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Abstract


Background: Health care systems in the United States are continuously expanding and contracting spaces to treat patients with coronavirus disease 2019 (COVID-19) in intensive care units (ICUs). As a result, hospitals must effectively decontaminate and contain severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in constructed and deconstructed ICUs that care for patients with COVID-19. We assessed decontamination of a COVID-19 ICU and examined the containment efficacy of combined contact and droplet precautions in creating and maintaining a SARS-CoV-2–negative ICU “antechamber”. Methods: To examine the efficacy of chemical decontamination, we used high-density, semi-quantitative environmental sampling to detect SARS-CoV-2 on surfaces in a COVID-19 ICU and COVID-19 ICU antechamber. Quantitative real-time polymerase chain reaction was used to measure viral RNA on surfaces. Viral location mapping revealed the distribution of viral RNA in the COVID-19 ICU and COVID-19 ICU antechamber. Results were further assessed using loop-mediated isothermal amplification. Results: We collected 224 surface samples pre-decontamination and 193 samples post-decontamination from a COVID-19 ICU and adjoining COVID-19 ICU antechamber. We found that 46% of antechamber objects were positive for SARS-CoV-2 pre-decontamination despite the construction of a swinging door barrier system, implementation of contact precautions, and installation of high-efficiency particulate air filters. The object positivity rate reduced to 32.1% and viral particle rate reduced by 95.4% following decontamination. Matched items had an average of 432.2 ± 2729 viral copies/cm2 pre-decontamination and 19.2 ± 118 viral copies/cm2 post-decontamination, demonstrating significantly reduced viral surface distribution (p < 0.0001). Conclusions: Environmental sampling is an effective method for evaluating decontamination protocols and validating measures used to contain SARS-CoV-2 viral particles. While chemical decontamination effectively removes detectable viral RNA from surfaces, our approach to droplet/contact containment with an antechamber was not highly effective. These data suggest that hospitals should plan for the potential of aerosolized virions when creating strategies to contain SARS-CoV-2.
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1. Introduction


The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has had a major impact on economies and lives across the globe. Almost 30 million people have been confirmed to have coronavirus disease 2019 (COVID-19), and nearly 2.5 million people have died from the disease globally [1].



Initial surges of SARS-CoV-2 infections required hospitals to rapidly expand intensive care units (ICUs) dedicated to caring for patients with COVID-19, hereafter referred to as “COVID-19 ICUs”. These expansions have ranged from adapting pre-existing units into COVID-19 ICUs to constructing de novo COVID-19 treatment centers. As some states continue to battle surges in COVID-19, others have either maintained or seen a decline in cases, allowing them to reconvert adapted COVID-19 ICUs to their original function. This essential process allows hospitals to return to pre-pandemic levels of patient care and economic stability, as there was a drastic decrease in both hospital admissions and elective procedures during the initial COVID-19 surge [2,3].



As these facilities expand and contract, hospitals must maintain treatment areas free of SARS-CoV-2. However, efforts to inhibit spread of SARS-CoV-2 viral particles across hospital spaces have not been entirely successful [4,5]. Infected patients can spread SARS-CoV-2 and contaminate their surroundings mainly through respiratory droplet dispersion [6,7], although fecal shedding [8] and aerosolization [9,10] have also been reported. In COVID-19 ICUs, the risk of environmental contamination is exacerbated by commonly used aerosolizing practices and procedures, including endotracheal intubation, cardiopulmonary resuscitation, ventilation, and tracheotomies [11,12,13,14]. In addition, SARS-CoV-2 viral particles can persist on surfaces for up to 9 days with fomite-dependent half-lives ranging from 2.3–17.9 h on stainless steel, plastic, and nitriles—all surfaces commonly found in hospitals [15,16]. The potentially high infectivity of COVID-19 has generated uncertainty regarding how to manage patients diagnosed with COVID-19 while preventing in-hospital and intra-departmental dissemination of SARS-CoV-2 viral particles. Thus, hospitals must demonstrate that their stringent viral containment and decontamination strategies create facilities free from SARS-CoV-2.



