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A B S T R A C T   

Traditionally, public health surveillance relied on individual-level data but recently wastewater-based epidemiology (WBE) for the detection of 
infectious diseases including COVID-19 became a valuable tool in the public health arsenal. Here, we use WBE to follow the course of the COVID-19 
pandemic in Rochester, Minnesota (population 121,395 at the 2020 census), from February 2021 to December 2022. We monitored the impact of 
SARS-CoV-2 infections on public health by comparing three sets of data: quantitative measurements of viral RNA in wastewater as an unbiased 
reporter of virus level in the community, positive results of viral RNA or antigen tests from nasal swabs reflecting community reporting, and 
hospitalization data. From February 2021 to August 2022 viral RNA levels in wastewater were closely correlated with the oscillating course of 
COVID-19 case and hospitalization numbers. However, from September 2022 cases remained low and hospitalization numbers dropped, whereas 
viral RNA levels in wastewater continued to oscillate. The low reported cases may reflect virulence reduction combined with abated inclination to 
report, and the divergence of virus levels in wastewater from reported cases may reflect COVID-19 shifting from pandemic to endemic. WBE, which 
also detects asymptomatic infections, can provide an early warning of impending cases, and offers crucial insights during pandemic waves and in the 
transition to the endemic phase.   

1. INTRODUCTION 

Traditionally, public health surveillance has relied on individual-level data, often acquired through clinical testing or surveys. 
However, these methods can suffer from limitations such as delayed reporting, incomplete coverage, and individual biases. In recent 
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years, wastewater-based epidemiology (WBE) has emerged as a revolutionary tool, offering a unique glimpse into the collective health 
of a population through the analysis of municipal wastewater. WBE provides real-time, non-invasive, and often anonymous insights 
into the occurrence and prevalence of pathogens [1–4], the consumption of illicit drugs and pharmaceuticals [5–7], and even the 
metabolic makeup of a population [7]. This field holds immense potential to transform public health surveillance, from informing 
targeted interventions to predicting and preventing outbreaks before they take hold [8]. 

SARS-CoV-2 is a positive-sense, single-stranded RNA virus that causes life-threatening coronavirus disease 2019 (COVID-19) in 
humans [9–13]. SARS-CoV-2 RNA is shed through the urine, feces, and sputum of individuals who have contracted COVID-19, and as a 
result, SARS-CoV-2 RNA can be detected in wastewater [14–17]. Consequently, wastewater testing was implemented in cities around 
the world to determine SARS-CoV-2 prevalence in communities [18–20]. This led to the development of WBE to monitor COVID-19 
transmission and to attempt pandemic mitigation through early detection of SARS-CoV-2 RNA in wastewater. 

The COVID-19 pandemic has demonstrated the utility of WBE for monitoring outbreaks in small and medium-sized communities 
[21,22]. This study was borne out of a request from the city of Rochester, Minnesota, USA to monitor city-wide SARS-CoV-2 prevalence 
which could be used to inform pandemic mitigation policies. Rapid, cost-effective, and efficient methods were needed to test 
wastewater to provide precise data on changes in concentrations of the SARS-CoV-2 virus and to support public health 
decision-making. 

Here we describe the strategies, tools, and workflow for processing wastewater with the goal of detecting SARS-CoV-2 RNA to 
monitor community wide COVID-19 prevalence and possibly, as an early indication of COVID-19 outbreaks in the community. Spe-
cifically, the development and performance characteristics are described for a quantitative reverse transcription droplet digital PCR 
(RT-ddPCR) test for the detection of SARS-CoV-2 in wastewater, which could be implemented and/or modified for other infectious 
disease targets in most community laboratories for monitoring and surveillance purposes. Our data provide a snapshot of the trend 
between SARS-CoV-2 viral RNA in wastewater and positive COVID-19 cases in a population of 121,395 in Rochester, Minnesota, from 
February 2021 to December 2022. We also compared the wastewater data to COVID-19 hospitalization data. In addition, we monitored 
the concentration of SARS-CoV-2 in wastewater along with new cases of COVID-19 in two smaller adjacent communities, Byron 
(population 6312) and Stewartville (population 6703). 

