[END_REF][START_REF] Ouldali | Impact of Implementing National Guidelines on Antibiotic Prescriptions for Acute Respiratory Tract Infections in Pediatric Emergency Departments: An Interrupted Time Series Analysis[END_REF]. A key question involves whether these guidelines had a similar and sustained effect in the community, where antibiotic prescriptions for pediatric patients are mainly written by general practitioners (GPs). This chapter aimed to assess the impact of the 2011 treatment guidelines for upper RTI on outpatient pediatric antibiotic use in France. 

First-line treatment: amoxicillinclavulanate, cefuroxime, cefpodoxime.

Duration of treatment: 8-10 days for children under 2 years old; 5 days for older children.

Antibiotic treatment is recommended only for children under 2 years old with suppurative acute otitis media and older children in case of high fever or intense ear pain.

First-line treatment: amoxicillin

Duration of treatment: 8-10 days for children under 2 years old; 5 days for older children.

Sinusitis Antibiotic treatment is recommended only for children older than 3 years old.

First-line treatment: amoxicillinclavulanate, cefpodoxime.

Duration of treatment: 7-10 days.

Antibiotic treatment is recommended only in case of maxillary or frontal sinusitis.

First-line treatment for maxillary sinusitis: amoxicillin.

First-line treatment for frontal sinusitis: amoxicillin -clavulanate.

Duration of treatment: 7-10 days.

Changes between 2004 and 2011 are indicated in bold.

METHODS

Data sources and setting

We used national outpatient drug dispensation data from January 2009 to December 2017 obtained from the X-ponent database, previously validated in Chapter I, focusing on class J01 of the ATC classification (version 2018) [START_REF] Chahwakilian | Impact of the French campaign to reduce inappropriate ambulatory antibiotic use on the prescription and consultation rates for respiratory tract infections[END_REF][START_REF] Hicks | US outpatient antibiotic prescribing variation according to geography, patient population, and provider specialty in 2011[END_REF][START_REF] Trinh | Discrepancies in national time trends of outpatient antibiotic utilization using different measures: A population-based study in France[END_REF]. We extracted monthly-aggregated antibiotic prescriptions dispensed from retail pharmacies to pediatric outpatients, defined as patients less than 15 years old [START_REF] Bernier | Outpatient Antibiotic Use in France between 2000 and 2010: After the Nationwide Campaign, It Is Time To Focus on the Elderly[END_REF][START_REF] Sabuncu | Significant reduction of antibiotic use in the community after a nationwide campaign in France, 2002-2007[END_REF].

For each dispensed prescription, we extracted the patient's year of birth, antibiotic agent, and ATC class. The study population was further divided into two age groups: 0-5 years old and 6-14 years old [START_REF] Bernier | Outpatient Antibiotic Use in France between 2000 and 2010: After the Nationwide Campaign, It Is Time To Focus on the Elderly[END_REF][START_REF] Sabuncu | Significant reduction of antibiotic use in the community after a nationwide campaign in France, 2002-2007[END_REF]. To calculate prescription rates, we used demographic data provided by INSEE (Institut national de la statistique et des études économiques).

Outcome measures

Antibiotic prescription rates

We assessed the evolution of overall population-based antibiotic prescription rates expressed in the number of dispensed antibiotic prescriptions per 1,000 inhabitants per year, as discussed in Chapter II. Antibiotic prescription rates were stratified by age group and across the five most frequently prescribed antibiotic agents over the study period (which covers 85% of all antibiotic prescriptions).

Quality indicators of antibiotic use

Our main outcome measures were the proportion of amoxicillin and the proportion of broad-spectrum antibiotics among the total number of all dispensed antibiotic prescriptions, two quality indicators of antibiotic use in children [START_REF] Coenen | European Surveillance of Antimicrobial Consumption (ESAC): Quality indicators for outpatient antibiotic use in Europe[END_REF][START_REF] De Bie | Using Prescription Patterns in Primary Care to Derive New Quality Indicators for Childhood Community Antibiotic Prescribing[END_REF].

Broad-spectrum antibiotics were defined as combinations of penicillins with β-lactamase inhibitors (ATC class J01CR, e.g., amoxicillin-clavulanate), 2 and 3GC (J01DC and J01DD, e.g., cefpodoxime and cefixime), and macrolides except erythromycin (J01F except J01FA01, e.g., josamycin) [START_REF] Coenen | European Surveillance of Antimicrobial Consumption (ESAC): Quality indicators for outpatient antibiotic use in Europe[END_REF].

Intervention

The "2011 French national clinical practice guidelines for managing adults and children with

URTIs" were developed by a working group consisting of infectious disease specialists, earnose-throat specialists, primary care pediatricians, GPs, and clinical microbiologists. The guidelines were officially released in November 2011. They were endorsed and subsequently disseminated through three clinical societies: the French Society of Pediatrics, the French Society of Infectious Diseases, and the Group of Pediatric Infectious Diseases through their websites [START_REF] Levy | Impact of 2011 French guidelines on antibiotic prescription for acute otitis media in infants[END_REF]. They were announced on websites that are highly accessed by GPs (Société de Pathologie Infectieuse de Langue Française, 2011; Université Paris Diderot Département de Médecine Générale), and also communicated through several oral presentations during conferences and workshops, both before and after its official release.

Statistical analysis

First, we described yearly aggregated estimates of our outcome measures and calculated the relative change in outcomes between the last and the first year of study. Then, we applied interrupted time-series analysis* to test whether the new treatment guidelines preceded changes in the proportion of amoxicillin and the proportion of broad-spectrum antibiotics away from their expected levels [START_REF] Lagarde | How to do (or not to do) ... Assessing the impact of a policy change with routine longitudinal data[END_REF][START_REF] Wagner | Segmented regression analysis of interrupted time series studies in medication use research[END_REF]. The time unit was set to one month and the intervention time-point to November 2011, making 108 time-points available for analysis, including 34 points before the intervention and 74 points thereafter.

We implemented ARIMA methods using a standard stepwise approach, as recommended in the literature (see Appendix 1 for detailed statistical methods) [START_REF] Bernal | Interrupted time series regression for the evaluation of public health interventions: A tutorial[END_REF][START_REF] Chang | Estimation of Time Series Parameters in the Presence of Outliers[END_REF][START_REF] Lagarde | How to do (or not to do) ... Assessing the impact of a policy change with routine longitudinal data[END_REF][START_REF] Liu | Forecasting and time series analysis using the SCA statistical system: Scientific Computing Associates Corp[END_REF]. The changes following the guidelines were modeled using two types of intervention variables: a step and a ramp function, with potential lagged effects.

Step functions are useful to detect an immediate change in the mean level of the outcome, while ramp functions capture interventions that are expected to lead to a change in slope because of a more gradual effect on the timeseries. In an additional analysis, we used another modeling approach relying on segmented linear regression with autoregressive errors and adjustment for calendar month [START_REF] Lagarde | How to do (or not to do) ... Assessing the impact of a policy change with routine longitudinal data[END_REF][START_REF] Wagner | Segmented regression analysis of interrupted time series studies in medication use research[END_REF]. We estimated relative changes in outcomes at pre-specified points in time post-intervention (i.e., one, three, and five years after the official release of guidelines) by comparing estimates of the outcomes with and without the intervention;

Zhang's bootstrapping method was used to construct 95% confidence intervals of point estimates (B=5000) [START_REF] Zhang | Methods for estimating confidence intervals in interrupted time series analyses of health interventions[END_REF].

Information points with missing data on age were excluded. The datasets were managed in SAS; statistical analyses involved the use of SAS, SCA, and STATA software.

RESULTS

Descriptive statistics

Over the study period, 595 million projected antibiotic prescriptions were dispensed to

French outpatients; 3% of prescriptions were excluded because of missing data on year of birth. In total, 123 million pediatric prescriptions were analyzed. Descriptive statistics based on annual estimates are reported in Table 2, Appendix 1, and Figure S1.

Prescriptions rates were approximately two-fold higher in children 0-5 years old than in older children. The five most prescribed antibiotic agents were amoxicillin (37.7%), cefpodoxime (23.5%), amoxicillin-clavulanate (15.6%), cefixime (4.6%), and josamycin (4.6%).

Based on annual estimates, the overall antibiotic prescription rate decreased by 33.1% over the study period, from 1,387 prescriptions per 1,000 inhabitants in 2009 to 928 per 1,000 inhabitants in 2017. This decrease was observed consistently across age groups and most prescribed antibiotics, except for amoxicillin (+14.4%). 

Changes following national treatment guidelines: interrupted time-series analysis

Figure 1 shows the evolution of the proportions of amoxicillin and broad-spectrum antibiotics for the 108-month study period, among children aged 0-5 and 6-14 years old, respectively. All outcomes exhibited a relatively stable pattern before the release of the guidelines. The detailed results of time-series modeling are reported in Table 3. The proportion of amoxicillin gradually increased by 0.24 (95% CI: 0.08; 0.40) and 0.19 (0.13; 0.25) percentage points per month among children 0-5 years old and 6-14 years old, respectively. Meanwhile, the proportion of broad-spectrum antibiotics changed gradually by -0.27 (-0.33; -0.21) and -0.21 (-0.27; -0.15) percentage points per month in children 0-5 years old and 6-14 years old, respectively.

Among children 0-5 years old, the ARIMA model also detected lagged step changes in the level of the share of amoxicillin (change within 3 months) and of the share of broadspectrum antibiotics (change lagged by 3 months). These level shifts within months of the release of the guidelines support an immediate response in prescribing practices. 

DISCUSSION

Main findings

In this study, we used French retail sales data to describe outpatient pediatric antibiotic use between 2009 and 2017 and investigate the changes associated with the clinical practice guidelines for URTIs released in 2011. Over the study period, the five most prescribed antimicrobial agents were amoxicillin, cefpodoxime, amoxicillin-clavulanate, cefixime, and josamycin; the overall antibiotic prescription rate decreased by 33.1%. After the release of the guidelines, the interrupted time-series analysis detected a significant gradual increase in the proportion of amoxicillin, which also corresponded with a gradual decrease in the proportion of broad-spectrum antibiotics.

