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Abstract

:

The aim of this study was to support management of airborne bacteria in facilities used by pollution-sensitive individuals (in daycares, medical facilities, elder care facilities, and postnatal care centers). A field survey was conducted on 11 facilities from October 2017 to April 2018. Elder care facilities in industrial, urban, and forested areas were excluded. Two indoor, and one outdoor, measuring points were selected per facility. These points were located in areas most often used by the residents. Measurements were taken at random time-points before February 2018 and at specific times in the morning and afternoon thereafter. The relationships among bacterial counts, carbon dioxide concentrations, dust levels, temperature, relative humidity, and ventilation were examined. The pooled average bacterial counts at the daycares, medical facilities, elder care facilities, and postnatal care centers were 540.25 CFU m−3, 245.49 CFU m−3, 149.63 CFU m−3, and 169.65 CFU m−3, respectively. Considering the upper 95% confidence interval, the bacterial counts in many daycares may in fact be >800 CFU m−3, which is the threshold set by the Korean Ministry of the Environment. The pooled average indoor: outdoor bacterial count ratio was 1.13. Indoor airborne bacterial counts were influenced mainly by their sources. This study found no significant correlations among indoor temperature, relative humidity, carbon dioxide concentration, dust levels, and airborne bacterial counts, unlike previous studies. Airborne bacteria management at daycares should be a top priority. The sources of airborne bacteria must also be identified, and a management plan must be developed to control them.
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1. Introduction


After the global energy crises of the 1970s, building designs and constructions were regulated to meet energy efficiency criteria [1]. These regulations were economically effective in that they conserved energy, but they also reduced indoor air circulation. Consequently, the amount of harmful substances remaining indoors increased and indoor air quality declined. Studies have shown that numerous harmful pollutants have increased in buildings because of poor indoor air quality. Continuous exposure to these substances may have adverse health effects [2,3,4].



In recent years, there has been a substantial increase in the number of people complaining of the symptoms of sick building syndrome, including headache, dizziness, nausea, drowsiness, eye irritation, and the inability to concentrate. Some of these effects are caused by increases in the levels of bio-aerosols. Those who are sensitive to indoor air pollutants may develop respiratory diseases like rhinitis, asthma, and pneumonia, or inflammatory diseases with allergic symptoms, such as atopic dermatitis. In severe cases, death may occur [5,6]. Bio-aerosol exposure may exacerbate the symptoms of sick building syndrome [7,8]. Bio-aerosols include microbial pathogens (bacteria, fungi, and viruses), pollen, insects, microbial metabolites, and plant and animal debris [9,10,11]. Bio-aerosols may be ≤200 μm in diameter, remain airborne, and enter the human body by inhalation [12]. Bio-aerosols of 5–10 μm in diameter deposit in the upper respiratory tract and induce rhinitis. Bio-aerosols <5 μm in diameter traverse the alveoli and trigger allergic reactions [13]. The effects of bio-aerosols on the human body differ among individuals. These aerosols tend to be more harmful to people with weakened immunity, such as the elderly, children, and pregnant women [14].



The environmental guideline for bio-aerosols in residential and working environments were proposed by several researchers and/or recommended by various levels of government [15,16]. Nevertheless, no nation has legally regulated bio-aerosols to date. The Republic of Korea manages facilities used by groups with fragile immunity such as the elderly, children, and pregnant women, because they are at a relatively higher risk of developing adverse health effects upon exposure to bio-aerosols. Therefore, the government set a threshold of 800 CFU m−3 for indoor airborne bacteria. As of 2018, the government of Korea, recognizing the significance of clean indoor air, has imposed an additional limit of 500 CFU m−3 for indoor airborne fungi. To date, however, no systematic management measures have been undertaken to reduce airborne bacteria in domestic indoor environments. Consequently, the government of Korea has applied the control measures prevalent abroad to manage domestic indoor airborne bacteria. One aim of this study was to identify the factors influencing the distribution and concentration of airborne bacteria in facilities used by people with weakened immunity. Another objective was to help establish scientific measures to reduce exposure to systematic airborne bacteria and bio-aerosols in domestic environments.




