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Abstract

:

Considering the impact of COVID-19 on hospital facilities and the relevance of risk management and occupational health and safety within this context, this study introduces a method to assess the SARS-CoV-2 virus transmission risk in a toilet. The proposed method is based on a risk tripod involving environmental, human, and transmission factors. For this, risk assessment methodologies were applied, such as Failure Modes and Effects Analysis (FMEA), Ergonomic Work Analysis (EWA), which allowed the identification of risk indicators, and Fault Tree Analysis (FTA), which allowed the identification of transmission routes of COVID-19 in toilets. Subsequently, the Analytic Hierarchy Process (AHP) was used to find each transmission route weighting for calculating the Risk Score. The results indicated that the design of sanitary equipment, with an emphasis on washbasins and toilets, especially in health or large circulation establishments, is of paramount importance in the dissemination of pathogens. Safe habits and the use of protective gear must be continuously encouraged, but greater attention must be paid to technical and engineering issues. Furthermore, the developed method proved to be an applicable tool to identify the main sources of risk and prioritize the implementation of control measures.
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1. Introduction


In December 2019, in the city of Wuhan, China, there was human transmission of a new coronavirus, SARS-CoV-2. A few months later, the World Health Organization (WHO) declared the COVID-19 pandemic, which lasted more than three years with more than 700 million confirmed cases, including more than 6 million deaths, according to data available on the WHO Coronavirus Dashboard [1]. Despite the WHO officially having declared the end of the COVID-19 pandemic health emergency in May 2023, the virus continues circulating, as happened with the influenza virus. The emergence of new pathogens that cause epidemics and pandemics is recurrent in humanity. In this way, experts suggest that the world should be better prepared to face a new pandemic in the future.



In this context, hospital units deserve great attention due to the pressure exerted on them during pandemic events, as occurred in the case of COVID-19. In order to contain disease spread in these units, numerous internal protocols were created—the use of Personal Protective Equipment (PPE), physical barriers, case mapping, quarantine, and return to work protocols, among others. However, the implementation of these measures was not able to prevent the collapse of the health system in many countries, pointing to a gap.



The rationale behind the present study is represented by the COVID-19 pandemic and its impact on the environmental safety of hospital facilities. The development of new risk assessment tools allowing the prioritization of specific actions is essential for allowing hospital units to cope effectively with pandemic requirements, assuming both the proper care of patients and the health and safety of patients, teams, and surrounding communities.



The main objective of this study is to propose a practical and objective method for assessing the risks of spreading SARS-CoV-2 pathogens in a hospital environment. At this point, it is emphasized that, due to the complexity of the hospital environment, it was necessary to delimit the study area of this research. Thus, a toilet located inside a hospital unit was selected, given its unhealthy and opportunistic aspect for pathogen spread, and because it is a restricted internal space and, in general, poorly ventilated and with a high circulation of people.



The proposed methodology was based on the selection of specific indicators for the studied environment, a toilet, and for the pathogen in question, SARS-CoV-2. Known risk assessment techniques were applied, such as Failure Modes and Effects Analysis (FMEA), Fault Tree Analysis (FTA), Ergonomic Work Analysis (EWA), and Analytic Hierarchy Process (AHP).




2. Literature Review


2.1. About COVID-19 Transmission


Individuals release respiratory fluids during the simple acts of breathing, talking, singing, exercising, coughing, and sneezing. These fluids are released in the form of droplets in a spectrum of sizes [2]. The size of these particles depends on the characteristics of the fluid, the force and pressure at the time of emission, and environmental conditions such as temperature, relative humidity, and ventilation [3].



The term “airborne transmission” is related to disease spread by droplet aerosols and droplet nuclei, while “droplet transmission” is related to infection by large droplet aerosols [4]. The limit for airborne transmission was defined as 5 μm [5]. Exposure to the SARS-CoV-2 virus that causes COVID-19 occurs in three main ways [2]:




	
Inhalation of air containing very small droplets and aerosol particles that contain infectious viruses;



	
Deposition of virus carried in droplets and exhaled particles on exposed mucous membranes;



	
Touching mucous membranes with hands soiled by exhaled respiratory fluids containing viruses or touching inanimate surfaces contaminated with viruses.








Direct respiratory transmission from person to person appears to be the main route of transmission of SARS-CoV-2 [6]. Regarding airborne transmission, factors that increase the risk of SARS-CoV-2 infection under these circumstances include enclosed spaces with inadequate ventilation and/or air handling, considering that inhalable particles can remain in the air for a long time and reach greater distances [2]. However, the overall rates of disease transmission suggest that airborne transmission is not a primary mode [7].



On the other hand, the transmission risk through indirect contact—for example, through handling contaminated items—is not well established and is probably very low [8]. However, a recent systematic review and meta-analysis suggest that SARS-CoV-2 transmission through fomites exists and may have been under-appreciated due to methodologic shortcomings in many early studies during the pandemic, especially studies that included patients with high CT values that lacked infectiousness or that were sampled at a late stage in the infection, which meant that replication-competent viruses were not detected in environmental samples, underestimating the true nature of positive fomite samples and leading to erroneous conclusions [9].



SARS-CoV-2 has also been detected in non-respiratory specimens, including feces, blood, eye secretions, and semen, but the role of these vectors in transmission is unclear [8]. Despite the numerous studies in the literature pointing to the potential fecal–oral transmission of the virus, transmission through this route does not seem to be a significant factor in the spread of the infection [10].



Decisive Environmental Factors in the Spread of SARS-CoV-2


One of the decisive environmental factors in the spread of SARS-CoV-2 is sunlight incidence. Low-dose far UVC light is a promising, safe, and inexpensive tool for use in indoor public places to reduce the spread of airborne microbial disease. It can efficiently inactivate sensitive and resistant bacteria, as well as different virus strains [11]. The virus that causes COVID-19 can be rapidly inactivated by sunlight on surfaces, suggesting that the persistence and risk of subsequent exposure can vary significantly between indoor and outdoor environments. Thus, sunlight can also be considered a mitigation strategy to minimize the potential for aerosol transmission [12].



Another factor that should be mentioned is the heating, ventilating, and air conditioning (HVAC) system. Maintaining environmental conditions involving adequate ventilation, temperature, and humidity control is important not only for comfort but also for preventing the proliferation and transmission of microorganisms [13]. Ideally, an HVAC system should work in conjunction with exhaust and pressurization to isolate or contain contaminants in certain areas [14].



