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Non-pharmaceutical interventions (NPIs) against coronavirus disease 2019 were implemented in March 2020. These measures were followed by a major impact on viral and non-viral diseases. We aimed to assess the impact of NPI implementation in France on hospitalized community-acquired pneumonia (hCAP) frequency and the clinical and biological characteristics of the remaining cases in children. We performed a quasi-experimental interrupted time-series analysis. Between June 2014 and December 2020, eight pediatric emergency departments throughout France reported prospectively all cases of hCAP in children from age 1 month to 15 years. We estimated the impact on the monthly number of hCAP using segmented linear regression with autoregressive error model. We included 2,972 hCAP cases; 115 occurred during the NPI implementation period. We observed a sharp decrease in the monthly number of hCAP after NPI implementation [−63.0% (95 confidence interval, −86.8 to −39.2%); p < 0.001]. Children with hCAP were significantly older during than before the NPI period (median age, 3.9 vs. 2.3 years; p < 0.0001), and we observed a higher proportion of low inflammatory marker status (43.5 vs. 33.1%; p = 0.02). Furthermore, we observed a trend with a decrease in the proportion of cases with pleural effusion (5.3% during the NPI period vs. 10.9% before the NPI; p = 0.06). NPI implementation during the COVID-19 (coronavirus disease 2019) pandemic led not only to a strong decrease in the number of hCAP cases but also a modification in the clinical profile of children affected, which may reflect a change in pathogens involved.
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INTRODUCTION

Pneumonia remains a major cause of morbidity and mortality worldwide in children, with 100 million cases and 700,000 deaths each year in children younger than 5 years (1). Numerous pathogens, both viral and bacterial, are involved in pediatric community-acquired pneumonia (CAP), but determining with certainty the causal pathogen remains in most cases a challenge (2). During the 2000s and the 2010s, the role of Streptococcus pneumoniae in CAP has been estimated with the “vaccine probe approach” by assessing the impact of the implementation of pneumococcal conjugate vaccines. This approach has shown that S. pneumoniae played an underestimated role, especially in hospitalized CAP (hCAP) cases (3, 4). Similarly, several studies showed that implementation of the 13-valent pneumococcal conjugate vaccine (PCV13) led to a major decrease in the number of both pleural effusion and pneumonia cases with high levels of inflammatory markers, whereas the number of pneumonia cases with unelevated levels of inflammatory markers remained unchanged (5). This situation further suggested that pneumonia with high levels of inflammatory markers and pleural effusion may reflect the involvement of S. pneumoniae and has been proposed as a key criterion to indicate the need for antibiotic prescription (6). Thus, the clinical profile of CAP may be a proxy to estimate the causal pathogen.

Since March 2020, several non-pharmaceutical interventions (NPIs), such as mask wearing and hand washing, were implemented in France to reduce the spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Children were rarely involved in severe coronavirus disease 2019 (COVID-19) cases. This NPI implementation led to an unprecedented change in the epidemiology of numerous viral and bacterial respiratory pathogens, including S. pneumoniae infection (7), and a substantial decrease in acute respiratory tract infection. However, the impact of these measures on the clinical profile of hCAP in children remains to be explored.

We aimed to assess the impact of NPI implementation in France on hCAP frequency and the clinical and biological characteristics of the remaining cases.



METHODS

Between June 2014 and December 2020, eight pediatric emergency departments (PEDs) throughout France were asked to report all cases of hCAP in children from age 1 month to 15 years. The eight participating centers accounted for 9% of all annual visits to PEDs in France (3). Cases were defined by the association of fever, a chest radiography finding of a consolidation and/or pleural effusion, and a hospital admission. Data collected included clinical information (age, sex, comorbidities, presence of pleural effusion, antibiotic regimen, and patient outcome), and biological and microbiological results [C-reactive protein (CRP) and procalcitonin (PCT) levels, blood culture, pleural fluid culture, antigen detection test in pleural fluid, polymerase chain reaction (PCR) in pleural fluid, nasopharyngeal PCR, and rapid influenza diagnostic test if performed]. The methodology was detailed previously (3).