2. Materials and Methods


2.1. Literature Review and Analysis


This study consisted of a literature review and a field survey. In the first step, literature on airborne bacterial distribution in target Korean facilities since 1991 was investigated. Factors increasing or decreasing indoor airborne bacteria levels in target facilities were evaluated by determining the relative influence of each factor and assessing the relationships among them. All statistical analyses were performed using the statistical software package, SPSS v18 (SPSS Inc., Chicago, IL, USA). Associations between airborne bacteria and influencing factors were examined by assigning the level of each influencing factor to a quartile. Differences in airborne bacterial concentrations in each category were compared with one-way ANOVA at a significance level of 0.05.




2.2. Facility Studied in this Study and Airborne Bacterial Sampling


Next, the concentrations of airborne bacteria in the target facilities were measured. Due to budget and time limitations, this work investigated 52 day-care centers, 49 medical centers, 35 elderly care centers, and 54 postnatal care centers in Korea. The field survey and the air sampling in each facility occurred within the same visitation period. The locations included daycares, medical facilities, elder care facilities, and postnatal care centers in industrial, urban, and forested areas. No elder care facilities were situated in industrial areas. Eleven facilities, including three daycares, three medical facilities, two elder care facilities, and three postnatal care centers were examined.



The survey was conducted once monthly in all facilities except in the daycares from October 2017 to April 2018. The daycares were surveyed once monthly from November 2017 to April 2018. The field survey was conducted at various times of the day before February 2018. To determine whether indoor airborne bacterial concentrations changed within the same day, the field survey was conducted at specific times in the morning and afternoon from February 2018 onwards. Two indoor points and one outdoor site most frequently used by the residents were selected and the surveys were run at the same time each visit. Airborne bacteria, temperature, relative humidity, fine particulate matter (PM10, PM2.5), and CO2 were measured.



A MAS-100 (Merck GmBH, Darmstadt, Germany) was used for airborne bacteria sampling. The sampler was mounted 1.2–1.5 m above floor level. The sampling was performed three times for 1 min every 20 min. The average was used as the representative measurement point. Before sampling, the inside of the collector was sterilized with 70% v/v alcohol and packed with sterile trypticase soy agar (Lot No. 2087730, Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Once sample collection was complete, the medium was aseptically removed from the counter, sealed with Parafilm M (Sigma-Aldrich Corp., St. Louis, MO, USA), stored in an icebox, and transferred to the laboratory. The medium was incubated at 25 ± 1 °C for 48 h, and the bacterial colonies on it were counted. The colonies were calibrated using a colony count conversion table. The calibrated number of colonies was divided by the volume of air sampled to obtain the airborne bacterial concentration (CFU m−3).



Temperature and relative humidity were simultaneously measured using a portable thermal environment meter (TM-181; Tenmars Electronics Co. Ltd., Taipei, Taiwan). The instrument was stabilized and the values it generated were taken to represent the temperature and relative humidity of the measurement point. Fine particulate matter was measured with a direct-reading light-scattering meter, which simultaneously records PM10 and PM2.5 (AEROCET 831, Met One Instruments, Shelburne, VT, USA). Measurements were taken every minute for 30 min and the averages were taken to represent the PM10 and PM2.5 at the sampling point. CO2 concentration was measured with a direct-reading non-dispersive Insulation resistance (IR) meter (Geotech G150, Geotech, Coventry, UK). Measurements were taken every minute for 30 min and the averages were taken to represent the CO2 concentration at the sampling point.




2.3. Meta-Analysis


To compensate for the relative lack of reliable, representative data in the present study, a meta-analysis was conducted by linking the collected data analysis and field survey results.



Figure 1 shows the process of selecting data from previous studies for the meta-analysis. The findings from 25 studies on airborne microorganisms in the domestic indoor environment were used in the qualitative meta-analysis. Three studies reported only single concentrations, eight studies presented geometric means, and five studies evaluated target facilities different from those sampled in the present study. All 16 of these were excluded from the meta-analysis. Data from the remaining six studies were used in the quantitative meta-analysis.