Temperature and humidity are other environmental factors that impact SARS-CoV-2 stability and the response of the host’s immune system [15]. Regarding the literature recommendations, the American Institute of Architects (AIA) states that, in areas that require a greater degree of comfort for the patient, a temperature of 24 °C is adequate [16]. Regarding humidity, the Occupational Safety and Health Administration (OSHA) and ASHRAE advise keeping relative humidity between 40 and 60% [17,18]. Furthermore, low humidity increases the survival rate of pathogens and decreases the effectiveness of hand hygiene and surface cleaning due to surface recontamination or disinfectants drying too quickly.



Authors have studied the influence of temperature and humidity on several COVID-19 cases on a global scale. Some results show that cities with wide temperature variations showed a negative correlation between temperature and COVID-19 transmission [19,20]. However, regarding relative humidity, a strong correlation was not established [19].



Rubin et al. [21] collected data from 46 states in the United States and concluded that the viral reproduction number of SARS-CoV-2 decreased when the temperature was in the range from 0 °C to 11 °C, and greater than 20 °C, having increased when the temperature was between 11 °C and 20 °C, reinforcing Krishnan et al. [22]’s results indicating that all human pathogens are mesophiles and experience best growth at a moderate temperature.



Regarding relative humidity, Casanova et al. [23] showed that at above 80% or less than 20%, most coronaviruses are still active after 2 days at a constant temperature of 20 °C. Also, according to the authors, at a constant temperature and relative humidity of 50%, less than 1% of the viruses survived after 2 days. The same study recommends that, to contain the spread of the COVID-19 virus, the ambient temperature should be established in the range from 25 °C to 27 °C, and the relative humidity between 50% and 70%.



Finally, the surface materials are another important factor related to SARS-CoV-2 spread. Van Doremalen et al. [24]’s research consisted of ten experiments involving coronaviruses and demonstrated that SARS-CoV-2 was more stable on plastic and stainless steel than on copper—the estimated mean half-life was approximately 5.6 h on stainless steel, 6.8 h on plastic, and 1 h on copper. A viable virus was detected up to 72 h after application on these surfaces. Aboubakr et al. [25] concluded that the persistence of SARS-CoV-1 and SARS-CoV-2 is significantly low on copper, latex, and less porous fabrics compared to surfaces such as metals (stainless steel and zinc), glass, and more porous fabrics.



Wei et al. [26] state that a drop in temperature and humidity strengthens the stability of the virus in stainless steel, corroborating with the results of Chan et al. [27] that a high temperature combined with a high relative humidity has a synergistic effect in inactivating the viability of SARS-CoV. Moreover, Riddell et al. [28] state that, at 20 °C and 50% relative humidity, the inoculated SARS-CoV-2 was still detectable after 28 days for all non-porous surfaces tested—glass, polymer banknotes, stainless steel, vinyl, and paper banknotes. At 30 °C, the virus was detected for 7 days on stainless steel, polymer grades, and glass, and for 3 days on vinyl and cotton fabric. Finally, at 40 °C, there was a significant reduction compared to the 20 °C and 30 °C experiments, with SARS-CoV-2 not being detected after 24 h for cotton fabric and 48 h for the other surfaces tested.





2.2. The Case of Toilets and Restrooms


The literature presents a lot of evidence about air contamination in restrooms. Previous studies have shown that aerosolized bacteria and viruses from toilet flushing can remain airborne long enough to establish themselves on surfaces throughout the bathroom [29]. For example, a recent systematic review assessed the degree of SARS-CoV-2 air contamination in hospitals and concluded that 24% of bathroom air samples tested positive, with mean viral RNA concentrations per cubic meter of air higher than for any other area sampled [30].



Amoah et al. [31] concluded that 53–63% of bathroom surfaces were contaminated with SARS-CoV-2. The highest concentration of the virus was found on the toilet seat and on the cistern discharge handle [31]. The SARS-CoV-2 virus has been also recovered from toilet seats, bathroom door handles, and sinks in SARS-CoV-2 infected patient’s restrooms [32].



People infected with enteric viruses can shed 1010–1012 viruses per gram of stool. Infectious viruses such as those that cause encephalitis, smallpox, adenovirus, and SARS-CoV-2 have been detected in urine. Significant amounts of pathogens can be released into the urine, considering that people excrete 700 to 2000 mL of urine per day [33].



2.2.1. Toilet Flushing Problem


There is strong evidence in the literature that contamination in restrooms is related to toilet flushing, which releases aerosols into the environment. According to Ali et al. [34], existing scientific research has shown that the activity of flushing a toilet can cause the release of up to 80,000 bioaerosols into the indoor air of a bathroom, which can reach around one meter in height. Li et al. [35] observed that an average of 40% to 60% of the aerosols generated during unloading were found at a height of 106.5 cm above the floor. Bacteria and viruses seeded in the toilet before flushing were ejected from the toilet during flushing and settled on surfaces throughout the bathroom for up to two hours, with surface contamination being highest in areas closest to the toilet [36,37,38].



Abney et al. [33] present a list of factors that influence the degree of aerosolization. They are water volume in the basin used for flushing, water pressure, type of waste, biofilm, the existence of chlorine, automatic cleaning of the basin, and position of the lid—lowered or raised. Furthermore, Gormley et al. [39] indicated that the reduction in the number of emitted particles is directly proportional to the reduction in the discharge volume.



Another issue is related to wastewater drainage systems in buildings. Gormley et al. [39] point out that these systems can be a potential reservoir of bacteria and viruses, especially when there are deficiencies in maintenance. The study also estimated that the number of particles emitted by the plumbing system as a result of a toilet flush is equivalent to a person talking loudly for about six and a half minutes.




2.2.2. The Washbasins Problem


Another possible source of contamination in restrooms is the washbasins. Dancer et al. [40] pointed out that, if washbasins are contaminated by nasal mucus, saliva, and/or sputum, these residues can be aerosolized when the tap water jet collides with the basin’s bottom.



Hota et al. [41] discussed the reasons for an outbreak of infection by Pseudomonas aeruginosa in patients admitted to the intensive care unit of a tertiary hospital, pointing to the formation of biofilm in sink drains as the main cause. Tests using a commercial fluorescent marker have shown that when the sink was used for hand washing, the contents of the drain splashed out at least 1 m from the sink, especially in washbasins with relatively shallow depths, between 140 mm and 150 mm [42].






