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Abstract:  26 

To understand the utility of healthcare facility-level wastewater surveillance (WWS) for 27 

severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), it is important to correlate 28 

wastewater SARS-CoV-2 RNA detection with the number of clinical infections. WWS for SARS-29 

CoV-2 was performed at three skilled nursing facilities (SNFs) over 25 weeks. Electronegative 30 

membrane filtration (enMF) and Nanotrap® Magnetic Virus Particles (NP) virus concentration 31 

methods were compared. Extracts were tested by droplet digital polymerase chain reaction. 32 

Spearman’s correlations (ρ) between wastewater virus RNA concentrations and infection 33 

counts were calculated.  34 

From split wastewater samples, enMF recovered higher SARS-CoV-2 RNA concentrations 35 

than NP. Combining data from all facilities, the median concentrations were 53.0 versus 38.6 36 

gc/100 mL for enMF and NP, respectively (p=0.001). Using enMF, correlations were moderate 37 

to strong at SNF A (ρ ranged 0.67 to 0.86, all p-values <0.001). Weak to moderate correlations 38 

can be explained by the sampled manhole not representing the entire facility (SNF B, ρ ranged 39 

0.47 to 0.72, p-values ranged <0.001 to 0.12) and longitudinal data gaps from summer heat and 40 

equipment maintenance (SNF C, ρ ranged 0.14 to 0.59, p-values ranged 0.52 to <0.01). WWS 41 

can be a valuable tool for tracking dynamics of SARS-CoV-2 infections in healthcare facilities. 42 

 43 
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Highlights:  45 

1. Healthcare facility-level wastewater surveillance may be useful as a complementary 46 

surveillance method for infectious disease targets, including SARS-CoV-2. 47 

2. Two virus concentration methods were compared, electronegative membrane filtration 48 

(enMF) and Nanotrap® Magnetic Virus Particles (NP).  49 

3. Spearman’s correlations (ρ) between wastewater virus RNA concentrations and infection 50 

counts were calculated among several subpopulations at three skilled nursing facilities. 51 

 52 

Graphical Abstract: 53 

54 

 55 
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Introduction 58 

 Older adults are disproportionally affected by severe acute respiratory syndrome 59 

coronavirus 2 (SARS-CoV-2) infection, having both higher morbidity and mortality rates (1, 2). 60 

The COVID-19 pandemic also disproportionately affected residents in long-term care facilities 61 

such as skilled nursing facilities (SNFs), whose populations have high proportions of people ≥ 65 62 

years and who require specialized medical care and assistance with daily living activities (3, 4). 63 

Syndromic surveillance for SARS-CoV-2 infections can be time- and resource-intensive, and 64 

relies on the recognition of symptomatic cases, potentially missing cases who are asymptomatic 65 

or not yet symptomatic (5-7). Wastewater surveillance (WWS) at the healthcare facility-level 66 

(hereafter “facility level”) may be useful as a complementary surveillance method for enhanced 67 

detection of concerning infectious disease targets, including SARS-CoV-2. While WWS has been 68 

used widely for many applications at both the community and facility levels, it is important to 69 

determine the utility of facility-level WWS for infectious disease targets before more 70 

widespread use can be efficiently implemented. Likely benefits of facility-level WWS include 71 

early detection of outbreaks and improved surveillance of healthcare–associated infections, 72 

which could potentially lead to life and cost savings. 73 

 This study contributes to the growing scientific understanding of the feasibility and 74 

operability of facility-level WWS for SARS-CoV-2 (8-10). The research team previously 75 

completed a pilot study at one SNF in the metropolitan Atlanta area to assess the feasibility of 76 

detecting SARS-CoV-2, endogenous controls, and antimicrobial resistance targets from 77 

wastewater samples (11). The study presented here is a continuation of this work focused on 78 

longitudinal measurements needed to correlate SARS-CoV-2 detection in wastewater with 79 
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SARS-CoV-2 infections at three SNFs in Georgia. We also present a comparison of two virus 80 

concentration methods, electronegative membrane filtration (enMF) and Nanotrap® Magnetic 81 

Virus Particles (NP). 82 

Materials and Methods 83 

This study was approved by the CDC COVID-19 Response Laboratory Task Force and met 84 

the CDC safety policies and recommendations in the CDC/NIH Biosafety in Microbiological and 85 

Biomedical Laboratories (6). This activity was reviewed by CDC and was conducted consistent 86 

with applicable federal law and CDC policy
§
.  87 

This study met the minimum information for publication of quantitative digital PCR 88 

experiments (dMIQE). Details are available in Supplement 3 (12). 89 

Facility Selection and Epidemiologic Data Collection 90 

Facility Selection 91 

Beginning in 2021, the research team consulted the Georgia Department of Public 92 

Health (GDPH) Healthcare Associated Infections Team to identify SNFs in the Atlanta 93 

metropolitan area that were amenable to WWS participation. The research team and GDPH 94 

considered a facility’s COVID-19 case counts in 2021, the strength of a facility’s relationship 95 

with GDPH, and the facility’s capacity to participate in WWS before reaching out to gauge 96 

interest in participation. In total, 18 facilities were contacted. Seven facilities responded with 97 

interest in participating. 98 

An enrollment questionnaire was administered at seven SNFs during initial onsite visits 99 

(Supplement 1). The research team filled out the questionnaire through field site observations 100 

and asking questions of the facility administrators, along with the Infection Preventionist or 101 

for use under a CC0 license. 
This article is a US Government work. It is not subject to copyright under 17 USC 105 and is also made available 