Analysis of this data provided a clear indication of a positive correlation between the concentration of SARS-CoV-2 in wastewater 
and the new COVID-19 cases reported to the Olmsted County Public Health Services. However, this was only true for the period that 
required strict reporting guidelines and prior to the widespread availability of rapid home tests for COVID-19. The widespread 
availability of home-testing kits coincided with the waning of this correlation. This demonstrates the utility of wastewater surveillance 
to monitor community COVID-19 prevalence when there is no mandate to report positive cases. Interestingly, we noted a similar 
pattern with COVID-19 hospitalization data, where there was a loss of correlation with SARS-CoV-2 RNA levels in wastewater towards 
the latter half of 2022. In summary, we document a cohesive approach of multiple institutions and agencies cooperating to monitor 
pathogen components within wastewater which could be used as a basis for mitigation policies of emerging and re-emerging infections 
in the future. 

2. Materials and methods 

2.1. Wastewater sample collection 

The influent wastewater at the Rochester Water Reclamation Plant (WRP) consists of approximately 48% residential, 47% com-
mercial and 5% industrial facilities. At the Rochester WRP, influent wastewater was composited daily based on a flow weighting 
sampling regime. An average sampling rate of 188 mL/h was used to composite a total daily sample of 4.5 L. From Feb/2021 to May/ 
2021 two times per week and from June/2021 to Dec/2022, four times per week, influent composite samples were clarified by 
centrifugation and 2 × 40 mL aliquots were stored at 4 ◦C [23] at WRP water chemistry lab prior to being delivered to Mayo Clinic, 
Rochester, MN. Byron and Stewartville samples were also flow-weighted samples that were collected by Rochester staff and cen-
trifuged/stored at the WRP water chemistry lab. 

Wastewater in the collection systems is subject to inflow meaning that outside sources of water (rainfall/snowmelt) can find its way 
into the sewer diluting the pollutants, including the SARS-CoV-2 RNA being carried to the WRP. To account for inflow, a dilution factor 
was applied based on an estimated baseline flow (flow known to be coming from human-derived wastewater). For this study the 
concentration of RNA was adjusted for inflow based on daily flow measurements at the Rochester plant. This inflow dilution factor 
averaged 1.09 for Rochester, which is extremely low indicating a dry period during the monitoring. This same exercise was not done 
with Byron and Stewartville as the baseline flow is not as well understood. Thus, while a dilution factor was not accounted for in Byron 
and Stewartville, it would be anticipated that it would be similar to Rochester due to the dry period, and thus dilution would have had 
little effect on the results. 

2.2. Wastewater processing and total RNA extraction 

The 40 mL wastewater sample was filtered through a 0.7 μm glass filter (Flipmate 50, Cat. No. SC0605, Environmental Express, 
Charleston, SC, USA) and subsequently concentrated with the Concentrating Pipette Select (InnovaPrep, Drexel, MO, USA) equipped 
with a 0.05 μm PS hollow fiber filter concentrating pipette tip (Cat. No. CC08020), according to the manufacturer’s recommendations. 

Approximately 200 μL of concentrated wastewater was recovered from this concentrating pipette and the RNA was extracted from 
this using a Qiagen Viral RNA Purification Kit (Qiagen, Hilden, Germany) according to the manufacturer’s recommended protocol. The 
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final elution volume of the RNA was 60 μL. 