Interpretation

Our finding that broad-spectrum antibiotics were progressively replaced by amoxicillin suggests that the 2011 guidelines met their objectives by affecting how physicians decide which antibiotic to use, once they have decided that antibiotic therapy is warranted. The early and significant association that we observed, which seems more encouraging than previous results in other settings [START_REF] Cabana | Why don't physicians follow clinical practice guidelines? A framework for improvement[END_REF][START_REF] Switzer | Physician awareness and self-reported use of local and national guidelines for community-acquired pneumonia[END_REF], could be explained by several factors. First, the French context may have been particularly favorable to changes in primary care physicians' prescription habits at the time of the guidelines' release. Indeed, because of high levels of antibiotic consumption and antimicrobial resistance, French physicians and the lay public were aware of the issue due to repeated warnings from the French health authorities and general media (newspapers, magazines, television). Second, some characteristics of the new treatment guidelines may have facilitated adherence among primary care practitioners (National Collaborating Centre for Methods and Tools). The scope of these guidelines responded to a need for reducing inappropriate antibiotic use, with a clear emphasis on the necessity to replace broadspectrum antibiotics by amoxicillin. Third, the guidelines were made widely and easily accessible through several websites, and several meetings have been organized to disseminate it. Furthermore, in 2014, the French National Authority for Health released general guidance on antibiotic prescribing in primary care (using these guidelines). In 2017, moreover, the National Health Insurance Agency encouraged replacing oral 3GC and amoxicillin-clavulanate by amoxicillin with financial incentives to primary care prescribers.

Guidelines were also disseminated by Delegates of the National Health Insurance Agency during face-to-face meetings with GPs, which were held 3 or 4 times a year [START_REF] Wang | Inventory of antibiotic stewardship programs in general practice in France and abroad[END_REF]. In a survey conducted in 2012 focusing on the management of patients with pharyngitis and including a representative sample of 1,093 French GPs, 70% of participants declared being aware of the 2011 guidelines for URTIs and having taken them into account in their treatment decisions (Michel-Lepage et al., 2013). These elements could assist with designing future campaigns and treatment guidelines. The almost immediate changes following the guidelines may be explained by the fact that its official release was delayed due to administrative procedures, while the main messages of the guidelines were already communicated at several meetings during 2011.

Whether the treatment guidelines had an impact on antimicrobial resistance was not in the scope of this study. Of note, a recent study in France showed a slight decrease in the rate of resistance to 3GC among Escherichia coli strains isolated in the outpatient setting since 2015 (Santé Publique France).

Results obtained by two interrupted time-series analysis approaches (ARIMA and segmented linear regression) were consistent, supporting the robustness of our findings.

While ARIMA empirically provides an insight to the nature of the changes, segmented linear regression allows us to assess the extent to which the associated changes following the intervention accumulates over time.

Strengths and limitations

Beyond the switch from broad-spectrum antibiotics to amoxicillin, we also found that population-based antibiotic prescription rates decreased by 33.1% over the study period.

However, we believe this decline in overall antibiotic use cannot be fully attributed to the guidelines. First, the implementation of the extended-spectrum pneumococcal conjugate vaccine* since 2010 (the 13-valent in France and the 10-valent in some other countries)

possibly reduced the burden of respiratory tract infections, and notably acute otitis media, one of the leading causes of antibiotic prescription in young children [START_REF] Ben-Shimol | Impact of Widespread Introduction of Pneumococcal Conjugate Vaccines on Pneumococcal and Nonpneumococcal Otitis Media[END_REF][START_REF] Lau | Impact of pneumococcal conjugate vaccines on childhood otitis media in the United Kingdom[END_REF]Marom et al., 2014;[START_REF] Thorrington | Elucidating the impact of the pneumococcal conjugate vaccine programme on pneumonia, sepsis and otitis media hospital admissions in England using a composite control[END_REF]. A decrease in antibiotic prescription rates in children was shown in other countries where the vaccine was implemented [START_REF] Reilev | Switching Between Antibiotics Among Danish Children 0-4 Years of Age: A Nationwide Drug Utilization Study[END_REF]Swedres-Svarm, n.d.). Second, there is evidence for a longterm decreasing trend in antibiotic use in France since the early 2000s [START_REF] Chahwakilian | Impact of the French campaign to reduce inappropriate ambulatory antibiotic use on the prescription and consultation rates for respiratory tract infections[END_REF][START_REF] Sabuncu | Significant reduction of antibiotic use in the community after a nationwide campaign in France, 2002-2007[END_REF]. However, our dataset did not contain enough pre-guideline time points to account for this long-term pattern in the analysis. Third, we did not have access to pediatric outpatient visit rates during the study period. The decrease in antibiotic prescription rates that we observed could also be explained by a decrease in the number of pediatric consultations for other reasons than pneumococcal conjugate vaccine implementation [START_REF] Palmu | Impact of National Ten-Valent Pneumococcal Conjugate Vaccine Program on Reducing Antimicrobial Use and Tympanostomy Tube Placements in Finland[END_REF]. Despite a substantial decrease in antibiotic use, the antibiotic prescription rate in children remained higher in France than in other high-income nations such as Sweden, Canada, and the United States, especially in young children Swedres-Svarm). Another limitation is that the X-ponent database does not collect information on the indication for antibiotic prescription. Therefore, we could not verify that most antibiotic prescriptions in the dataset were for URTIs [START_REF] Chahwakilian | Impact of the French campaign to reduce inappropriate ambulatory antibiotic use on the prescription and consultation rates for respiratory tract infections[END_REF][START_REF] Sellam | Impact of guidelines on ambulatory pediatric antibiotic prescriptions[END_REF]. Also, the X-ponent database does not provide information regarding the prescriber's specialty, which impeded exploring whether GPs or pediatricians adhered differently to the treatment guidelines.

Conclusions

The 2011 French clinical practice guidelines for managing upper RTIs preceded changes in outpatient antibiotic use in children. We observed, following the guidelines, a reduction of antibiotic prescriptions and a replacement of broad-spectrum antibiotics by amoxicillin.

Future interventions should further emphasize the need to reduce the volume of antibiotic prescriptions as well as broad-spectrum antibiotic prescribing.

At the end of the studied period (2017), the antibiotic prescription rate was still high (about one prescription per child per year). In order the prepare for the next antibiotic stewardship programs, it is important to study the indications for which those prescriptions are prescribed, and this is the main objective of Chapter IV.

INTRODUCTION

As discussed in the Introduction of Part II, children are at high risk of being over-and inappropriately prescribed antibiotics [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF]. According to several reports, notably in the US (2010-2011) and the UK (2013-2015), about one-third of pediatric antibiotic prescriptions may be unnecessary, with RTIs accounting for the majority of these unnecessary prescriptions [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF][START_REF] Smieszek | Potential for reducing inappropriate antibiotic prescribing in English primary care[END_REF]. Variability in antibiotic prescribing practices, especially in the community, where three-quarters of pediatric antibiotic prescriptions are filled, should be better understood in order to identify high-priority areas of potential improvement [START_REF] Adriaenssens | European Surveillance of Antimicrobial Consumption (ESAC): Disease-specific quality indicators for outpatient antibiotic prescribing[END_REF][START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF].

Several European and North-American studies have analyzed community antibiotic prescribing. These studies identified physician-and patient-level factors associated with high antibiotic prescribing in children, such as provider specialty and age, patient age, and diagnosis [START_REF] Agiro | Variation in Outpatient Antibiotic Dispensing for Respiratory Infections in Children by Clinician Specialty and Treatment Setting[END_REF][START_REF] Clavenna | Differences in the drug prescriptions to children by Italian paediatricians and general practitioners[END_REF][START_REF] Frost | Variability in Antibiotic Prescribing for Upper Respiratory Illnesses by Provider Specialty[END_REF][START_REF] Hicks | US outpatient antibiotic prescribing variation according to geography, patient population, and provider specialty in 2011[END_REF][START_REF] Kozyrskyj | Evidence-based prescribing of antibiotics for children: Role of socioeconomic status and physician characteristics[END_REF][START_REF] Mainous | Antibiotics for colds in children: Who are the high prescribers[END_REF][START_REF] Oxford | Factors influencing inappropriate antibiotic prescription in Europe[END_REF][START_REF] Pichichero | Preferred antibiotics for treatment of acute otitis media: Comparison of practicing pediatricians, general practitioners, and otolaryngologists[END_REF]Pouwels et al., 2018;[START_REF] Watson | Antimicrobial use for pediatric upper respiratory infections: Reported practice, actual practice, and parent beliefs[END_REF]. However, while France ranks highly among major antibiotic consumers, few studies were conducted in this country [START_REF] Bocquet | Comparison of prescriptions by pediatricians and general practitioners: A population-based study in Franche-Comté from the database of Regional Health Insurance Fund[END_REF][START_REF] Dommergues | Decreased paediatric antibiotic consumption in France between 2000 and 2010[END_REF][START_REF] Pulcini | Indicators show differences in antibiotic use between general practitioners and paediatricians[END_REF]. Two studies pointed to higher prescription rates among GPs compared to pediatricians [START_REF] Pulcini | Indicators show differences in antibiotic use between general practitioners and paediatricians[END_REF][START_REF] Sellam | Impact of guidelines on ambulatory pediatric antibiotic prescriptions[END_REF]. However, these studies were limited to one region (i.e., South-Eastern France) or did not explore prescribing variability by patient and prescriber characteristics. Moreover, both studies were performed before the implementation of the 13-valent pneumococcal conjugate vaccine* (2010) and of the revised national treatment guidelines for upper RTIs (2011). Because these guidelines led to critical changes in outpatient pediatric antibiotic use in France (as demonstrated in Chapter III) [START_REF] Trinh | Association between National Treatment Guidelines for Upper Respiratory Tract Infections and Outpatient Pediatric Antibiotic Use in France: An Interrupted Time-Series Analysis[END_REF], these older studies may not inform about present-day prescription practices.

This chapter aimed to assess recent community antibiotic prescribing patterns for French children with the goal of identifying areas of potential improvement in antibiotic prescribing.