(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. 
The copyright holder for this preprintthis version posted June 4, 2026. ; https://doi.org/10.64898/2026.06.01.26354622doi: medRxiv preprint 

https://doi.org/10.64898/2026.06.01.26354622


6 

 

Director of Nursing. This questionnaire collected information about wastewater access points, 102 

types of healthcare provided, current resident census, COVID-19 vaccination rates among 103 

residents and healthcare personnel, COVID-19 screening practices, fecal waste management, 104 

environmental cleaning practices, and building layout. Three SNFs, designated as SNFs A, B and 105 

C, were recruited to participate based upon the following criteria: 1) resident census ≥ 75, 2) 106 

within a 90-minute drive of CDC campus, and 3) safely accessible manhole or wastewater 107 

access point. SNF A participated in longitudinal wastewater and epidemiologic data collection 108 

from February through July 2022 (25 weeks, n= 25 wastewater samples). SNF B participated 109 

from March through September 2022 (27 weeks, n=25 wastewater samples). SNF C participated 110 

from June through December 2022 (29 weeks, n=25 wastewater samples). Of note, SNF A 111 

participated in the previous eight-week pilot study with the research team to determine the 112 

feasibility of facility-level WWS and the detection of SARS-CoV-2 in wastewater (11).  113 

Epidemiologic Data Collection 114 

For statistical analyses, infections per week was defined as the number of residents or 115 

healthcare personnel with new laboratory-confirmed SARS-CoV-2 infection by antigen or 116 

polymerase chain reaction (PCR) test in a given week, excluding those who had a negative PCR 117 

test (i.e., referred to as a nucleic acid amplification test (NAAT) in public health laboratories) 118 

after an antigen test as defined by the National Healthcare Safety Network (NHSN) Long-Term 119 

Care Facility COVID-19 Report (13).  120 

One resident subpopulation, residents contributing fecal matter to wastewater, was 121 

defined as residents who either contributed fecal matter to the wastewater through direct 122 

toilet usage (toileting) or contributed by having their feces disposed of in the toilet by 123 
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healthcare personnel after being collected, such as in a diaper or bedside commode. Among 124 

this subpopulation we defined infections per week as the total number of laboratory-confirmed 125 

SARS-CoV-2 infections in the facility each week. 126 

Additional epidemiologic data were acquired from the facility’s healthcare team which 127 

typically included the Director of Nursing and the Infection Preventionist. The facility’s 128 

healthcare team completed and returned a standardized questionnaire each calendar week 129 

that wastewater sampling occurred. This questionnaire collected information about COVID-19 130 

outbreaks at the facility, SARS-CoV-2 infections among a subpopulation of residents who 131 

contributed fecal matter to the wastewater, vaccination rates among all residents and 132 

healthcare personnel, number of visitors, and any chemical disinfectants disposed of down the 133 

drain (i.e., added to the wastewater) (Supplement 1). The completed questionnaires were 134 

emailed to the research team who entered the data into a Research Electronic Data Capture 135 

(REDCap) database (14, 15). 136 

Plumbing Tracer Analysis and SNF B Data Re-collection 137 

A visual and viral tracers analysis, described in Coulliette-Salmond et al., was conducted 138 

at each facility to confirm wastewater effluent was collected from the entire resident 139 

population (16). At SNF B, the plumbing tracer study revealed the manhole used for 140 

longitudinal wastewater collection only collected effluent from one wing of the building. The 141 

research team contacted SNF B to re-collect epidemiologic survey data specific to the one wing 142 

of the facility from which effluent was sampled using an abbreviated retrospective data 143 

collection tool (Supplement 1). Retrospective data collection at SNF B was performed by 144 
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extracting data from notes by the Director of Nursing and limited chart review due to time 145 

constraints. 146 

Wastewater Methods 147 

Wastewater Sampling 148 

Wastewater effluent was collected weekly at each facility during the study period. 149 

Wastewater was accessed at manholes on the facilities’ properties. A 24-hour composite 150 

sample was collected at each sampling event using an Avalanche Portable Refrigerated 151 

Autosampler (Teledyne ISCO, Lincoln, NE, USA). Samples were transported on ice in a cooler to 152 

the CDC laboratory for same-day processing. See Supplement 2 for results of the measured 153 

wastewater quality parameters, which included temperature (°C), pH, electrical conductivity 154 

(µS/cm), total dissolved solids (mg/mL), total suspended solids (mg/mL), biochemical oxygen 155 

demand (mg/mL), total organic carbon (mg/mL), total organic nitrogen mg/mL), total coliforms 156 

(log10 MPN/100 mL), and Escherichia coli (log10 MPN/100 mL).  157 

Virus Concentration and Extraction 158 

Wastewater samples were split and concentrated using two separate methods for 159 

comparison: electronegative membrane filtration (enMF) and Nanotrap® Magnetic Virus 160 

Particles (NPs). Details of these procedures are described in Santiago et al. with slight 161 

modifications: when homogenizing enMFs, 0.5 mm glass, PowerBead tubes (Qiagen, 162 

Germantown, MD USA) were substituted for the 0.70 mm garnet PowerBead tubes 163 

(discontinued by manufacturer); incubation of NPs in wastewater, as well as removal of NPs by 164 

magnetic rack was reduced to 10 min each; recovered NPs were re-suspended in nuclease-free 165 

water (11). Viral RNA was extracted using the AllPrep® PowerViral® DNA/RNA Kit (Qiagen, 166 
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Germantown, MD USA) according to manufacturer’s instructions for RNA isolation, as 167 

previously described in Santiago et al. (11). 168 

 Detection and Quantification of SARS-CoV-2 and Controls 169 

Droplet digital PCR (ddPCR) assays for the detection and quantification of SARS-CoV-2, 170 

its viral surrogates (Bovine Respiratory Syncytial Virus [BRSV], human coronavirus OC43 [HCoV-171 

