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Introduction: Correctional facilities have environmental, resource, and organizational factors that facilitate SARS-CoV-2 transmission and challenge clinical testing of staff and residents. In Massachusetts, multiple state prisons implemented wastewater surveillance for strategic testing of individuals and isolation of COVID-19 cases early in the course of infection, as recommended by the Centers for Disease Control and Prevention (CDC). Our objective was to quantify the correlation of COVID-19 cases with facility-level wastewater surveillance compared to standard case surveillance in towns in closest geographic proximity to participating correctional facilities.

Materials and methods: Available data included number of reported COVID-19 cases in residents from each of eight participating facilities (labeled A-H for anonymity), wastewater viral concentrations at each facility, and COVID-19 cases reported to routine surveillance in towns geographically nearest each facility. We selected data from December 2020-February 2022. Spearman's rank correlation was calculated at each facility to assess agreement between town cases and facility resident cases, and between wastewater concentrations and facility resident cases. We considered a correlation of ≤0.3 as weak and ≥0.6 as strong.

Results: Facilities housed a mean of 502 individuals (range 54–1,184) with mean staffing of 341 (range 53–547). In 7/8 facilities, the town/resident cases correlation coefficients (ρ) were statistically significant (range 0.22–0.65); in all facilities, the wastewater/facility resident cases correlations were statistically significant (range 0.57–0.82). Consistently, ρ values were higher for facility-specific wastewater/resident cases than for town/resident cases: A (0.65, 0.80), B (0.59, 0.81), C (0.55, 0.70), D (0.61, 0.82), E (0.46, 0.62), F (0.51, 0.70), and H (0.22, 0.57).

Conclusion: We conclude that wastewater surveillance for SARS-CoV-2 can provide an additional signal to objectively supplement existing COVID-19 clinical surveillance for the early detection of cases and infection control efforts at correctional facilities.
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1. Introduction

The SARS-CoV-2 pandemic has caused immeasurable suffering in terms of morbidity, mortality, and the effects of economic impacts, with vulnerable populations having been affected disproportionately. In particular, individuals residing in correctional facilities have suffered mortality rates above those of the comparable general population (Marquez et al., 2021); their vulnerabilities are associated with conditions in their communities (e.g., social determinants of health) as well as during confinement (Simpson and Butler, 2020). Specifically, SARS-CoV-2 is most efficiently transmitted in crowded, indoor spaces and the combination of environmental, resource, and organizational factors existent in corrections that facilitate SARS-CoV-2 transmission. At the same time, clinical testing of staff and residents to identify infections early and prevent transmission is challenging in correctional facilities (Hawks et al., 2020; Montoya-Barthelemy et al., 2020; Hassard et al., 2022).

In Massachusetts, approximately 6,500 individuals reside under the supervision of the Massachusetts Department of Correction (DOC) in a wide variety of facility sizes and infrastructure. Part of the DOC mission is to provide appropriate care for residents, and the DOC contracts with a private healthcare service (DOC Coronavirus Information Guide | Mass.gov) to meet those needs. In response to COVID-19, the DOC conducted activities to “minimize opportunities for the SARS-CoV-2 to enter state correctional facilities; to suppress its spread inside of those facilities; and to provide adequate testing to identify, and medical care to treat, residents and staff who contract it” (EOPSS and DOC, 2021).

Unfortunately, screening asymptomatic individuals is challenging because infection control interventions that follow the detection of a positive individual lead to testing refusals (Wurcel et al., 2020). In the absence of systematic screening, asymptomatic cases could easily go undetected and serve as sources of transmission. Because of this, the DOC implemented wastewater surveillance in select facilities in December 2020 with the vision to capture an unbiased sample of residents and use results to target testing and isolate positives early in the course of infection. Our objective was to quantify the correlation of COVID-19 cases with facility-level wastewater surveillance compared to standard case surveillance in towns in closest geographic proximity to participating correctional facilities.



2. Methods

We used several sources of data to measure cases for this study, including resident testing and case data from the DOC, the Massachusetts Department of Public Health surveillance system (Massachusetts Virtual Epidemiologic Network [MAVEN] case data from neighboring towns and surveillance notes), and Biobot Analytics (wastewater data).

Eight correctional facilities participated in wastewater surveillance (Table 1). The average daily population in 2021 at each facility ranged from < 100 residents to >1,000; facilities varied widely in terms of their security and resident demographics.