METHODS

Data sources

We used raw (i.e., non-extrapolated) data from IQVIA's EPPM database, previously described in the General Introduction. For this study, we reclassified all ICD-10 diagnostic codes into five diagnostic categories based on the nature of the condition (see Appendix): [1] potentially bacterial RTIs (e.g., pneumonia, otitis, pharyngitis); [START_REF]Abbreviations: CI, confidence interval; IRR, Incidence rate ratio; aIRR, adjusted IRR. *Adjusted for diagnosis in 17 categories: (1) Otitis; (2) Pharyngitis; (3) Sinusitis; (4) Influenza; (5)Asthma/ allergy; (6) Common cold; (7) Bronchitis; (8) Cough; (9) Bronchiolitis; (10) Other viral respiratory tract infections; (11) Gastrointestinal infection; (12) Pneumonia; (13) Skin and soft tissue infections; (14) Urinary tract infections; (15) Bacterial infection; (16) Other viral illnesses[END_REF] presumed viral RTIs (e.g., bronchitis, common cold, flu-like syndrome); [START_REF]Agency (ANSM), 2009-2016 Results based on January -December years. 2009 2010 2011 2012 2013 2014 2015 2016 Antibiotic consumption expressed in DID Year IQVIA ANSM Z27 -Need for immunization against combinations of infectious diseases Z28 -Immunization not carried out Z29 -Need for other prophylactic measures Prescription rate Per 100 visits Presumed bacterial[END_REF] presumed bacterial non-RTIs (e.g., urinary tract infections, skin and soft tissue infections); [4] presumed viral non-RTIs (e.g., varicella);

[5] other conditions not listed in other diagnostic categories [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF][START_REF] Sellam | Impact of guidelines on ambulatory pediatric antibiotic prescriptions[END_REF][START_REF] Vaz | Recent trends in outpatient antibiotic use in children[END_REF]. For potentially bacterial RTIs, expected antibiotic prescription rates may vary according to clinical practice guidelines and epidemiology (e.g., around 35-40% for childhood pharyngitis) [START_REF] Shaikh | Prevalence of streptococcal pharyngitis and streptococcal carriage in children: A meta-analysis[END_REF], while for presumed viral RTIs, antibiotic prescription rates should tend towards zero.

Inclusion criteria

We included all primary care visits of children under 15 years old between March 2015 and February 2017. For each visit, we extracted season of visit, patient age, physician specialty and age, principal diagnosis (i.e., the first-entered diagnosis if no antibiotic was prescribed or the diagnosis linked with the antibiotic being prescribed) and the prescribed systemic antibiotic (if any, defined as molecule of the ATC J01 class) along with treatment duration. In the case of visits where multiple antibiotics were prescribed (n=189, 0.1% of the total of visits), we counted them as separate visits with one antibiotic being associated with each visit. Because GPs and pediatricians are responsible for most of the French pediatric antibiotic prescribing activity, we excluded visits by other specialists. We also excluded wellchild visits* (i.e., ICD-10 codes starting by Z00, Z01, Z02, Z23-29) because these visits were not considered at risk of antibiotic prescription. We also excluded all visits with missing information on the season of visit, patient age, physician specialty and age, principal diagnosis, and prescribed antibiotic.

Statistical analyses

We described visits and antibiotic prescriptions by child age, prescriber age, and season, for GPs and pediatricians separately. For antibiotic prescriptions, we reported the five most frequently prescribed agents, the broad-spectrum index (i.e, the proportion of broadspectrum antibiotic prescriptions among all prescriptions), the A/B ratio (i.e., the ratio between amoxicillin and broad-spectrum antibiotics), and proportions of antibiotic prescriptions according to WHO Access, Watch, Reserve (Aware) antibiotic classification [START_REF] De Bie | Using Prescription Patterns in Primary Care to Derive New Quality Indicators for Childhood Community Antibiotic Prescribing[END_REF][START_REF] Hsia | Consumption of oral antibiotic formulations for young children according to the WHO Access, Watch, Reserve (AWaRe) antibiotic groups: An analysis of sales data from 70 middle-income and high-income countries[END_REF]. We calculated antibiotic prescription rates per 100 pediatric visits, overall and across diagnoses.

For RTIs, we described the proportion of broad-spectrum antibiotic prescriptions among all antibiotic prescriptions and the duration of treatment, overall and across main RTIs. These outcomes were compared between GPs and pediatricians by using χ 2 and t-tests.

In all analyses, we defined broad-spectrum antibiotics as combinations of penicillins with βlactamase inhibitors [ATC J01CR], 2 and 3GC [J01DC and J01DD], and macrolides except erythromycin [J01F except J01FA01] [START_REF] Coenen | European Surveillance of Antimicrobial Consumption (ESAC): Quality indicators for outpatient antibiotic use in Europe[END_REF][START_REF] Trinh | Association between National Treatment Guidelines for Upper Respiratory Tract Infections and Outpatient Pediatric Antibiotic Use in France: An Interrupted Time-Series Analysis[END_REF].

We assessed the association between patient-and physician-level factors and antibiotic prescribing by fitting Poisson regression* models. Explanatory variables were: diagnostic category (as defined above), season (winter [December to May] vs. non-winter [June to November]), prescriber age (< 50, 50-60, ≥60 years), and patient age (0-5, 6-14 years). We used a negative binomial error structure to account for overdispersion* [START_REF] Payne | Approaches for dealing with various sources of overdispersion in modeling count data: Scale adjustment versus modeling[END_REF]. We performed Pearson χ 2 tests to assess model fit (p ≥0.05 indicates reasonable fit) [START_REF] Smyth | Pearson's Goodness of Fit Statistic as a Score Test Statistic[END_REF]. We fitted models separately for GPs and pediatricians because of the different sampling schemes.

We performed an additional analysis by subgroups of presumed viral RTIs (influenza, common cold, cough, bronchiolitis, asthma/allergy, and other viral respiratory tract infections) [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF][START_REF] Sellam | Impact of guidelines on ambulatory pediatric antibiotic prescriptions[END_REF][START_REF] Vaz | Recent trends in outpatient antibiotic use in children[END_REF]. We also explored the robustness of our findings in an analysis that included well-child visits.

Data management and statistical analyses were performed in SAS. We followed the STROBE reporting guidelines for cross-sectional studies [START_REF] Von Elm | The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement: Guidelines for reporting observational studies[END_REF].

RESULTS

Descriptive statistics

Among 238,275 pediatric visits over the study period, we excluded 397 (0.2%) and 16,110 (44.1%) well-child visits by GPs and pediatricians, respectively, corresponding to 5 and 9 antibiotic prescriptions by GPs and pediatricians, respectively. No visit had missing data on our explanatory variables, including principal diagnosis. Thus, our main analysis included 221,768 pediatric visits (Table 1, Table 2, and Figure 1). Overall antibiotic prescriptions rates were higher in GPs than in pediatricians .2%] per 100 visits, respectively; p <0.0001). The most commonly prescribed antimicrobial agent was amoxicillin, both for GPs and pediatricians (47.5% and 61.1%, respectively), followed by cefpodoxime in GPs (20.1%) and amoxicillin-clavulanate in pediatricians (13.5%). 

Factors associated with antibiotic prescribing

In univariate analyses, antibiotic prescription rates were significantly higher in children 0-5 years old than in older patients, and in winter than in non-winter season, both in GPs and pediatricians; antibiotic prescription rates were also higher in GPs ≥ 50 years than in younger ones (Table 4). In GPs, multivariate analysis adjusted for diagnosis showed significantly higher antibiotic prescription rates in physicians 50-60 and ≥ 60 years old (aIRR 1.17 [1.07-1.27] and 1.30 [1.19-1.41], respectively, compared to physicians < 50 years old), but winter season and patient age were no more associated with prescription rates. In pediatricians, multivariate analysis adjusted for diagnosis showed no significant association between prescription rates and physician age, patient age, and winter season. Tests of goodness-offit* indicated that the models fitted the data reasonably well (p ≥ 0.1). 

Interpretation

RTIs accounted for about half of the visits, but more than 80% of antibiotic prescriptions, in both GPs and pediatricians. In GPs, up to 40% of all antibiotic prescriptions went to presumed viral RTIs. Although antibiotics are not effective and not recommended in such conditions, antibiotics prescription rates were 45-65 per 100 visits for bronchitis and of 10-25 per 100 visits with other viral conditions such as common cold and flu-like illness. Despite a substantial reduction in antibiotic prescribing for these viral conditions in France since the 2000s, they still account for more than a quarter of current pediatric antibiotic prescriptions in the community [START_REF] Dommergues | Decreased paediatric antibiotic consumption in France between 2000 and 2010[END_REF]. Such overprescribing patterns were observed in other settings, with even higher prescription rates for viral RTIs in the US and UK, with rates of 50 and 80 antibiotic prescriptions per 100 visits for bronchitis, respectively [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF][START_REF] Pouwels | Actual versus "ideal" antibiotic prescribing for common conditions in English primary care[END_REF]. Future campaigns should further tackle antibiotics prescribed for RTIs of presumed viral origin, especially bronchitis and common cold, for which antibiotic prescription rates should tend towards zero.

In our study, antibiotic prescriptions rates for otitis were 68-80 per 100 visits, which is in line with current guidance. Indeed, national and several international guidelines recommend antibiotics for all children under 2 years of age with acute otitis media, while in older children only cases with high fever and intense ear pain would deserve antibiotics (see S1 Table ) (Société de Pathologie Infectieuse de Langue Française, 2011). Overall, antibiotic prescription rates for children with otitis were lower in France than those observed the US (80%) and UK (90%), but higher than those observed in the Netherlands (40-50%) [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF][START_REF] Pouwels | Actual versus "ideal" antibiotic prescribing for common conditions in English primary care[END_REF][START_REF] Uijen | ENT problems in Dutch children: Trends in incidence rates, antibiotic prescribing and referrals 2002-2008[END_REF]. The main problem in the management of French children with otitis lies in the overuse of broad-spectrum antibiotics, in up to 70% and 35% of cases among GP and pediatrician visits, respectively.

Regarding acute pharyngitis, French guidelines recommend antibiotics only for rapidtest confirmed streptococcal cases, which should be about 35% of children with sore throat [START_REF] Shaikh | Prevalence of streptococcal pharyngitis and streptococcal carriage in children: A meta-analysis[END_REF]. In our study, antibiotic prescription rates for pharyngitis were 67.3 and 53.3 per 100 visits in GPs and pediatricians, respectively. Such high rates are comparable with those found in previous studies involving children and adults in the US and the UK (about 60%) [START_REF] Fleming-Dutra | Prevalence of Inappropriate Antibiotic Prescriptions Among US Ambulatory Care Visits, 2010-2011[END_REF][START_REF] Pouwels | Actual versus "ideal" antibiotic prescribing for common conditions in English primary care[END_REF][START_REF] Williams | Antibiotic prescribing quality for children in primary care: An observational study[END_REF].

Therefore, nearly half of antibiotic prescriptions for pharyngitis in children could be avoided.