OC43]), and the endogenous control (prototypic crAssphage Carjivirus communis) were 172 

performed using a QX200 automatic droplet generator system (Bio-Rad, Hercules, CA, USA). 173 

RNA extracts were used as template and analyzed using One-Step RT-ddPCR Advanced Kit for 174 

Probes (Bio-Rad, Hercules, CA, USA) or ddPCR Supermix for Probes kit (No dUTP; Bio-Rad, 175 

Hercules, CA, USA). SARS-CoV-2 and BRSV were detected using the 2019-nCoV CDC triplex assay 176 

(dEXS28563542, Bio-Rad, Hercules, CA, USA), where primers and probes were purchased from 177 

IDT (Coralville, IA, USA). HCoV-OC43 and C. communis were each detected using a singleplex 178 

assay. For the triplex assay, 8 µL of RNA was added to 5.5 µL of One-Step Advanced Supermix, 179 

1.1 µL of 300 mM dithiothreitol (DTT), 2.2 µL of reverse transcriptase (RT), 2.2 µL of 10X triplex 180 

probe assay, and 3.0 µL RNase-free water in a final volume of 22 µL. For the singleplex assay 181 

used to detect HCoV-OC43, 8 µL of RNA was added to 5.5 µL of One-Step Advanced Supermix, 182 

1.1 µL of 300 mM dithiothreitol (DTT), 2.2 µL of RT, 1 µL of forward primer,  1 µL of reverse 183 

primer, 0.3 µL of probe (final concentrations were 900 nM of primers and 250 nM of probe), 184 

and 2.9 µL RNase-free water in a final volume of 22 µL. For the singleplex assay used to detect 185 

C. communis, 2 µL of DNA was added to 11 µL of ddPCR Supermix for Probes (No dUTP), 1 µL of 186 

forward primer and 1 µL of reverse primer, 0.3 µL of probe (final concentrations were 900 nM 187 

of primers and 250 nM of probe), and 6.7 µL nuclease-free water in a final volume of 22 µL. 188 
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Sequences for all primers and probes are detailed in Table S1B in Santiago et al. (11). For 189 

droplet generation, 20 µL of reaction mixture was added to each well of a semi-skirted, 96-well 190 

ddPCR plate and loaded into the automatic droplet generator. Plates were then sealed using 191 

the PX1 Plate Sealer and transferred to a C1000 touch thermal cycler (Bio-Rad, Hercules, CA). 192 

The amplification of the triplex assay and singleplex (HCoV-OC43) were performed as follows: 1 193 

cycle of 60 min at 50°C and 10 min at 95°C, 40 cycles of 30 s at 94°C and 1 min at 55°C, 1 cycle 194 

of 10 min at 98°C and a 30 min hold at 4°C. The amplification of the singleplex assay for C. 195 

communis was performed as follows: 1 cycle of 10 min at 95°C, 40 cycles of 30 s at 94°C and 1 196 

min at 60°C, 1 cycle of 10 min at 98°C and a 30 min hold at 4°C. All steps were run using a ramp 197 

rate of 2°C/s.  198 

Each run was performed using positive controls (synthetic 2019_nCoV RNA control 199 

[CDC], BRSV, HCoV-OC43 and C. communis) and negative controls (extraction blanks and non-200 

template controls [NTC]). A “no-reverse transcriptase” control (i.e., No-RT control per dMIQE, 201 

Supplement 3) was included to verify that there was no amplification in the absence of reverse 202 

transcriptase. Technical triplicates were run for each sample including controls. To test for PCR 203 

inhibition, each template was run and analyzed using two dilution factors (undiluted and 1:2 204 

fold) for all assays. After amplification, plates were transferred to the droplet reader. Reactions 205 

with less than 10,000 total droplets were repeated. Data were analyzed using QuantaSoft
™

 206 

AnalysisPro Software and reported as genomic copies per microliter (gc/µL) of template. The 207 

threshold was manually set by inspecting the 2D plot to clearly separate positive and negative 208 

droplet clusters. For analysis, the mean of triplicate samples was determined. Samples were 209 

considered positive if ≥ 3 positive droplets were detected for SARS-CoV-2 N1 or N2 markers in 210 
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at least 2 of 3 triplicate samples (i.e., limit of quantification; Supplement 4 Table S4.1). Results 211 

were considered ‘detectable but not quantifiable’ (DNQ) in two scenarios: (1) if there was at 212 

least one positive droplet, but less than 3 positive droplets, in any/all of the triplicates; or (2) 213 

for samples that had 1 triplicate with > 3 droplets but the associated two replicates were less 214 

than 3 droplets. The limit of detection (LOD), which was determined in a separate analysis with 215 

spiked samples, was defined as the concentration at which > 60% of replicates were detectable 216 

was 0.125 and 0.126 gc/µL template, for N1 and N2 targets, respectively (17). A sample was 217 

considered negative if no positive SARS-CoV-2 droplets were detected. Dimensional analysis 218 

using Equation 1 produced final results expressed as log10 genomic copies (gc)/100 mL in 219 

Figures 1 and 2 and otherwise as gc/100 mL (18, 19). 220 

Equation 1:  