At Northwell Health, the largest integrated health care system in New York state, we rapidly constructed COVID-19 ICUs during the initial wave of infections that made New York City an epicenter in the pandemic. Within a few weeks, the North Shore University Hospital, part of the Northwell Health System, expanded from 85 adult ICU beds to 166 ICU beds. Of these, 23 were located in the previously designated Cardiac Short Stay Unit (CSSU). To minimize droplet and contact spread from patient-care zones, we constructed a COVID-19 ICU “antechamber” that served as an entrance and exit for the COVID-19 ICU. This antechamber was created to maintain a location free of SARS-CoV-2 where providers treating critically ill patients in the COVID-19 ICU could safely don and doff personal protective equipment, perform electronic medical charting, and consume food and beverage. These antechambers contained contact precautions, barrier precautions, and high-efficiency particulate air (HEPA) filters to prevent SARS-CoV-2 dissemination.



In this study, we aimed to validate decontamination of the COVID-19 ICU and associated antechamber per World Health Organization (WHO) guidelines by measuring viral copies of SARS-CoV-2 in environmental samples collected from both areas of the former CSSU [17]. Additionally, we examined whether the antechamber with droplet and contact containment strategies effectively created a SARS-CoV-2–negative zone. While there remains no current reproducible gold-standard for assessing environmental infectivity, the assessment presented here provides valuable insight on SARS-CoV-2 virion spread as well as barrier and decontamination efficacy.




2. Materials and Methods


2.1. Description of the COVID-19 ICU


The North Shore University Hospital CSSU was converted to a COVID-19 ICU to treat patients diagnosed with COVID-19. The original unit architecture included 3 provider workstations, 2 bathrooms, and space for 26 beds. The adapted COVID-19 ICU was an open, non-negative pressure unit that contained 1 provider workstation, 2 bathrooms, and 21 beds. The adjoining COVID-19 ICU antechamber contained 2 workstations protected by a contiguous metal barrier with plexiglass dividers, HEPA air-filters, and 2 swinging doors that allowed entrance to patient care. At the time of pre-decontamination sampling, 14 patients with COVID-19 were being actively treated in the COVID-19 ICU, in comparison to 0 patients present immediately post-decontamination during repeat sampling.




2.2. Decontamination Procedure


Standard chemical decontamination was performed by trained hospital cleaning staff and included the use of hydrogen peroxide Oxivir wipes (Diversey Global, Fort Mill, SC, USA) for general surfaces, ammonium chloride–based solutions (Virex II 256) for flooring, and ammonium chloride–based wipes (Chlorox) for bathroom surfaces.




2.3. Sample Processing


Pre-decontamination sampling occurred on 8 May 2020. Post-decontamination sampling occurred on 20 May 2020, 1 day after decontamination. Before sampling, polyester-tipped swabs (Isohelix) were pre-soaked in DNA/RNA Shield (Zymo Research, Irvine, CA, USA) for 1 min. These swabs were used to sample surfaces manually using consistent pressure for a timed 2-min period and then stored in prefilled vials containing 400 µL DNA/RNA Shield at 4 °C. Samples underwent viral RNA isolation and purification using the QIAamp Viral RNA Isolation Kit (Qiagen, Germantown, MD, USA).




2.4. Viral Load Analysis


Viral loads of samples were assessed with 1-step semi-quantitative reverse transcription polymerase chain reaction (qRT-PCR) using TaqPath 1-Step qRT-PCR Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) on the LightCycler® 480 System (Roche Diagnostics, Indianapolis, IN, USA). Samples were run in triplicate for each of the N1 and N2 primers and probes (Integrated DNA Technologies, Coralville, IA, USA) recommended by the Centers for Disease Control and Prevention. Quantification of viral RNA copies was accomplished using averaged N1 Ct values generated from a standard curve of known serial dilutions of SARS-CoV-2 N-gene-containing plasmid (2019-nCoV_N_Positive Control).



To calculate viral surface density, copy number was divided by the collection surface area. A minimum of 4 Ct values less than 38 was required for a sample to be considered positive.




