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There is emerging evidence of the transmission of SARS-CoV-2 via the sanitary plumbing wastewater system, a known transmission pathway of SARS-CoV-1. These events can no longer be dismissed as isolated cases, yet a lack of awareness and of basic research makes it impossible to say just how widespread this mode of transmission might be. Virus is transmitted within wastewater systems by the aerosolisation of wastewater and subsequent transport of bioaerosols on naturally occurring airflows within the piped network. Central to the debate around risk to building occupants from SARS-CoV-2 spread via wastewater plumbing systems is the question of infectivity of faeces, urine and associated aerosols. This paper presents an examination of the processes which underlie this mode of transmission, and the existing epidemiological evidence, as well as existing mitigation strategies; significant gaps in the state of the knowledge are also identified. It is hoped that this review will cultivate a wider awareness and understanding of this most overlooked of threats, and to facilitate the selection and adoption of appropriate mitigation strategies. Key gaps in the knowledge span the rate of generation of bioaerosols within the building drainage system, their composition and transport properties, and the viability and infectivity of virions and other pathogens which they carry. While much of this work will be conducted in the laboratory, we also identify a dearth of field observations, without which it is impossible to truly grasp the scale of this problem, its character, or its solution.
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INTRODUCTION
Concern has been raised that the building drainage system (BDS) may pose a risk of infection of SARS-CoV-2 (Gormley et al., 2020a; Patel, 2020), particularly in tall buildings where drainage systems can be subject to higher air pressures. In the Amoy Gardens SARS-CoV-1 outbreak, a cumulative effect was posited as contributing to spread by this route; the index case is said to have used the toilet “several times” during his visit (Hung et al., 2006), and the large number of flats connected to a common drainage stack would have led to much elevated levels of viral aerosol within the BDS once the outbreak was underway. “Watery diarrhoea”, (Choi et al., 2003; Peiris et al., 2003), a common symptom, is believed to have generated a “diarrhoeal mist” in the building drainage system, which served as the vector for the Amoy Gardens outbreak (Gormley et al., 2013). Viral aerosols are believed to have entered other flats through depleted water traps, with “several” having floor-level drains latterly found to have been depleted (Jack et al., 2006); Hung et al. (2006) noted that this was consistent with their experience working with building drainage in Hong Kong, and Gormley et al. (2017) reported on the problem of dry traps in a range of buildings, including hospitals, in Europe, Asia, and North America.
In SARS-CoV-1, diarrhoea was identified on admission in 10.6% (Hung et al., 2004) and 15% (Choi et al., 2003) of patients in two large cohorts in Hong Kong, while Booth et al. (2003) observed it in 23.6% of patients on admission to hospitals across Toronto. Hung et al. (2004) reported diarrhoea in 43.5% of patients during days 10–15 post-admission, while 53% of patients in Choi et al. (2003) developed diarrhoea during the course of the study, at a median of 3 days after admission. Peiris et al. (2003) reported that 73% of patients suffered diarrhoea, at a mean of 7.5 days after onset, and Booth et al. (2003) reported that the median time until onset was 8 days from admission. In SARS-CoV-1, diarrhoea was associated with the elevated presence of viral RNA in stool samples. Hung et al. (2004) reported median values of 107.5/ml and 105.0 /ml in patients with and without diarrhoea respectively; RNA was present in much lesser concentrations, and in fewer patients (104.4/ml, 28.2%) in urine. Lau et al. (2005) reported many stool samples with between 108 and 1010 copies/ml of SARS-CoV-1 RNA, with some possibly exceeding these values. At Amoy Gardens, virus-laden aerosol are thought to have entered flats through dry floor drainage traps, driven by positive pressures generated within the system by the flow of wastewater and negative pressures generated by bathroom extract fans (Hung et al., 2006; Jack et al., 2006).
For there to be a similar risk with SARS-CoV-2, viable virus must enter the building drainage system. While at Amoy Gardens this was apparently associated with an index patient with diarrhoea, it has long been known that viable pathogens also diffuse from the stools of asymptomatic patients (Moore et al., 1952; Breathnach et al., 2012). This has been the basis for a substantial body of research, which has widely been translated into practice to monitor the presence of SARS-CoV-2, particularly in pre-symptomatic and asymptomatic populations, by wastewater sampling (Chavarria-Miró et al., 2020; Polo et al., 2020). It must be stressed that although related, this is a quite distinct field of inquiry. In this paper, the emphasis is on the “above-ground” drainage system, and the transmission of disease by the formation and transmission of viable bioaerosols.
One probable instance of the transmission of SARS-CoV-2 via the building drainage system has been identified in the peer-reviewed literature (Gormley, 2020; Kang et al., 2020), in a 30-storey residential building in Guangzhou. The building is served by separate blackwater and greywater stacks which share a common vent pipe. Residents of Flat 1502 had Covid; occupants of Flats 2502 and 2702, on the same drainage stack, subsequently developed Covid, despite stringent social distancing measures. No-one living elsewhere in the building became infected. Interpersonal contact was excluded as a means of transmission, and sampling of common areas, including lifts, did not identify any virus. Virus could not be identified in any of eleven environmental samples taken from Flats 2502 and 2702 shortly after a programme of disinfection. However, a swab comprising material from the washbasin trap, shower switch, and a tap, from the vacant Flat 1602, tested positive. Whereas the use of floor drains drew criticism in the wake of the Amoy Gardens outbreak (Hung et al., 2006), interviews here also identified a likelihood of dry bathtub traps. The potential for aerosol spread through the system was tested using a tracer gas injected into the drainage system at the WC discharge of Flat 1502. Bathroom doors and windows were left open, which was justified by interviews with residents; tracer gas was identified in the dry bathtub and floor drain traps of each of the five flats investigated. As in the Amoy Gardens outbreak, it is unclear whether the final transmission might have been airborne, or via fomites such as surfaces or hygiene products (Gormley et al., 2017).
Kang et al. (2020) cite two further likely examples of Covid transmission through the building drainage system in Hong Kong, from outwith the peer-reviewed literature.
LITERATURE REVIEW
We conducted systematic literature reviews to assess the prevalence of diarrhoea in Covid, and the prevalence of SARS-CoV-2 in stool and urine. PubMed and Scopus were searched up to August 31, 2020, with the default settings employed to specify synonyms and alternative spellings, and to search titles, abstracts and key words. Materials in English, French, Spanish and Russian were reviewed, to the exclusion of those in Chinese and Dutch. Titles and abstracts were used to exclude material which was clearly not relevant, with all remaining papers reviewed in full. Where only an abstract was available, this was considered acceptable for review.