 

C = PCR output (gc/µL) 

VRXN = Reaction volume (µL) 

VRNA per RXN = RNA template added to PCR reaction (µL) 

VRNA eluted = Extraction eluate volume (µL) 

Vconc2 = Concentrate volume used in extraction (µL) 

Vconc1 = Total concentrate volume (µL) 

Vinfluent = Total starting wastewater volume (µL) 

10,000 = Converts 1 µL to 100 mL 

 221 

Statistical Analyses 222 

A wastewater sample was considered positive if N1 or N2 was positive by ddPCR droplet 223 

count as described above. This definition was applied consistently across statistical analyses. 224 

Concentration in wastewater sample �gc 100mL⁄ �
 

� C � V��� �
1

V��� ��� ���

�
V��� �	
���
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��
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V���	
���
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Prior to statistical analysis, non-detect values were imputed using half the smallest non-zero 225 

concentration value. N1 and N2 concentrations were then combined using the geometric mean 226 

of the two targets. The distribution of combined N1/N2 results were assessed using the 227 

Shapiro-Wilk test of normality, which indicated a non-normal distribution therefore non-228 

parametric tests were used for downstream analysis. 229 

SAS software (version 9.4, 2023, Cary, North Carolina), Microsoft® Excel® (version 2408, 230 

Microsoft Corporation, Redmond, Washington), and R (version 4.4.0, R Core Team, Vienna, 231 

Austria) were used for the statistical analyses.  232 

Comparison of Concentration Methods 233 

Differences in the median SARS-CoV-2 (combined N1/N2) concentration was compared 234 

across the enMF and NP concentration methods using the Wilcoxon signed-rank test (α = 0.05). 235 

Sensitivity and Specificity 236 

The sensitivity and specificity of using wastewater SARS-CoV-2 (combined N1/N2) 237 

concentrations to detect the presence/absence of SARS-CoV-2 infections were calculated for 238 

each facility separately and for all three facilities combined. A facility was considered disease 239 

positive if, during the week of wastewater collection, it had at least one reported SARS-CoV-2 240 

infection among all residents or among all residents and healthcare personnel combined.  241 

Spearman’s Correlations 242 

  Spearman’s correlation was used to evaluate the relationship between the SARS-CoV-2 243 

(combined N1/N2) concentration in wastewater and SARS-CoV-2 infections in a facility each 244 

week over 25 weeks. Spearman’s correlations were assessed separately for results from the 245 

two concentration methods, NP and enMF. The strength and direction of correlations between 246 
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wastewater SARS-CoV-2 concentration and reported infection counts among several 247 

subpopulations in the facilities were determined: all residents, healthcare personnel, all 248 

residents and healthcare personnel combined, and residents contributing fecal matter to 249 

wastewater. Spearman’s correlation coefficient (ρ) values > 0 and < 0.4 were considered weak, 250 

≥ 0.4 and < 0.7 considered moderate, and ≥ 0.7 and < 1 considered strong (20). Significance 251 

level was set at α = 0.05. 252 

Viral Sequencing  253 

Eighteen of 29 wastewater samples that were positive for SARS-CoV-2 and had an 254 

estimated ddPCR gc/µl concentration that equated to a real-time PCR quantification cycle (Cq) 255 

< 35 were selected for genomic sequencing across non-standardized time points from SNFs A 256 

(n=7), B (n=6), and C (n=5). Real-time PCR was performed on the selected samples to confirm 257 

Cq < 35. Two of the 18 samples did not have confirmed real-time PCR Cq < 35 and 5 of 18 258 

samples did not have greater than 60% genome coverage and therefore did not meet the 259 

standards for sequencing (21). As a result, eleven of the 18 wastewater extracts were 260 

successfully sequenced, available in NCBI BioProject PRJNA1280116. Further details regarding 261 

sequencing methods are provided in Supplement 4.  262 

Results 263 

Overview of Participating Facilities 264 

The weekly mean resident census was 169.8, 79.7, and 92.4 at SNFs A, B, and C, 265 

respectively (Table 1). The weekly mean proportion of residents contributing fecal matter to 266 

the wastewater was 46.6%, 81.7%, and 36.1%, at SNFs A, B, and C, respectively. All facilities 267 

provided skilled nursing, wound, ostomy, and indwelling medical device care. SNFs B and C also 268 
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provided inpatient rehabilitation. None of the three facilities provided ventilator care. The 269 

mean proportion of all residents who were fully vaccinated against SARS-CoV-2 were 91.6%, 270 

98.3%, and 89.3%, at SNFs A, B, and C, respectively (Supplement 4, Table S4.2). During this 271 

study period from February through December 2022, individuals were considered fully 272 

vaccinated if they had completed the primary series of COVID-19 vaccines, which included two 273 

doses of the Pfizer-BioNTech or Moderna vaccines, or one dose of the Johnson & Johnson 274 

vaccine (22). Additional information about vaccination rates among residents and healthcare 275 

personnel is provided in Supplement 4, Table S4.2.   276 

Plumbing Tracer Analysis and SNF B Data Re-collection 277 

 The plumbing tracer analyses performed at SNFs A and C confirmed effluent flow to the 278 

sampling manhole represented the entire resident population. At SNF B, the tracer analysis 279 

revealed that the effluent flowing to the sampling location represented only one of two wings 280 

of the facility. For full results of the tracer analyses please see Coulliette-Salmond et al. (16). 281 