3. Materials and Methods


This research adopts a mixed methodological approach, consisting of a qualitative study regarding the identification of environmental, human, and transmission factors related to the spread of SARS-CoV-2. It is also characterized as quantitative because in addition to being identified, these factors are quantified, allowing the creation of the proposed Risk Score. Finally, the research can be classified as diagnostic since a building is analyzed, so that the methodology obtained can be applied in a case study, aiming for validation.



The literature review on SARS-CoV-2 transmission culminated in the identification of the three main influencing factors in the risk analysis, whose interaction can result in the main event of transmission. They are environmental, human, and transmission factors. This association of factors was named the Risk Tripod, as shown in Figure 1.



Thus, to unravel each of the tripod components, a widely known technique in the health and safety area was selected, as follows:




	
Environmental factor: Failure Modes and Effects Analysis (FMEA);



	
Human factor: Ergonomic Work Analysis (EWA);



	
Transmission factor: Fault Tree Analysis (FTA).








The subsequent sections present the theoretical basis of these techniques and their application in the present study, conducted from September 2022 through to May 2023, for each of the indicated tripod components.



3.1. Environmental Factor: FMEA


For this study, as it is a robust methodology, a simplified FMEA application was chosen, extracting from it only what was considered relevant for the present research, that is, the failure modes related to the environmental factor of the risk tripod and its causes, concerning a hypothetical single toilet located in a hospital facility. The results of the developed FMEA can be explored in Appendix A. Based on these results, it was possible to identify the risk factors related to the environmental component of the risk tripod. These factors will be classified and each of them will be assigned a score from 1 (one) to 3 (three), from the lowest to the highest risk, respectively, to calculate the risk score.




3.2. Human Factor: EWA


The first step for the EWA application in this study was to map the process of using the toilet, as seen in Figure 2. To assess the human factor, in turn, it was decided to develop a questionnaire with which it was possible to identify risk factors related to human behavior. The questionnaire was prepared based on the process steps previously mapped, and can be accessed in Appendix B. It is recommended to apply the instrument to different user groups involved in the analyzed environment. Finally, regarding the evaluation of the environment, for the most part, this evaluation was based on the application of the FMEA methodology, as previously seen. However, the EWA application allowed the identification of new environmental indicators that will be considered in the evaluation.




3.3. Transmission Factor: FTA


As previously mentioned, the FTA was applied to the “transmission routes” component of the risk tripod that underlines the methodology of the present study. The bibliographic review on SARS-CoV-2 allowed the identification of the main transmission routes related to the environment of a toilet. In this way, an FTA contemplating all these transmission routes was elaborated, as can be seen in Appendix C. From the FTA results and fluid dynamics computational simulations, the study concluded that the direct transmission route is the main route of transmission of the virus.




3.4. Indicators for Assessing the Risk of SARS-CoV-2 Transmission in a Toilet


The methodologies used to assess the environmental, human, and transmission factors that constitute the Risk Tripod suggested by the present study provided the identification of relevant indicators for assessing the risk of transmission of SARS-CoV-2 in an individual toilet for common use located in a health unit by FMEA and EWA application, and the main routes acting on these indicators by FTA application.



Table 1 presents all the identified indicators, as well as their possible gradations and the risk score attributed to each gradation. The environmental indicators must be classified through site inspections, while the classification of human indicators must occur through observations and the application of the developed questionnaire. In addition, the transmission routes associated with each indicator are Airborne Transmission (AT); Contact Transmission (CT); Droplet or Airborne Transmission (DAT); Droplet Transmission (DT); Contact or Airborne Transmission (CAT); and Transmission by Droplets, Air, and Contact (DACT), as obtained in the FTA.



Analyzing Table 1, the number of indicators per transmission route is observed as follows:




	
AT: 6 environmental and 2 human indicators;



	
CT: 12 environmental and 4 human indicators;



	
DAT: 7 environmental and no human indicators;



	
CAT: 4 environmental and no human indicators;



	
DACT: 2 human indicators and no environmental indicators.








A weighted average should be calculated, according to Equation (1). The calculated value will define the risk score.


  R i s k S c o r e =     ∑  i = 1   n      p   i     ∗   x   i       ∑  i = 1   n      p   i        



(1)




where:



xi = score assigned to indicator i, which can be 1, 2, or 3;



pi = weight of indicator i related to the transmission route.



Finally, the Risk Score (RS) found should be classified as follows:




	
If RS < 1.5 → low risk;



	
If 1.5 ≤ RS < 2.5 → medium risk;



	
If RS ≥ 2.5 → high risk.









3.5. Analytic Hierarchy Process (AHP) for Prioritizing Transmission Routes


In order to be able to assess the risks, it was necessary to choose a methodology that would allow the weight of indicator i to be obtained related to the transmission route (pi) in Equation (1). Thus, the AHP method was adopted, a very widespread multicriteria analysis technique that has a range of applications.



AHP introduces a scale of numbers that indicates how many times more important or dominant an element is over another element, concerning the criterion or property for which they are compared—The Fundamental Judgment Scale [43], as seen in Table 2.



To evaluate consistency in a pairwise comparison matrix, Equation (2) is applied [43]:


  C I =     λ   m a x   − n   n − 1    



(2)




where:



CI is the matrix consistency index;



n is the array order;



λmax is the largest eigenvalue of the matrix or Eigen principal number.



Using Equation (3), it is possible evaluate the inconsistency according to the order of the matrix of judgments [43], called the Consistency Ratio (CR). Judgments are considered consistent when CR ≤ 0.1.


