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ABSTRACT

Building-level wastewater SARS-CoV-2 monitoring can identify Covid-19 outbreaks, allowing
mitigation measures to be put in place to prevent those outbreaks from growing. Wastewater
concentrations of SARS-CoV-2 should be interpreted as a risk index that simultaneously
estimates both the likelihood and the severity of a Covid-19 outbreak. In congregate living
settings, where outbreaks can occur in the span of a few days, a single detection with a
sufficiently high concentration can merit action, and has anecdotally indicated that an outbreak is
occurring. Wastewater monitoring has detected outbreaks in facilities with as many as 1,000
occupants. In community settings, wastewater monitoring’s limit of detection approaches 1 case
per 10,000 people, which indicates wastewater monitoring’s suitability for very large buildings.
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INTRODUCTION

Covid-19 wastewater monitoring is a powerful complement to case surveillance through
diagnostic testing. Wastewater monitoring has been used at multiple geographic and population
scales, from measuring community-level disease activity using influent sampled from municipal
wastewater treatment plants down to measuring sewage in individual buildings, such as
university dormitories, hospital wards, and correctional facilities (Betancourt et al. 2021;
Karthikeyan et al. 2021; Harris-Lovett et al. 2021; Reeves et al. 2021; Targeted Wastewater
Surveillance at Facilities, Institutions, and Workplaces 2021).

When monitoring at the level of individual buildings or small groups of buildings, the resulting
data can be used to trigger a swift Covid-19 response. For example, detection of high levels of
SARS-CoV-2 in a building’s wastewater can be followed by individual-level mass testing to
identify and isolate infected people. Because many infected people do not show symptoms but
still shed virus in stool, wastewater testing may be able to identify outbreaks among a building’s
inhabitants before that outbreak would be detected by symptoms checks or diagnostic tests alone
(Bibby et al. 2021; Gibas et al. 2021; Olesen et al. 2021).
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Despite this promise, it is more challenging to interpret building-level wastewater data,
compared to community-level data collected at a municipal wastewater treatment plant
(Harris-Lovett et al. 2021). Here, we provide a quantitative risk index approach that can help
contextualize wastewater data for use in building-level decision-making. We also review the
challenges to interpreting wastewater data.

Wastewater Can Detect Outbreaks But Not Necessarily Individual Infections

The purpose of Covid-19 surveillance is to provide information that can inform public health
action, such as mitigating an outbreak. Ideally, surveillance can detect a single infected person in
the monitored population. In practice, this kind of precision is often not possible because of
technological and resource constraints, but it is also not necessary to mitigate outbreaks. So long
as at least one person in the outbreak cluster is detected, the outbreak can be mitigated.

For example, one surveillance approach is to perform diagnostic tests on some members of the
monitored population at some interval, say testing 10% of people twice a week. This approach is
not guaranteed to detect a single infection, but it will likely detect a large outbreak. Wastewater
monitoring is also not guaranteed to detect an individual infection because of technological,
biological, and behavioral factors. Laboratory methods to detect virus in sewage have a finite
limit of detection, and rates of fecal virus shedding can vary dramatically from person to person
(Li et al. 2021), so much so that some people appear to not shed virus in their stool at all (Jones
et al. 2020; Kitajima et al. 2020; Li et al. 2020). Additionally, not everyone will have a bowel
movement in the building they nominally occupy during a time when a sampling is being
collected. For example, if a 24-hour composite sample is collected twice a week and an infected
person does not deposit material on either of those two days, they may not be detected at all.

In a congregate living environment, where transmission rates are high and outbreaks will grow
quickly, building-level wastewater monitoring may be more valuable as a tool for detecting
outbreaks, rather than individual cases. While there is no guarantee that wastewater monitoring
can detect a single infection, wastewater testing can detect outbreaks because at least one
infected person in the outbreak will likely shed enough virus in stool to be detected. For
example, in a study at the University of North Carolina at Charlotte, when wastewater
monitoring was in place, clusters of 1 to 3 infected people were routinely detected. When
wastewater monitoring was not available, clusters grew to 5 to 10 people before they were
detected (Gibas et al. 2021).