The quantitative meta-analysis used inverse-variance-weighted average concentrations, which constitute part of an effect-magnitude measure. This method calculates the merged average by considering the scale of each study, the volume of data, and the average concentrations derived from the selected studies. This method assumes that the estimates of the merged means are approximately normally distributed. The functional formula used in this technique is as follows:


θi¯=N(θi, ωi−1), i=1,2,…, k



(1)




where ωi is an inverse variance of θi¯, and k is independent. When the estimates of the merged means are θ1 = θ2 = … = θk = θ, the distribution follows an asymptotic normality:


∑ θi¯ωi~N(θ∑ ωi,∑ ωi).



(2)







Therefore, the merged mean and its variance are expressed as follows:


θ¯=∑i=1kθi¯ωi∑i=1kωi



(3)






var(θ¯)=1∑i=1kωi



(4)




where θi¯ follows an asymptotic normality. The 95% confidence interval of θi¯ was calculated using the following equation:


θ¯±1.961∑i=1kωi



(5)









3. Results and Discussion


3.1. Concentration Characteristics of Airborne Bacteria by Facility Type


The concentration distribution of airborne bacteria was significantly higher in the daycares than in the other facilities. A post-hoc analysis showed that daycares showed significant differences in concentration distribution with those of elder care facilities and postnatal care centers but not with those of medical facilities (Table 1). Sneezing, coughing, and talking causes pollutants on indoor surfaces to float, thereby increasing the concentration of airborne bacteria [16,17,18]. The number of residents and the level of activities, like walking and running, also increase the concentration of airborne bacteria [19,20].



Figure 2 shows the results of the combined meta-analysis of the present and previous studies. Values are arithmetic means of indoor airborne bacterial concentration. The mean concentrations of airborne bacteria in the four types of facilities surveyed in this study were lower than those obtained for the facilities in the meta-analysis. The survey was conducted in winter. Comparison with a previous study conducted in summer demonstrated that airborne microbe concentrations in domestic buildings are lower in winter than in summer [21]. The pooled average concentration of airborne bacteria in daycares was 540.25 CFU m−3 (95% confidence interval: 290.58–789.91 CFU m−3). The pooled average airborne bacterial medical facilities, elder care facilities and postnatal care centers were 245.49 CFU m−3 (95% confidence interval: 201.64–289.33 CFU m−3), 149.63 CFU m−3 (95% confidence interval: 10.87–288.40 CFU m−3), and 169.65 CFU m−3 (95% confidence interval: 45.68–293.61 CFU m−3), respectively.



The high concentration distribution of airborne bacteria in the daycares may be attributed to the comparatively high indoor activity levels there. The relatively high levels of airborne bacteria in the medical facilities can be explained by the high densities of residents (patients) there. In contrast, this is generally not the case with elder care facilities or postnatal care centers.



The airborne bacteria levels in daycares did not exceed the current standard of 800 CFU m−3 set by the Ministry of Environment. Therefore, the airborne bacteria levels in many daycares exceed the current limit and the values presented in this study are averages. However, the upper 95% confidence limits for the pooled average concentration closely approached this threshold. Therefore, it is necessary to investigate the airborne bacteria in daycares and establish control measures there. The upper 95% confidence limits of the pooled average airborne bacterial concentrations in each facility were significantly lower than the 800 CFU m−3 standard set by the Ministry of Environment. Therefore, unlike daycares, these facilities effectively manage indoor airborne bacterial levels.