Diarrhoea in SARS-CoV-2
The first part of the review addressed the prevalence of diarrhoea in Covid, using the terms (Covid OR SARS-CoV-2) AND (diarrhoea OR loose stool*). This yielded 1181 results, of which 236 were unique to PubMed, 614 were unique to Scopus, and 331 were common to both. The review of titles and abstracts was used to identify cohort studies or non-family case series presenting original research on the symptoms of Covid. 318 papers were reviewed in full, of which 213 met the inclusion criteria for further analysis.
Excluding cohorts of pregnant patients and those with underlying conditions, 89 unique groups were identified, which are presented in Supplementary Appendix 1 The widely differing rates of diarrhoea reported, and the differences which underlie them, mean that any aggregation of results must be tret with extreme caution, although a reference value derived from the adult studies of 4506/28,180 (16.0%) will be useful for subsequent analysis. Notwithstanding the variations in prevalence reported, a comparison of different studies and groups of studies clarifies the role of diarrhoea in the course of Covid, which is necessary to understand the risk from virus in faeces.
Different studies report on different definitions of diarrhoea, and the definition was not stated in the majority of cases. A minimum of three episodes over the course of a day or other 24 h period is a common requirement (Ellington et al., 2020; Jin et al., 2020; Lo et al., 2020; Shang et al., 2020; Zhang H. et al., 2020), however Xiao Y. et al. (2020) reported that 40 of 63 cases with diarrhoea passed stool 1–3 times/day, and Pan et al. (2020) reported diarrhoea “typically up to thrice daily”. Some authors required symptoms to persist for more than 1 day (Ai et al., 2020; Ishiguro et al., 2020), while others reported on shorter manifestations (Jin et al., 2020; Remes-Troche et al., 2020). Whereas the majority of studies used data recorded by healthcare workers, several relied on self-reporting. Menni et al. (2020) gathered symptom and Covid test data in the United Kingdom and United States using an app. Self-reported prevalence of diarrhoea was 509,174/2,600,461 (19.6%) among those not tested for Covid, 2359/11,493 (20.5%) among those with negative test results, and 1913/7178 (26.7%) among those with positive Covid tests. Clemency et al. (2020) recorded diarrhoea in 57/225 (25.3%) healthcare workers asked to self-report who tested positive for Covid, and in 26.1% of those with negative tests. Magnavita et al. (2020) additionally surveyed healthcare workers who were not tested; this control group reported diarrhoea in 15/361 (4.2%) cases, as compared to 13/152 (8.6%) among those who received negative tests, and 20/82 (24.4%) of those with positive tests.
In largest cohort included here, Abraham et al. (2020) reported one of the lowest rates of diarrhoea, with 396/22,425 (1.8%) reported to have suffered “loose stools”, itself a relatively lenient marker. Although this study included 40,184 Covid cases verified by PCR, symptom status and description were missing in 17,759 cases. The 22,425 cases described comprised patients symptomatic following potential exposure (5727), those hospitalised with severe acute respiratory infections (4204), patients with flu-like symptoms in Covid hotspots (1199), and asymptomatic cases screened due to likely exposure (11,295). The high number of asymptomatic cases here seems likely to indicate an underrepresentation of asymptomatic cases in the other studies reviewed. Although this would suggest that the prevalence of diarrhoea across the entire population of those infected with Covid could be lower than reported elsewhere, there is considerable uncertainty around the figure of 1.8%, with unknowns including the bias among those whose data were missing, the efficiency of the contact tracing system, and how many cases here presented as asymptomatic would go on to develop symptoms. Other studies generally identified asymptomatic patients at much lower levels or not at all, although Magnavita et al. (2020) identified 24 asymptomatic cases among 84 healthcare workers with Covid (29.3%).
The reasons posed above with reference to the literature do not seem to fully account for the extreme variation in values reported. Influences not directly in evidence could include cultural factors leading to over-reporting or under-reporting of diarrhoea, particularly but not solely where symptoms are self-reported, and in the absence of a prescribed definition. Socioeconomic conditions also influence patients’ readiness to seek medical attention. In addition to factors influencing the reporting of diarrhoea, prior health status affects the prevalence of diarrhoea; the impact of certain underlying health conditions is reviewed below and found to be significant, including in case-control studies. Gayam et al. (2020), who reported diarrhoea among 220/408 (53.9%) patients in a deprived area of New York, cited “prevailing relatively poor health” as likely to have been the major factor behind poor clinical course and prognosis in this cohort.
The Characterisation of Diarrhoea and its Significance
Where initial symptoms were documented across the adult and predominantly adult cohorts, diarrhoea was among them in 24/271 (8.9%) cases; by admission, it had developed in 7404/60,205 (12.3%) cases; several studies provided more description, demonstrating the development of diarrhoea at various times during the disease course, before (Xiao Y. et al., 2020) and following (Huang et al., 2020; Hung et al., 2020; Ishiguro et al., 2020; Nowak et al., 2020; Vacchiano et al., 2020; Yan et al., 2020; Zhang et al., 2020b) admission and treatment. In children, Zhang C. et al. (2020) reported diarrhoea as an initial symptom in 4/34 (11.8%), and Chen J. et al. (2020) in 1/12 (8.3%) patients, of whom a total of 4 (33.3%) would develop diarrhoea.
Shang et al. (2020) recorded “three or more loose or liquid stools per day” in 157/564 patients (27.8%). Most cases passed 3 or 4 stools per day, but in some cases this exceeded 10/day; of these 157, 79 (50.3%) patients’ diarrhoea was “loose”, and 78 (49.7%) “watery”.
Xiao Y. et al. (2020) reported diarrhoea at presentation in 90/912 (9.9%) cases, and characterised it in 50 instances. It was “mushy” in 14 cases (28%), “loose” in 4 cases (8.0%), and “watery” in 32 cases (64.0%); the duration was given in 63 cases, being 1–3 days in 40 (63.4%), 4–6 days in 17 (27.0%), and >6 days in 6 (9.5%) cases.
In Huang et al. (2020), 3 of 8 (37.5%) young adults presented with diarrhoea, and a further 3 (37.5%) developed diarrhoea during hospitalisation; it occurred up to 6 times per day.
Ishiguro et al. (2020) reported diarrhoea for a mean of 7 days among 6/11 (55.6%) patients, with a maximum duration of 14 days. In this case, the patient had diarrhoea for 10 days in the community before hospitalisation.