  C R =   C I   R I    



(3)




where:



CI is the matrix consistency index;



RI is the consistency index for a reciprocal matrix, obtained from Table 3 [43]:



AHP Application for Prioritizing COVID-19 Transmission Routes in Toilets


As previously mentioned, there are six COVID-19 transmission routes associated with the indicators identified in Table 1, obtained in the FTA. Thus, the AHP will be derived from a 6 × 6 pairwise comparison matrix. This matrix should be completed using the indices of the Fundamental Scale of Judgments, as seen in Table 2. Therefore, some considerations were necessary. First, based on the bibliographical review, it was considered that the main SARS-CoV-2 transmission route was DT, followed by AT, and CT was the least relevant one. Thus, it was assumed that DT is 3 times more important than AT which, in turn, is 3 times more important than CT. So, by simple algebra, DT is nine times more important than CT. The relationships between the other matrix attributes were developed in the same way. The DAT is mutually associated with the DT and AT components:


DAT = DT + AT



(4)







Replacing Equation (4) with the previously established relations, it can be found that DAT is 4 times and 12 times more important than AT and CT, respectively. Concerning DT, after necessary replacements, it can be established that DAT is 1.33 times more important than DT. As this value does not exist in the Fundamental Judgments Scale, as seen in Table 2, the value was rounded to 2, i.e., DAT was considered to be 2 times more important than DT. Likewise, in the DAT case, CAT is mutually associated with the CT and AT components; that is:


CAT = CT + AT



(5)







Then, replacing Equation (5) with the previously established relations, it can be found that CAT is 1.33 times more important than AT. However, as in the previous case, the value was rounded to 2. Then, as CAT was considered 2 times more important than AT and AT was 3 times more important than CT, so, by replacement, CAT can be considered 6 times more important than CT. Regarding DT, it is known that DT is 9 times more important than CT. So, after necessary replacements, it can be established that CAT is equal to half of DT. Likewise, the DACT is mutually associated with the DT, AT, and CT components; that is:


DACT = DT + AT + CT



(6)







It is known that DT is 3 times more important than AT, and AT is 3 times more important than CT. So, after necessary replacements, it can be established that DACT is 4.33 times more important than AT, 1.66 times more important than DT, and 18 times more important than CT. As these values do not exist in the Fundamental Judgments Scale, as seen in Table 2, they were rounded to 5, 2, and 9, respectively, i.e., DACT was considered 5 times more important than AT, 2 times more important than DT, and 9 times more important than CT. Finally, it is necessary to establish the relations between the attributes of the matrix that involve two or more routes. As DAT is 4 times more important than AT, and CAT is 2 times more important than AT, so, by replacement, it can be established that DAT is 2 times more important than CAT.



On the other hand, as DACT is 5 times more important than AT, it was considered that DACT is 1.25 more important than DAT and 2.5 more important than CAT, which was rounded to 2 and 3, respectively. Thus, Table 4 presents the completed judgments matrix.



Then, we proceeded with the normalization of the original matrix and obtained the eigenvectors of the normalized matrix, also called criteria weights, obtained by calculating the arithmetic mean of each row. Next, the components of the original non-normalized matrix were multiplied by the column’s respective criteria weight, obtaining the result shown in Table 5.



The quotient of dividing the sum of each row in Table 5 by the respective prioritization index was then calculated. The average of the values obtained was equal to 6.1155 and is equivalent to the highest eigenvalue of the matrix (λmax). Thus, for a 6 × 6 order matrix, applying Equation (2), CI = 0.0231.



Finally, considering that RI is equal to 1.24 for a 6 × 6 order matrix, according to Table 3, to evaluate the inconsistency of the matrix, Equation (3) was applied and a CR equal to 0.0186 was obtained; that is, CR ≤ 0.1. Therefore, the judgments assumed for the transmission routes were considered consistent. In this way, the prioritization indexes obtained can be applied to the case of COVID-19 and are listed in Table 6.



Therefore, calculating the sum of the products of the criteria weights and the number of associated indicators as presented in Table 1, 2.9279 was obtained for the Environmental Indicators and 0.93 for the Human Indicators, totaling 3.8579, which will be the divisor of Equation (3).





3.6. Risk Assessment: Case Study in a University Hospital


Finally, the indicators presented in Table 1 will be evaluated for a 4.1 m2 individual compartmentalized toilet, located in a university hospital and equipped with a washbasin and toilet, as can be seen in the sketch shown in Figure 3. The results are presented in the next section.





4. Results


4.1. Environmental Indicators


An analysis of the environmental indicators contained in Table 1 and their classification in one of the risk scores was performed. Regarding natural light intensity, it was considered low because the bathroom does not have a window or any other light entry, as can be seen in Appendix D (Figure A4). The air exhaust, despite existing and being installed on the ceiling—height considered ideal—was not operating. Thus, as there is no window and the exhaust fan was inoperative, the other related indicators—window area and window and exhaust fan locations—were assigned the highest risk score.



Regarding the washbasin (Appendix D—Figure A5), it has a 17 cm depth round basin, which was considered shallow. On the inspection date, there was no accumulation of water or the presence of secretions in the tub, as shown in (Appendix D—Figure A5. It is important to note that the dark color of the tub can compromise the effectiveness of cleaning, allowing the accumulation of invisible dirt. The faucet, in turn, did not have an aerator and did not drip. The water pressure in the faucet was considered low.



Regarding the sanitary part materials, the door handle, the faucet, and the discharge are made of metallic material. The toilet, in turn, is made of porcelain but has a plastic seat, and the soap dispenser was full, as can be seen in Appendix D (Figure A6). As in the case of the washbasin, the dark blue color of the toilet makes it difficult to perceive dirt, which can compromise the hygiene of the place. However, no visible dirt was found.



Specifically concerning the toilet, both the flow rate and the discharge pressure were considered low. There were no excreta inside the toilet and the water level in it was considered medium. Regarding the mechanisms for activating the sanitary parts, flushing the toilet requires only one touch to be activated, which can be performed with a finger or the palm, as in the case of the soap dispenser. Turning on the faucet and turning the door handle, in turn, require both hands, as they are a rotary type.



Other details worth noting are the trash can without a lid, allowing the propagation of vectors in the environment, the central position of the drain, considered inadequate, and the presence of a paper dispenser, not using a hand drying mechanism using heated air, as shown in Appendix D (Figure A7). Finally, the general cleanliness conditions in the environment were considered reasonable.



Thus, based on the on-site inspection results, Table 7 presents the risk category assigned to each environmental indicator and their weighting based on the prioritization index obtained for the transmission route related to each one of them.



The risk category number of each indicator was then multiplied by the transmission route criteria weight associated with it—see Table 6. Then, the risk score was calculated using a simple weighted average; that is, by dividing the sum of these values by the sum of the criteria weights.