The main outcome was the number of hCAP cases over time in children aged 1 month to 15 years. We decided to not use the number of hCAP cases per 1,000 PED visits because measures against the COVID-19 pandemic were associated with a massive change in all PED visits (8). The secondary outcomes were the clinical and bacteriological characteristics of hCAP in the post-NPI era as compared with the pre-NPI period. The status of low and high inflammatory markers was defined for children with available CRP and/or PCT level. hCAP with high inflammatory markers was defined as CRP ≥100 mg/L or PCT ≥5 ng/mL because this threshold is proposed as an indication for immediate antibiotic therapy (6). Conversely, hCAP with low inflammatory markers was defined as CRP <40 mg/L if performed and PCT <0.5 ng/mL if performed. Proven pneumococcal hCAP was defined as a case with a positive blood culture or a positive pleural sample (culture, PCR, and/or antigen test) for S. pneumoniae. The same definition was used for Streptococcus pyogenes and Staphylococcus aureus.

In France, the first lockdown started on March 17, 2020 (8). Thus, we defined the pre-NPI period from June 2014 to March 16, 2020, and the NPI period from March 17, 2020, to December 2020. NPIs implemented in France are detailed at https://www.ecdc.europa.eu/en/publications-data/download-data-response-measures-covid-19.

Vaccination against pneumococcus remained high (>99% of children received at least one dose of PCV13 at age 8 months) during the whole study period, including children born in 2020 (9).

We used an interrupted time-series analysis approach to assess the change in the number of hCAP cases over time. As described previously, segmented linear regression with autoregressive error was used, with a time unit of 1 month (3). For this analysis, March 2020 was used as the transitional period because NPI implementation occurred during this month. We performed a sensitivity analysis by comparing hCAP prevalence between periods after excluding cases positive for respiratory syncytial virus and influenza virus to avoid seasonality. Furthermore, we estimated the effect on the monthly incidence per 10,000 children younger than 15 years by dividing the monthly number of hCAP by 9% and by using as a denominator the annually age-specific French population (National Institute for Statistics and Economical Studies, https://www.insee.fr/). The validity of the segmented regression models was assessed by visual inspection of correlograms and by residual analysis (Figures 1B,C, 2B,C). Clinical and bacteriological characteristics were compared using χ2 and Student t-tests between cases before and after the first lockdown. All statistical tests were 2-sided, with p < 0.05 considered statistically significant. All statistical analyses involved using R 3.6.3 (R Foundation for Statistical Computing) and STATA 15.1 (StataCorp, College Station, TX, USA).
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FIGURE 1. (A) Impact of non-pharmaceutical interventions (NPIs) on monthly number of hospitalized community-acquired pneumonia (hCAP) in children from June 2014 to December 2020 (N = 2,968). The black line shows the observed data. The bold blue slope shows the model estimates based on observed data (linear regression modeling) with confidence intervals represented as dashed lines. March 16, 2020 (start of the first lockdown), is indicated by the vertical black arrows. (B) Auto-correlation function of residuals of the main outcome model. (C) Partial auto-correlation function of residuals of the main outcome model.
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FIGURE 2. (A) Impact of non-pharmaceutical interventions (NPIs) on monthly number of hospitalized community-acquired pneumonia (hCAP) in children after exclusion of respiratory syncytial virus and influenza virus cases from June 2014 to December 2020 (N = 2,968). The black line shows the observed data. The bold blue slope shows the model estimates based on observed data (linear regression modeling) with confidence intervals represented as dashed lines. March 16, 2020 (start of the first lockdown) is indicated by the vertical black arrows. (B) Auto-correlation function of residuals of the sensitivity analysis. (C) Partial auto-correlation function of residuals of the sensitivity analysis.




RESULTS

From June 2014 to December 2020, we included 2,972 hCAP cases; 115 occurred during the NPI implementation period. Among the hCAP cases, 16.9% had an underlying condition, and 5.6% were hospitalized in a pediatric intensive care unit. Data collected before March 2020 were used to generate a model fitting the observed monthly number of hCAP cases, allowing us to project the number of cases that could have been expected without NPI implementation. We observed a sharp decrease in the number of hCAP cases during NPI implementation [−63.0% (95 confidence interval, −86.8 to −39.2%); p < 0.001, Figure 1A]. We found similar results when estimating NPI impact on the monthly number of hCAP cases in children younger than 2 years and in children older than 2 years, on the sensitivity analysis where positive cases for RSV or influenza virus were excluded (Figure 2A), and on the estimated incidence per 10,000 children (Table 1).