Ai et al. (2020) reported diarrhoea at presentation in 2/142 (1.4%) patients, and throughout the disease in 6/142 (4.2%), although they only counted those with GI symptoms over ≥3 days in the inpatient setting. They recorded diarrhoea which was mostly watery, lasting up to 14 days.
Zhang et al. (2020a) described diarrhoea in 91/409 (21.0%) severe adult cases; in this population, the mean duration was 4.4 days, at a mean frequency of 4.5 episodes/day. Diarrhoea was described as “loose” in 37 (40.7%), and “watery” in 54 (59.3%) cases.
Zhang H. et al. (2020) tracked symptoms in 505 patients, documenting diarrhoea in 62 (12.3%). They reported that: “Patients’ diarrhoea frequency was between 3 and 10 times per day. Most of them passed thin pasty yellow or watery stools […]”.
Wei et al. (2020) reported on a cohort of 84 healthcare workers, 26 (31.0%) of whom experienced diarrhoea, defined as three or more loose or liquid stools per day. It occurred up to 14 times/day, with a mean of 5.7 episodes/day before treatment, and lasted a mean 3.7 and a maximum of 14 days, with a mean of 5.7, episodes/day before treatment. The mean Bristol score was 5.9, or visual analogue scale (VAS) mean 6.8, described by the authors as “pasty”.
Pan et al. (2020) reported diarrhoea in 35/204 (17.2%) patients. “Cases of diarrhoea were usually not high volume or clinically severe, but more commonly presented as nondehydrating loose stools, typically up to thrice daily”, indicating the inclusion of patients passing fewer than three loose stools/day. Similarly Lin et al. (2020) recorded diarrhoea in 5/95 (5.3%) patients at onset, and 23 (24%) in total, presenting as 2–10 loose or watery stools/day.
Han C. et al. (2020) reported on a cohort of 206 adults with mild disease, 67 (32.5%) of whom had diarrhoea lasting from 1 to 14 days (mean 5.4), comprising up to 18 (mean 4.3) episodes/day. 35 (52.2%) of those patients with diarrhoea described it as “watery”, as opposed to “loose”. 23 did not report any respiratory symptoms, and diarrhoea did not coincide with fever in 18 patients; it preceded or coincided with the onset of respiratory symptoms and fever in 13 and 44 cases respectively.
Other Subgroups
A number of studies looked at the manifestations of Covid among those with preexisting conditions. Methods varied, with some retrospectively analyzing a wider cohort, one matched case-control study, and some reporting data only on their selected group. Here, the significance of variations in the rate of diarrhoea is appraised using Fisher’s exact test where either group in the cohort contains fewer than 500 cases (one-tailed unless stated); otherwise, Chi-square is used. In those cases with no form of control group, comparison is made to the adult reference figure of 4506/18,180 (16.0%). Studies investigating the same or related diseases or conditions are pooled in order to increase the statistical power of analysis.
Ellington et al. (2020) reported diarrhoea in 497/3474 (14.3%) pregnant women with Covid across the United States with symptoms described on the CDC database, as opposed to 10,113/43,855 (23.1%) of their non-pregnant peers; this is a significant difference (Chi square, p = 1 × 10−32). (Cao et al., 2020; Chen H. et al., 2020; Liu D. et al., 2020; Wu Y.‐T. et al., 2020; Yin et al., 2020; Yu et al., 2020) gathered data on pregnant women hospitalised with Covid in Wuhan, among whom 7/70 (10.0%) had diarrhoea. Of 88 pregnant women in France with Covid-19 who responded to a survey, 18 of whom were hospitalised, 28 (31.8%) reported diarrhoea (Cohen et al., 2020).
Guerra et al. (2020) and Taxonera et al. (2020) reported on cohorts of irritable bowel disease (IBD) patients in Spain with Covid. They reported diarrhoea in 35/82 (42.7%) and 9/12 (75.0%) patients respectively, giving a pooled prevalence of 44/94 (46.8%), although a more stringent definition of diarrhoea was adopted than elsewhere.
Palaiodimos et al. (2020) investigated the impact of obesity on clinical course and prognosis in Covid in patients in the United States (NY). Patients were placed into groups of BMI <25 (healthy weight), 25 ≤ BMI <35 (overweight-obese), and 35 ≤ BMI (severely obese). The prevalence of diarrhoea in these groups was 8/38 (21.1%), 35/116 (30.2%), and 23/46 (50.0%) respectively. In each pair of adjacent groups, there was a significant positive association between obesity and the incidence of diarrhoea (p = 4 × 10−5, p = 0.007).
Li et al. (2020) analysed the association between cardiovascular disease, and the clinical course and prognosis of Covid patients. Within their cohort, 25/566 (4.4%) of those without cardiovascular disease had diarrhoea, compared to 8/89 (9.0%) of those with cardiovascular disease. This is not significantly different to those seen in the broader adult population (p = 0.08) or those seen in their control group (p = 0.11–both Fisher’s exact test, two-tailed).
Du H. et al. (2020) compared children with Covid with and without allergies in Wuhan, 1/43 (2.3%) and 8/139 (5.8%) of whom had diarrhoea respectively; this is not a significant difference (p = 0.688–Fisher’s exact test, 2-tailed).
Mathian et al. (2020) reported diarrhoea in 7/17 (41.2%) Covid patients with lupus erythematosus across France; this is significantly higher than among the wider adult population (p = 0.0118).
Wang F. et al. (2020) reported diarrhoea in 12/28 (42.9%) diabetic Covid patients in Wuhan; this is significantly higher than among the wider adult population (p = 0.0007).
Dhakal et al. (2020) and Gonzalez-Lugo et al. (2020) reported on Covid patients with multiple myeloma and monoclonal gammopathy respectively, in the United States (Wi. and NY). Each recorded diarrhoea in 1/7 patients, giving a pooled prevalence of 2/14 (14.3%). This is not significantly different to the general adult population (p = 1.00–Fisher’s exact test, 2-tailed).
Wang R. et al. (2020), and Sachdeva et al. (2020) reported on renal patients with Covid. Respectively, 5/7 (71.4%) haemodialysis patients in Wuhan and 6/11 (66.7%) with end-stage kidney disease in the United States (NY) experienced diarrhoea; the pooled prevalence in this group was 11/18 (61.1%), significantly higher than the wider adult population (p = 2 × 10−5).
Wu et al. (2020b) studied a cohort of Covid patients in Wuhan with various haematological malignancies, and Hussain et al. (2020) reported on patients with sickle-cell anemia. Rates of diarrhoea in these cohorts were 0/6 and 1/4 (25.0%) respectively, with a pooled prevalence of 1/10 (10.0%); this was not significantly different to the general adult population (p = 1.00–Fisher’s exact test, 2-tailed).