2.5. Loop-Mediated Isothermal Amplification Assay


Loop-mediated isothermal amplification (LAMP) assays were performed using WarmStart® LAMP Kit (DNA and RNA) (New England Biolabs, Ipswich, MA, USA), according to the manufacturer’s protocol. N-gene LAMP primer sequences were kindly provided by Nathan Tanner (New England Biolabs, Ipswich, MA, USA). Primers were ordered from Integrated DNA Technologies, with high-performance liquid chromatography purification specified for the forward and backward inner primer oligos. Reactions were supplemented with guanidine chloride to a final concentration of 40 mM [18]. Fluorescence was recorded using the LightCycler® 480 System (Roche Diagnostics, Indianapolis, IN, USA).




2.6. Statistical Analysis


Viral load distribution pre- and post-decontamination was assessed using paired t-tests and Mann–Whitney U test. LAMP correlation was determined using linear regression. A Wilcoxon signed-rank test compared the efficacy of decontamination on matched samples.





3. Results


On 8 May 2020, we collected 224 samples from the COVID-19 ICU while it cared for patients with COVID-19 (pre-decontamination). On 20 May 2020, we collected another 193 samples after decontamination protocols were enacted to return the COVID-19 ICU to a non-COVID-19 CSSU (post-decontamination). Samples were collected from pre-specified objects within the COVID-19 ICU and COVID-19 ICU antechamber, including patient treatment areas, workstations, and bathrooms (Table 1). When possible, the same objects in each location were evaluated for viral surface distribution pre- and post-decontamination.



Implementation of standard chemical decontamination techniques per WHO recommendations significantly reduced viral loads throughout the CSSU (Figure 1).



We found that 57.6% (129/224) of samples carried quantifiable virus pre-decontamination compared to 23.3% (45/193) post-decontamination. More than 50% of objects near patients with COVID-19 had detectable levels of SARS-CoV-2 pre-decontamination that were reduced post-decontamination (Table 1). In the antechamber, 46% of sampled objects tested positive for SARS-CoV-2 viral RNA pre-decontamination, which reduced to 32.1% post-decontamination (Table 1). Object positivity-negativity was determined via the cutoff of a minimum of 4 Ct values less than 38 for consideration as a “positive object”. Significance of changes of overall object positivity in each treatment area were then determined using the Mann–Whitney U Test (p < 0.05). Calculated p values were as follows: significant differences were found in the treatment area (p < 0.00001) and workstation-treatment area (p < 0.00914) with no significant difference in the workstation-antechamber (p < 0.1814) and bathroom-treatment area (p < 0.3557).



Pre-decontamination objects carried viral loads between 10 and 100 viral copies/cm2, whereas post-decontamination objects predominately carried loads between 0 and 1 viral copies/cm2 (Figure 2A). In addition, when matched items were assessed, the viral surface distribution pre-decontamination (mean: 432.2 ± 2729 viral copies/cm2, interquartile range [IQR] 19.8) was significantly reduced by 95.6% post-decontamination (mean: 19.2 ± 118 viral copies/cm2, IQR 1.95) (p < 0.0001) (Figure 2B).



Interestingly, there was no significant difference between viral loads in the antechamber (3.79 ± 4.2 viral copies/cm2) and treatment areas (9.06 ± 14.61 viral copies/cm2) pre-decontamination (p = 0.346). Most items carried viral loads between 1 and 10 viral copies/cm2 both pre- and post-decontamination (Table 2). The highest viral loads were found on doorknobs to enter antechamber workstations. Furthermore, the plexiglass barricade separating providers from treatment areas tested positive for SARS-CoV-2 RNA on both the protected-provider side and the patient-treatment side. Post-decontamination, the number of items contaminated in all workstations was reduced. While most surfaces that were positive post-decontamination had viral loads of 0 to 10 viral copies/cm2, doorknobs and keyboards remained positive with 10 to 100 viral copies/cm2. This latter finding illustrates the critical importance of identifying potential failures in decontamination with special attention paid to objects known to have increased physical contact with viral carriers (e.g., doorknobs, keyboards).