Then, applying Equation (1):


  E n v i r o n m e n t a l R i s k S c o r e =   4.6385   2.9279   = 1.5842  












4.2. Human Indicators


Regarding human indicators, it was decided to simulate the results according to the observation of human behavior. Thus, it was assumed that most individuals go to the bathroom 3 or 4 times during a workday, remaining in that environment for 5 to 7 min each time. When using the bathroom, they make about 7 to 10 touches to the sanitary surfaces. It was also assumed that most individuals do not use the toilet seat and are not in the habit of lowering the lid before flushing. Concerning PPE, it was admitted that the use of a mask and gloves when using the bathroom was not frequent. Finally, regarding hand hygiene, it was admitted that it is performed in about 10 s, without major concerns about the protocol.



Table 8 shows the indicator classification results according to their risk score and weighting based on the prioritization index obtained for the transmission route related to each one of them.



Then, applying Equation (1):


  H u m a n R i s k S c o r e =   2.0167   0.93   = 2.1685  












4.3. Risk Score Calculation for Case Study


The risk score of the analyzed toilet concerning its potential for spreading the SARS-CoV-2 virus among users can be obtained by the quotient of the sum of all weighted indicators by the sum of the prioritization indices applied in the weighting. Thus, Table 9 shows the obtained results.




4.4. Control Measures Simulation


In this section, a new simulation of the risk score is proposed, assuming the adoption of some corrective measures and aiming to verify the impact of their adoption on the result of the risk assessment. To this end, it was decided to select corrective measures related to the environmental factor of the risk tripod that could be implemented quickly and at a lower cost. They were:




	
Replacement of the washbasin with a deeper one;



	
Replacement of the faucet and soap dispenser with another that has an automatic sensor;



	
Improvement to the general cleanliness of the environment.








Finally, Table 10 shows the results of the new classification of the indicators listed above, with the reduction in their respective risk scores. The other indicators in Table 1 continue with the same risk categories.



Then, applying Equation (1):


  E n v i r o n m e n t a l R i s k S c o r e =   4.0391   2.9279   = 1.3795  











Finally, Table 11 presents the obtained results.





5. Discussion


The objective of this research was to develop a risk assessment methodology for SARS-CoV-2 virus dissemination in toilets. To this end, this study applied widely employed safety engineering techniques—FMEA, FTA, and EWA. The application of these techniques made it possible to identify environmental, human, and transmission routes indicators related to the disease—the three main aspects of the study, which were called the “Risk Tripod”. Subsequently, the AHP methodology was applied to obtain the transmission route prioritization indexes identified for a toilet environment.



The risk score found for the restroom was classified as medium. Analyzing the used indicators, this result was consistent, considering that the studied environment had some deficiencies, as diagnosed in the inspection performed. Analyzing Table 9, it is noted that the environmental indicators made a greater contribution to the final result, considering that the sum of the indicator scores in this group was 130% higher than the sum of the human indicator scores; that is, greater than twice. This is because 29 environmental indicators were evaluated, to the detriment of only 8 human indicators.



However, when looking at the obtained results separately for the environmental and human risk scores, it is noted that the latter resulted in a higher risk score—1.5842 versus 2.1685. This occurred because of the eight human-analyzed indicators, only one had a minimum risk score. In the case of environmental indicators, in turn, 12 of the 29 indicators had a minimum risk score, that is, 41%, which led to a result of lower risk related to these indicators.



The most important indicators in the study were those related to the DAT, CAT, and DACT routes, which had the highest Prioritization Index. Thus, it can be concluded that the project, design, and maintenance of sanitary parts have greater relevance in controlling the spread of pathogens in a sanitary environment. However, indicators such as materials and mechanisms for activating sanitary parts, associated with transmission by contact, as well as hand hygiene and the use of gloves, could be overrated regarding the transmission of the SARS-CoV-2 virus.



The risk score recalculation after simulating the implementation of corrective measures indicated a 9.9% drop in the risk score compared to the first simulation with real toilet conditions. However, despite this reduction, the risk continued to be classified as medium. Therefore, it was concluded that the selected measures—related to the mechanism for activating the faucet and the soap dispenser, the depth of the sink, and the general cleaning conditions—were not sufficient for a considerable risk reduction. This result suggests the need to implement more structural measures such as the installation of an exhaust fan, for example—it was seen that, in the case of the analyzed environment, despite the existence of an exhaust fan, it was inoperative. Regarding the sanitary part materials, there are currently no options on the market that offer less stability to pathogens, so the materials that constitute the sanitary parts of the studied environment are those commonly found in toilets and bathrooms—the adoption of futuristic surfaces such as copper and silver is still far from being a reality for the market.



It is important to highlight that the study stood out for its unprecedented method, considering that the literature review pointed out that most risk assessment tools focus on clinical practices rather than focusing on design in the area of architecture and civil construction. A study developed in Southern Switzerland, for example, conducted a prospective, SARS-CoV-2 seroprevalence study in healthcare workers. Participants were hospital personnel with varying COVID-19 exposure risk depending on job function and working site. They provided personal information (including age, sex, occupation, and medical history) and self-reported COVID-19 symptoms. The odds ratio (OR) of seropositivity to IgG antibodies was estimated by univariate and multivariate logistic regressions [44]. Another study conducted in India introduced an innovative Risk Assessment Tool which goes beyond symptom detection and patient tracking. It includes four factors in assessment of risk: Health, Behavior, Exposure and Social Policy. Behavior covered subfactors like the use of masks, handwashing, sanitizing before touching the face, social distancing, and others [45]. A cross-sectional online survey based on the World Health Organization (WHO) COVID-19 risk assessment tool involving physicians, pharmacists, and nurses was conducted from Pakistan to evaluate their knowledge, attitudes, and practices (KAP) and the ability to assess the risks associated with the outbreak [46]. Finally, in a cross-sectional study that investigated the level of exposure to and risk of COVID-19 virus infection among healthcare workers in COVID-19 treatment centers in Ghana, adherence to infection prevention and control (IPC) measures were used to categorized them as at low or high risk of COVID-19 virus infection. The WHO COVID-19 risk assessment tool was also used to collect quantitative data from the study participants. The study measures were demographic characteristics, community and occupational exposure, and compliance with IPC measures [47]. However, in all studies cited there were no subfactors related to environmental or project variables.