2.3. Quantification of SARS-CoV-2 by reverse transcription droplet digital PCR (RT-ddPCR) 

The ddPCR assay designed to detect SARS-CoV-2 amplifies and quantifies 3 RNA targets using fluorescently labeled probes: N1 
(SARS-CoV-2 nucleocapsid probe 1), N2 (SARS-CoV-2 nucleocapsid probe 2), and as a control, human RPP30 (human ribonuclease P/ 
MRP subunit 30). The assay was performed according to the manufacturer’s protocol, as instructed for the Bio-Rad SARS-CoV-2 ddPCR 
Test (Bio-Rad Laboratories, CA, USA) with slight modifications from the method used in previous reports [24,25]. Briefly, 12 μL of RNA 
eluate was added to 10 μL of ddPCR master mix containing 5.5 μL of 4x One Step-RT-ddPCR Supermix, 2.2 μL of reverse transcriptase, 
1.1 μL of dithiothreitol, 1.1 μL of the 20 × 2019-nCoV CDC ddPCR triplex probe and 0.1 μL DNase/RNase free water. After the reaction 
was partitioned into droplets using the Bio-Rad AutoDG instrument, SARS-CoV-2 nucleocapsid (N1 and N2) target sequences, along 
with RPP30 target as a control, were amplified using Veriti thermocyclers (Thermo Fisher Scientific, Inc., Waltham, MA) using the 
following protocol: RT steps: 25 ◦C for 3 min and 50 ◦C for 60 min, followed by the PCR steps: 95 ◦C for 10 min, then 40 cycles of 
denaturation at 95 ◦C for 30 s and annealing/extension at 55 ◦C for 1 min, and a final enzyme deactivation at 98 ◦C for 10 min. 

Individual reaction droplets were counted as negative or positive for one or more targets by the QX200 Droplet Reader and signal 
data were analyzed using QuantaSoft Analysis Pro software version 1.0.596 (Bio-Rad Laboratories, Hercules, CA, USA). For each run, 
two low positives [total 10 copies and 5 copies, Exact Diagnostics SARS-CoV-2 Standard (Exact Diagnostics LLC, Fort Worth, TX)] for 
SARS-CoV-2 and a no template control were included for quality control. QuantaSoft Analysis Pro software (version 1.0.596) was used 
for droplet cluster classification. The QX200 automated droplet reader counts every acceptable droplet and measures the fluorescence 
emissions from each droplet using 2 channels (FAM and HEX). Droplets of different color and intensity were displayed on 2-dimen-
sional plots, allowing counting of negative droplets, as well as those positive for N1, N2, RPP30, or a combination of targets. For 
each fluorophore, the fraction of positive droplets, was fitted into a Poisson distribution equation, thereby providing absolute 
quantification of N1, N2, and RPP30 copies per well without a standard curve. 

The number of droplets generated per reaction ranged from 9000 to 18299 droplets. Rejection criteria for excluding a result 
included an unusual spread of droplets or <9000 acceptable droplets measured per well. 

2.4. Validation of wastewater processing and SARS-CoV-2 RNA quantification protocols 

Rochester wastewater was sent to a commercial laboratory (PACE laboratory, Minneapolis, MN) for independent quantification of 
SARS-CoV-2 genome levels during the initial validation of our wastewater processing, RNA extraction and RT-ddPCR protocols. 
Furthermore, Rochester WRP participated in Center for Disease Control (CDC) phase 3 wastewater SARS-CoV-2 testing on a weekly 
basis from Mid-January to Mid-March 2021 by sending local wastewater samples to National Wastewater Surveillance System (NWSS) 
(https://www.cdc.gov/nwss/testing.html) [26]. 

2.5. SARS-CoV-2 variant analysis 

Detection of SARS-CoV-2 variants in wastewater was performed at the University of Minnesota Genomics Center (Minneapolis, MN) 
which ran the targeted mutation ddPCR assays and the Metropolitan Council Environmental Services (Saint Paul, MN) interpreted the 
results. The assay was performed according to the manufacturer’s protocol, as instructed for the Bio-Rad SARS-CoV-2 ddPCR Test (Cat. 
No. 1864021, Bio-Rad Laboratories, CA, USA). 

2.6. COVID-19 cases and hospitalization data 

Daily new COVID-19 cases and hospitalization data were collected from the Minnesota Electronic Disease Surveillance System 
(MEDSS) at the Minnesota Department of Health. Data in MEDSS was from reported positive PCR or antigen tests. Positive tests were 
considered confirmed (PCR+) or probable (antigen+). At-home tests are not reportable and are excluded from this analysis. New 
hospitalizations are the number of new admits for COVID-19 or with COVID-19 in Olmsted County residents on a given day. All patient 
records were deidentified and aggregated at the ZIP code level. 