Benkovic et al. (2020) and Ridgway et al. (2020) reported on US patients with HIV, reporting diarrhoea in 1/4 (25.0%) patients in NY and 3/5 (60.0%) in Il. respectively, giving a pooled prevalence of 4/9 (44.4%). This is significantly higher than in the wider adult population (p = 0.042).
Several studies have addressed cohorts of solid organ transplant recipients; rates of diarrhoea were reported to be 10/14 (71.4%) in Italy (Cavagna et al., 2020), 16/53 (30.2%) in Sweden (Felldin et al., 2020), 4/18 (22.2%) in Spain (Fernández-Ruiz et al., 2020), 7/21 (33.3%) in Switzerland (Tschopp et al., 2020), 1/7 (14.3%) in the United Kingdom (Banerjee et al., 2020); in the United States, rates were 26/47 (55.3%) (Mi.) (Chaudhry et al., 2020) and 8/36 (22.2%) (NY) (Akalin et al., 2020). The pooled prevalence of diarrhoea was 72/196 (36.7%), significantly higher than among the general population (p = 3 × 10−12). Chaudhry et al. (2020) included a control group of hospitalised Covid patients without solid organ transplants, of whom 17/100 (17%) had diarrhoea; this is significantly lower than in those with transplants (p = 4 × 10−6).
SARS–CoV-2 in Faeces and Urine
The presence of SARS-CoV-2 RNA in stool and urine has now been widely documented, and has been reviewed elsewhere (Jones et al., 2020); nevertheless, a systematic review was undertaken in order to identify those trends most relevant in this context. Using the same parameters set out in the previous section, PubMed and Scopus were searched for (Covid OR SARS-CoV-2) AND (stool OR “faeces” OR urine). 565 papers were identified, of which 96 were exclusive to Pubmed, 190 were exclusive to Scopus, and 279 appeared on both. Titles and abstracts were reviewed to identify 88 cohort studies. Of these, 49 and 20 included data on virus in faeces and urine, and are presented in Supplementary Appendix 2, 3 respectively. Excluding studies in which the cohorts may have overlapped, 30 and 14 studies were included in a pooled analysis, in which viral RNA was detected in the stool of 328/1168 (28.1%) adults and 83/161 (51.6%) children, and in the urine of 9/233 (3.9%) adults and 2/31 (6.5%) children.
Concentration
Reported values of viral RNA in stool reached a maximum of O(1010) copies/ml, although values of 106–108 were much more widespread. Lui et al. (2020) reported maximum and median concentrations of 106.4 and 104.1/ml. Hung et al. (2020) took stool samples at the beginning of their study, reporting concentrations as high as 1010 copies/ml, although typical concentrations appeared to be around 103.3. Wang W. et al. (2020) reported cycle thresholds corresponding to median, 95th percentile, and maximum concentrations of 104.0, 104.6, and 106.8/ml. Of 20 patients with viral RNA detected in the faeces, Wang X. et al. (2020) presented data on the concentration from those 11 patients whose stool remained positive after respiratory swabs. Of these, several produced samples with cycle thresholds of 25–27, corresponding to a viral RNA load of 105.5–106.0/ml. Wölfel et al. (2020) reported that faecal viral RNA reached 107 copies/ml in 3 of 8 positive cases.
In children, Du W. et al. (2020), reported mean faecal viral RNA loads of 106.5/ml, and a maximum of 107.4. Han M. S. et al. (2020) observed the progression of concentrations, recording median and maximum concentrations in the 1st, 2nd and 3rd weeks of sampling of 108.0 and 1010.3; 107.3 and 109.0, and 107.6 and 108.7; the values across all subsequent sampling were 107.6 and 108.6/ml.
Some authors reported only cycle thresholds, rather than concentrations (Young et al., 2019; Bonetti et al., 2020; Kujawski et al., 2020; Wu et al., 2020a). Of these, Wu et al. (2020a) provided the greatest detail, showing the cycle threshold of each test conducted. The cycle threshold of different genes within the same sample often varied sharply, with no consistent pattern discernible. Where other authors have provided less detail, it is impossible to say how much unexplained variation in the experimental data this might mask. Muenchhoff et al. (2020) compared the results from a selection of Covid PCR tests, and found that the concentrations corresponding to different cycle thresholds were similar, with variations not generally greater than a factor of three. However, this work also demonstrated that poorly designed tests can produce inconsistent and misleading results. The relationship between cycle threshold and copy number also depends on the dilution of the sample, which is not described in detail by all authors.
Jeong et al. (2020) found viral RNA in the urine of 5/5 adults tested, at concentrations between 100.59 and 102.09/ml. Peng et al. (2020) reported 102.5/ml in the urine of 1/9 (11.1%) patients tested. Kim et al. (2020) reported viral RNA in the urine of 2/54 (3.7%) patients in a mixed cohort, having an average of 104.9/ml.
Han M. S. et al. (2020) reported 107.55 and 103.82 copies/ml in the urine of two mildly symptomatic infants.
Duration
Viral RNA in stools was widely reported to outlast that detected in respiratory swabs (Supplementary Appendix 2). It is difficult to determine an average duration due to the infrequency of sampling and high numbers of patients who were still shedding virus at the end of their studies, however authors suggested values of 22.3 days (He et al., 2020), 19.3 days (Lo et al., 2020) and 22 days (Zheng et al., 2020), and 28.9 days in children, decreasing with age (Chen Z. et al., 2020). In extreme cases, virus continued to be shed up to 103 (He et al., 2020) and 49 days (Wu et al., 2020a) from onset in adults, and for up to 65 days (Liu P. et al., 2020) in children. Liu P. et al. (2020) found that viral RNA in stool outlasted that in respiratory samples by a median of 25 days among children.
Most patients whose stool samples contained viral RNA contained it from the commencement of sampling, although there were some exceptions. Wu et al. (2020a) reported that in a cohort of 74 patients, 12 (16.2%) had detectable faecal viral RNA only after respiratory swabs had turned negative, with a delay of up to 17 days; the same observation was made of 1 of 11 (9.1%) patients by Lui et al. (2020), and in 2 of 69 (2.9%) patients in Wang X. et al. (2020). There have been instances in which RNA becomes undetectable in stool samples before reappearing (Du W. et al., 2020; Lo et al., 2020). Viral RNA was detected in the stool of 6/18 (33%) asymptomatic children by Xiong et al. (2020), and three of three asymptomatic children by Han M. S. et al. (2020).