Regarding the limitations of the present study, it is important to discuss, firstly, the selected environment and the pathogen type. The indicators determined were specific to the environment of a toilet and the identified transmission routes were limited to the case of COVID-19. Second, three risk assessment methodologies were selected—FMEA, FTA, and EWA. These techniques were applied without multidisciplinary team participation. Thus, the identification of indicators and transmission routes was limited to the author’s knowledge and perceptions, requiring a deeper analysis. The evaluation of the human factor, for example, included a limited number of indicators and took place through observation and assumptions, without the direct application of the questionnaire.



Another limitation concerns the AHP application, which involved some assumptions that overestimated the contribution of some transmission modes. At this point, it is important to highlight the CT, for which was assumed, by simple algebra, an approximate importance of 11% DT (DT/9), although the Centers for Disease Control and Prevention (CDC) estimate the probability of contact transmission as less than 1 in 10,000 [2]. However, it can be stated that the estimate of the real-life transmission potential of SARS-CoV-2 via fomites is still uncertain as some studies, as mentioned, found extensive virus contamination on surfaces, while others did not [48].



For future work, a methodology application to other types of toilets or bathrooms (collective, male with urinals, equipped with a hygienic shower, shower, etc.) is recommended, encouraging the inclusion of new indicators and the identification of new transmission routes. It is even proposed to apply the methodology to non-sanitary environments, expanding the scope of the techniques used, thus enabling the identification of new risk assessment indicators that meet the specificities of other environments. It is also suggested to study other viral and bacterial infections and their transmission routes, with the application of the FTA and, subsequently, the AHP, to weigh them according to their importance in the disease spread. This will enable a more complete and robust risk assessment, covering other types of infections.



Finally, it is recommended to advance research on the design of the sanitary parts of bathrooms, with an emphasis on washbasins and flush toilets. Inspections and preventive maintenance are also essential. The adoption of safe habits and the use of PPE must be continuously encouraged, but greater attention is needed for technical and engineering issues.




6. Conclusions


The methodology developed in the present study proved to be an applicable tool for the defined scope, proving to be relevant for prioritizing preventive and mitigation measures concerning the SARS-CoV-2 spread in toilets.



It is important to highlight that this study focuses on the engineering and architecture areas, and is not a study focused on the clinical area. However, it is essential that this application is carried out by a multidisciplinary team, considering that the analysis of transmission routes and the identification of environmental factors that favor infection is an essential part of the work.
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Table A1. Failure modes and effects analysis (FMEA).






Table A1. Failure modes and effects analysis (FMEA).





	
Failure Mode

	
Cause

	
Effect

	
Controls






	
There is not an exhaust fan or it is irregular or inoperative

	
Incorrect sizing of the exhaust system

	
Possibly contaminated air is not directed to the outside environment

	
Compliance with current regulations




	
The exhaust system has been installed at a not-recommended height




	
Motor problems

	
Periodic inspection




	
Accumulation of dirt on the propeller or grates

	
Increased humidity in the bathroom, allowing bacteria proliferation

	
Hygrometer installation




	
Duct clogging




	
The windows are closed or there are no windows

	
Windows do not open

	
Air circulation is insufficient to maintain indoor air quality

	
Periodic inspection




	
Design constraints prevented the installation of windows

	
Compliance with current regulations




	
Temperature is above or below ideal

	
Air conditioning system failure

	
Pathogens spread in the environment

	
Thermometer installation




	
Humidity is above ideal

	
Construction materials used favor increased humidity

	
Pathogens spread in the environment, especially bacteria

	
Hygrometer installation




	
The environment is poorly ventilated

	
Periodic inspection




	
Water vapor emission




	
The environment receives little natural light




	
Accumulation of water due to leaks in the faucet or toilet

	
Compliance with current regulations




	
Toilet flush is triggered, irregular, or inoperative

	
Leaks

	
Accumulation of waste in the basin

	
Periodic inspection




	
Valve is damaged




	
Valve has incrustations or rust

	
Bad smell




	
Bad adjustment

	
Vector proliferation




	
Waste aerosolization




	
Damaged sealing elements

	
Possible contamination from contact with contaminated surface




	
Low water flow inside the toilet or there is no flow




	
The toilet has excreta inside it

	
Damaged valve

	
Waste aerosolization

	
Periodic inspection




	
Poor discharge regulation

	
Bad smell




	
Clogging

	
Vector proliferation

	
Local hygiene record book




	
Possible contamination from contact with contaminated surface




	
The water level in the toilet bowl is above ideal

	
Damaged valve

	
Contact of the urogenital mucosa with waste

	
Periodic inspection




	
Clogging

	
Droplet generation




	
Poor discharge regulation

	
Contamination of surfaces




	
The soap dispenser does not release product

	
Obstruction

	
Impossibility of proper hand hygiene

	
Periodic inspection




	
Sensor problem

	
Possible contact with contaminated surface

	
Gel alcohol dispenser installation




	
The reservoir is empty




	
Faucet is leaking

	
Bad closing

	
Increased water level in the washbasin

	
Alarm




	
Attrition on the sealing rubber

	
Periodic inspection




	
Damaged faucet

	
Droplet generation




	
Encrustations

	
Possible contact of the droplets generated with the mucous membranes




	
The washbasin is collecting water

	
Clogging

	
Droplet generation

	
Compliance with current regulations




	
Water high pressure

	
Droplet generation

	
Periodic inspection




	
Waste accumulation




	
Improper design

	
Possible contact of the droplets generated with the mucous membranes




	
High water pressure in the faucet

	
Pressure valve problems

	
Droplet generation

	
Manometer




	
The faucet is dead

	
Record closed

	
Impossibility of proper hand hygiene

	
Periodic inspection




	
Air bubbles in the tube




	
Aerator clogging




	
Pressure valve problems

	
Accumulation of waste in the washbasin

	
Gel alcohol dispenser installation




	
Water shortage




	
Low water level in the water tank

	
Possible contact with contaminated surface




	
The washbasin has secretions inside it

	
There was no cleaning

	
Possible contamination by contaminated droplets generated

	
Local hygiene record book




	
Low water pressure in the faucet




	
Improper design

	
Periodic inspection
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Table A2. Ergonomic Work Analysis (EWA) questionnaire.
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Questions