Because clinical decision rules such as the McIsaac score* are not sufficiently accurate in children [START_REF] Cohen | Selective testing strategies for diagnosing group A streptococcal infection in children with pharyngitis: A systematic review and prospective multicentre external validation study[END_REF], rapid test for group A streptococcus* might be key to achieve this goal [START_REF] Cohen | Rapid antigen detection test for group A streptococcus in children with pharyngitis[END_REF][START_REF] Maltezou | Evaluation of a rapid antigen detection test in the diagnosis of streptococcal pharyngitis in children and its impact on antibiotic prescription[END_REF].

Since 2011, French guidelines recommend amoxicillin instead of broad-spectrum antibiotics as first-line therapy for most upper RTIs (Société de Pathologie Infectieuse de Langue Française, 2011). During the study period, broad-spectrum antibiotics (e.g., cefpodoxime and amoxicillin-clavulanate) still accounted for 35-50% of all antibiotic prescriptions for RTIs. GPs prescribed more broad-spectrum antibiotics than did pediatricians when treating RTIs, suggesting that messages promoting the judicious use of antibiotics should also be tailored according to prescriber specialty. Broad-spectrum antibiotics were widely used for presumed viral RTIs (e.g., bronchitis), which can be judged unnecessary, inappropriate and dangerous. Indeed, the use of broad-spectrum antibiotics in these conditions contributes to the emergence of extended-spectrum β-lactamaseproducing Enterobacteriaceae, which are resistant to all β-lactams except carbapenems [START_REF] Birgy | Community faecal carriage of extended-spectrum beta-lactamase-producing Enterobacteriaceae in French children[END_REF].

In our study, the overall antibiotic prescription rate was higher in GPs compared to pediatricians (26.1 vs. 21.6 per 100 pediatric visits), which is consistent with findings in other settings and previous assessments in France and other countries [START_REF] Pulcini | Indicators show differences in antibiotic use between general practitioners and paediatricians[END_REF][START_REF] Sellam | Impact of guidelines on ambulatory pediatric antibiotic prescriptions[END_REF]. However, the prescription rate in pediatricians was much higher than that observed in a previous French study, which reported prescription rates of 12 per 100 visits [START_REF] Sellam | Impact of guidelines on ambulatory pediatric antibiotic prescriptions[END_REF]. We believe this is partly because, in our study, we excluded well-child visits, which represented about 45% of pediatrician visits, but only about 1% of GP visits. If such well-child visits had been included, the estimated prescription rate of pediatricians would have been much lower and in line with previous reports (i.e., 12.1 instead of 21.6 per 100 visits). In France, and in many countries such as the US, parents are encouraged to bring their child to community pediatricians for routine immunizations* and growth follow-up.

Because well-child visits are not at risk of antibiotic prescribing, including them when assessing patterns of antibiotic prescribing may give an overly optimistic view of pediatricians' behavior. The difference in well-child visits between pediatricians and GPs could be because younger children, who have more well-child visits for immunizations and growth monitoring, are also more likely to have a pediatrician as their primary care professional [START_REF] Bocquet | Comparison of prescriptions by pediatricians and general practitioners: A population-based study in Franche-Comté from the database of Regional Health Insurance Fund[END_REF]. Moreover, patients may sometimes bring their child to a GP for an acute condition because their usual pediatrician is not available. In such cases, the lack of continuous physician-patient relationship could make it more difficult for the GPs to withhold antibiotic treatment. Independently from diagnosis, the only factor associated with higher antibiotic prescribing was the age of the physician, and this was observed only in GPs. Increasing age was also identified as a potential barrier to guidelines adherence in previous studies [START_REF] Mainous | Antibiotics for colds in children: Who are the high prescribers[END_REF]New England Healthcare Institute, 2008). Indeed, older physicians are more likely to rely on their own clinical experience and may also be reluctant to change their prescription habits when new guidelines are released. Interestingly, we found no significant increase in antibiotic prescribing during winter in multivariate analysis adjusted for diagnosis and season, which supports that the usual winter peak in antibiotic use is driven by a peak in RTIs.

We suggest future antibiotic stewardship campaigns should emphasize: zero antibiotic prescribing for presumed viral RTIs (notably bronchitis, common cold, and cough), further reducing broad-spectrum antibiotic prescribing, more effective communication towards GPs, especially those older than 50 years of age. Also, pediatricians, who were previously thought to have more judicious prescribing practices than GPs, might, in fact, deserve specific campaigns. Beyond antibiotic stewardship campaigns, other interventions could include specific training for primary care physicians, implementation of clinical decision support systems and point-of-care tests, audit and feedback, financial incentives and restrictive prescribing measures [START_REF] Dyar | How can we improve antibiotic prescribing in primary care?[END_REF][START_REF] Fernández Urrusuno | Improving the appropriateness of antimicrobial use in primary care after implementation of a local antimicrobial guide in both levels of care[END_REF][START_REF] Hallsworth | Provision of social norm feedback to high prescribers of antibiotics in general practice: A pragmatic national randomised controlled trial[END_REF][START_REF] Little | Effects of internet-based training on antibiotic prescribing rates for acute respiratory-tract infections: A multinational, cluster, randomised, factorial, controlled trial[END_REF]McDonagh et al., 2018;[START_REF] Ouldali | Impact of Implementing National Guidelines on Antibiotic Prescriptions for Acute Respiratory Tract Infections in Pediatric Emergency Departments: An Interrupted Time Series Analysis[END_REF][START_REF] Van Der Velden | Improving antibiotic prescribing quality by an intervention embedded in the primary care practice accreditation: The ARTI4 randomized trial[END_REF]. We also call for more involvement of patients and the lay public in decision-making regarding the use of antibiotics.

Strengths and limitations

The strengths of this study include the use of a nationwide database in a populous country.

The EPPM database includes a sample consisting of about 1% of GPs and 3% of pediatricians with exclusively office-based practice [START_REF] Dommergues | Decreased paediatric antibiotic consumption in France between 2000 and 2010[END_REF]. This database is regularly used as a trusted source of data by French authorities when investigating drug use (Agence nationale de sécurité du médicament et des produits de santé, 2017).

This study has several limitations. First, measurement bias* may be present in our study. In the EPPM panel, diagnoses were coded by the physicians in charge, but we could not verify whether the entered diagnostic codes accurately reflected the patient's conditions. Second, because the sampling scheme differed across GPs and pediatricians, we could not assess the relative weight of prescriptions written by GPs and pediatricians. Third, the available information was not always sufficient to judge whether antibiotic prescriptions for potentially bacterial RTIs were appropriate or not. For example, in the case of pharyngitis, the result of rapid testing was not available. Fourth, because of the unavailability of data, other factors potentially associated with antibiotic prescribing (e.g., parental sociodemographic characteristics* and physician and patient gender) could not be explored, which could lead to residual confounding. Fifth, well-child visits accounted for less than 1% of GP visits, which is lower than expected and suggests under-sampling* of GP visits for young children and potential selection bias. Sixth, the number of pediatricians include in our study was relatively low, and we may have lacked statistical power to detect an association between antibiotic prescription rates and prescriber age among pediatricians.

Seventh, because pediatricians was no longer included in IQVIA's EPPM panel after February 2017, we were unable to include more recent data in our analysis.

Conclusions

In this large cross-sectional study conducted in France, most community antibiotic prescribing was for children with RTIs, including a large proportion of infections of presumed viral origin. Broad-spectrum antibiotics were highly prescribed and should be reduced.

Future antibiotic stewardship campaigns should also target GPs, especially GPs older than 50 years of age.

GENERAL CONCLUSIONS AND RESEARCH PERSPECTIVES 1. Summary of main findings

Proper monitoring of outpatient antibiotic utilization is crucial to contain antimicrobial resistance. This thesis provided new general knowledge regarding methodological issues encountered while studying outpatient antibiotic utilization and specific knowledge regarding outpatient pediatric antibiotic utilization in France. We demonstrated that retail sales data is suited for monitoring outpatient antibiotic utilization in France. When assessing antibiotic utilization, we recommend using both DID (defined daily doses) and PrID (prescriptions). DID is not suitable to be used alone and is not appropriate to assess pediatric antibiotic utilization.

We demonstrated important changes in outpatient antibiotic use in children following the 2011 French clinical practice guidelines for managing upper respiratory tract infections.

Broad-spectrum antibiotics were gradually replaced by amoxicillin. However, more efforts should be further made since the volume of antibiotic prescriptions and broad-spectrum antibiotics remained high at the end of the study period. We were also able to show that most community pediatric antibiotic prescribing in France went to children with RTIs, notably infections of presumed viral origin such as common cold and bronchitis. Broadspectrum agents were highly prescribed in both GPs and pediatricians. We suggest future antibiotic stewardship campaigns should emphasize:

• Zero antibiotic prescribing for presumed viral RTIs,

• Further reduction of broad-spectrum antibiotic prescribing,

• More communication towards GPs, especially GPs older than 50 years of age. This information paves the way for future research on antibiotic utilization and for the design of new guidelines and antibiotic stewardship campaigns.

Implications

Implications for public health and policymaking

From 2014 to 2017, annual reports from ANSM repeatedly raised a worrying concern about a recent increase in French antibiotic consumption since 2010. This was considered as evidence that past awareness campaigns were no longer effective. We demonstrated that this increase was driven by substantial changes in the structure of antibiotic prescriptions (e.g., increase in the proportion of amoxicillin, adult and hospital prescriptions) as well as a wrong value of DDD for amoxicillin compared to the actual prescribed dose in France (mainly related to the current minimum inhibitory concentration of French strains of S. pneumoniae). Using PrID instead of DID provided conflicting trends. In terms of prescriptions (PrID), we found that outpatient antibiotic utilization in France continues to decrease since the first implementation of the action plans (Chapter II and Chapter III). Our findings, although somehow encouraging, still raise a concern about current antibiotic utilization patterns in France. Indeed, despite this decrease in prescription rates, the level of antibiotic utilization in France remained high compared to other developed countries, notably among children (Chapter II and Chapter III). We shed light on issues related to the current antibiotic utilization surveillance system in France. Since our recommended indicator (i.e., the number of prescriptions per 1,000 inhabitants per day) cannot be derived from gross sales data, a complementary data source where this indicator is available is necessary. In the French outpatient setting, the reimbursement data provided by SNDS and the retail sales data provided by IQVIA are among the top candidates. The SNDS database can be considered as the "gold standard" to assess drug utilization because of its exhaustive population coverage.