Wastewater Results and Statistical Analyses 282 

Comparison of enMF and NP Concentration Methods 283 

There were 25 wastewater sampling events from each facility with an overall total of 75 284 

sampling events. For each facility separately, as well as overall, the median SARS-CoV-2 RNA 285 

concentration in wastewater from enMF was higher than that from NP (SNF A: 28.4
 
vs. 14.9 286 

gc/100 mL; SNF B: 85.0 vs. 60.8 gc/100 mL; SNF C: 53.0 vs. 38.6 gc/100 mL; overall: 53.0 vs. 38.6
 

287 

gc/100 mL) (Figure 2). The Wilcoxson signed-rank test showed that the difference in median 288 

viral RNA concentrations was statistically significant for SNF B wastewater (p = 0.001) and 289 

overall (p = 0.001), but not for SNF A (p = 0.25) or SNF C (p = 0.20). These results indicate that, 290 
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overall, enMF yielded higher SARS-CoV-2 RNA concentrations than NP. This trend was also seen 291 

with the endogenous control, C. communis (Supplement 4). 292 

Based on the results of comparing the enMF and NP methods, we focused on 293 

highlighting the results from the enMF workflow which recovered overall higher virus RNA 294 

concentrations. Results presented in the next three subsections related to SARS-CoV-2 Viral 295 

RNA Concentration in Wastewater, Sensitivity and Specificity, and Spearman’s Correlations are 296 

from the laboratory workflow using the enMF concentration method. Statistical results from 297 

the NP concentration method, as well as assay characteristics, and results for BRSV and HCoV-298 

OC43 using enMF and NP concentration methods, are presented in Supplement 4. 299 

SARS-CoV-2 Viral RNA Concentration in Wastewater 300 

 At SNF A, SARS-CoV-2 was detected during 9/25 (36%) sampling events when accounting 301 

for quantifiable positive results and 14/25 (56%) when including DNQ results. Combined N1/N2 302 

virus RNA concentrations ranged from 13.5 gc/100 mL to 1.51 x 10
5
 gc/100 mL (Figure 1A). 303 

At SNF B, SARS-CoV-2 was detected during 10/25 (40%) sampling events when 304 

accounting for quantifiable positive results and 19/25 (76%) when including DNQ results. 305 

Combined N1/N2 virus RNA concentrations ranged from 25.1 gc/100 mL to 9.70 x 10
4
 gc/100 306 

mL (Figure 1B).  307 

At SNF C, SARS-CoV-2 was detected during 8/25 (32%) sampling events when accounting 308 

for quantifiable positive results and 15/25 (60%) when including DNQ results. Combined N1/N2 309 

virus RNA concentrations ranged from 16.7 gc/100 mL to 5.26 x 10
5
 gc/100 mL (Figure 1C).  310 

Sensitivity and Specificity 311 
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 The sensitivity of using a SARS-CoV-2-positive wastewater sample to determine the 312 

presence of at least one reported SARS-CoV-2 infection among all residents was highest at SNF 313 

A (100.0%, 95% CI: 54.1 – 100.0%) and lowest at SNF B (61.5%, 95% CI: 31.6 – 86.1%; Table 2). 314 

Across all three facilities, overall sensitivity for identifying infections among all residents was 315 

75.0% (CI: 50.9 – 91.3%; Table 2).  316 

The specificity of using a SARS-CoV-2-negative wastewater sample to determine the 317 

absence of reported SARS-CoV-2 infections among all residents was highest at SNF A (84.2%, 318 

95% CI: 60.4 to 96.6%) and lowest at SNF C (70.8%, 95% CI: 48.9 – 87.4%; Table 2). Across all 319 

three facilities, overall specificity for identifying infections among all residents was 78.2% (95% 320 

CI: 65.0 – 88.2%; Table 2).  321 

Sensitivity trended slightly lower and specificity trended slightly higher when infections 322 

among all residents were combined with infections among healthcare personnel (Table 2).  323 

Spearman’s Correlations 324 

 At SNF A, there were moderate to strong positive correlations between wastewater 325 

SARS-CoV-2 concentrations and SARS-CoV-2 infections among all subpopulations with 326 

Spearman’s correlation coefficient (ρ) ranging from 0.67 to 0.86 (all p-values < 0.001; Table 3). 327 

At SNF B there was a strong positive correlation among residents contributing fecal matter to 328 

wastewater ρ = 0.72 (p-value = <0.001). At SNF B, there were also moderate positive 329 

correlations among healthcare personnel (ρ = 0.48, p-value = 0.01) and among all residents and 330 

healthcare personnel combined (ρ = 0.58, p-value = 0.048, Table 3). At SNF C there were 331 

moderate positive correlations among healthcare personnel as well as all residents combined 332 

with healthcare personnel (both ρ = 0.59, p-values <0.01; Table 3). 333 
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Viral Sequencing 334 

The SARS-CoV-2 lineages and their percent abundance from 11 successfully sequenced 335 

samples are presented in Table 4. Omicron lineage BA.2 was identified in one sample from May, 336 

when BA.2 was dominant across the USA (23). Lineage BA.5 was identified in the samples from 337 

June through August (n=9). Multiple BA.5 sublineages were detected in samples from the three 338 

collection sites. In four paired samples, the same dominant BA.5 sublineage was recovered by 339 

both wastewater concentration methods. 340 

Discussion 341 

The study presented here demonstrated moderate to strong positive correlations 342 

between wastewater SARS-CoV-2 RNA concentrations and the number of SARS-CoV-2 343 

infections among healthcare personnel and among all residents combined with healthcare 344 

personnel at three skilled nursing facilities in the Atlanta, Georgia metropolitan area (Table 3). 345 