3.2. Indoor/Outdoor Ratio of Airborne Bacteria


Gallup et al. [22] used indoor and outdoor airborne bacterial concentration ratios to determine whether indoor airborne bacteria were mixed with outdoor airborne bacteria. When the concentration ratio was >1, indoor air was contaminated with indoor airborne bacteria. When the concentration ratio was <1, indoor air was contaminated with outdoor airborne bacteria. Indoor airborne bacterial concentrations may be influenced by the external environment including high populations and air pollution from automobile traffic and agricultural activities [13,23]. In this study, the average indoor/outdoor (I/O) ratios of medical facilities, postnatal care centers, daycares, and elder care facilities were 3.7 ± 3.1, 2.0 ± 2.6, 17.1 ± 35.5, and 1.7 ± 1.6, respectively. Therefore, the average indoor/outdoor airborne bacterial concentration ratios were >1 for all facilities. All target facilities had indoor sources of airborne, bacteria which contaminated the indoor air. Figure 3 shows a box plot representing the indoor/outdoor airborne bacterial concentration ratios for each facility. The median value for each facility was >1, which means that >50% of the target facilities had indoor sources of airborne bacteria.



Only two earlier studies compared indoor and outdoor airborne bacterial concentrations in domestic facilities [24,25]. There are comparatively few studies at the national level on the concentration of outdoor airborne bacteria, because the regulation for airborne bacteria in domestic air has only been stipulated recently in the Indoor Air Quality Control Act set by the Ministry of Environment. This legislation only concerns the concentration of airborne bacteria in the air inside buildings used by pollution-sensitive individuals. Therefore, most of the studies focused only on airborne bacterial concentration in indoor air. The meta-analysis of previous studies considered their limitations and classified target facilities according to their airborne bacterial concentration distributions. It defined all target facilities as those used by pollution-sensitive individuals and calculated the pooled average of indoor/outdoor airborne bacterial concentration ratios in these buildings (Figure 4). The pooled average indoor/outdoor airborne bacterial concentration ratio in the facilities used by pollution-sensitive individuals was 1.13 (95% confidence interval: 0.34–1.93). Average indoor/outdoor airborne bacterial concentration ratios of <1 were found in the medical facilities and elder care facilities surveyed by Park et al. [24] and the daycares surveyed by Kim et al. [25]. Their ratios were 0.83, 0.91, and 0.81, respectively. The average indoor/outdoor concentration ratios for the remaining survey results were >1.0.



Numerous airborne bacteria can be rapidly propagated at optimal temperature, relative humidity, and air flow rate. Therefore, generation patterns may be discontinuous [13,26]. Previous studies have reported that indoor airborne bacteria may be diffused by the residents via indoor cleaning and pet breeding and maintenance. These activities may spread bacteria into the air. Organic household items and food ingredients may serve as nutrient sources for these bacteria. Outdoor bacteria may be introduced into the indoor air flow [15,27,28]. The present study showed that the average indoor/outdoor airborne bacterial concentration ratio was >1. On the other hand, earlier studies reported that outdoor airborne bacteria are a major source of indoor airborne bacteria contamination [15,27,28]. A previous study reported that the most prevalent bacteria is found outdoors [29]. An I/O ration of the total fungal concentration was >1, implying that indoor fungi come from outdoor sources in Southern Taiwan [30]. The indoor bacteria levels were between two and three times higher than the outdoor levels, while the I/O ratio for fungi was >1 in winter and <1 in spring in Southern Poland [31]. The authors concluded that the major sources of these bioaerosols are likely internal, such as building occupants (in this case children and their activities), as well as building materials that host microbiological growth (especially carpets). The authors reported a further study of I/O ratios that showed how air pollutants in the office rooms originate from the indoor air. These results, together with community composition of bacteria, indicate that most of the bacteria present in the studied office building were relatively fresh and of human origin [32]. The most prevalent bacteria found outdoors were gram-positive rods that form endospores. Statistically, the most important meteorological factors related to the viability of airborne bacteria were temperature and UV radiation. However, the aforementioned results suggest that changes in indoor airborne bacterial concentration are enhanced by indoor sources of airborne bacteria in domestic medical facilities, daycares, postnatal care centers, and elder care facilities. Airborne bacterial concentrations can rapidly change in response to various environmental factors. Moreover, the concentration of outdoor airborne bacteria contributes to that of indoor airborne bacteria. Zhu et al. discovered that high correlation coefficients were found between the outdoor relative humidity and outdoor concentration (p < 0.01), between indoor and outdoor concentrations (p < 0.01), and between indoor relative humidity and indoor concentration (p < 0.05), respectively [33].