2.7. Statistical analysis 

The data was analyzed and visualized using customized R and Python scripts from Python libraries including pandas [27], NumPy 
[28], and Matplotlib [29], as well as R packages such as dplyr and tidyverse [30]. To test the normality of the data, we used the 
Shapiro-Wilk normality test from the rstatix library [31], which assumes a null hypothesis for normally distributed data. However, our 
data rejected the null hypothesis (Supplementary Table 1), prompting us to employ Spearman’s rank correlation coefficient, a 
non-parametric measure, to assess the strength and direction of the relationship between new COVID-19 cases, or hospitalizations and 
SARS-CoV-2 RNA in wastewater. Correlation analysis and plots were performed using R packages ggpubr [32] and ggplot2 [33], with 
statistical significance considered at a threshold of P < 0.05. The R package, changepoint [34] was used to detect a single divergence 
point in the ratio of SARS-CoV-2 concentration in wastewater and new COVID-19 cases or hospitalization. Our R and Python codes are 
available on GitHub (https://github.com/biruhalem/wastewater). 
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2.8. Attempts to determine lag period 

To determine if we could use our data to predict COVID-19 case oscillations, based on SARS-CoV-2 RNA in wastewater, we applied 
three predictive models to the data before changes in COVID-19 case reporting guidelines (before 2022-04-25). There exist various 
mathematical and statistical predictive models for time series data [35–38]. We worked with three predictive models— autoregressive 
integrated moving average (ARIMA),distributed lag (DL), and autoregressive distributed lag (ADL)—for lag analysis based on two 
primary considerations: 1) their common usage in analogous studies [14,38–44] and 2) their well-established frameworks, widespread 
application in time series analysis, and straightforward interpretability [45]. However, the models either failed to fit the data 
significantly or predicted lags that varied between models, indicating that our data set was not suitable for this type of predictive 
analysis. Several factors could affect the modeling results [37,46]. In our case wastewater samples were not collected daily or with 
equal spacing in consecutive samples, and interpolation of the missing data may affect the output. In addition, the weekend new cases 
of COVID-19 are significantly lower than the weekday cases which might contribute to the weekly significant cyclic lag patterns 
observed in the DL model. 

3. Results 

3.1. Multi-institution collaboration to monitor SARS-CoV-2 genome in wastewater 

Wastewater samples were collected from the city of Rochester four times a week on the indicated days (Fig. 1A and B) and once a 
week from two smaller neighboring communities (Fig. 1A and C, Byron and Stewartville circled in blue). Several institutions 
collaborated to assist the city in this effort (Supplementary Fig. 1). The WRP that serves the city of Rochester (population 121,395) 
collected the wastewater. Researchers at the Mayo Clinic (Department of Molecular Medicine) processed it and extracted RNA with the 
help of undergraduate students from the University of Minnesota Rochester (UMR). SARS-CoV-2 detection by ddPCR was performed by 
the Advanced Diagnostics Laboratory (ADL) at Mayo Clinic and the data provided to the WRP for flow adjustment. The daily SARS- 
CoV-2 positive cases and COVID-19 hospitalization data were provided by the Olmsted County Department of Health. 

3.2. Sensitivity of ddPCR assay 

Droplet digital polymerase chain reaction (ddPCR) is an effective and sensitive tool for detection of pathogens in clinical and 

Fig. 1. (A) Water reclamation plant catchment area for city of Rochester and location of Byron/Stewartville (B) Testing schedule for Rochester (C) 
Testing schedule for Byron and Stewartville. M, Monday; T, Tuesday; W, Wednesday; R, Thursday; and S, Saturday. 
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biological sources, particularly in the setting of PCR inhibitors, which may be present in wastewater [47–49]. Moreover, ddPCR can 
specifically measure single or multiple nucleotide targets in a single reaction [50–52]. 