Bathrooms were negative for any viral positivity pre-decontamination. Post-decontamination, toilet flush handles tested positive (Table 1).



We used semi-quantitative LAMP to validate qRT-PCR viral quantification for 160 samples (80 pre-decontamination and 80 post-decontamination). The qRT-PCR results positively correlated with LAMP results (regression Y = 0.1807X + 29.68) (Figure 3).




4. Discussion


In this study, we provide the first environmental assessment of the effectiveness of SARS-CoV-2 decontamination in a COVID-19 ICU and COVID-19 ICU antechamber. From our data, we generated a before-and-after heatmap demonstrating the quantity and location of SARS-CoV-2 viral RNA on high-risk fomites pre- and post-decontamination (Figure 1). These data illustrate that standard chemical decontamination per WHO guidelines effectively removes SARS-CoV-2 viral RNA from surfaces in a hospital environment [17]. It also indicates that a COVID-19 ICU antechamber was ultimately unsuccessful at containing contamination, implicating that droplet precautions, HEPA air filters, and contact safeguards may not sufficiently mitigate the spread of SARS-CoV-2.



Initially, methods of SARS-CoV-2 transmission were hotly debated. While early studies predominantly focused on the potential for droplet transmission, recent literature supports aerosol transmission [6,19,20]. The antechamber sampled in this study had interventions in place to limit droplet dispersion. However, our results demonstrate no significant differences in viral distribution between the antechamber and the COVID-19 ICU. We found that the number of viral particles were nearly equal on both sides of plexiglass dividers, which suggests failure of the antechamber containment setup and a potential spread of viral particles via aerosolization rather than sole air droplet transmission. This finding supports that hospitals need to at least consider utilizing aerosol-based strategies in addition to droplet- and contact-based strategies for containment of SARS-CoV-2 particles.



The fomites we detected and characterized are consistent with previous studies that collected environmental samples. Nebraska Medical Center implemented intermittent sampling of medical floors and isolation rooms. They identified several high-risk fomites, including surface samples, such as room surfaces and toilets, as well as high- and low-volume air samples [19]. In addition, a hospital in Wuhan, China used viral mapping to demonstrate contamination of surfaces in the ICU [21]. Our heatmap demonstrates the efficacy of standard chemical techniques in decontaminating surfaces exposed to SARS-CoV-2 in a hospital setting. The literature has also described alternative methods for SARS-CoV-2 elimination, including high-intensity ultraviolet light, ozone gas, and other decontamination agents for surface, droplet-borne, and aerosolized SARS-CoV-2 [22,23,24,25]. However, research is only now beginning to emerge with regard to their application as a widespread, standardized replacement for current chemical methods and should continue to be investigated [26].



As society attempts to reopen amid waves of viral resurgence, we need techniques capable of widespread viral monitoring and validating decontamination. We further supported the validity of our qRT-PCR results using fluorescent-based, semi-quantitative LAMP. Our previous work showed that LAMP has similar sensitivity to qRT-PCR and reduces the processing time to less than 30 min [27,28,29]. LAMP results can also be visualized using colorimetric assays, including fluorescent dyes that allow for semi-quantitative analysis of viral load in each sample. Our data support that LAMP is a potential alternative to qRT-PCR for rapidly processing and detecting SARS-CoV-2 [30,31].



This study had several limitations. While we present detailed data on viral copy numbers and heat maps of viral distribution, we did not conduct infectivity assays. So far, there has been no direct correlation shown between Ct values from SARS-CoV-2 environmental surface or air samples and sample infectivity. However, recent studies used patient samples to examine the ability of Ct values to predict infectivity. These studies showed an odds ratio for positive viral culture of 0.64 for every 1 unit increase in Ct value, with no infectivity detected in samples with a Ct value greater than 24 [32]. Other studies using patient samples demonstrated correlations between infectivity and duration of infection but no significant correlation with Ct value [33]. Future work analyzing environmental SARS-CoV-2 samples should perform similar studies to assess relationships between viral genomic copy number and infectivity. In addition, although surfaces were sampled and measured following standard protocols to minimize error, some variability in surface collection occurred due to inherent irregularity of surfaces. Air sampling for SARS-CoV-2 was performed; however, the results were inconclusive for viral positivity and thus not included in this study.