Outdoor airborne bacterial concentration distributions vary with microbial habitat, measurement time, sampling method, and climatic conditions [34]. In this study, we verified the concentration distribution of outdoor airborne bacteria by using the same sampling methods and the same measurement times. We also determined whether the outdoor airborne bacterial concentration has any influence on indoor airborne bacterial concentration by investigating their relationship according to microbial habitat. The habitats of outdoor airborne bacteria were classified as industrial areas (air pollution), urban areas (high human population densities), and forest areas (pristine) according to the criteria of Fang et al. [23]. Table 2 shows the concentration distribution of indoor and outdoor airborne bacteria in the facilities used by pollution-sensitive individuals. The concentration distribution of outdoor airborne bacteria in urban areas was 74.9 ± 59.7 CFU m−3, which was statistically significantly higher than those in the industrial and forested areas (p < 0.05). On the contrary, indoor airborne bacterial concentrations did not significantly differ among these areas (p > 0.05). There were differences in outdoor but not indoor airborne bacterial concentrations among facilities. According to Kim et al. [35], the outdoor airborne bacterial concentration was significantly higher in green belt areas in spring, summer, and autumn, and in urban areas in autumn. In that study, the concentrations of outdoor airborne bacteria were measured in all four seasons and the target areas were domestic residential, green belt, and roadsides. In winter, there were no statistically significant differences in outdoor airborne bacterial concentration among the three regions. Bacterial proliferation was probably limited during winter because the nutrients accumulated in the soil were depleted by metabolism and assimilation by indigenous bacteria. In the present study, however, outdoor airborne bacterial concentrations were significantly different among the facilities in winter. Nevertheless, the outdoor airborne bacterial concentrations were relatively low at that time. Moreover, the target facilities investigated in this study were used by children, elderly, patients, mothers, and newborns; so, cold air inflow from the exterior was kept to a minimum to keep the interiors of the facilities warm. Therefore, the concentrations of outdoor airborne bacteria did not significantly affect those of indoor airborne bacteria.



Therefore, the concentration of outdoor airborne bacteria must be measured with a view towards collecting data to establish indoor airborne bacteria control plans. Furthermore, the concentration change pattern according to the variations in indoor and outdoor environmental factors must be considered. Since the indoor airborne bacterial concentration may rapidly and substantially change, it is also necessary to evaluate these variations by long-term, continuous measurements.



In view of the indoor/outdoor airborne bacterial concentration ratios and the results of the previous studies, outdoor airborne bacterial concentration must, in fact, influence indoor airborne bacterial concentration. Recently, a literature review by Pearson et al. [36] reported elevated risks of respiratory illnesses with higher bioaerosol exposures in residents near composting sites.



In Korea, where the four seasons are distinct, a study design which factors in seasons may generate comparatively more reliable data and more effectively elucidate the factors affecting indoor airborne bacteria levels. The output of this analysis could be applied towards the development of indoor air quality control plans.




3.3. Effect of Indoor Thermal Environment and Environmental Factors


Indoor airborne bacteria are influenced by temperature, relative humidity, ventilation, carbon dioxide levels, oxygen concentration, and anthropogenic dusts [28,37,38,39,40]. In the present study, then, the relationships among the thermal environment (temperature and relative humidity; physical environmental factors), the concentration distribution of airborne bacteria, carbon dioxide concentrations, and dust levels (chemical factors) were examined.



Indoor airborne bacterial concentrations were not related statistically significantly to temperature or relative humidity according to the quartiles for these factors (p > 0.05) in daycares (Figure S1). They also were not statistically significantly different from the carbon dioxide concentration, PM10, or PM2.5, according to the quartiles for these factors (p > 0.05) (Figure S1). Indoor airborne bacterial concentrations in the medical facilities (Figure S2) also did not statistically significantly differ with temperature, relative humidity, carbon dioxide concentration, PM10, or PM2.5 according to the quartiles for these factors (p > 0.05). As shown in Figures S3 and S4, in the elder care facilities and postnatal care centers, indoor airborne bacterial concentrations were not correlated with temperature, relative humidity, carbon dioxide concentration, PM10, or PM2.5 (p > 0.05).