Strong positive correlations were also seen among a subpopulation of residents contributing 346 

fecal matter to the wastewater at SNF A and B (Table 3). The strongest correlations were found 347 

when the enMF method was used for wastewater concentration (Table 3) versus NP 348 

(Supplemental 3, Table S3.4). This approach to WWS for SARS-CoV-2 was found to be successful 349 

during a period of lower transmission during the pandemic in 2022 (24).  350 

While only three healthcare facilities were included, our study suggests that WWS could 351 

be a valuable tool to augment SARS-CoV-2 surveillance in long-term care facilities such as SNFs. 352 

In this study, the sensitivity and specificity of using wastewater SARS-CoV-2 RNA concentration 353 

to determine the presence or absence of SARS-CoV-2 infections among residents were high at 354 

SNF A (sensitivity = 100.0%, specificity = 84.2%) and SNF C (sensitivity = 100.0%, specificity = 355 
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70.8%) where infection counts were ascertained prospectively, and moderate at SNF B 356 

(sensitivity = 61.5%, specificity = 83.3%) where infections counts from one wing of the facility 357 

needed to be re-collected retrospectively; data sources for this purpose may have been subject 358 

to recall bias.  359 

Our study builds on two other U.S.-based studies: Gamage et al. at six Veteran Affairs 360 

nursing homes across six states and Keck et al. at eight long-term care facilities in Kentucky (9, 361 

10). While our study had a frequency of wastewater sampling that was weekly, which was 362 

lower compared to Keck et al. (two to four times per week) and Gamage et al. (daily), in our 363 

study, sampling sensitivity among all residents was higher and specificity was similar compared 364 

to the other two studies. The presented study found that overall sensitivity among all residents 365 

was 75.0% and specificity was 78.2%; while Keck et al. found sensitivity and specificity were 366 

48.0% and 79.9%, respectively; and Gamage et al. found sensitivity was 60.0% (specificity not 367 

reported).  368 

When infection counts from residents and healthcare personnel were combined, this 369 

study found overall sensitivity decreased only slightly to 74.2% and specificity increased to 370 

90.9% compared to Keck et al. where the addition of healthcare personnel reduced sensitivity 371 

to 30.6% and specificity to 79.7%. In the Keck et al. study, they mention staff worked at multiple 372 

locations within one corporation. This was not known by the research team to be the case at 373 

the three SNFs enrolled in this study and could perhaps account for the improved sensitivity 374 

and specificity when healthcare personnel were added to the analysis.  375 

A unique aspect of this study was using two concentration methods for the duration of 376 

the study, allowing a thorough comparison of enMF and NP techniques for concentrating 377 
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wastewater. Though both concentration methods yielded comparable virus recovery, we found 378 

that overall enMF produced higher SARS-CoV-2 RNA concentrations (Figure 2) and, when 379 

combined with clinical data, generally produced stronger correlations between wastewater 380 

signal and infection counts (Table 3 vs. Supplement 4, Table S4.4). Sequencing analyses 381 

demonstrated concordance across concentration methods, with both yielding the same 382 

dominant SARS-CoV-2 sublineage and thereby confirming the recovery of quality RNA from the 383 

samples. Successful WWS relies on a virus concentration method sensitive enough for low 384 

concentration pathogen detection such as is expected at a facility with resident populations in 385 

the tens to hundreds and inconsistent effluent flow.  386 

Performing WWS at the healthcare facility level is a relatively novel tool for 387 

understanding infectious disease burden in U.S. healthcare facilities, therefore it is vital to 388 

acknowledge lessons learned while establishing a facility-level WWS study. One of the most 389 

important takeaways was that facility recruitment and selection, data collection, and 390 

communications with facilities were more resource- and time-intensive than expected and 391 

project success hinged upon the availability and knowledge of personnel at the healthcare 392 

facilities. As facility-level wastewater surveillance becomes more widespread and recognized, 393 

the time and communication burden associated with establishing such programs in healthcare 394 

settings is expected to diminish. A publication by Coulliette-Salmond et al. further discusses 395 

lessons learned and limitations while performing WWS at these three SNFs as well as from 396 

experiences with WWS partners in other states (16). 397 

Several events impacted the trajectory of this study and affected data quality. Originally 398 

it was planned to collect wastewater samples during 25 consecutive weeks at each facility; 399 
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however, high outside temperatures for staff sampling in late July through early August 2022 as 400 

well as a pause in sample collection due to essential laboratory maintenance resulted in 401 

longitudinal data gaps at SNFs B and C. At SNF C, these gaps coincided with the largest number 402 

of infections reported during the study period, causing important sampling opportunities to be 403 

missed. Additionally, plumbing tracer analyses were conducted after wastewater sampling was 404 

complete and revealed that at SNF B the sampling manhole collected effluent from only part of 405 

the facility; a limited subset of epidemiologic data was then retrospectively collected for that 406 

wing of the facility (Supplement 1). Infection count data originally collected for SNF B was from 407 

the entire facility; retrospectively recollecting these data for just one wing may have been 408 

subject to errors from limited data on patient room changes due to COVID-19 isolation 409 

protocols within the facility. It is therefore critical to perform plumbing tracer studies before 410 

facility level wastewater sampling begins to confirm the target population contributes to the 411 

effluent flowing to a wastewater access point and to ensure consistent methods of data 412 

collection across facilities. See Coulliette-Salmond et al. for a more thorough discussion of 413 

plumbing tracer studies (16).  414 

At the time this study was conducted in 2022, facility-level WWS was not well-known to 415 

many healthcare facilities as a surveillance tool, therefore the research team dedicated time to 416 

educating the facility staff about the goals, processes, risks, and benefits of WWS for SARS-CoV-417 