5. Conclusions


In summary, we established the utility of environmental sampling in objectively assessing the WHO-recommended decontamination procedures used by hospitals to disinfect COVID-19 ICUs and prevent the dissemination of SARS-CoV-2. It is increasingly apparent that the three arms of SARS-CoV-2 dissemination—direct-contact transmission, droplet-containing virions, and aerosolized-viral particles—must all be targeted to effectively control the continued spread of SARS-CoV-2 infection. Future studies should compare the efficacy of various combinations of interventions in mitigating the dispersion of SARS-CoV-2.







Author Contributions


Conceptualization, Z.B., C.E.K.; methodology, M.H.G.; formal analysis, J.M.; investigation, R.C.F.P., A.F.; writing—original draft preparation, Z.B.; writing—review and editing, C.E.K., K.W.D.; project administration, L.B.B., L.T., M.G., C.M.; All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants R24AG064191 from the National Institute on Aging of the National Institutes of Health and R01LM012836 from the National Library of Medicine of the National Institutes of Health. The funders had no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; or decision to submit the manuscript for publication. The views expressed in this paper are those of the authors and do not represent the views of the National Institutes of Health, the United States Department of Health and Human Services, or any other government entity.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data availability statement


The data that support the findings of this study are available on request from lance.becker@northwell.edu.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



World Health Organization. WHO Coronavirus Disease (COVID-19) Dashboard; World Health Organization: Geneva, Switzerland, 2020; Available online: https://covid19.who.int/ (accessed on 10 September 2020).

	



Xu, S.; Li, Y. Beware of the second wave of COVID-19. Lancet 2020, 395, 1321–1322. [Google Scholar] [CrossRef] [Scilit]

	



Hartnett, K.; Kite-Powell, A.; DeVies, J.; Coletta, M.A.; Boehmer, T.K.; Adjemian, J.; Gundlapalli, A.V. Impact of the COVID-19 Pandemic on Emergency Department Visits-United States, January 1, 2019–May 30, 2020. Morb. Mortal. Wkly. Rep. 2020, 69, 699–704. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gan, W.H.; Lim, J.W.; Koh, D. Preventing Intra-hospital Infection and Transmission of Coronavirus Disease 2019 in Health-care Workers. Saf. Health Work 2020, 11, 241–243. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Belingheri, M.; Paladino, M.; Riva, M. Beyond the assistance: additional exposure situations to COVID-19 for healthcare workers. J. Hosp. Infect. 2020, 105, 353. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Morawska, L.; Cao, J. Airborne transmission of SARS-CoV-2: The world should face the reality. Environ. Int. 2020, 139, 105730. [Google Scholar] [CrossRef] [Scilit]

	



World Health Organization. Modes of Transmission of Virus Causing COVID-19: Implications for IPC Precaution Recommendations; World Health Organization: Geneva, Switzerland, 2020; Available online: https://apps.who.int/iris/bitstream/handle/10665/331601/WHO-2019-nCoV-Sci_Brief-Transmission_modes-2020.1-eng.pdf (accessed on 30 May 2020).

	



Gu, J.; Han, B.; Wang, J. COVID-19: Gastrointestinal Manifestations and Potential Fecal–Oral Transmission. Gastroenterology 2020, 158, 1518–1519. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Guo, Z.-D.; Wang, Z.-Y.; Zhang, S.-F.; Li, X.; Li, L.; Li, C.; Cui, Y.; Fu, R.-B.; Dong, Y.-Z.; Chi, X.-Y.; et al. Aerosol and Surface Distribution of Severe Acute Respiratory Syndrome Coronavirus 2 in Hospital Wards, Wuhan, China, 2020. Emerg. Infect. Dis. 2020, 26, 1583–1591. [Google Scholar] [CrossRef] [Scilit]

	