However, access to SNDS data is generally delayed due to the data collection process as well as burdensome administrative procedures. For example, in our case, we applied for access to SNDS data in 2018, but obtained the data in 2019 for the data limited to 2017. We demonstrated that retail sales data provided by IQVIA, which are highly correlated with SNDS data, can be used as an alternative to SNDS to complement ANSM data in the monitoring of antibiotic utilization (Chapter I), notably when timely actions are required.

Using retail sales data, we were able to demonstrate the substantial changes in antibiotic use in children following the dissemination of the updated guidelines on managing upper respiratory tract infections. Because the guidelines recommended switching from broad-spectrum antibiotics to amoxicillin in most cases that required antibiotic treatments, we observed a gradual replacement of broad-spectrum antibiotics to amoxicillin, starting as early as two to three months after the official release of the guidelines (Chapter III). These results are very encouraging compared to other guidelines and settings, but we believed that any future interventions should further emphasize the need for reducing antibiotic prescription rates and broad-spectrum antibiotics use.

Strategies to successfully disseminate future guidelines should rely on providing easy access to all the doctors (e.g., a unique digital repository containing all the current guidelines), especially GPs, as seen for the 2011 guidelines. Using prescribing data three years after the release of the 2011 guidelines, we further detailed the goals for future stewardship campaigns in Chapter IV. We should bring more attention to prescribers and patients to the fact that antibiotics should not be prescribed for presumed viral RTIs.

Previous campaigns usually tackled bronchitis, but other viral RTIs such as the common cold (nasopharyngitis) and cough, are also responsible for many unnecessary antibiotic prescriptions.

Broad-spectrum antibiotics are no longer recommended as first-line in 2015-2017 but still represent a vast proportion of antibiotic use (consistently with Part II -Chapter III), notably in GPs' prescriptions. After controlling for the age of patient, diagnosis, and seasons, we found higher antibiotics prescription rates in older GPs. Specific interventions are needed for reducing broad-spectrum antibiotic use and for improving the prescribing practices of GPs, notably older GPs. The fact that we excluded well-child visits when assessing antibiotic prescribing patterns of pediatricians provides better insight on how the pediatricians are prescribing antibiotics to children, which may serve as a useful element to design specific interventions aiming at pediatricians (Direction de la recherche des études de l'évaluation et des statistiques; [START_REF] Little | Effects of internet-based training on antibiotic prescribing rates for acute respiratory-tract infections: A multinational, cluster, randomised, factorial, controlled trial[END_REF][START_REF] Oppong | Cost-effectiveness of internet-based training for primary care clinicians on antibiotic prescribing for acute respiratory tract infections in Europe[END_REF].

Implications for research

We validated a retail sales database (IQVIA's X-ponent) as a suitable source for future antibiotic utilization research (Chapter I). Studies to validate the use of this database for other drug classes are highly warranted. We also caution against future studies based solely on DID, especially when studying antibiotic utilization (Chapter II). We introduced a routine to assess the impact of an intervention using interrupted time-series analysis by combining segmented linear regression and ARIMA to assess cumulative effect as well as to empirically explore the nature of the effect (Chapter III). We also recommend excluding well-child visits when assessing the performance of pediatricians (Chapter IV).

Research perspectives

In this thesis, we provided data on outpatient antibiotic utilization at the population level.

However, several aspects of outpatient antibiotic utilization were not explored and should be investigated further in future research projects.

Research focusing on pediatric patients

Cumulative exposure to antibiotic during childhood and social inequalities

The cross-sectional exposure to antibiotics during childhood was largely studied worldwide, notably its associations with subsequent risks [START_REF] Bertoldi | Associations of acetaminophen use during pregnancy and the first year of life with neurodevelopment in early childhood[END_REF][START_REF] Centers For | Progress in reducing risky infant sleeping positions-13 states, 1996-1997[END_REF][START_REF] Hoskin-Parr | Antibiotic exposure in the first two years of life and development of asthma and other allergic diseases by 7.5 yr: A dose-dependent relationship[END_REF][START_REF] Ni | Early antibiotic exposure and development of asthma and allergic rhinitis in childhood[END_REF]Rogawski et al., 2017a[START_REF] Rogawski | Early Antibiotic Exposure in Low-resource Settings Is Associated With Increased Weight in the First Two Years of Life[END_REF][START_REF] Scott | Administration of Antibiotics to Children Before Age 2 Years Increases Risk for Childhood Obesity[END_REF][START_REF] Sejersen | Antibiotic exposure in infancy and development of BMI and body composition in childhood[END_REF][START_REF] Stevens | Cumulative antibiotic exposures over time and the risk of Clostridium difficile infection[END_REF][START_REF] Tonkin-Crine | Exploring patients' views of primary care consultations with contrasting interventions for acute cough: A six-country European qualitative study[END_REF]. A French longitudinal study of children (ELFE cohort) with linkage to outpatient and inpatient reimbursement data in SNDS could provide an opportunity to assess the cumulative individual exposure to antibiotics in French children [START_REF] Heerman | Maternal antibiotic use during pregnancy and childhood obesity at age 5 years[END_REF].

Besides, health outcomes and parental/sociodemographic determinants such as parents' income, parents' level of education could be explored from a life-course perspective.

Ambulatory broad-spectrum antibiotics use

As previously demonstrated, broad-spectrum antibiotics are highly prescribed in children in France, even after the release of new guidelines that recommended amoxicillin as first-line therapy. The use of broad-spectrum antibiotics also varies between conditions. We plan to use IQVIA's Electronic Medical Record (EMR) database, a large panel of more than 3,000 GPs in metropolitan France, to identify factors associated with ambulatory broad-spectrum antibiotics use in children.

Antibiotic prescribing during influenza seasons

Antibiotic prescriptions in France, notably in children, exhibit strong seasonality. In Chapter IV of the thesis, we partly confirmed that this seasonality is due to the differences in pathology between seasons. The peak of RTIs, especially viral RTIs, is generally observed during influenza seasons. We plan to examine the characteristics of antibiotics prescribing during influenza seasons in comparison with non-influenza seasons using IQVIA's EMR database. The outputs of this work may be useful to determine the strategies to improve antibiotic prescribing and reduce antibiotic prescribing for viral RTIs.

Antibiotic prescribing in adults in France

Antibiotic prescriptions for adults account for nearly 80% of outpatient antibiotic prescriptions. However, little is known about antibiotic prescriptions by conditions in adults.

We plan to use IQVIA's EMR database to investigate current patterns of antibiotic prescribing in adult in France. We aim at identifying areas for improvement in antibiotic prescribing in adult, as done for children.

Research in the general population

Regional variations of outpatient antibiotic utilization

As for previous authors, we found high variability in outpatient antibiotic utilization across regions in Chapter I [START_REF] Hicks | US outpatient antibiotic prescribing variation according to geography, patient population, and provider specialty in 2011[END_REF]. Understanding about the factors that drive this variability would be useful to design regional interventions that aim at improving antibiotic prescribing. We plan to examine various potential determinants of antibiotic prescribing by region, such as the density of physicians and inhabitants, the density of retail pharmacies, the level of education of inhabitants, the distribution of specialist physicians versus GPs, and household income [START_REF] Vandentorren | Rationales, design and recruitment for the Elfe longitudinal study[END_REF]. We will use either reimbursement data or retail sales data to calculate antibiotic prescription rates. Social and demographic information could be obtained from INSEE. Multilevel and multivariable models could be used to identify factors explaining the variability of antibiotics prescribing across regions.

The outputs of this project will be useful for future local and national campaigns.

Duration of antibiotic treatment in the community its determinants

One of the objectives of antibiotic stewardship campaigns is to reduce the duration of antibiotic treatments. In Chapter IV, we found that the overall duration of treatment is not different between GPs and pediatricians. Due to the limited sample size across specific indications (e.g., otitis media), we could not explore the adherence of doctors to guidelines in terms of duration of treatment. We could further assess the duration of antibiotic treatment and its determinants using IQVIA's EMR database.

Outpatient antibiotic prescribing by provider specialty

Previous studies suggested variations of antibiotic prescribing by provider specialty. In children, most antibiotics were filled by GPs and pediatricians. In adults, the structure of antibiotic providers is much more diverse. We plan to use reimbursement data in which the specialty of the prescriber and age of the patient are available to assess patterns of antibiotics prescribing by specialty in France.

Antibiotic prescribing for dental procedures

According to IQVIA's data, dentists are responsible for about 10% of all antibiotic prescriptions in France, equivalent to hospital-based prescriptions. Antibiotics exclusively used for dental procedures rank among the top major antimicrobial agents. However, there has been little attention to dentists' antibiotic prescribing habits. We plan to use reimbursement data to assess current patterns of antibiotics prescriptions for dental procedures in France. plots. If the residuals still exhibited autocorrelation, we then added ARIMA errors terms to control for remaining autocorrelation as needed. We chose the most significant lag for the next step.

Chapter II-Appendix 2. Number of packages and standard units per prescription in

Fifth, once we defined the best fitting model with appropriate lag of ramp function, we performed outlier detection routines as recommended in the time-series literature (52) to identify outliers of the "level shift" type that may relate to the intervention (i.e., within 12 months after the release of the guidelines). If we found a level shift, we added a step function whose values are 0 for all months up to October 2011, and 1 for all months from November 2011 and onwards into the model in step 4 at the defined lag. The step function captures a permanent level shift in the mean of the outcome variable. We inspected the residuals from these models using autocorrelation and partial autocorrelation function plots and the standard errors of the plots. If the residuals still exhibited autocorrelation, we then added ARIMA errors terms as needed.

Sixth, we estimated equations from step 5 and inspected their residuals to evaluate their distribution and insure, using the Box-Ljung test, that they displayed no remaining autocorrelation. 

Chapter III -Appendix 2. Ratio between outpatient antibiotic prescription rates in children in
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Table 1 . National programs addressing antibiotic use and resistance in France since the early 2000s

 1 

	Time	Name	Strategies	Aim	Impact
	2002-2005	« Les antibiotiques, c'est			
	(Sabuncu et	pas automatique »			
	al., 2009)	(Antibiotic? It's not			
		automatic!)			