TABLE 1 Table of Massachusetts Department of Corrections facilities and associated characteristics.
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2.1. Case data

Case data are individual level infections that have been reported to surveillance. Facility-level case data for residents of DOC facilities were provided by the DOC for this analysis. An active case at the facility was defined as an individual with a positive PCR or rapid antigen test and symptoms within 10 days of the test. Facility capacity information was procured via the DOC's quarterly report on the status of prison capacity from January 31 to December 31, 2021 (https://www.mass.gov/doc/prison-capacity-first-quarter-2022/download). Massachusetts DOC Tableau dashboards were used to ascertain the capacity, security level, and demographics of facility residents (https://public.tableau.com/app/profile/madoc). These were created by the DOC's Data Analytics Unit under an emergency Massachusetts law to protect health and wellness (Session Law-Acts of 2020 Chapter 93 (malegislature.gov).

Towns in closest geographic proximity to the participating DOC facilities were identified. Town-level case data were obtained from MAVEN, an integrated, web-based disease surveillance and case management system used in surveillance of over 90 reportable infectious diseases (Troppy et al., 2014). The laboratory-initiated electronic reporting of COVID-19 cases followed case definitions from the CDC/CSTE (https://www.cdc.gov/sars/guidance/b-surveillance/app1.html). MAVEN also contains notes from epidemiologists conducting surveillance follow-up to track activities and use free-text notes associated with facility clusters. For this study, all PCR tests were extracted by town, week (1–53 as used by the Morbidity and Mortality Weekly Report), week start and end dates, and test results to compile COVID-19 cases in towns neighboring DOC facilities, and data for the analysis period was provided as a csv file. We also extracted free-text notes to identify dates of any program recommendations to increase clinical testing, and whether these were specified to be in response to wastewater signals.



2.2. Wastewater data

Twenty-four-hour composite samples of raw influent wastewater were collected from each site as part of regular wastewater surveillance provided by Biobot Analytics, using either time- or flow-proportional 24-h composite samplers. Samples were collected at least once per week from December 15, 2020, with the analysis period ending February 12, 2022, for a total of 890 samples across eight sites (Table 1). Samples were collected and analyzed as described previously (Duvallet et al., 2022). Briefly, 15 mL of wastewater was concentrated approximately 100x, and RNA was extracted using RNeasy Mini columns or cassettes. RNA samples eluted from the RNeasy kit were subjected to one-step RT-qPCR analysis in triplicate for N1, N2, Pepper mild mottle virus (PMMoV) and other control amplicons. Ct-values were called from raw fluorescence data using the Cy0 algorithm from the qpcR package (v1.4-1) in R (Guescini et al., 2008), and manually inspected for agreement with the raw traces in the native Biorad software. Standard curves were generated and used to quantify virus amounts from Ct-values. PMMV was used as a fecal indicator for normalization of SARS-CoV-2 concentrations.

In February 2022, we updated our laboratory methodology improve sample processing time, throughput, and sensitivity, and to account for supply chain availability, adopting the current protocol, which uses Ceres NanoTrap particles (SKU 44202) to capture viruses essentially as described in the Ceres Nanosciences APP-030 protocol. Viral particles were captured from 9.6 mL of wastewater, immediately lysed with the MagMAX Lysis Solution (Applied Biosystems A52606), and 400 μL of the resulting lysate were used for nucleic acid isolation with MagMAX DNA/RNA binding beads. Samples eluted from the magnetic beads were subjected to one-step RT-qPCR analysis as described above.

Laboratory controls were run with all methods, including positive synthetic SARS-CoV-2 RNA controls and two no-template controls included on every qPCR plate. For positive and negative controls, Ct values outside the expected ranges trigger a re-run of the qPCR plate. One set of extraction blank controls was also run each day. Additionally, a recovery control was spiked into every sample and measured in parallel to PMMV. Matrix inhibition was assessed manually by reviewing raw qPCR curves and by an internal qPCR control measured in parallel to PMMV. Finally, PMMV was used as a proxy measure for per-plate recovery, and qPCR plates with unusually low PMMV were flagged values for further review and potential plate re-run. Only results which passed all quality controls are included in this dataset.



2.3. Statistical analyzes

Our hypotheses were that: (1) SARS-CoV-2 concentrations measured in the wastewater of facilities would correlate strongly with COVID-19 cases in residents of DOC facilities (i.e., individuals who were incarcerated), as residents in facilities are, largely, a closed population, with all waste deposited at facilities; and (2) resident and town cases would correlate moderately, because staff often live in neighboring communities and might bring SARS-CoV-2 into the target correctional facilities from community exposures.

To assess correlations between COVID-19 cases in DOC facilities, neighboring towns, and SARS-CoV-2 concentrations in wastewater, we analyzed time series for all locations between December 15, 2020 and February 12, 2022. Variables were: wastewater SARS-CoV-2 concentrations, town-level case data, and facility-level case data. However, these were all reported at different frequencies, so epidemiologic week was used as a common timescale to compare across data sources. Wastewater SARS-CoV-2 concentrations and case counts were averaged by epidemiologic week, using the geometric mean and standard mean, respectively. To characterize the relationship between wastewater SARS-CoV-2 concentrations and COVID-19 cases, we computed cross-correlations between three time series: weekly, average facility-level wastewater SARS-CoV-2 concentrations (hereafter “wastewater”), weekly, average facility-level recorded DOC resident COVID-19 cases (“resident cases”), weekly, and weekly, town-level COVID-19 cases among the general population (“town cases”).