2. The research team worked with GDPH to develop a response plan that outlined roles and 418 

next steps if a wastewater result was positive. We found a response plan useful for the facility’s 419 

understanding of and participation in this WWS study. There is momentum building for facility-420 

level WWS for additional targets, and evidence from this study and others support the utility of 421 
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WWS for SARS-CoV-2 where there is interest in additional surveillance techniques and/or 422 

limited capacity for individual resident or patient screening (16, 25, 26).  423 

Conclusions 424 

This study suggests that WWS could be a valuable tool to augment SARS-CoV-2 surveillance in 425 

long-term care facilities such as SNFs. Both virus concentration methods tested yielded 426 

comparable virus recovery, but we found that overall enMF produced higher SARS-CoV-2 RNA 427 

concentrations and, when combined with clinical data, generally produced stronger 428 

correlations between wastewater signal and infection counts. 429 
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Figures 539 

Figure 1: Wastewater SARS-CoV-2 concentration (using the enMF concentration method
†
) and 540 

SARS-CoV-2 infection counts among residents and healthcare professionals over 25 weeks at 541 

three skilled nursing facilities (panels A – C), Atlanta, GA, 2022  542 
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 543 

Figure 1 Footnotes: 544 

*Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; gc, genome copies; enMF, 545 

electronegative membrane filtration 546 

†Results presented in this figure were generated with the enMF virus concentration method. Results generated 547 

with the nanoparticle virus concentration method are presented in Supplement 4, Figure S4.1. 548 

‡Data sources for SARS-CoV-2 infections: counts among healthcare personnel as well as among all residents at 549 

skilled nursing facilities (SNFs) A and C were obtained from the National Healthcare Safety Network Long-Term 550 

Care Facility COVID-19 Report; infection counts among residents in one wing of at SNF B were obtained from the 551 

condensed epidemiologic data re-collection tool (Supplement 1). 552 
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Figure 2: Comparison of SARS-CoV-2 RNA concentration in wastewater using two virus 553 

concentration methods, enMF vs. NP, at three skilled nursing facilities (n = 25 samples per 554 

facility) Atlanta, GA, 2022 555 

 556 

Figure 2 footnotes: 557 

Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; enMF, electronegative membrane 558 

filtration; NP, nanoparticle; gc, genome copies; SNF = skilled nursing facility 559 

*p-values represent the statistical significance of the difference between the median viral RNA concentrations 560 

within each category, α = 0.05 561 

 562 
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 564 

 565 
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Tables 568 

 569 

Table 1: Summary information for three skilled nursing facilities enrolled in longitudinal SARS-CoV-2 wastewater 

surveillance study, Atlanta, GA, 2022
† 

Facility information  SNF A SNF B SNF C 

 Affiliations Corporate ownership Non-profit organization Corporate ownership 

 

Types of care provided
‡ 

Skilled nursing, 

wound/ostomy care, 

indwelling medical device 

care 

Skilled nursing, 

wound/ostomy care, 

indwelling medical device 

care, inpatient rehabilitation 

Skilled nursing, 

wound/ostomy care, 

indwelling medical device 

care, inpatient rehabilitation 

 Number of licensed beds 200 150 120 

Residents Mean Range Mean Range Mean Range 

 Weekly resident census (n) 169.8 157 - 179 79.7
§ 

74 - 87
§
 92.4 88 - 99 

 
Weekly proportion of residents contributing 

fecal matter to wastewater (%) 
46.6 31.2 - 54.7 81.7

§
 66.7 - 95.3

§
 36.1 29.2 - 46.5 

Healthcare personnel (HCP)          

 Weekly number of HCP working at facility 189.5 176 - 207 159.7 153 - 167 78.1 72 - 86 

Visitors          

 Weekly number of visitors recorded 421.8 238 - 568 412.2 353 - 594 44.8 10 - 90 

*Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SNF, skilled nursing facility; Min, minimum; Max, maximum; HCP, healthcare 

personnel 

†Twenty-five (25) weekly wastewater samples and weekly epidemiologic surveys were collected from SNF A during February–July 2022, from SNF B during 

March–September 2022, and from SNF C during June–December 2022. 

‡None of the participating skilled nursing facilities provided ventilator care. 

§Resident statistics for SNF B in this table represent one wing of the facility where effluent flowed to the wastewater sampling manhole. As described in the main 

text of the manuscript, resident data for the entire facility was initially collected, but when it was determined that wastewater samples represented the 

population of just one wing, some epidemiologic data were recollected using the condensed epidemiologic data re-collection tool (Supplement 1). The remainder 

of data in this table was collected using the study’s original weekly questionnaire (Supplement 1). 
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Table 2: Sensitivity and specificity of using wastewater SARS-CoV-2 concentration (using enMF 

concentration method
†
) to detect SARS-CoV-2 infections at three skilled nursing facilities over 