Table 2 . Characteristics of some potential data sources for antibiotic utilization in France Items ANSM SNDS IQVIA's X-ponent IQVIA's EPPM Type of data source
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	The database of the Système Nationale de Données de Santé
	(SNDS) includes the French hospital discharge database of public and private hospitals since
	2007 (Programme de médicalisation des systèmes d'information, PMSI) and the inter-
	scheme consumption data (Données de consommation inter-régimes) including outpatient

If applicable, sampling or weighting methodology

  

		No extrapolation required	No extrapolation required	Representative panel of retail	Representative sample of
				pharmacies in metropolitan	physicians. The data were
				France. Extrapolation is done on a	weighted against the total
				daily basis and by geographical	population of physicians in
				prescription unit	metropolitan France
	Over-the-counter sales	Yes	No	Yes	Yes
	Measure(				

s) of quantity of prescribed drugs/dispensed

  

	Tons/kilograms of active	Number of prescriptions	Number of dispensations	Number of prescriptions
	ingredients	Number of dispensations	Number of dispensed packages	Number of prescribed
		Number of dispensed packages		packages/standard units*
				Duration of treatment (days)

Measures the quantity of drug prescribed/dispensed at the patient level Proportion of missing prescriptions

  

		No (theoretical)	Unknown	Not applicable	Not applicable
			Dispensing without reimbursing is		
			possible		
	Starting time	Unknown	Inter-scheme data from 2008	Monthly data from 2009	Since 1963
					First revision in 2012
					Second revision in 2015
					Last revision in 2017
	Availability	Data of year n is generally available	From 2008	Data is available on a monthly	Data is available on a quarterly
		in year n+1	Data of year n is generally available	basis	basis
			in year n+2		
	Finest aggregated level	Yearly	Daily	Monthly	Quarterly
	Accessibility	Official request to the agency	Official request to the French	Subjected to contract or	Subjected to contract or
			national institute of health data	operational fee	operational fee

Table 1 . Distribution of outpatient antibiotic prescriptions and defined daily doses (DDD) in the SNDS database (2012-2017)
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	),

metronidazole/spiramycin* (4.0%), azithromycin* (3.7%), pristinamycin* (3.7%), doxycycline* (3.4%), cefixime* (3.0%), and clarithromycin* (2.8%). *DDD: Defined daily doses

Table 2 . Relative difference between antibiotic utilization estimates from reimbursement (SNDS) and retail sales (X-ponent) data by year (2012-2017)

 2 

Abbreviation: DDD: defined daily doses *Share among total prescriptions/DDDs in SNDS/X-ponent † Weighted sum of yearly estimates (weight = share among total prescriptions/DDDs in SNDS/X-ponent) † †Weighted sum of the absolute values of yearly differences (weight = share among total prescriptions/DDDs in SNDS) Year Number

of prescriptions per 1,000 inhabitants per day Number of DDDs per 1,000 inhabitants per day

  

		SNDS		X-ponent	Relative	SNDS	X-ponent	Relative
		Yearly	Weight*	Yearly	Weight*	difference	Yearly	Weight*	Yearly	Weight*	difference
		estimate	(%)	estimate	(%)	(%)	estimate	(%)	estimate	(%)	(%)
	2012	2.87	17	2.94	18	2.3	24.37	17	25.13	17	3.1
	2013	2.82	17	2.89	17	2.6	24.30	17	25.14	17	3.5
	2014	2.69	16	2.75	16	2.0	23.30	16	23.90	16	2.6
	2015	2.74	17	2.77	17	1.3	24.11	17	24.50	17	1.6
	2016	2.71	17	2.73	17	0.7	24.20	17	24.57	17	1.5
	2017	2.55	16	2.53	15	-0.7	23.41	16	23.11	16	-1.3
	Overall	2.73 †	100	2.77 †	100	1.6 † †	23.95 †	100	24.41 †	100	2.3 † †

Table 3

 3 summarizes the pooled estimates by month. The highest differences were observed during July months (weighted absolute relative difference: 2.6 and 3.6% for PrID and DID, respectively).

Table 3 . Relative difference in antibiotic utilization estimates from the reimbursement (SNDS) and retail sales (X-ponent) data by month (2012-2017)
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		Weighted number of prescriptions per 1,000	Weighted number of DDDs per 1,000 inhabitants
			inhabitants per day			per day
	Month	SNDS †	X-ponent †	Weighted absolute	SNDS † X-ponent †	Weighted absolute
				relative difference † †			relative difference † †
				(%)			(%)
	January	3.46	3.52	1.7	30.13	30.76	2.1
	February	3.59	3.65	1.7	31.03	31.66	2.0
	March	2.92	2.96	1.6	25.66	26.12	2.1
	April	2.64	2.68	1.4	23.31	23.71	1.9
	May	2.26	2.27	1.3	20.05	20.30	1.8
	June	2.46	2.49	1.6	21.45	21.82	2.3
	July	2.16	2.22	2.6	19.07	19.73	3.6
	August	1.71	1.74	2.0	15.56	15.96	3.1
	September	2.53	2.55	1.4	22.35	22.66	2.2
	October	2.96	3.00	1.5	26.06	26.46	2.3
	November	2.76	2.78	1.2	24.29	24.55	2.0
	December	3.37	3.42	1.8	29.00	29.53	

Table 4 . Relative difference in antibiotic utilization estimates from reimbursement (SNDS) and retail sales (X-ponent) data by age groups, therapeutic classes, individual antimicrobial agents, and regions (2012-2017) Weighted number of prescriptions per 1,000 inhabitants per day Weighted number of DDDs per

 4 Weighted sum of yearly estimates (weight = share among total prescriptions/DDDs in SNDS/X-ponent) † †Weighted sum of the absolute values of yearly differences (weight = share among total prescriptions/DDDs in SNDS)

	1,000
	inhabitants per day

Table 5 . Correlation of the number of prescriptions per 1,000 inhabitants per day (PrID) and number of defined daily doses per 1,000 inhabitants per day (DID) between antibiotic reimbursement (SNDS) and retail sales (X-ponent) data (2012-2017)
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	PrID	DID
	Correlation	Correlation
	coefficient*	coefficient*

*All p-values <0.0001

Table 6 . Time series analysis: model specification of reimbursement (SNDS) and retail sales (X-ponent) data and outlier detection outputs
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		ARIMA model parameters*	
		SNDS	X-ponent	Outlier
		Coefficient (standard error)	Coefficient (standard error)	
	Age group			
	Adult	AR12: -0.75 (0.13)	AR12: -0.68 (0.14)	Yes
	Children	AR12: -0.76 (0.13)	AR12: -0.68 (0.14)	Yes
	Therapeutic class			
	J01C	AR11: -0.65 (0.18)	AR11: -0.72 (0.18)	No
		AR12: -0.68 (0.16)	AR12: -0.69 (0.16)	
	J01D	AR1: 0.37 (0.16)	AR1: 0.38 (0.16)	Yes
		AR11: -0.56 (0.20)	AR11: -0.57 (0.20)	
		AR12: -0.53 (0.16)	AR12: -0.52 (0.16)	
	J01F	AR1: 0.39 (0.14)	AR1: 0.38 (0.14)	No
		AR12: -0.60 (0.14)	AR12: -0.61 (0.14)	
	Antimicrobial agent			
	Amoxicillin	AR12: -0.77 (0.13)	AR12: -0.77 (0.13)	No
	Amoxicillin/clavulanate	AR11: -0.82 (0.16)	AR11: -0.92 (0.18)	Yes
		AR12: -0.59 (0.14)	AR12: -0.58 (0.16)	
	Cefpodoxime	AR12: -0.61 (0.11)	AR12: 0.60 (0.11)	Yes
	Fosfomycin	AR3: 0.36 (0.15)	AR3: 0.31 (0.16)	Yes
		AR14: 0.65 (0.16)	AR14: 0. 65 (0.15)	
	Metrodinazole/spiramycin	AR3: 0.31 (0.13)	AR3: 0.30 (0.12)	Yes
	Azithromycin	AR12: -0.72 (0.14)	AR12: -0.74 (0.13)	Yes
	Pristinamycin	AR1: 0.62 (0.11)	AR1: 0.62 (0.11)	No
		AR12: -0.55 (0.14)	AR12: -0.54 (0.14)	
	Doxycycline	Differencing = 1	Differencing = 1	Yes
		AR12: 0.72 (0.09)	AR12: 0.71 (0.09)	
	Cefixime	Differencing = 1	Differencing = 1	No
		AR12: 0.58 (0.10)	AR12: 0.59 (0.10)	
	Clarithromycin	AR1: 0.55 (0.11)	AR1: 0.55 (0.11)	Yes
		AR12: -0.43 (0.13)	AR12: -0.42 (0.13)	
	Region			
	Ile-de-France	AR12: -0.76 (0.12)	AR12: -0.78 (0.12)	No
	Hauts-de-France	AR12: -0.74 (0.13)	AR12: -0.76 (0.13)	Yes
	Auvergne-Rhône-Alpes	AR12: -0.67 (0.14)	AR12: -0.68 (0.15)	No
	Nouvelle-Aquitaine	AR11: -0.69 (0.14)	AR11: -0.70 (0.14)	Yes
		AR12: -0.78 (0.12)	AR12: -0.78 (0.12)	
	Occitanie	AR12: -0.65 (0.16)	AR12: -0.64 (0.16)	Yes
	Grand Est	AR12: -0.80 (0.13)	AR12: -0.82 (0.12)	No
	Provence-Alpes-Côte d'Azur	AR12: -0.58 (0.14)	AR12: -0.59 (0.13)	Yes
	Normandie	AR11: -0.47 (0.17)	AR11: -0.50 (0.17)	Yes
		AR12: -0.71 (0.15)	AR12: -0.77 (0.14)	
	Pays de la Loire	AR11: -0.55 (0.15)	AR11: -0.52 (0.15)	No
		AR12: -0.58 (0.15)	AR12: -0.57 (0.15)	
	Bretagne	AR12: -0.50 (0.13)	AR12: -0.50 (0.14)	No
	Bourgogne-Franche-Comté	AR12: -0.80 (0.13)	AR12: -0.78 (0.13)	No
	Centre-Val de Loire	AR11: -0.52 (0.17)	AR11: -0.51 (0.17)	No
		AR12: -0.69 (0.15)	AR12: -0.69 (0.15)	
	Corse	AR12: -0.70 (0.12)	AR1: 0.38 (0.14)	Yes
			AR12: -0.58 (0.13)	
	0Overall	AR12: -0.74 (0.13)	AR12: -0.75 (0.13)	No
	Abbreviations: ARIMA: autoregressive integrated moving-average		
	*Differencing=12 unless specified.			