Table 1. Impact of non-pharmaceutical interventions on hospitalized community-acquired pneumonia in children younger than 15 years old over time.
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Children with hCAP were significantly older during than before the NPI period (median age, 3.9 vs. 2.3 years; p < 0.0001), and we observed a higher proportion of low inflammatory marker status (43.5 vs. 33.1%; p = 0.02). Furthermore, we observed a trend with a decrease in the proportion of cases with pleural effusion among the remaining hCAP cases (5.3% during the NPI period vs. 10.9% before the NPI; p = 0.06). The proportion of hospitalization in pediatric intensive care unit was 5.6% before NPI and 8.8% after (p = 0.18). Despite a higher proportion of cases with a blood culture performed, we identified 2 of 115 cases (1.7%) of S. pneumoniae, 0 of 115 of S. pyogenes, and 0 of 115 of S. aureus infection during NPI implementation vs. 62 of 2,857 (2.2%), 44 of 2,857 (1.5%), and 16 of 2,857 (0.5%), respectively, before. Details are in Table 2.


Table 2. Characteristics of hospitalized community-acquired pneumonia in children according to the period the before and during the non-pharmaceutical interventions (NPIs) during the COVID-19 pandemic (n = 2,972).
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DISCUSSION

In this time-series analysis of 2,972 cases, the number of hCAP cases in children was divided by 3 during NPI implementation. The reduction in hCAP incidence was sustained until the end of the study despite partial relaxation of NPIs and especially school reopening in May 2020 (8). The major decrease in hCAP and hCAP associated with pleural effusion incidence highlights the reduction in transmission of respiratory pathogens following NPI implementation.

Besides the marked reduction in cases, hCAP in the post-NPI period involved older children, with a higher proportion of cases associated with low levels of inflammatory markers and a decreased trend of cases with pleural effusion among the remaining cases. Several hypotheses should be discussed to explain these findings. First, the NPI measures may have lowered the inoculum of pathogenic agents responsible for hCAP. This effect was described for various respiratory pathogens (measles, influenza, and tuberculosis, for example) and suggestive of SARS-CoV-2 infection but has not yet been described for pneumococcus in humans (10, 11). Furthermore, reduced inoculum has not been proven to lead to reduced levels of inflammatory markers in hCAP and to reduce the risk of pleural effusion. Second, the clinical modification may reflect a change in the pathogens involved. hCAP with pleural effusions or with high levels of inflammatory markers more frequently involves bacterial infections, especially due to S. pneumoniae (12–14). Furthermore, epidemiological studies reported a major decrease in hCAP with high levels of inflammatory markers following PCV implementations (4, 5). Thus, the trends observed in the remaining cases during the NPI period could reflect a reduction in pneumococcal infections, alone or in association with a virus. This hypothesis is compatible with the major decrease in invasive pneumococcal diseases observed during NPI implementation (7). Viral infections, especially influenza and respiratory syncytial virus, have been identified as risk factors for pneumococcal diseases in children (15, 16) and may facilitate infections with less-invasive serotypes (16). NPI implementation may have decreased the proportion of bacterial hCAP through its major impact on viral circulation (17, 18). Finally, NPI may have changed the pneumococcal carriage (19), which is the prerequisite for disease, and serotype distribution in children. Of note, vaccination against pneumococcus remained high in France during the whole study period (9).

Our study has several limitations. First, the use of viral tests has changed since the COVID-19 pandemic. In the pre-NPI period, the physician may have used viral tests only when a viral infection was highly suspected. Since the COVID-19 pandemic, children admitted to hospital often undergo systematic viral tests including detection of SARS-CoV-2. Details on the tests used with the nasopharyngeal swab were not available for our study. The types of available tests used (multiplex PCR, antigens tests, and direct immunofluorescence tests) may have changed since NPI implementation. Therefore, interpretation of the differences in the isolated viruses is cautioned. Furthermore, the proportion of cases with a CRP value available was higher in the COVID-19 period. We cannot exclude that a change in testing modified the CRP values during the NPI period. Second, the identification of the pathogens responsible for hCAP remains challenging, particularly when viral–bacterium coinfections occur (2), and a high proportion of children from our cohort had no proven causal pathogen. Third, the small number of hCAP in the NPI-period, related to the major impact of NPI, is limiting the comparison with the pre-NPI period. Further studies will be required to confirm the trends that we have observed. Finally, NPI regroups several interventions, which implies several factors related to pathogen, host, and environment. Our study cannot individualize these factors. In conclusion, NPI implementation during the COVID-19 pandemic led not only to a strong decrease in the number of hCAP cases but also a probable shift in the clinical profile of children affected, which may reflect a change in pathogens involved. This could have implications regarding the CAP diagnostic algorithm and therapeutic management.
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