These results differ from those reported in previous studies [28,37,38,39,40]. The target facilities of the present study are used by frail individuals who require constant temperature and relative humidity (indoor climate control) regardless of changes in the external environment. In addition, the Indoor Air Quality Control Act of the Ministry of Environment enforces strict regulation of indoor pollutants below a certain level. Therefore, the concentration distributions of each pollutant do not significantly vary among the different types of facility. This result suggests that it is preferable to identify the sources of airborne bacteria and establish a control strategy to reduce the concentrations of airborne bacteria by managing their sources rather than their influencing factors.





4. Conclusions


In Korea, the government has set standards and thresholds for the indoor airborne bacteria levels in facilities used by sensitive or high-risk populations (daycares, medical facilities, elder care facilities, and postnatal care centers) to protect fragile individuals against exposure to airborne bacteria. To date, however, no scientific and systematic domestic environmental management plan has been developed or implemented to reduce airborne bacteria. The present study investigated the distribution characteristics and influencing factors of airborne bacteria in these facilities to help establish airborne bacteria reduction measures for them.



This study consisted of a literature review and a field survey on airborne bacteria at target facilities. Airborne bacteria, temperature, relative humidity, fine particulate matter (PM10, PM2.5), and CO2 concentrations were simultaneously measured at each point. To compensate for the lack of representative and reliable data, which could result from a short-term, fragmentary field study, qualitative and quantitative meta-analyses were conducted by linking the literature review results with the concentration measurements.



The pooled average airborne bacterial concentrations at the daycares, medical facilities, elder care facilities, and postnatal care centers were 540.25 CFU m−3 (95% confidence interval: 290.58–789.91 CFU m−3), 245.49 CFU m−3 (95% confidence interval: 201.64–289.33 CFU m−3), 149.63 CFU m−3 (95% confidence interval: 10.87–288.40 CFU m−3), and 169.65 CFU m−3 (95% confidence interval: 45.68–293.61 CFU m−3), respectively. Daycares clearly presented with the highest indoor airborne bacterial concentrations. The upper 95% confidence limit of the pooled average indoor airborne bacterial concentration at the daycares (789.91 CFU m−3) closely approached the 800 CFU m−3 threshold set by the Ministry of Environment. Therefore, many daycares may exceed this criterion. The pooled average concentration ratio of indoor to outdoor airborne bacteria was 1.13 (95% confidence interval: 0.34–1.93). Therefore, the sources of indoor airborne bacteria affected the actual indoor airborne bacterial concentrations in daycares, medical facilities, elder care facilities, and postnatal care centers. Unlike previous studies, no significant correlations were found in the present study among the airborne bacterial concentration, indoor physical environmental factors (temperature, relative humidity, and ventilation) and chemical factors (carbon dioxide concentrations and anthropogenic dust levels). The target facilities of the present study are used by fragile individuals, so constant temperature and relative humidity are maintained regardless of changes in the external environment. Moreover, the Indoor Air Quality Control Act of the Ministry of Environment maintains indoor pollutants below a certain level, so the relative differences in indoor pollutant levels among the various facilities are small.



Management of the airborne bacteria levels at daycares should be prioritized. It is preferable to identify the sources of the airborne bacteria by examining each facility. A strategy must be implemented to control airborne bacterial concentrations by managing their sources rather than their influencing factors.
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Figure 1. Mimetic diagram for qualitative meta-analysis using literature selection and survey. 
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Figure 2. Pooled average concentration of airborne bacteria in each facility (daycare, medical facility, elder care facility, postnatal care center). 
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Figure 3. Indoor/outdoor airborne bacterial concentration ratio for each target facility. 
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Figure 4. Pooled indoor/outdoor concentration ratios from previous studies. 
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