Table 1 . Outpatient antibiotic utilization in France from 2009-2010 to 2015-2016 (July-June years)
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		2009-2010	2010-2011	2011-2012	2012-2013	2013-2014	2014-2015	2015-2016	% relative change (2015-2016 versus 2009-2010)
	DID	30.19 30.46 30.82 31.80 30.16 31.14 30.83	+2%
	PrID	3.04	3.01	2.96	2.96	2.77	2.79	2.73	-10%
	SID	64.46 64.18 63.63 63.92 59.96 60.49 59.15	-8%
	PID	5.81	5.76	5.72	5.76	5.41	5.48	5.37	-8%
	Number of DDDs per	9.94	10.13 10.41 10.74 10.88 11.15 11.31	+14%
	prescription								
	% Adult prescriptions	74.7	75.3	76.0	76.7	77.3	78.2	78.0	+4%
	% Amoxicillin	23.0	23.3	24.2	26.7	27.9	29.2	30.9	+34%
	prescriptions								
	% Amoxicillin/clavulanate	14.2	14.8	15.5	15.7	15.7	15.7	15.5	+9%
	prescriptions								
	% Hospital prescriptions	7.6	7.9	8.2	8.5	9.2	9.5	10.0	+31%

Abbreviations: DID, number of defined daily doses per 1,000 inhabitants per day; PrID, number of prescriptions per 1,000 inhabitants per day; SID, number of standard units per 1,000 inhabitants per day; PID, number of packages per 1,000 inhabitants per day; DDD, defined daily dose.

Table 2 . Time trend regression of outpatient antibiotic utilization in France (2009-2016)

 2 A negative slope indicates a decrease over time, whereas a positive slope indicates an increase.

	Regression slope	p

Abbreviations: DID, Number of defined daily doses (DDD) per 1,000 inhabitants per day; PrID, Number of prescriptions per 1,000 inhabitants per day; SID, Number of standard units per 1,000 inhabitants per day; PID, Number of packages per 1,000 inhabitants per day. Analysis based on monthly aggregated data from January 2009 to December 2016.

Table 3 . Potential determinants of the number of defined daily doses (DDD) per prescription: linear regression modeling
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	Univariate analysis		Multivariate analysis	
	Coefficient	p	Adjusted coefficient	p

Table 4 . Time trends regression of defined daily dose (DDD) per 1,000 inhabitants per day (DID) according to different values of DDD for amoxicillin (January 2009 -December 2016) Different
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	DDD of amoxicillin	Regression slope of DID	p
	(g)		
	0.5	0.051	<0.01
	1.0	0.009	0.4
	1.5	-0.011	0.18
	2.0	-0.019	<0.01
	2.5	-0.024	<0.001
	3.0	-0.027	<0.001

DDDs were applied for amoxicillin and amoxicillin/clavulanate from 0.5 g to 3 g per day. We studied the effect of these changes on the time trends of DID in the non-linear model. The slope reflects the trend in DID over time: a negative slope indicates a decrease over time, whereas a positive slope indicates an increase. At the time of the study, the DDD of amoxicillin was 1 g.

Table 5 . Change in overall number of defined daily doses (DDDs) per prescription according to different values of DDD for amoxicillin (2009-2016)
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Table 1 . Comparison of the 2004 and 2011 French clinical practice guidelines for upper respiratory tract infections

 1 

		2004 guidelines	2011 guidelines
	Main messages	Reduce inappropriate antibiotic prescribing	• Reduce inappropriate antibiotic
			prescribing
			• Reduce the use of broad-spectrum
			antibiotics
	Pharyngitis	Antibiotic treatment is recommended only if	Antibiotic treatment is recommended only if
		rapid-test-confirmed streptococcal	rapid-test-confirmed streptococcal
		pharyngitis	pharyngitis
		First-line treatment: amoxicillin	First-line treatment: amoxicillin
		Duration of treatment: 6 days	Duration of treatment: 6 days
	Otitis media*	Antibiotic treatment is recommended only	
		for children under 2 years old with	
		suppurative acute otitis media and older	
		children in case of high fever or intense ear	
		pain.	

Table 2 . Pediatric antibiotic use in France (2009 -2017): annual estimates of prescription rates (number of antibiotic prescriptions per 1,000 pediatric inhabitants per year)
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		2009	2010	2011	2012	2013	2014	2015	2016	2017	Relative change, %
											(2017 versus 2009)
	Overall	1387	1266	1328	1233	1167	1088	1075	1056	928	-33.1
	Age groups, years										
	0-5	2069	1981	2041	1896	1759	1695	1675	1615	1468	-29.0
	6-14	931	788	852	794	780	695	692	705	595	-36.1
	Antibiotic agents										
	Amoxicillin*	416 (30%)	373 (29%)	401 (30%)	425 (34%)	453 (39%)	451 (41%)	472 (44%)	500 (47%)	476 (51%)	+14.4
	Cefpodoxime* †	382 (28%)	359 (28%)	363 (27%)	305 (25%)	270 (23%)	231 (21%)	216 (20%)	194 (18%)	155 (17%)	-59.4
	Amoxicillin-	220 (16%)	210 (17%)	231 (17%)	205 (17%)	182 (16%)	166 (15%)	159 (15%)	148 (14%)	128 (14%)	-41.8
	clavulanate* †										
	Cefixime* †	65 (5%)	64 (5%)	67 (5%)	58 (5%)	48 (4%)	51 (5%)	53 (5%)	50 (5%)	29 (3%)	-55.4
	Josamycin* †	65 (5%)	55 (4%)	64 (5%)	59 (5%)	54 (5%)	51 (5%)	50 (5%)	46 (4%)	37 (4%)	-43.1
	Other**	239 (16%)	205 (17%)	202 (16%)	181 (14%)	160 (13%)	138 (13%)	125 (11%)	118 (12%)	103 (11%)	-56.9%

*Five most frequently prescribed antibiotic agents over the study period for the whole study population; †Broad-spectrum antibiotics; ** Examples: clarithromycin, doxycycline, colistin.

Table 2 . Community antibiotic prescribing in French children (March 2015 -February 2017)

 2 

				General practitioners (N=680)		Pediatricians (N=70)	
	Diagnostic category*	Conditions	Visits, N (%)	ATB prescriptions, N (%)	ATB Prescription rate per 100 visits (95% CI)	Visits, N (%)	ATB prescriptions, N (%)	ATB Prescription rate per 100 visits (95% CI)
	Potentially bacterial RTIs	Otitis	16,126 (8.0)	10,986 (20.9)	68.1 (67.4-68.8)	2,491 (12.2)	1,987 (45.1)	79.8 (78.1-81.3)
		Pharyngitis	15,308 (7.6)	10,301 (19.7)	67.3 (66.5-68.0)	1,487 (7.3)	792 (18.0)	53.3 (50.7-55.8)
		Sinusitis	854 (0.4)	580 (1.1)	67.9 (64.7-71.0)	97 (0.5)	75 (1.7)	77.3 (67.7-85.2)
		Pneumonia	686 (0.3)	549 (1.0)	80.0 (76.8-83.0)	122 (0.6)	121 (2.7)	99.2 (95.5-100)
		Subtotal	32,671 (16.2)	22,306 (42.4)	68.3 (67.9-68.8)	4,158 (20.4)	2,970 (67.5)	71.4 (70.0-72.8)
	Presumed viral RTIs	Bronchitis	10,706 (5.3)	6,975 (13.3)	65.2 (64.2-66.1)	672 (3.3)	318 (7.2)	47.3 (43.5-51.1)
		Common cold	27,799 (13.8)	6,038 (11.5)	21.7 (21.2-22.2)	2,151 (10.5)	249 (5.6)	11.6 (10.3-13.0)
		Bronchiolitis	1,723 (0.9)	544 (1.0)	31.6 (29.4-33.8)	378 (1.0)	76 (1.7)	20.1 (16.2-24.5)
		Other viral RTIs	32,892 (16.3)	7,938 (15.1)	24.1 (23.7-25.0)	3,301 (16.2)	396 (9.0)	12.0 (10.9-13.2)
		Subtotal	73,120 (36.3)	21,495 (40.8)	29.4 (29.1-29.7)	6,811 (33.4)	1,039 (23.6)	15.3 (14.4-16.1)
	Presumed bacterial non-RTIs	Skin and soft tissue infections	5,781 (2.9)	1,328 (2.5)	23.0 (21.9-24.1)	789 (3.9)	83 (1.9)	10.5 (8.5-12.9)
		Urinary tract infections	951 (0.5)	836 (1.6)	87.9 (85.7-89.9)	88 (0.4)	83 (1.9)	94.3 (87.2-98.1)
		Gastrointestinal infections	9,374 (4.7)	249 (0.5)	2.7 (2.3-3.0)	1,233 (6.0)	19 (0.4)	1.5 (0.9-2.4)
		Miscellaneous bacterial infections	947 (0.5)	202 (0.4)	21.3 (18.8-24.1)	116 (0.6)	14 (0.3)	12.1 (6.8-19.4)
		Subtotal	17,053 (8.5)	2,615 (5.0)	15.3 (14.8-15.9)	2,226 (10.9)	199 (4.5)	8.9 (7.8-10.2)
	Presumed viral non-RTIs	Miscellaneous viral illnesses	20,095 (10.0)	2,840 (5.4)	14.1 (13.7-14.6)	2,406 (11.8)	60 (1.4)	2.5 (1.9-3.2)
	Others	Other conditions	58,123 (28.9)	3,271 (6.1)	5.6 (5.4-5.8)	4,763 (23.3)	130 (3.0)	2.7 (2.3-3.2)
	Total	All conditions	201,365	52,637	26.1 (25.9-26.3)	20,403	4,403	21.6 (21.0-22.2)
	*See appendix S2 Table for corresponding ICD codes. ATB, antibiotic; RTI, respiratory tract infection; CI, confidence interval.		