	
Responses






	
1. Identification

	
[      ] Doctor




	
[      ] Nurse




	
[      ] Administrative




	
[      ] Student




	
[      ] Patient




	
[      ] Other




	
2. Age

	
[      ] years




	
3. Sex

	
[      ] Female




	
[      ] Male




	
[      ] I prefer not to answer




	
4. How many times a day do you use the toilet?

	
[      ] Up to 2 times a day




	
[      ] 3 or 4 times a day




	
[      ] More than 4 times a day




	
5. How long on average do you take to use the toilet?

	
[      ] Less than 5 min




	
[      ] Between 5 and 7 min




	
[      ] More than 7 min




	
6. What kind of toilet do you normally use?

	
[      ] Private toilet with free access




	
[      ] Toilet with several free-access cabins




	
[      ] Private toilet located in a restricted access area




	
[      ] Toilet with several cabins located in restricted access area




	
7. Do you consider that the toilet cleaning conditions are adequate?

	
[      ] Yes, most of the time the toilet is clean




	
[      ] About half the time the toilet is clean




	
[      ] No, most of the time the toilet is dirty




	
8. Check conditions below that you commonly see in the toilet

	
[      ] Garbage on the toilet floor




	
[      ] Toilet with dirty seat and/or containing excreta and/or clogged




	
[      ] Sink containing apparent secretions and/or clogged




	
[      ] Wet and/or dirty toilet floor




	
[      ] It is rare to encounter any of the above conditions.




	
9. Is the toilet usually stocked with soap and/or alcohol gel?

	
[      ] Yes, most of the time




	
[      ] Sometimes




	
[      ] No, most of the time




	
10. Regarding the sanitary parts (door handle, flushing, washbasin, soap dispenser, bin), how are they activated?

	
[      ] The sanitary parts are modern and automatic, being activated without the need to touch.




	
[      ] Sanitary parts are semi-automatic, being activated with just one finger.




	
[      ] The sanitary parts are old and the actuation occurs in a conventional way, causing the contact of the hands




	
11. How often do you estimate that you come into contact with the surfaces mentioned in the question above? To answer correctly, think about all the actions you usually perform when using the toilet, from going in to going out.

	
[      ] Less than 7 times or not applicable because I use gloves




	
[      ] Between 7 and 10 times




	
[      ] More than 10 times




	
12. Do you often sit on the toilet seat?

	
[      ] Yes, without any protection




	
[      ] Yes, but I clean it first with 70° alcohol or cover it with disposable sani-tary protection




	
[      ] No, anyway




	
13. Do you usually lower the toilet lid before flushing?

	
[      ] Yes




	
[      ] No




	
14. What Personal Protective Equipment (PPE) do you usually use inside the toilet?

	
[      ] I use a mask and gloves




	
[      ] I only use a mask




	
[      ] I only use gloves




	
[      ] I don’t use any PPE




	
15. How do you perform hand hygiene?

	
[      ] I soap only the palms of my hands, taking about 10 s




	
[      ] I soap palms, backs of hands and between fingers, taking about 20 s




	
[      ] I soap the palms, back of the hands, between the fingers and wrists, taking about 30 s
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Figure A1. Contact transmission Fault Tree Analysis (FTA). 
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Figure A2. Airborne transmission Fault Tree Analysis (FTA). 
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Figure A3. Droplets transmission Fault Tree Analysis (FTA). 
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Figure A4. Toilet without window and with an inoperative exhaust fan. 
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Figure A5. The washbasin. 
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Figure A6. Sanitary parts’ design and materials. 
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Figure A7. Sanitary parts’ design and materials. 
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Figure 1. Risk tripod. 
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Figure 2. Toilet use process. 
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Figure 3. A sketch of a toilet located in a university hospital. 
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Table 1. Identified environmental and human indicators and associated route transmission.






Table 1. Identified environmental and human indicators and associated route transmission.





	
Type

	
Indicator

	
Risk Category

	
Transmission




	
3

	
2

	
1

	
Route






	
Environmental Indicators

	
Area (A)

	
A < 2.0 m2

	
2.0 m2 < A < 3.0 m2

	
A > 3.0 m2

	
AT




	
Window

	
No

	
---

	
Yes




	
Window Area

	
Small (40 × 40 cm)

	
Medium (50 × 50 cm)

	
Large (60 × 40 cm)




	
Window Location

	
Below 1.5 m from the floor

	
---

	
Above 1.5 m from the floor




	
Air Exhaust

	
No

	
---

	
Yes




	
Air Exhaust Location

	
Below 2.1 m from the floor

	
---

	
Above 2.1 m from the floor




	
Water pressure on the faucet

	
High

	
Medium

	
Low

	
DAT




	
Water level in washbasin

	
High

	
Medium

	
Low




	
Aerator

	
Yes

	
---

	
No




	
Washbasin depth

	
Low (140–150 mm)

	
Medium (150–160 mm)

	
High (>160 mm)




	
Faucet dripping

	
Yes

	
---

	
No




	
Washbasin design

	
Flat

	
---

	
Oval




	
Visible secretions in the washbasin

	
Yes

	
---

	
No




	
Discharge water flow

	
High

	
Medium

	
Low

	
CAT




	
Discharge pressure

	
High

	
Medium

	
Low




	
Water level in the toilet

	
High

	
Medium

	
Low




	
Presence of excreta in the toilet

	
Yes

	
---

	
No




	
Natural light intensity

	
Low

	
Medium

	
High

	
CT




	
Soap dispenser

	
No

	
---

	
Yes




	
Dirt on toilet seat

	
Yes

	
---

	
No




	
Door handle material

	
High criticality

	
Medium criticality

	
Low criticality




	
Toilet bowl material

	
High criticality

	
Medium criticality

	
Low criticality




	
Dump valve material

	
High criticality

	
Medium criticality

	
Low criticality




	
Faucet material

	
High criticality

	
Medium criticality

	
Low criticality




	
Soap dispenser material

	
High criticality

	
Medium criticality

	
Low criticality




	
Dump valve activation

	
More than one finger

	
One finger

	
No touch




	
Faucet opening

	
More than one finger

	
One finger

	
No touch




	
Soap dispenser activation

	
More than one finger

	
One finger

	
No touch




	
General cleaning conditions

	
Bad

	
Reasonable

	
Good




	
Human Indicators

	
Bathroom time (t)

	
t > 7 min

	
5 min < t < 7 min

	
t < 5 min

	
DCAT




	
Frequency of trips to the toilet

	
More than 4/day

	
3–4/day

	
Up to 2/day




	
Toilet cover

	
Do not lower

	
---

	
Lower

	
AT




	
Mask wearing

	
No

	
---

	
Yes




	
Toilet seat use

	
Yes, without protection

	
Yes, with protection

	
No use

	
CT




	
Number of touches on surfaces

	
More than 10

	
Between 7 and 10

	
Less than 7




	
Gloves use

	
No

	
---

	
Yes




	
Duration of hand hygiene

	
10 s

	
20 s

	
30 s











 