Fig. 2 shows representative plots of wastewater analysis by ddPCR. While only one droplet cluster comprised of negative droplets 
was present for the no-template negative control (Fig. 2A), target-positive droplet clusters were observed for SARS-CoV-2 positive 
specimens (Fig. 2B and C). These clusters included the human ribonuclease protein (RPP30)-control detecting RPP30-positive droplets. 
The wastewater sample shown in Fig. 2b had additional clusters for N1-positive and N2-positive droplets and the sample shown in 
Fig. 2C had an additional N1+N2 positive (double positive) cluster. Of note, human RPP30 positive droplets are typically present at a 
very low level in wastewater. 

Analytical sensitivity and the cut-off for final calls were set at > 4 N1 and N2 droplets. Based on the previously published ex-
periments from our laboratories [24,25], 5 copies of viral RNA (equivalent to approximately 5 droplets of N1 and/or N2) can be 
reliably detected and is expected to be the approximate limit of detection. As there was a positive correlation between the SARS-CoV-2 
genomes detected by N1 and N2 probes (Supplementary Fig. 2, R = 0.99, p < 2.2e− 16), we used genome copies determined from each 
probe to calculate a mean genome copy number. 

3.3. Validation and accuracy of the ddPCR assay 

The accuracy of our assay was determined by comparing its results to those of an assay performed in a commercial laboratory 
(PACE laboratory, Minneapolis, MN). Near complete agreement (concentrations for N1 and N2, 16.6 & 25.9 copies/mL from PACE 
labs, respectively versus 15.9 & 29.6 copies/mL from our ddPCR assay) was observed although the method of extraction and assay 
procedures were different. 

The results of our assay were also compared to results provided by the National Wastewater Surveillance System (NWSS) from our 
participation in the CDC phase 3 wastewater SARS-CoV-2 testing program. Although, the protocols for RNA extraction and viral RNA 
quantification (qPCR) utilized at NWSS were different, there is a similar trend to the SARS-CoV-2 RNA concentrations measured by our 
ddPCR analysis in Rochester for that period (Supplementary Fig. 3, compare panels A and B). It is noteworthy that the SARS-CoV-2 
viral concentration showed a similar pattern whether normalized with pepper mild mottle virus (PMMoV, abundantly found in 
human fecal matter) concentration or not (Supplementary Fig. 3A, dashed red line and solid red line, respectively). 

Fig. 2. Representative plots of wastewater analysis by droplet digital PCR. (A) No template control. (B) Wastewater sample with low concentration 
of SARS-CoV-2 genomes. (C) Wastewater sample with a high concentration of SARS-CoV-2 genomes. N1, SARS-CoV-2 nucleocapsid probe 1 (red); 
N2, SARS-CoV-2 nucleocapsid probe 2 (gold); RPP30, probe for human ribonuclease P/MRP subunit p30 (dark blue). N1+N2; double positive 
droplets (tan). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.4. SARS-CoV-2 concentration in wastewater and COVID-19 cases in Rochester diverge after September 2022 

To assess whether the SARS-CoV-2 RNA concentrations correlated with the COVID-19 cases, the SARS-CoV-2 concentration in 
wastewater versus new COVID-19 cases was plotted daily over a period of 21 months (February 11, 2021–December 01, 2022), as 
shown in Fig. 3A (red dots). Daily new COVID-19 cases and SARS-CoV-2 concentrations in wastewater was low through the spring and 
mid-summer of 2021. Daily COVID-19 cases rose starting in August 2021 coincidentally with the circulation of the Delta variant (Fig. 4, 
purple columns). A wave of COVID-19 infections (Fig. 3A, blue dotted lines) with simultaneous rise in wastewater SARS-CoV-2 RNA 
levels (Fig. 3A, red dots) occurred from the mid-July until November 2021. From the beginning of December 2021 through March 2022 
a steeper surge of COVID-19 cases was observed (Fig. 3A). From May 2022 onwards, SARS-CoV-2 variants of the Omicron lineage were 
detected in wastewater (Fig. 4, Omicron variants shown in different colors). Of note, from September 2022 through the end of the study 
period, there was no apparent correlation between virus levels estimated by wastewater and positive COVID-19 cases. 