Liu, Y.; Ning, Z.; Chen, Y.; Guo, M.; Liu, Y.; Gali, N.K.; Sun, L.; Duan, Y.; Cai, J.; Westerdahl, D.; et al. Aerodynamic analysis of SARS-CoV-2 in two Wuhan hospitals. Nat. Cell Biol. 2020, 582, 557–560. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tran, K.; Cimon, K.; Severn, M.; Pessoa-Silva, C.L.; Conly, J. Aerosol Generating Procedures and Risk of Transmission of Acute Respiratory Infections to Healthcare Workers: A Systematic Review. PLoS ONE 2012, 7, e35797. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Christian, M.D.; Loutfy, M.; McDonald, L.C.; Martinez, K.F.; Ofner, M.; Wong, T.; Wallington, T.; Gold, W.L.; Mederski, B.; Green, K.; et al. Possible SARS Coronavirus Transmission during Cardiopulmonary Resuscitation. Emerg. Infect. Dis. 2004, 10, 287–293. [Google Scholar] [CrossRef] [Scilit]

	



Johnson, D.; Lynch, R.; Marshall, C.; Mead, K.; Hirst, D. Aerosol Generation by Modern Flush Toilets. Aerosol Sci. Technol. 2013, 47, 1047–1057. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Davies, A.; Thomson, G.; Walker, J.; Bennett, A. A review of the risks and disease transmission associated with aerosol generating medical procedures. J. Infect. Prev. 2009, 10, 122–126. [Google Scholar] [CrossRef] [Scilit]

	



Van Doremalen, N.; Bushmaker, T.; Lloyd-Smith, J.O.; De Wit, E.; Munster, V.J.; Morris, D.H.; Holbrook, M.G.; Gamble, A.; Williamson, B.N.; Tamin, A.; et al. Aerosol and Surface Stability of SARS-CoV-2 as Compared with SARS-CoV-1. N. Engl. J. Med. 2020, 382, 1564–1567. [Google Scholar] [CrossRef] [Scilit]

	



Bedrosian, N.; Mitchell, E.; Rohm, E.; Rothe, M.; Kelly, C.; String, G.; Lantagne, D. A Systematic Review of Surface Contamination, Stability, and Disinfection Data on SARS-CoV-2 (Through July 10, 2020). Environ. Sci. Technol. 2020. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



World Health Organization. Cleaning and Disinfection of Environmental Surfaces in the Context of COVID-19. Available online: Available from: https://www.who.int/publications/i/item/cleaning-and-disinfection-of-environmental-surfaces-inthe-context-of-covid-19 (accessed on 24 February 2021).

	



Zhang, Y.; Ren, G.; Buss, J.; Barry, A.J.; Patton, G.C.; Tanner, N.A. Enhancing Colorimetric LAMP Amplification Speed and Sensitivity with Guanidine Chloride. N. Engl. Biolabs 2020. [Google Scholar] [CrossRef] [Scilit]

	



Santarpia, J.L.; Rivera, D.N.; Herrera, V.L.; Morwitzer, M.J.; Creager, H.M.; Santarpia, G.W.; Crown, K.K.; Brett-Major, D.M.; Schnaubelt, E.R.; Broadhurst, M.J.; et al. Aerosol and surface contamination of SARS-CoV-2 observed in quarantine and isolation care. Sci. Rep. 2020, 10, 12732. [Google Scholar] [CrossRef] [Scilit]

	



Fennelly, K.P. Particle sizes of infectious aerosols: implications for infection control. Lancet Respir. Med. 2020, 8, 914–924. [Google Scholar] [CrossRef] [Scilit]

	



Tan, L.; Ma, B.; Lai, X.; Han, L.; Cao, P.; Zhang, J.; Fu, J.; Zhou, Q.; Wei, S.; Wang, Z.; et al. Air and surface contamination by SARS-CoV-2 virus in a tertiary hospital in Wuhan, China. Int. J. Infect. Dis. 2020, 99, 3–7. [Google Scholar] [CrossRef] [Scilit]

	



Duarte, P.M.; De Santana, V.T.P. Disinfection measures and control of SARS-COV-2 transmission. Glob. Biosecur. 2019, 1. [Google Scholar] [CrossRef] [Scilit]

	



United States Environmental Protection Agency. List N: Disinfectants for Use Against SARS-CoV-2 (COVID-19); United States Environmental Protection Agency: Washington, DC, USA, 2020. Available online: www.epa.gov/pesticide-registration/list-n-disinfectants-use-against-sars-cov-2-covid-19 (accessed on 11 June 2020).