Spearman's rank correlation coefficient tests (ρ) were performed to assess correlations; p < 0.05 were considered statistically significant; ρ ≥ 0.6 was considered strong, ρ ≤ 0.3 was weak. Sensitivity analyzes were performed to evaluate the impact of COVID-19 waves (pre-Omicron vs. all samples) on correlations. All statistical analyzes were conducted in R Studio, Version 4.2.0 (R Core Team, 2022).

This analysis was a secondary use of data and was not considered human subjects research by the Massachusetts Department of Public Health.




3. Results

Between December 15, 2020 and February 12, 2022, a total of 1,246 COVID-19 cases were recorded across eight Massachusetts DOC facilities in residents, with 34,781 rapid antigen tests administered, 1,273 of which were positive. A total of 32,908 COVID-19 cases were recorded in the eight towns most closely geographically associated with each facility. In the same time frame, 890 wastewater samples were collected across all facilities (Table 1).


3.1. Correlations

Results varied across facilities, but overall, correlations between residents and wastewater correlations were strong (p > 0.6) and resident and town cases correlations were moderate (Figure 1). Consistently, correlation values were higher for facility-specific wastewater/resident cases than for town/resident cases (Table 2). We conducted sensitivity analyzes (Supplementary material) to assess correlations for: (1) days where at least five COVID-19 tests were administered; (2) weeks where at least five COVID-19 tests were administered; and (3) the time period before the Omicron wave (December 2020-November 2021). As expected, resident cases and wastewater concentrations were more strongly correlated across facilities for the first two sensitivity analyzes (Supplementary Tables S1, S2). Town case counts were more strongly correlated with resident case counts when at least an average of five COVID-19 tests were administered weekly at facilities; this might be indicative of overall pandemic dynamics and disease waves affecting community and facility-level COVID-19 activity. Notably, analyzing data from before the Omicron wave in December 2021 showed attenuated correlations among residents, wastewater, and town cases across facilities. Correlations of resident cases and wastewater were moderate in several facilities; correlations of resident and town cases were weak, and most were not statistically significant (Supplementary Table S3).


[image: Figure 1]
FIGURE 1
 Pairwise correlations by resident and town cases and SARS-CoV-2 concentration in wastewater across Massachusetts Department of Corrections facilities. Spearman's rank correlation coefficient used; lines represent 95% confidence intervals. Case counts and wastewater SARS-CoV-2 virus concentrations were averaged by MMWR week. wastewater = weekly geometric mean of SARS-CoV-2 effective concentrations in copies/L; town = weekly average reported COVID-19 cases by neighboring town; resident = weekly average reported active COVID-19 cases among residents in Mass DOC facilities.



TABLE 2 Table of Spearman's rank correlation coefficients by Massachusetts Department of Corrections facility for facility wastewater, resident active COVID-19 cases, and town COVID-19 cases, December 2020–February 2022.
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3.2. Case studies

Wastewater monitoring for SARS-CoV-2 is most beneficial to building-level facilities when used as a tool to provide situational awareness and/or an early warning for COVID-19 outbreaks. Despite small overall reported case counts in the majority of the facilities, correlations between SARS-CoV-2 concentrations in wastewater and COVID-19 case counts were apparent (Figure 2). Because of this, we also selected three individual facilities to evaluate in separate case studies based on information available about responses to wastewater monitoring signals.


[image: Figure 2]
FIGURE 2
 Effective SARS-CoV-2 concentration and active resident COVID-19 cases in Eight Massachusetts Department of Corrections Facilities (A–H), December 2020–February 2022.



3.2.1. Facility C

Facility C is unique in that it serves a short-term population with specific medical supervision needs. There are no security staff and no visitors; the flow of individuals in and out is less controlled than other correctional facilities. SARS-CoV-2 testing was conducted on intake, but other than that, no routine screening for COVID-19 was conducted among residents. Wastewater signals observed in March 2021 and over the winter 2021/2022 were noted, but did not appear to trigger active testing.



3.2.2. Facility D

Facility D is a maximum-security facility. Residents with COVID-19 symptoms were tested. Visitation was controlled and visitors screened and tested. SARS-CoV-2 testing of staff consisted of random, unannounced use of a mobile testing unit about once per month. Positive results were not routinely reported to DPH. Wastewater signals from winter months of 2021 were observed and noted, but it is unclear to what extent individuals were tested.



3.2.3. Facility E

Facility E is a large, medium security facility where symptomatic residents were also tested as needed. Visitors were screened and tested for SARS-CoV-2. Wastewater signals from June 2021 were documented with notes that testing was not increased as a result.