25 weeks of sampling, Atlanta, Georgia, 2022 

 SNF A SNF B
 

SNF C Overall 

All residents  

Sensitivity (%) 100.0 61.5
‡
 100.0 75.0 

Sensitivity 95% CI (%) 54.1 – 100.0 31.6 -86.1
‡
 2.5-100.0 50.9 - 91.3 

Specificity (%) 84.2 83.3
‡
 70.8 78.2 

Specificity 95% CI (%) 60.4 - 96.6 51.6- 97.9
‡
 48.9-87.4 65.0-88.2 

Residents and healthcare personnel combined 

Sensitivity (%) 90.0 56.3 100.0 74.2 

Sensitivity 95% CI (%) 55.5 - 99.8 29.9 - 80.2 47.8 - 100.0 55.4-88.1 

Specificity (%) 100.0 88.9 85.0 90.9 

Specificity 95% CI (%) 78.2 - 100.0 51.8-99.7 62.1 - 96.8 78.3 - 97.5 

*Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; enMF, electronegative membrane filtration; 

COVID-19, coronavirus disease 2019; SNF, skilled nursing facility; CI, confidence interval 

†Results presented in this table were generated with the enMF virus concentration method. Results generated with the 

nanoparticle virus concentration method are presented in Supplement 4, Table S4.3. 

‡Data sources: SARS-CoV-2 infection count data for residents at SNF B were collected with the condensed epidemiologic data 

re-collection tool (Supplement 1). All other SARS-CoV-2 infection count data were obtained from the National Healthcare 

Safety Network (NHSN). 

 572 

 573 

Table 3: Spearman’s correlation coefficients (ρ) showing strength of correlation between 

wastewater SARS-CoV-2 RNA concentrations (using enMF concentration method
‡
) and SARS-

CoV-2 infection counts among several subpopulations at three skilled nursing facilities over 

25 weeks of sampling, Atlanta, Georgia, 2022 
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 585 

 586 

Table 4: SARS-CoV-2 lineages and percent abundance from genomic sequencing of 

wastewater samples from three skilled nursing facilities using two concentration methods, 

enMF and NP, Atlanta, Georgia, 2022. 

Wastewater 

sample date 
SNF 

Concentration 

method 
SARS-CoV-2 lineages‡

 (% abundance)§ 

 SNF A SNF B SNF C 

 ρ p-value ρ p-value ρ p-value 

New infections per week
§
 

All residents
 

0.69 <0.001 0.47
#
 0.12 0.34 0.09 

Healthcare personnel
 

0.71 <0.0001 0.48 0.01 0.59 <0.01 

All residents and healthcare 

personnel combined
 0.86 <0.0001 0.58

# 
0.048 0.59 <0.01 

Total infections per week
§
 

Residents contributing fecal 

matter to wastewater
 0.67

#
 <0.001 0.72

#
 <0.001 0.14

#
 0.52 

*Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; enMF, electronegative membrane filtration; 

COVID-19, coronavirus disease 2019; SNF, skilled nursing facility 

†Bold text indicates statistically significant results, α = 0.05 

‡Results presented in this table were generated with the enMF virus concentration method. Results generated with the 

nanoparticle virus concentration method are presented in Supplement 4, Table S4.4.  

§ SARS-CoV-2 infection counts were defined as the number of new laboratory-confirmed SARS-CoV-2 infections per week for 

most analyses. The one exception was among residents contributing fecal matter to the wastewater. Due to limitations of 

data availability, SARS-CoV-2 infection counts among this subpopulation were collected as the total number of laboratory-

confirmed SARS-CoV-2 infection in the facility per week. 

#Data sources: At SNF B, SARS-CoV-2 infection count data among residents as well as among residents contributing fecal 

matter to wastewater were collected using the condensed epidemiologic data re-collection tool specific to one wing of the 

facility. At SNFs A and C, SARS-CoV-2 infection count data among residents contributing fecal matter to wastewater at SNFs 

were collected using the project’s weekly questionnaire (see Supplement 1 for questionnaires). All other SARS-CoV-2 

infection count data in this table were obtained from the National Healthcare Safety Network. 

for use under a C
C

0 license. 
T

his article is a U
S

 G
overnm

ent w
ork. It is not subject to copyright under 17 U

S
C

 105 and is also m
ade available 

(w
hich w

as not certified by peer review
) is the author/funder, w

ho has granted m
edR

xiv a license to display the preprint in perpetuity. 
T

he copyright holder for this preprint
this version posted June 4, 2026. 

; 
https://doi.org/10.64898/2026.06.01.26354622

doi: 
m

edR
xiv preprint 

https://doi.org/10.64898/2026.06.01.26354622


30 

 

5/17/2022 A enMF BG.5 (98.6), BA.2.12.1 (1.3) 

6/30/2022 C enMF BA.5.5 (99.5) 

7/19/2022 A enMF BA.5.1.18 (99.9) 

7/26/2022 A 
NP 

BA.5.2.9 (75.7), BA.5.2 (20.4), BA.5.1.18 (1.7), 

BA.5.1.23 (1.3) 

enMF BA.5.2.9 (91.3), BA.5.1.18 (7.8)  

7/28/2022 C 
NP BF.8 (97.7), BA.5.2.1 (2.0) 

enMF BF.8 (99.6)  

8/23/2022 B 
NP BA.5.5 (99.6) 

enMF BA.5.5 (98.1), BA.5.2.20 (1.0)  

8/30/2022 B 
NP BA.5.5 (99.7) 

enMF BA.5.5 (93.6), BA.5 (3.0), BA.5.1.30 (3.0) 
*Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; SNF, skilled nursing facility; enMF, 

electronegative membrane filtration; NP, nanoparticle 

†Bold text indicates dominant lineage by sequencing. 

‡ BG is an alias for BA.2.12.1, and BF is an alias BA.5.2.1. 

§ Only lineages with ≥1 % abundance were included in this table.  
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