Table 2. Fundamental judgment scale.
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	Importance Intensity
	Definition





	1
	Equal importance



	3
	Moderate importance



	5
	Strong importance



	7
	Very strong importance



	9
	Extreme importance



	2, 4, 6, 8
	Intermediate values










 





Table 3. RI value according to matrix order.
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	Matrix Order
	2
	3
	4
	5
	6
	7
	8
	9





	RI Value
	0.00
	0.58
	0.90
	1.12
	1.24
	1.32
	1.41
	1.45










 





Table 4. AHP 6×6 matrix with judgments for SARS-CoV-2 transmission routes.
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	SARS-CoV-2 Transmission AHP
	AT
	CT
	DAT
	DT
	CAT
	DACT





	AT
	1
	3
	1/4
	1/3
	1/2
	1/5



	CT
	1/3
	1
	1/9
	1/9
	1/6
	1/9



	DAT
	4
	9
	1
	2
	2
	1/2



	DT
	3
	9
	1/2
	1
	2
	1/2



	CAT
	2
	6
	1/2
	1/2
	1
	1/3



	DACT
	5
	9
	2
	2
	3
	1










 





Table 5. Normalized AHP matrix multiplied by the criteria weight.






Table 5. Normalized AHP matrix multiplied by the criteria weight.





	SARS-CoV-2 Transmission AHP
	AT
	CT
	DAT
	DT
	CAT
	DACT





	Criteria Weight
	0.0655
	0.0257
	0.2483
	0.1903
	0.1221
	0.3481



	AT
	0.0655
	0.0771
	0.0621
	0.0634
	0.0611
	0.0696



	CT
	0.0218
	0.0257
	0.0276
	0.0211
	0.0204
	0.0387



	DAT
	0.2620
	0.2313
	0.2483
	0.3805
	0.2443
	0.1741



	DT
	0.1965
	0.2313
	0.1241
	0.1903
	0.2443
	0.1741



	CAT
	0.1310
	0.1542
	0.1241
	0.0951
	0.1221
	0.1160



	DACT
	0.3275
	0.2313
	0.4966
	0.3805
	0.3664
	0.3481










 





Table 6. Criteria weights of SARS-CoV-2 routes transmission obtained by AHP.
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	Transmission Route
	Criteria Weight





	Contact transmission
	0.0257



	Air transmission
	0.0655



	Contact and air transmission
	0.1221



	Droplet transmission
	0.1903



	Droplet and air transmission
	0.2483



	Droplet, air, and contact transmission
	0.3481










 





Table 7. Risk categories assigned to the environmental indicators.
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Type

	
Indicator

	
Risk Category

	
Indicator

	
Risk Category






	
Environmental Indicators

	
Area (A)

	
1

	
Water level in the toilet

	
2




	
Window

	
3

	
Presence of excreta in the toilet

	
1




	
Window area

	
3

	
Natural light intensity

	
3




	
Window location

	
3

	
Soap dispenser

	
1




	
Air exhaust

	
3

	
Dirt on toilet seat

	
1




	
Air exhaust location

	
3

	
Door handle material

	
3




	
Water pressure on the faucet

	
1

	
Toilet bowl material

	
3




	
Water level in washbasin

	
1

	
Dump valve material

	
3




	
Aerator

	
1

	
Faucet material

	
3




	
Washbasin depth

	
3

	
Soap dispenser material

	
3




	
Faucet dripping

	
1

	
Dump valve activation

	
2




	
Washbasin design

	
1

	
Faucet opening

	
3




	
Visible secretions in the washbasin

	
1

	
Soap dispenser activation

	
2




	
Discharge water flow

	
1

	
General cleaning conditions

	
2




	
Discharge pressure

	
1

	

	











 





Table 8. Risk categories assigned to the human indicators.
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Type

	
Indicator

	
Risk Category

	
Indicator

	
Risk Category






	
Human Indicators

	
Bathroom time (t)

	
2

	
Toilet seat use

	
1




	
Frequency of trips to the toilet

	
2

	
Number of touches on surfaces

	
2




	
Toilet cover

	
3

	
Glove use

	
3




	
Mask wearing

	
3

	
Duration of hand hygiene

	
3











 





Table 9. Risk score calculation.
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	Risk Score Calculation
	Risk = 3
	Risk = 2
	Risk = 1





	Environmental indicators (EI)
	2.2671
	0.3984
	1.973



	EI total sum
	
	4.6385
	



	Environmental Criteria Weights sum (ECW)
	
	2.8279
	



	Human Indicators (HI)
	0.5472
	1.4438
	0.0257



	HI total sum
	
	2.0167
	



	Human Criteria Weights sum (HCW)
	
	0.9300
	



	EI + HI total sum
	
	6.6552
	



	ECW + HCW total sum
	
	3.8579
	



	Risk Score
	
	1.7251 (Medium)
	










 





Table 10. New risk categories assigned to the selected environmental indicators.
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Type

	
Indicator

	
Risk Category






	
Environmental Indicators Changed

	
Faucet material

	
1




	
Soap dispenser material

	
1




	
General cleaning conditions

	
1











 





Table 11. New risk score calculation after a simulation of the implementation of corrective measures.
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	Risk Score Calculation
	Risk = 3
	Risk = 2
	Risk = 1





	Environmental indicators (EI)
	1.4451
	0.2956
	2.2984



	EI total sum
	
	4.0391
	



	Environmental Criteria Weights sum (ECW)
	
	2.9279
	



	Human Indicators (HI)
	0.5472
	1.4438
	0.0257



	HI total sum
	
	2.0167
	



	Human Criteria Weights sum (HCW)
	
	0.9300
	



	EI + HI total sum
	
	6.0558
	



	ECW + HCW total sum
	
	3.8579
	



	Risk Score
	
	1.5697 (Medium)
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