Table 3 . Broad-spectrum antibiotic use and duration of antibiotic treatment for French children with RTIs Proportion of broad-spectrum antibiotics among all prescribed antibiotics, % (95% CI) Duration of antibiotic treatment, days (95% CI) Diagnosis General practitioners Pediatricians p

 3 

	General	
	Pediatricians	p
	practitioners	

Table 4 . Factors associated with community antibiotic prescribing in French children: Poisson regression (N = 221,768 visits)

 4 

	General practitioners

France (2009-2016)

  

	Chapter II -								
		2009	2010	2011	2012	2013	2014	2015	2016
	Number of packages per prescription	1.92	1.92	1.92	1.94	1.95	1.95	1.97	1.98
	Number of standard units per prescription	21.2	21.3	21.4	21.5	21.6	21.6	21.7	21.7
	Results based on January -December years.								
									162

Appendix 3. Distribution of antibiotic prescriptions by age groups in France (2009-2016, projected prescriptions)

  

	Chapter II -									
		2009	2010	2011	2012	2013	2014	2015	2016	Total
	Adult prescriptions, N (%) 52 961 834 (74.7) 51 670 267 (75.7) 51 839 019 (75.0) 52 159 011 (76.3) 51 927 869 (77.1) 49 953 848 (77.6) 51 045 014 (78.3) 50 930 661 (78.7) 412 487 523 (76.6)
	Child prescriptions, N (%)	15 951 833 (22.5) 14 658 108 (21.5) 15 467 084 (22.4) 14 442 083 (21.1) 13 728 191 (20.4) 12 826 952 (19.9) 12 661 665 (19.4) 12 403 883 (19.2)	112 139 799 (20.8)
	Missing data for age, N (%) 2 024 828 (2.9)	1 892 213 (2.8)	1 802 932 (2.6)	1 745 831 (2.6)	1 699 345 (2.5)	1 568 438 (2.4)	1 486 109 (2.3)	1 389 315 (2.1)	13 609 012 (2.5)
	Total	70 938 494	68 220 588	69 109 035	68 346 925	67 355 405	64 349 238	65 192 788	64 723 859	538 236 334
	Results based on January -December years.							

Figure S1. Proportion of amoxicillin and amoxicillin/clavulanate prescriptions using formulations containing 1 g of amoxicillin per standard unit or dose among all amoxicillin prescriptions (2009-2016)

  Results based on January -December years.

		100%	
	PROPORTION OF PRESCRIPTIONS 5%)	10% 20% 30% 40% 50% 60% 70% 80% 90%	amoxicillin and amoxicillin/clavulanate suspensions amoxicillin 500 mg capsules amoxicillin 1 g and amoxicillin/clavulanate 1 g/125 mg
		0%	
		2009 2010 2011 2012 2013 2014 2015 2016	
		Year	

France and in other countries

  Sources of data: From the present study for France; Antibiotic consumption in 2016 report by Swedres-Svarm for Sweden; Canadian antimicrobial resistance surveillance system report by Public Health Agency of Canada for Canada and Annual report of the Centers for Disease Control and Prevention for the USA (101, 103, 104).

		2009	2010	2011	2012	2013	2014	2015	2016	2017
	France vs. Sweden									
	0-6 years old	3.8	3.7	4.2	3.8	4.4	4.4	4.7	4.4	4.3
	6-19 years old	3.3	2.8	2.9	3.0	3.4	3.3	3.4	3.3	3.0
	France vs. Canada									
	0-14 years old		1.9	1.8	1.8	1.8	1.7	1.9	1.8	
	France vs. US									
	0-19 years old			1.4	1.3	1.4	1.3	1.3		

Appendix 4. Factors associated with community antibiotic prescribing in French children: multivariate regression including well-child visits

  : confidence interval; IRR: Incidence rate ratio; aIRR, adjusted IRR. Adjusted for diagnosis in five categories: (1) presumed bacterial RTIs (e.g., pneumonia, pharyngitis, sinusitis, otitis media); (2) presumed viral RTIs (e.g., bronchitis, bronchiolitis, common cold, asthma and allergy, influenza); (3) presumed bacterial non-RTIs (e.g., gastrointestinal infections, urinary tract infections, skin and soft tissue infections); (4) presumed viral non-RTIs (e.g., varicella); (5) other conditions

	Variable Chapter IV -Variable	General practitioners aIRR (95% CI) General practitioners aIRR (95% CI) p	p	Pediatricians aIRR (95% CI) Pediatricians aIRR (95% CI)	p	p
	Patient age Child age, years 0-5 0-2 years 3-6 years	1.07 (1.02-1.12) 1.00 (0.93-1.08) Reference	0.94	0.003	0.92 (0.81-1.04) 0.75 (0.61-0.92) Reference	0.17 0.01
	6-14 Prescriber		Reference			Reference	
	Prescriber age, years age						
	<50 <50 years 50-60	Reference 1.17 (1.07-1.27)	Reference	< 0.0001		Reference 1.38 (1.05-1.83)	0.07
	50-60 ≥ 60 years	1.18 (1.11-1.24) 1.30 (1.19-1.41)		< 0.0001	1.14 (0.96-1.36) 1.25 (0.95-1.65)	0.10
	≥ 60 Season	1.34 (1.27-1.42)			1.21 (1.02-1.44)	
	Season Non-winter Non-winter Winter	Reference 1.04 (0.97-1.12)	Reference	0.29	0.0002	Reference 1.11 (0.91-1.35)	0.35

CI

Additional analyses

Sensitivity analyses using segmented linear regression provided similar results by showing a significant increase of the slope of the proportion of amoxicillin and a concomitant decrease of the slope of the proportion of broad-spectrum antibiotics in both age groups, along with significant changes in level in children 0-5 years old (see Table 4).

Five years after the guidelines were released, the relative percentage changes in the proportions of amoxicillin and broad-spectrum antibiotics were +64.3% (51.6; 80.1) and -26.1% (-29.3; -23.7), respectively, for children 0-5 years old, and +28. 4% (21.1; 36.2) and -19.8% (-22.1; -16.0), respectively, for children 6-14 years old (see Table 3).

Table 4. Segmented linear regression results

Variable

Baseline level a Pre-intervention trend Change in level b Change in slope c

0-5 years old

Proportion of amoxicillin, % 25.0 0.04 (-0.02;0.10) 2.91 (1.54; 4.28 

CHAPTER IV

CHARACTERISTICS OF PEDIATRIC ANTIBIOTIC PRESCRIPTIONS IN FRANCE

This chapter was selected for presentation at the European Congress of Clinical Microbiology and Infectious Diseases, and a manuscript is currently in revision: 3). For the analysis of duration of treatment of RTIs, we excluded 25 prescriptions with missing data on duration; no statistically significant difference was found in the duration of antibiotic treatment between GPs and pediatricians (mean 6.89 vs. 7.07 days, respectively, p =0.21, Table 3).

Community antibiotic prescribing for children in

Additional analyses

Appendix 2 summarizes prescription rates across more detailed diagnostic subgroups.

Results obtained by multivariate modeling when using more detailed subgroups of diagnoses were consistent with those obtained when using broader groups (Appendix 3), except for marginal increases in antibiotic prescription rates of GPs during winter (aIRR 1.09 [1.04; 1.14]) and for patients 0-5 years old compared to older patients (aIRR 1.07 [1.02; 1.12]).

When including well-child visits, antibiotic prescription rates were 26.1 and 12.1 per 100 visits in GPs and pediatricians, respectively. Models with and without well-child visits yielded to the same conclusions except for a decrease in the prescription rate of pediatricians for patient 0-5 years old compared to older patients (aIRR 0.75 [0.61; 0.92]) (Appendix 4).

DISCUSSION

Main findings

We assessed recent community antibiotic prescribing for children in France using data from a large panel of GPs and pediatricians. The overall prescriptions rates were estimated at 26.1 and 21.6 antibiotic prescriptions per 100 pediatric visits for GPs and pediatricians, respectively. RTIs accounted for more than 80% of antibiotic prescriptions, and presumed viral RTIs were responsible for at least a quarter of all antibiotic prescriptions. For RTIs, GPs prescribed more broad-spectrum agents than pediatricians, but there was no difference in the duration of antibiotic treatments. After adjustment for diagnosis, antibiotic prescription rates were not associated with season and patient age but were significantly higher in GPs older than 50 years of age.

CONCLUSIONS FOR PART II

In Chapter III, we used the previously validated data source and indicators from Part I to assess the changes in global outpatient antibiotic use following the updated clinical practice guidelines for managing upper respiratory tract infections released in France in November 2011. Amoxicillin was recommended as first-line therapy for most cases instead of broadspectrum antibiotics. After the release of the guidelines, we observed a gradual replacement of broad-spectrum antibiotics by amoxicillin. We also found that the French pediatric antibiotic prescription rate decreased during the study period but remained high compared to other developed countries.

In , 11, 12, 30, 31, 32, 34, 46, 48, 65, 66, 81, 82 Auvergne-Rhône-Alpes 84 1,[START_REF]Agency (ANSM), 2009-2016 Results based on January -December years. 2009 2010 2011 2012 2013 2014 2015 2016 Antibiotic consumption expressed in DID Year IQVIA ANSM Z27 -Need for immunization against combinations of infectious diseases Z28 -Immunization not carried out Z29 -Need for other prophylactic measures Prescription rate Per 100 visits Presumed bacterial[END_REF]7,15,26,38,42,43,63,69,73,74 Provence Results based on January -December years.

Chapter III-Appendix 1. Stepwise ARIMA modeling strategy

The outcome measures of our interrupted time-series analyses were the proportion of amoxicillin and broad-spectrum antibiotics among the total number of dispensed antibiotic prescription.

First, we checked whether the time series was stationary using the augmented Dickey-Fuller test. If the time series was non-stationary, we decided whether a differencing was needed in the next step.

Second, we used ARIMA methods to define the best fitting model using data from the pre-intervention period (we used 36 time points for better fitting). We inspected the 36time-point series and progressively added autoregressive or moving-average terms at lag where autocorrelation presents until reaching non-autocorrelation process. A differencing may be needed if both auto-regressive and moving-average terms are not enough to control for autocorrelation.

Third, we inspected the outcome variables to initially define the form of the impact (here, the impact seemed to accrue over time).

Fourth, we applied the best fitting ARIMA model identified in the previous step to the entire time series (108 time points) and added a ramp function which takes a value of 0 for all months up to October 2011, and then increases linearly from November 2011 onwards (i.e., November 2011=1, December 2011=2, and so on). The ramp function is useful to capture gradual change in the mean of the outcome variable. We tested various possible lags of up to 6 months. We inspected the residuals from these models using autocorrelation* and partial autocorrelation* function plots and the standard errors of the