	



Ren, Y.; Li, L.; Jia, Y.-M. New Method to Reduce COVID-19 Transmission—The Need for Medical Air Disinfection is Now. J. Med. Syst. 2020, 44, 119. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Dubuis, M.-E.; Dumont-Leblond, N.; Laliberté, C.; Veillette, M.; Turgeon, N.; Jean, J.; Duchaine, C. Ozone efficacy for the control of airborne viruses: Bacteriophage and norovirus models. PLoS ONE 2020, 15, e0231164. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sharafi, S.M.; Ebrahimpour, K.; Nafez, A. Environmental disinfection against COVID-19 in different areas of health care facilities: A review. Rev. Environ. Health 2020. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Poon, L.L.; Leung, C.S.; Tashiro, M.; Chan, K.H.; Wong, B.W.; Yuen, K.Y.; Guan, Y.; Peiris, J.S. Rapid Detection of the Severe Acute Respiratory Syndrome (SARS) Coronavirus by a Loop-Mediated Isothermal Amplification Assay. Clin. Chem. 2004, 50, 1050–1052. [Google Scholar] [CrossRef] [Scilit]

	



Butler, D.J.; Mozsary, C.; Meydan, C.; Danko, D.; Foox, J.; Rosiene, J.; Shaiber, A.; Afshinnekoo, E.; MacKay, M.; Sedlazeck, F.J.; et al. Shotgun Transcriptome and Isothermal Profiling of SARS-CoV-2 Infection Reveals Unique Host Responses, Viral Diversification, and Drug Interactions. bioRxiv 2020. [Google Scholar] [CrossRef] [Scilit]

	



Park, G.-S.; Ku, K.; Baek, S.-H.; Kim, S.-J.; Kim, S.I.; Kim, B.-T.; Maeng, J.-S. Development of Reverse Transcription Loop-Mediated Isothermal Amplification Assays Targeting Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). J. Mol. Diagn. 2020, 22, 729–735. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Thi, V.L.D.; Herbst, K.; Boerner, K.; Meurer, M.; Kremer, L.P.; Kirrmaier, D.; Freistaedter, A.; Papagiannidis, D.; Galmozzi, C.; Stanifer, M.L.; et al. A colorimetric RT-LAMP assay and LAMP-sequencing for detecting SARS-CoV-2 RNA in clinical samples. Sci. Transl. Med. 2020, 12, eabc7075. [Google Scholar] [CrossRef] [Scilit]

	



Parker, C.W.; Singh, N.; Tighe, S.; Blachowicz, A.; Wood, J.M.; Seuylemezian, A.; Vaishampayan, P.; Urbaniak, C.; Hendrickson, R.; Laaguiby, P.; et al. End-to-End Protocol for the Detection of SARS-CoV-2 from Built Environments. mSystems 2020, 5, e00771-20. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bullard, J.; Dust, K.; Funk, D.; E Strong, J.; Alexander, D.; Garnett, L.; Boodman, C.; Bello, A.; Hedley, A.; Schiffman, Z.; et al. Predicting Infectious Severe Acute Respiratory Syndrome Coronavirus 2 From Diagnostic Samples. Clin. Infect. Dis. 2020, 71, 2663–2666. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



He, X.; Lau, E.H.Y.; Wu, P.; Deng, X.; Wang, J.; Hao, X.; Lau, Y.C.; Wong, J.Y.; Guan, Y.; Tan, X.; et al. Temporal dynamics in viral shedding and transmissibility of COVID-19. Nat. Med. 2020, 26, 672–675. [Google Scholar] [CrossRef] [Scilit]








[image: Ijerph 18 02479 g001] 