The pattern of small numbers of patients shedding virus for an extended period was also observed in SARS-CoV-1 (Leung et al., 2003; Peiris et al., 2003). As with assessments of the prevalence of diarrhoea, the programme of sampling significantly influenced the reported figures. Where investigators tested only once or twice in adult or mixed cohorts, SARS-CoV-2 RNA was reported in the faeces of 30/260 (11.5%) of patients. Where more intensive programmes of sampling were undertaken, RNA was detected in the faeces of 205/397 (57.8%) patients.
Association Between Diarrhoea and the Presence of SARS-CoV-2 in Faeces
Association between diarrhoea and the presence of viral RNA in stool has widely been taken as an indicator of active infection of the digestive tract, which would seem to increase the likelihood of viable virus in stools. Furthermore, the continued viability and aerosolisation of any virus may vary with the consistency of the stool, and so the concentrations anticipated in building drainage systems must be determined with reference to the characterisation of stool, and the virus within it.
Wei et al. (2020) reported that 18/26 (69.2%) and 10/58 (17.2%) of those with and without diarrhoea produced positive stool swabs respectively (p = 8 × 10−6–Fisher’s exact test), and that stool swabs were significantly more likely to remain positive for longer than pharyngeal swabs among patients with diarrhoea (6/26 (23.1%), 2/58 (3.4%); p = 0.01). A further two papers presented data on prevalence in patients with and without diarrhoea: Chen Y. et al. (2020) reported the detection of viral RNA in the stool of 6/7 (85.7%) patients with diarrhoea and 22/35 (62.6%) of those without (p = 0.39), and Wang X. et al. (2020) reported the detection of viral RNA in 5/12 (41.6%) of those with diarrhoea and 15/57 (28.3%) of those without (p = 0.31).
Bonetti et al. (2020) noted an association between diarrhoea and the concentration of viral RNA in positive samples, although the observed positive association was not statistically significant (p = 0.056). Similarly, Yin et al. (2020) reported that the mean cycle threshold of positive samples from patients with diarrhoea was 31.37, as compared to 36.09 from those without.
Virus has been detected directly in diarrhoea (Holshue et al., 2020), and in firm stool (Park et al., 2020; Wang W. et al., 2020).
Presence of Viable Virus in Faeces or Urine
In reviewing the presence of viable virus in samples, important evidence was found outwith the papers presented in the systematic review; this is a rapidly advancing field.
Chen X. et al. (2020) presented the case of a seven-year-old girl with diarrhoea alongside “classical” Covid symptoms, with “abundant” viable virus in her faeces, although no further details on this were given.
Wei et al. (2020) and Xiao et al. (2020b) report the existence of data not published in full elsewhere in the literature, showing the isolation of SARS-CoV-2 from stool. Wei et al. (2020) state that viable virus was found in the faeces of 19 patients. Xiao et al. (2020a) subsequently published a report showing the successful culture of SARS-CoV-2, from the stool of two of three patients selected for the presence of viral RNA by PCR, on Vero E6 cells. One of these patients was studied in more detail, and later stool samples did not yield culturable virus, even as viral RNA remained detectable.
Wang W. et al. (2020) tested stool samples from four patients, of which samples from two patients without diarrhoea were said to contain viable virus.
Kim et al. (2020) used a CaCo-2 cell line (ultimately of human colorectal epithelial origin) to attempt to culture SARS-CoV-2 from 13 stool and two urine, as well as nine serum samples, containing viral RNA. Virus could not be isolated from any of these samples.
Jeong et al. (2020) attempted virus isolation from faecal suspension and urine on ATCC CCL-81 cells, however the samples were found to be cytopathic. 2/2 patient urine samples (101.51 and 102.09/ml), and 1/1 patient faecal supernatant (faecal RNA concentration 102.18/ml, diluted by a factor of 10; all inocula 500 μl) appeared to induce “moderate increases in body temperature, rhinorrhoea and decreased activity at 4 dpi [days post-infection] which persisted until 6 dpi” in intranasally inoculated ferrets. Viral loads were detected in ferret nasal wash between 100.35–103.24/ml, with isolation on Vero cells successful only on those samples at ≥101.68/ml. The observed symptoms and viral loads in ferrets are consistent with previous work by the same team, which did include a negative control (Kim et al., 2020), however contrast with the asymptomatic infection of ferrets reported by Kutter et al. (2020) and Schlottau et al. (2020). The viral loads in patient samples here are much lower than those reported elsewhere, and those in ferrets are much lower than in Schlottau et al. (2020) and Shi et al. (2020).
SARS-CoV-2 in Aerosol
There has been much controversy over the labeling of Covid-19 as an airborne disease, although this is now generally accepted as an important mode of transmission. In many contexts the term “airborne” is suggestive of virions becoming aerosolised in the human respiratory tract, and remaining suspended and viable for many hours. This has been at the crux of much of the wider debate on the adoption of the term “airborne”, but has little bearing on the spread of SARS-CoV-2 through the building drainage system, and its designation as such in this context (Wilson et al., 2020; editorials in: CDC, 2020; Nature, 2020; WHO, 2020).
Liu Y. et al. (2020) measured viral RNA in droplets and aerosol in air sampled from two hospitals dedicated to the treatment of Covid patients. Viral RNA was detected in particles in all size ranges investigated, from <0.25 to >2.5 μm. The highest concentrations in patient areas were found in a WC, although the detection method employed here did not differentiate between particle sizes. This was an unventilated space, implying a local source for the droplets and aerosol detected, rather than transfer on building air flows. However, the lack of ventilation precludes comparison between the rate of particle generation here and in ventilated spaces.
van Doremalen et al. (2020) report that the half-life of viable SARS-CoV-2 in aerosolised tissue culture medium (Dulbecco’s modified Eagle’s medium; DMEM) is very similar to that of SARS-CoV-1. Particles of <5 μm were generated in a 3-jet Collison nebuliser and suspended in a Goldberg drum, wherein the half-life of SARS-CoV-1 was 1.18 h and that of SARS-CoV-2 was 1.09 h at 65% relative humidity (RH) and 21–23°C. However, under these experimental conditions, viable aerosolised SARS-CoV-2 was found at only one tenth the concentration of viable aerosolised SARS-CoV-1.