We also monitored the wastewater of two smaller communities adjacent to Rochester with a population of about 6500 each (Fig. 1, 
Byron, and Stewartville). We noted a very similar pattern of SARS-CoV-2 genome copies and daily positive cases (Fig. 3B and C). 
However, in Stewartville we observed an earlier divergence of the trends (Fig. 3C, May 2022). 

To assess whether the purported positive correlation between SARS-CoV-2 concentration in wastewater and new COVID-19 cases is 
statistically significant, we used the non-parametric Spearman’s rank test. We observed a significant positive correlation between the 
concentration of SARS-CoV-2 in wastewater and daily new COVID-19 cases in Rochester (Fig. 5A), as well as in Byron and Stewartville 
(Supplementary Fig. 4A and Supplementary Fig. 5A). However, we noted a divergence in the trend. This divergence occurred after 
changes in case reporting guidelines (April 25, 2022), and the widespread availability of COVID-19 home-testing kits later in 2022 
(Fig. 3, red dotted lines). Therefore, we re-analyzed the data in two groups: before and after April 25, 2022. We found a stronger 
positive correlation for the data before the changes in case reporting guidelines compared to the overall data in Rochester (Fig. 5B, R =
0.76, p < 2.2e-16), Byron (Supplementary Fig. 4B, R = 0.86, p < 1.3e-13), and Stewartville (Supplementary Fig. 5B, R = 0.88, p < 2.2e- 
16). Conversely, we did not observe a significant correlation between SARS-CoV-2 genome copies in wastewater and daily positive 
cases after the changes in case reporting guidelines (Fig. 5C, Rochester, R = − 0.025, p = 0.78; Supplementary Fig. 4C, Byron, R =
0.081, p = 0.65; and Supplementary Fig. 5C, Stewartville, R = − 0.084, p = 0.64). 

3.5. SARS-CoV-2 concentration in wastewater and COVID-19 hospitalizations diverge from September 2022 

To assess the impact of SARS-CoV-2 infections on community health, we investigated the correlation between SARS-CoV-2 RNA 

Fig. 3. SARS-CoV-2 genome copies (red dots) and daily positive SARS-CoV-2 cases (blue lines) in (A) Rochester, (B) Byron, and (C) Stewartville. The 
dotted green line indicates when case reporting guidelines changed, and the dotted red line indicates the time point after which we observe a 
divergence between the reported positive cases and the SARS-CoV-2 genome copies. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 4. SARS-CoV-2 variant analysis at the indicated dates. The Delta variant and several Omicron sub-variants BA.1.X to BA.5.X were detected 
using specific ddPCR probes. 
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levels in wastewater and COVID-19 hospitalization data. As with the daily new positive cases data, we noted that the hospitalization 
data correlated with SARS-CoV-2 RNA levels in wastewater only temporarily (Fig. 6A). Change-point statistical analysis was used to 
detect the divergence point in the ratio of wastewater SARS-CoV-2 RNA and COVID-19 hospitalizations. From September 2022, the 
COVID-19 hospitalizations and the SARS-CoV-2 genome copies in wastewater diverged (Fig. 6A, red line). There was a good corre-
lation between SARS-CoV-2 genome copies in wastewater and daily COVID-19 hospitalization before September 2022 (Fig. 6B, R =
0.59, p < 2.2e-16) but not after (Fig. 6C, R = − 0.084, p = 0.64). 

4. Discussion 

In Olmsted County, which encompasses Rochester, Byron and Stewartville, SARS-CoV-2 viral RNA concentrations in wastewater 

Fig. 5. Correlation between SARS-CoV-2 genome copies in wastewater and COVID-19 positive cases in Rochester: (A) over the entire period tested, 
(B) before the changes in COVID-19 case reporting guidelines, and (C) after the changes in COVID-19 case reporting guidelines. 
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reflected the daily COVID-19 case trend through March 2022, specifically capturing two infection surges due to the different variants. 
The trend seen in our data is similar to US national wastewater and COVID-19 surveillance reports [53]. The temporal profile of 
SARS-CoV-2 concentration in wastewater mirrored the trends of COVID-19 new cases monitored through community infection. It is to 
be noted that the number of reported cases underestimates the infection number due to untested asymptomatic and symptomatic cases 
[54]. 