Figure 1. Viral heat map illustrating the efficacy of chemical decontamination of a COVID-19 ICU. Grey, no sample taken; blue, 0–1 viral copies/cm2; yellow, 1–10 viral copies/cm2; red, >100 viral copies/cm2. COVID-19, coronavirus disease 2019; ICU, intensive care unit. 
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Figure 2. Quantification of SARS-CoV-2 surface distribution on (A) all sampled objects and (B) matched sampled objects pre- and post-decontamination. Wilcoxon signed-rank test on matched samples (p < 0.0001). SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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Figure 3. Comparison of qRT-PCR Ct values and LAMP detection of SARS-CoV-2 RNA in collected environmental samples (R2 = 0.19). LAMP, loop-mediated isothermal amplification; qRT-PCR, quantitative real-time polymerase chain reaction; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2. 
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Table 1. Viral Distribution of Objects Positive for SARS-CoV-2 Pre- and Post-Decontamination.
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	Pre-Decontamination, No. (%)

(n = 224)
	Post-Decontamination, No. (%)

(n = 193)





	Treatment Area
	n = 168
	n = 140



	Bedrails
	15/20 (75%)
	2/14 (14%)



	Cardiac monitor
	9/19 (47%)
	3/19 (16%)



	Ceiling
	1/4 (25%)
	0/4 (0%)



	Curtain
	0/5 (0%)
	NA



	Doorknob
	1/1 (100%)
	NA



	Floor
	21/26 (81%)
	10/23 (44%)



	IV pole
	10/16 (63%)
	3/17 (18%)



	Keyboard
	5/8 (63%)
	0/9 (0%)



	Kitchen
	3/5 (60%)
	0/5 (0%)



	Medication dispenser
	13/21 (62%)
	NA



	Monitor
	5/9 (56%)
	0/10 (0%)



	Patient table
	4/6 (60%)
	3/15 (20%)



	Protective windows
	3/4 (75%)
	NA



	Purell dispenser
	0/1 (0%)
	0/2 (0%)



	Sharps storage
	1/2 (50%)
	0/6 (0%)



	Supply closet
	1/2 (50%)
	0/2 (0%)



	Ventilator screen
	3/4 (75%)
	NA



	Wall
	8/15 (53%)
	3/14 (21%)



	Workstation Antechamber
	n = 35
	n = 28



	Doorknob
	1/2 (50%)
	2/2 (100%)



	Floor
	6/6 (100%)
	2/4 (50%)



	Keyboard/Mouse
	3/9 (33%)
	2/6 (33%)



	Monitor
	4/9 (44%)
	0/6 (0%)



	Purell dispenser
	0/2 (0%)
	0/1 (0%)



	Surfaces
	2/7 (29%)
	2/6 (33%)



	Wall
	NA
	1/3 (33%)



	Workstation—Treatment Area
	n = 13
	n = 17



	Doorknob
	0/1 (0%)
	0/1 (0%)



	Floor
	1/1 (100%)
	1/2 (50%)



	Keyboard/Mouse
	2/4 (50%)
	0/4 (0%)



	Monitor
	3/4 (75%)
	1/5 (20%)



	Pixus screen
	1/1 (100%)
	0/2 (0%)



	Workstation surfaces
	2/2 (100%)
	1/2 (50%)



	Workstation walls
	NA
	0/1 (0%)



	Bathroom—Treatment area
	n = 8
	n = 8



	Ceiling
	0/2 (0%)
	0/2 (0%)



	Doorknob
	0/2 (0%)
	0/2 (0%)



	Toilet flush handle
	0/2 (0%)
	1/2 (50%)



	Wall
	0/2 (0%)
	0/2 (0%)







Abbreviations: NA, not applicable.













 





Table 2. Quantitative Distribution of SARS-CoV-2–Positive Fomites Pre- and Post-Chemical Decontamination.
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	Viral Copies
	Pre-Decontamination,

No. (%)
	Post-Decontamination,

No. (%)





	10 viral copies/cm2
	71 (55%)
	38 (84%)



	10–100 viral copies/cm2
	42 (33%)
	6 (13%)



	>100 viral copies/cm2
	16 (12%)
	1 (2%)
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