Smither et al. (2020) compared the aerosolisation and subsequent survival of SARS-CoV-2 (England-2 strain) in DMEM and simulated saliva. Aerosols of 1–3 μm were generated in a 3-jet Collison nebuliser and suspended in a dark Goldberg drum at RH 40–60% or 68–88%, at 19–22°C. The culture assay showed that the artificial saliva produced a density of viable aerosolised virus around ten times less than that of the DMEM [TCID50 of O (101) as opposed to O (102)/L], which was attributed to a lower particle generation rate rather than virus inactivation. The half-life of the virus in different media and at different humidities is presented in Table 1. Increased humidity was associated with diminished recovery of viable virus in aerosol in DMEM, but with increased recovery in simulated saliva.
TABLE 1 | Half-life of aerosolised SARS-CoV-2 under different conditions–data from Smither et al., 2020.
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The concentration of suspended matter in aerosol can be characterised by an Enrichment Factor (EF); where applied to the recovery of viable microorganisms, this has often been found to be greater than unity (Blanchard and Syzdek, 1970; Blanchard and Syzdek, 1972). Many microbes and viruses exhibit surface-active effects. This leads to the accumulation of waterborne microbes at the liquid interface, including that at the surface of bubbles passing through the liquid and adjacent to suspended solids. The EF of bacteria has been observed to vary between droplets within a population, depending on their mode of formation; between different organisms, and between different strains of the same organism; and with the presence of other impurities in the water; interaction effects have also been noted between these factors (Blanchard, 1978; Blanchard and Syzdek, 1978; Baron and Willeke, 1986). Further influences include the generation fluid, the temperature, and the humidity, and radiation (Kim et al., 2007). Whereas much of this research has been conducted with aerosol generated by bubbles, other relevant modes of droplet production include spraying, and droplet breakup and impaction (Xu and Weisel, 2005). The partition of microbes and other contaminants by these modes has not been well described, and the contribution of each mode within the building drainage system is not known.
Many researchers have identified interacting factors which influence the tendency of viruses to flocculate or coagulate, including the nature of other solids present in suspension, the ionic strength and pH of the suspension, and the size of the virion (Xagoraraki et al., 2020). Additionally, increasing hydrophobicity–associated with lipid shells–increases the tendency of viruses to adsorb to solid substrates (Kinoshita et al., 1993). These effects are likely to play a role in the formation of bioaerosols, and their subsequent transport and ongoing viability, however this remains poorly characterized (Lin and Marr, 2017). SARS-CoV-2 virions are spherical, of 70–90 nm diameter (Kumar et al., 2020).
Pathogen Aerosolisation (Observed)
The role of the building drainage wastewater system as a pathway for disease transmission is supported by a body of evidence for the creation and diffusion of bioaerosols at and from sanitary fittings. WCs have attracted particular attention.
Gerba et al. (1975) studied the isolation of MS2 (c. 27 nm dia., unenveloped), poliovirus [c. 30 nm; unenveloped (Romero and Modlin, 2015)], and Escherichia coli [rods; 1.1–1.5 × 2.0–6.0 μm, often paired; often with flagella, multifarious fimbriae especially common in pathogenic strains (Scheutz and Strockbine, 2015)], from flushing WCs. All of these were recovered from gauze covering the WC bowl, and from exposed plates on bathroom surfaces. The form of the inoculum—culture, homogenised stool, or stool “pellet”—was found to exert little influence on the recovery of bacteria. This finding replicated that of Newsom (1972), working with a range of bacteria.
Barker and Jones (2005) used a single-stage impactor to detect viable MS2 and Serratia marcescens [rods; 0.5–0.8 × 0.9–2.0 μm; usually with flagella (Grimont and Grimont, 2015a)] in the air following a toilet flush; both were selected partially for their good environmental stability. c. 1010 MS2 virions or cells in a semisolid agar were seeded onto the exposed surfaces of a WC. Following flushing of the WC, viable MS2 was recovered from the air at 2420 PFU/m3 after 1 min, 178 PFU/m3 after 30 min, and 27 PFU/m3 after 60 min, and culturable bacteria at around half that concentration. The reduction in the airborne bacteria with subsequent flushes was between 2.4 and 3.9 times, while bacteria retrieved from the toilet surfaces and water diminished by around two orders of magnitude per flush. This could be attributable to and illustrative of the enrichment of aerosol, although effects relating to the adsorption and elution of bacteria are also possible. Single-stage impactors are typically inefficient below around 4 μm, although this is less problematic when working with bacteria than with viruses. They were also used to demonstrate the diffusion by toilets of Salmonella enteritidis [rods; 0.7–1.5 × 2.0–5.0 μm; with flagella (Popoff and le Minor, 2015)] from a relatively inviscid inoculum (Barker and Bloomfield, 2000), and Clostridium difficile [rods; 0.5–1.9 × 3.0–16.9 μm, sometimes chained; typically with flagella (Rainey et al., 2015)] from faecal suspension (Best et al., 2012), the latter up to 90 min post-flush.
Moore et al. (2015) demonstrated the recovery of aerosolised MS2 from above a home spa. Given a concentration of 27,000 PFU/cm3 in the pool water, 528 PFU/m3 were present 10 cm above the pool edge; mean concentrations taken at sampling points ≥25 cm hence horizontally and/or 90 cm vertically, were no more than 11 PFU/m3.
Gormley et al. (2017) modelled the spread of a pathogen through a building drainage system using Pseudomonas putida [typically rods; typically c. 5 μm long; >1 flagellum (Palleroni, 2015)]. The inoculum was disseminated by a simulated toilet flush into the ground floor level of a two-storey test rig constructed in accordance with (BS EN 12056-2, 2000), and air flow was induced by a typical extract fan from a chamber at the level of the first floor. Viable organism was retrieved from the air in the test chamber using a single stage impactor, and cultured from the interior surfaces of the dry WC.
Newsom (1972) compared the aerosolisation by flushing toilets of several strains of bacteria; the numbers of CFUs per unit air sampled were highest for Achromobacter [rods 0.8–1.2 × 2.5–3.0 µm; 1–20 flagella (Busse and Auling, 2015)] and Pseudomonas spp. [rods, 0.5–1.0 × 1.5–5.0 µm; fimbriae more common in pathogenic strains; typically ≥1 flagellum (Palleroni, 2015)], intermediate for Enterobacter cloacae [rods; 0.6–1.0 × 1.2–3.0 μm; fimbriae more common in pathogenic strains; 4–6 flagella (Grimont and Grimont, 2015b)], Proteus spp. [rods, 0.4–0.8 × 1.0–3.0 μm; fimbriae common, sometimes involved in pathogenesis; typically ≥1 flagellum (Penner, 2015)], and Shigella sonnei [rods; 1–3 × 0.7–1.0 μm; nonmotile (Strockbine and Maurelli, 2015)], and lowest for E. coli, Klebsiella pneumoniae [rods; 0.3–1.0 × 0.6–6.0 μm; often paired or in short chains; hydrophilic capsule, sometimes with fimbriae, nonmotile (Grimont and Grimont, 2015c)], Salmonella typhimurium (as S. enteritidis), and Serratia spp. (as S. marcescens).