4. Discussion

While wastewater surveillance has documented advantages for monitoring and controlling COVID-19 at the community (Gonzalez et al., 2020; Wu et al., 2022) and college-campus levels (Harris-Lovett et al., 2021; Wong et al., 2021), to our knowledge, this is the first study to quantify a relationship at correctional facilities. Furthermore, the case studies presented here document the application and direct utility of wastewater surveillance in a variety of correctional facility settings. Cases reported to routine surveillance, as captured in our town-level data, are affected by testing patterns and unless identified by screening, underestimate asymptomatic cases. Towns and correctional facilities have dynamic interactions in that staff and visitors frequently live in neighboring towns, and residents are released to towns (Montoya-Barthelemy et al., 2020; Hassard et al., 2022); however, this study found stronger correlations between wastewater surveillance at the correctional facilities and resident cases compared to town-level surveillance and resident cases.

A special feature of building-level wastewater surveillance for controlling COVID-19 is that it is actionable in a short feedback loop (Wong et al., 2021). New evidence indicates that it can also be affordable (Liu et al., 2022), which would allow further expansion in limited resource settings such as correctional facilities. In addition, since the programmatic efforts and costs of proactive clinical screening to detect infected individuals can be challenging (Brinkley-Rubinstein et al., 2021), our finding that wastewater monitoring at correctional facilities provides value beyond town- or city-level surveillance suggests this makes a good use case. The implementation of action in response to wastewater signals requires partnerships between public health and correctional facility leadership and staff. Wastewater surveillance in this setting can be an additional signal to aid infection control efforts at correctional facilities.

Evidence of town and resident case associations were described in a study of Massachusetts prisons where crowding was also a factor (Leibowitz et al., 2021). The movement of staff and visitors in and out of correctional facilities creates a challenge in interpretating wastewater data. Safety is a high priority of the Massachusetts DOC, and visits were managed. Additionally, as recommended by others (Hawks et al., 2020; Wang et al., 2020), an attempt to reduce the number of residents in 2020 was implemented to reduce COVID-19 transmission risk. Officials began dispensing the first round of doses of the COVID-19 vaccine for DOC residents and staff in January 2021 (EOPSS and DOC, 2021). However, there are many other barriers to controlling infection transmission in correctional facilities, including physical and structural challenges (Wang et al., 2020), and facilities have different capacities in implementing mitigation efforts.

Detection of SARS-CoV-2 in wastewater is an unequivocal result of infection somewhere. However, the many sources of variability in the detection of SARS-CoV-2 in wastewater (Wade et al., 2022) create challenges in interpretating individual results and frustrations for infection control. Smaller populations (i.e., building-level) under surveillance result in uncertainty in the quantitative correlation between wastewater concentrations and cases reported. The number of infected individuals who might contribute to the wastewater on a given day is hard to quantify; in addition, viral shedding in stool is highly variable from a single individual (Acer et al., 2022). As such, we caution partners to avoid overinterpreting a single observation of high concentrations of SARS-CoV-2 in wastewater. However, our observation that high viral concentration values were usually correlated with case clusters suggest a potential value in exploring guidance for interpretation based on certain cutoffs (e.g., percent increase). In addition, the availability and implementation of rapid, on-site testing have reduced the window of timing that wastewater offered earlier in the pandemic. This reinforces the value of combining these with other sources of surveillance data.

The greatest limitation of this study is the lack of biological evidence of infection in the population over time. Our data were observational and incomplete because our outcome (cases) underestimated infections for several reasons, including disincentives associated with the identification of a positive individual, inconsistent implementation of testing in response to wastewater signals, and undetected cases among staff and residents under mostly symptom-based testing. This means that the correlation analysis might not be ideal with cases as an outcome, and that our findings are conservative.

Formal model-based assessments of the cost benefit of using wastewater surveillance to monitor SARS-CoV-2 in correctional facilities are currently being evaluated through collaboration and support of CDC with a goal to develop an interactive tool similar to COVIDTracer and COVIDTracer Advanced | CDC.

The unique population vulnerabilities, along with environmental and structural conditions of correctional facilities that make clinical testing a challenge, suggest wastewater surveillance is beneficial in this setting. In Massachusetts, a partnership between DOC and DPH intends to expand wastewater surveillance to more facilities (EOPSS and DOC, 2021), and is consistent with CDC guidance on preventing transmission of SARS-CoV-2 in correctional facilities to include consideration for wastewater surveillance at the facility level (https://www.cdc.gov/coronavirus/2019-ncov/community/correction-detention/guidance-correctional-detention.html). Our findings of consistently higher correlation values between wastewater concentration and resident infections than town cases and resident infections offer robust support for conducting wastewater surveillance as an unbiased safety net of information about facilities where testing is challenging.
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