Starting in Spring 2022, due to changes in reporting behavior following the widespread availability of at-home testing kits, the 
reported cases further deviated from the actual total number of infections. This was borne out by the significant divergence between 
reported cases and SARS-CoV-2 RNA detected in the wastewater for Rochester, Byron and Stewartville observed in the last quarter of 
2022. Similar conclusions were recently drawn from publicly available data from throughout the USA [55,56]. 

In addition to changes in COVID-19 case reporting guidelines, the reduced severity of Omicron variant infections may also have 
contributed to the divergence [57–59]. Consistently, the level of hospitalizations and intensive care unit (ICU) admissions in the study 
area were proportionally lower during the surge of the Omicron variant. Reduced Omicron variant infection severity may be due to a 
combination of increased immunization coverage [58] and virus attenuation [60,61]. Mild symptoms may reduce the test-seeking 
behavior in the community resulting in a low number of COVID-19 case reports. However, the virus is still being shed and detected 
in wastewater causing the divergence of COVID-19 cases and SARS-CoV-2 RNA levels in wastewater. 

The divergence of the COVID-19 hospitalization data and wastewater SARS-CoV-2 RNA levels in the second half of 2022 is an 
indication for the transition of COVID-19 from pandemic to endemic [62,63]. Consistently, other recent wastewater surveillance data 
indicate seasonal patterns of SARS-CoV-2 similar to that of other endemic respiratory viruses like human parainfluenza, human 
rhinovirus, human metapneumovirus, and respiratory syncytial virus B [64]. This is further evidence suggesting the transition of 

Fig. 6. (A) SARS-CoV-2 genome copies (red dots) and daily COVID-19 hospitalizations (black lines) in Rochester. The green line indicates when case 
reporting guidelines changed, and the red line indicates the time point after which we observe a divergence between the reported COVID-19 
hospitalizations and the SARS-CoV-2 genome copies. (B) Correlation between SARS-CoV-2 genome copies in wastewater and daily COVID-19 
hospitalization before September 2022, and (C) after September 2022. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 

R. Majumdar et al.                                                                                                                                                                                                    



Heliyon 10 (2024) e27974

10

SARS-CoV-2 from a pandemic to an endemic virus [65,66]. 
Due to the limiting factors of our dataset, it was not possible to determine the exact length of the anticipation afforded by the 

wastewater data. However, other studies have reported that wastewater data precede clinical case detection by 0–14 days [39,67–71]. 
This broad range suggests that the anticipation period is dynamic over time and space [46,70] and is affected by multiple factors 
including the strains in circulation and the vaccine coverage [71]. 

Another limitation of this study was that our ddPCR technique did not differentiate between circulating strains. This was mitigated 
by sending select samples to the University of Minnesota Genomics Center (Minneapolis, MN) which allowed quantification of the 
levels of different variants within these samples. As a future perspective, daily wastewater testing coupled with variant analysis may 
overcome the limitations of our current dataset and allow for reliable forecasting of positive cases. 

Based on our experience and that of others, wastewater surveillance has been particularly helpful in detecting community spread of 
SARS-CoV-2 and other viral pathogens such as polio [72] and monkeypox [73] outbreaks not always represented in local clinical 
testing data [56]. This report presents a cohesive approach of multiple institutions and agencies to monitor pathogen components 
within wastewater. This template may be used to predict and control outbreaks of emerging and re-emerging infections in the future, 
allowing hospitals and communities to plan for upswings in cases that might require additional resources [74,75]. 

Wastewater-based epidemiology for SARS-CoV-2 detection has rapidly transcended its niche status to become a valuable tool in the 
public health arsenal. Demonstrating sensitivity to even asymptomatic infections and capable of early warning before clinical cases 
rise, WBE offers crucial insights during pandemic waves and in the transition to the endemic phase. However, challenges remain in 
accurately quantifying case numbers and distinguishing variants. WBE’s potential for cost-effective surveillance and targeted in-
terventions positions it as a promising complement to traditional methods, shaping the future of infectious disease monitoring. 
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