Lai et al. (2018) reported much higher EFs from a toilet flush for Staphylococcus epidermis (spherical, 0.96 μm, nonmotile) than for Escherichia coli and Pseudomonas alcaligenes; the authors suggested that the latters’ larger size may have been responsible for this. Their experiments with each bacterium encompassed a range of initial concentrations, and demonstrated an inverse association between initial concentration and EF in nine of ten datasets presented.
Work with viruses has been more limited. The influence of surface-active effects was demonstrated by Morrow (1969), who showed that the accumulation of foot-and-mouth-disease virus (c. 25 nm, non-enveloped) at the air-water interface could be driven by bubble generation. Baylor et al. (1977) showed the aerosolisation of TS2 and TS4 bacteriophages (both protein-sheathed) on jet droplets, with EF around 50. In Gerba et al. (1975), the bioaerosols generated by toilet flushing contained more culturable units of poliovirus than E. coli under the same conditions, even though the number of E. coli seeded into the toilet was greater. Fischer et al. (2016) found that different strains of Zaire ebolavirus formed viable bioaerosols at differing rates. Kim et al. (2007) found that the recovery of Transmissible Gastroenteritis Virus, an α-coronavirus around 100 nm diameter (Salanueva et al., 1999; Escors et al., 2001) was minimally sensitive to nebuliser design and pressure, suggesting that physical stresses do not significantly degrade viruses during the aerosolisation process in this context. The recovery of viable bioaerosols decreased with increasing relative humidity.
Lin and Marr (2017) showed modest levels of viable bioaerosol generation at converging near-horizontal pipes using bacteriophages MS2 and Phi6 (c. 75 nm dia.; lipid envelope) in digested sewage sludge. The rate of isolation of Phi6 from the air was two orders of magnitude less than that of MS2 in both tests conducted, given the same concentration in the bulk liquid. When tested in a Collison nebuliser, the number of bioaerosols generated varied only by a factor of two.
Aerosol Generation and Size Distributions
In Lin and Marr (2017), the peak aerosol concentrations were in the region 0.03–0.3 μm, across converging near-horizontal pipes, a model aeration basin, and toilet plume. Similarly, Lai et al. (2018), investigating four different toilet flushes, reported that in all cases most particles were of diameter less than 0.6 μm, given a minimum size for detection of 0.3 μm.
Baron and Willeke (1986) measured the particles above the surface of a spa whirlpool under different operating conditions, in the range 0.7–16 μm. The particle concentration increased sharply toward the lower limit of detection, at 0.7 μm whether the pool was on or off, and at a range of water temperatures. No particles above 9 μm were detected, and in all cases at least 90% of particles were of diameter <4 μm. This finding was replicated by Moore et al. (2015).
Xu and Weisel, (2005) used an optical particle sampler sensitive down to 0.1 μm to measure the aerosols present during a hot shower, at breathing height. Particles between 0.1 and 0.3 μm initially comprised around 60% of those detected, rising to and stabilising at around 75% from the second minute of the 10-min shower. Zhou et al. (2007) also investigated particles in the in-shower breathing zone, using an erodynamic particle sampler stated to have been effective for erodynamic diameters of 1–30 μm. Their shower contained a mannequin, and was tested with hot and cool water, and with three different shower heads associated with different flow rates. The emphasis of this study was on mass fraction, and no particles below 1.8 μm were reported using warm water. The use of cold water reduced the total mass of particles recovered, however a much greater proportion was associated with smaller aerosol, which were reported down to diameters of 0.5 μm; median particle diameters were around 1 μm diameter, with 90% of particles below 2 μm. In all cases, more particles were generated at higher flow rates. As in Xu and Weisel (2005), the distribution of particle sizes varied little during a 10 min experiment.
Gormley et al. (2020b) produced the only known result in the literature documenting the size of airborne particles within a model building drainage system, down to a lower limit of detection of 0.5 μm. In all presented datasets, the peak concentration occurred below 1 μm, with a dropoff at the lower end of this scale. They were able to demonstrate the transit of viable Pseudomonas putida the equivalent of one storey, taking from 48 to 155 s under the same configuration as in Gormley et al. (2017).
It must be noted that in the foregoing, populations of particles below the limits of detection could play an important role in the transmission of virions of the order of 10 nm, if present in sufficient concentrations.
Gormley et al. (2014) demonstrated the transit of a smoke particle tracer through the drainage system of a house under naturally occurring conditions, with a simulated trap failure. Hung et al. (2006) showed that sulphur hexafluoride tracer gas was drawn up through the building drainage system of a building similar to Amoy Gardens by a domestic extract fan, rising eleven storeys in 3 min. They further demonstrated that the tracer was entrained by water flowing down the stack, and could be driven through a depleted trap near the base of the stack where an offset in the pipework contributed to positive pressure generation.
Conditions in Building Drainage Systems
Gormley et al. (2013) investigated the conditions in a hospital drainage stack in Scotland and found temperatures of around 24°C, with relative humidity at or very near to 100%. Transitory air flows in both directions were observed at the top of the stack, with upwards flow in one stack perhaps driven by air entrainment in an adjacent stack, this suggesting another, unsteady-state mechanism by which aerosol might be driven upwards through drainage systems. Conditions in the stack were broadly constant over the course of 1 week, and a literature review identified studies of conditions in sewers, which suggested little variation globally. However, this review identified a lack of data on conditions within the BDS, where many factors might influence the conditions between and even within different buildings. For example, in contrast with the stack examined here, that at Amoy Gardens was external to the building, and under the generally accepted failure conditions, would have been drawing large volumes of air in from indoors (Jack et al., 2006).
Mitigation–Regulation and Practice
American, European and British regulation have historically been written to avoid the loss of trap seals due to siphonage or blowout (Swaffield et al., 2005a); evaporation is often afforded less attention (CIBSE, 2014: Guide G; BS EN 12056-2, 2000), or ignored (Department of Health (UK), 2013). Evaporation is not mentioned in the main text of BS:EN 12056, however the National Annex cites the risk of evaporation specifically from floor gullies, suggesting that they should only be sited where they would be adequately replenished. These documents also seem to understate the risk attendant on trap failure, referring not to the spread of pathogens but to “odours”, “vapours”, and “foul air”, framing the integrity of traps as a matter of comfort rather than life safety. The Health Building Note HBN 00-09: Infection Control in the Built Environment (Department of Health (UK), 2013), addressing the spread of pathogens via other building services, cites risks from bacteria and protists in the water supply; no mention whatsoever is made of viruses.
Given the state of the knowledge on the spread of pathogens via the BDS, there are several simple, established technologies which seem likely to effectively mitigate this risk, particularly with the development of a more amenable regulatory environment.
Early BDS were generally “two-pipe” systems, with separate stacks and ventilation for the disposal of blackwater (that containing human excreta), and greywater (e.g. from sinks and baths) (Swaffield et al., 2005b). One-pipe systems were generally adopted from the mid-20th century for reasons of economy, but two-pipe systems are acknowledged as an acceptable configuration in BS:EN 12056, and remain in use in many older buildings. Two-pipe systems are however proscribed in some jurisdictions.
Hung et al. (2006) noted the widespread practice of using one trap to service multiple appliances in Hong Kong; this arrangement can conveniently be retrofitted where regulations permit, as was seen in the aftermath of the Amoy Gardens outbreak. Typically, all the greywater fittings within a bathroom are connected to the same trap, which consequently is replenished by the use of any of the appliances. Low-evaporation floor drain traps have also been developed, which retain the intended functionality of conventional floor drain traps given infrequent use (Chan et al., 2008).
There are also now waterless traps, typically consisting of a silicone sheath which opens under the weight of wastewater, or in response to negative air pressure in the drainage system (Swaffield et al., 2005a); these have found extensive use in practice (Gormley and Beattie, 2010; Gormley et al., 2017). However, their function is not regulated by any standard, which may decrease confidence in their adoption; they are also vulnerable to blockage by solid matter (CIBSE, 2014). The main text of BS:EN 12056 specifies that appliances must be fitted with a “trap”, defined as a “device that prevents the passage of foul air by means of a water seal”; however, the National Annex suggests their use particularly in floor gullies in closely controlled environments where their condition can be adequately monitored. This raises a legitimate concern about their use in domestic environments. Furthermore, it is not clear whether this permits common trapping as described in Hung et al. (2006); this is generally avoided in practice in Europe.
CIBSE (2014) suggests the use of self-replenishing traps for condensate drains, which are liable to dry out over long periods of inactivity. BS EN 12056-2 (2000) provides for the use of stub stacks, which can help to avoid trap blowout due to large pressures in the drainage stacks of tall buildings.
The risk of trap blowout due to transient pressure waves caused by the sudden interruption of air flows, such as by backup, water curtain formation, or branch discharge into the stack, can be mitigated by attenuating the pressure waves. (Swaffield et al., 2005a, Swaffield et al., 2005b) developed a positive air pressure transient attenuator (PAPA) for this purpose, the use of which has been demonstrated experimentally and in the field. Kelly et al. (2008) demonstrated the use of pressure waves as relatively low-amplitude vibrations to identify vacant trap seals on a BDS.
CONCLUSION
Although the prevalence of diarrhoea in SARS-CoV-2 is less than that in SARS-CoV-1, there are nevertheless a large number of patients in the community who develop gastrointestinal symptoms, some of whom may never be recognised as having Covid-19. Viral RNA in stool may persist for weeks or months, however it is most abundant around the second week of illness. Concentrations are probably similar to those found in SARS-CoV-1, although the difficulties of quantification mean that comparisons to historical data must be drawn with caution. Culturable virus was less persistent. Many groups of patients with pre-existing conditions were more likely to develop diarrhoea with Covid 19, however no evidence could be found comparing the prevalence and concentration of virus detectable by PCR or culturable from faecal matter. Although diarrhoea has generally been cited as a causative factor in the SARS-CoV-1 outbreak at Amoy Gardens, several investigators have shown that the aerosolisation of viable bacteria in toilet plumes occurs at similar rates from solid stool; there is no comparable evidence from within the BDS.
Limited data suggest that SARS-CoV-2 aerosolises less readily than SARS-CoV-1 in a Collison nebuliser, and the ongoing viability of those aerosols remains poorly characterised. Existing evidence has been gathered in a controlled laboratory setting, and while building drainage systems are persistently warm, damp and dark, other factors such as the gases, solutes, fluids and suspended solids present may also play a decisive role in bioaerosol formation and inactivation; it must also be noted that existing evidence has been gathered over the course of hours, whereas bioaerosols can transit the BDS in a matter of minutes.
Although existing evidence of virus transmission through the building drainage system pertains mostly to particles of above 5 μm, this appears to be due to limitations in the experimental methods employed. The generation of finer aerosol from sanitary and wastewater has been demonstrated from appliances and in “ex-building” wastewater transport and treatment. Independently, viable SARS-CoV-2 bioaerosols (≤5 μm) have been demonstrated, including from aqueous suspension in a nebuliser, and viral RNA has been detected on aerosol in the submicrometre range.
The available evidence would support the possibility of SARS-CoV-2 transmission through building drainage systems, however significant gaps in the research remain. The generation of viral bioaerosols has been demonstrated from many water appliances, and in a model sewer, by a range of mechanisms. Similarly, the generation and transport of bacterial bioaerosols has been demonstrated in a model building drainage system. No attempt has been found to generate viral bioaerosols in this context, but the available evidence from related studies suggests that this is likely to be possible. There are however important factors which are inadequately addressed by the existing literature. Notably, the enrichment factor of bioaerosols has been shown to be influenced by the choice of organism, the mode of droplet creation, and the presence of impurities in the water. In addition, much of the existing research has relied on sampling techniques which omit or under-report fine bioaerosols, particularly in the submicron range. The role of diarrhoea in virus aerosolisation and disease transmission also merits closer attention.
There is now at least one outbreak of Covid 19 which, like the Amoy Gardens outbreak of SARS-CoV-1, can only plausibly be explained by transmission via the building drainage system. There exist a range of inexpensive mitigation measures which are suitable for new-build projects and retrofitting, however their adoption is often overlooked, or even impeded, due to regulation which is contradictory, outdated and varies even within nations.
Without developing a better understanding of the underlying processes, it is impossible to say how widespread this mode of transmission might be, from Covid 19, from other viruses, and from other classes of pathogen, and what measures might best mitigate the risks from each of these. What is clear in the residential sphere at least, is that designers must take a thoughtful approach which recognises the unpredictable behaviour of building occupants, and that the regulatory environment must both facilitate and require this.
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