In buildings with lower transmission rates, like office settings, wastewater monitoring’s potential
ability to detect single cases may be useful, for example, to confirm that the safety policies and
protocols that are in place are ensuring that no infected person is in the workplace.
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Not All Detections Of Virus In Wastewater Necessarily Merit A Response

As discussed above, Covid-19 surveillance methods like wastewater monitoring are more
reliable for detecting outbreaks rather than individual infections. Conversely, detectable but low
levels of virus in wastewater may not necessarily merit a response.

Low levels of virus could be due to a number of factors not related to a growing outbreak. First,
there are behavior factors. An infected person might briefly visit the monitored building but still
deposit virus in the wastewater system. Some people use the bathroom outside their residences
and workplaces. Small amounts of virus may also make their way into wastewater via saliva, so
that simply spitting in a sink may be sufficient to cause a detection (Ddhla et al. 2020).

Second, biological factors mean that not every detection merits a response. A person recovering
from infection may return to the building. Convalescent individuals shed at lower —but still
potentially detectable— levels relative to infectious people.

Finally, infrastructure factors can affect the actionability of wastewater data. Residual stool may
remain in toilets or pipes, so that a detection with low concentration is potentially possible even
after all infected individuals are removed from the building. Also, small amounts of wastewater
from other buildings may end up at the sampling point. For example, in a study of Spanish
nursing homes (Davo et al. 2021), virus was consistently detected in wastewater from one
nursing home, despite all residents and staff in that facility testing negative. Later investigation
showed that the sampling location actually included wastewater from an adjacent building that
housed some infected individuals.

Wastewater Concentrations Relate To Both The Likelihood And The Size Of An Outbreak
Low concentrations of virus are consistent with very few, if any, people in the monitored
population being infected. Higher concentrations are an indication that the presence of the virus
in the building is not a one-off or an issue of minor cross-contamination, that is, that there is a
real risk of transmission and an outbreak.

Higher concentrations are a potential indication, but not definitive proof, that more people are
infected. Shedding rates vary across infected people, and although there is insufficient data to
make a definitive statement about this variation, it is likely that one person can shed ten times as
much virus as another person. In other words, the same concentration of virus in wastewater
could be due to 10 infected people who shed an average amount of virus, or it could be due to
just 1 single infected person who sheds large amounts of virus.

When monitoring wastewater at a community level, there are usually enough infected people that
the variation between individuals averages out, so that the concentration of virus in wastewater
tracks the number of infected people. However, at the building level, where only a small number

Public Health and Water Conference & Wastewater Disease Surveillance Summit in Cincinnati, OH, March 21-24, 2022. DOI:
10.2175/193864718825158289



of people might be infected, variability between individuals makes the relationship between virus
concentrations and number of infected people more uncertain (Wade et al. 2021).

Thus, for small populations, high levels of virus in wastewater indicate a high probability that
someone is infected, but the level does not necessarily indicate how many people are infected
(Harris-Lovett et al. 2021). As outbreaks grow in size, wastewater virus concentrations better
track the number of infected individuals. We recommend interpreting wastewater concentrations
as a risk index that provides information both about the likelihood that an outbreak is occurring
and also the likely size of the outbreak.

To illustrate this concept, imagine that N people in a building are infected at the time of
wastewater sampling, and each infected person i sheds an amount of virus S,. The shedding
amounts S; follow some statistical distribution that represents the inter-person variability of
shedding rates as well as any temporal, intra-person variability, such as whether sampling
occurred earlier or later after an infected person’s exposure. The total shedding 7=}, S; has
mean Ny, that is, the number of infected people times the mean shedding per infected person .
From clinical studies, we can estimate mean per capita shedding, and so we could compute 77ug,
the total shedding divided by the average per capita shedding.

Naively, this value T/ug is an estimate of the number N of infected people. However, this
computation ignores the fact that decision-making uses Bayesian probabilities: the posterior
probability that N people are infected depends not on 7 and g but also on the prior probability
that N people are infected (Figure 1). In other words, if the prior probability weighs against large
outbreaks, we are more likely to interpret a certain wastewater measurement as large per capita
shedding from a small number of infected people rather than a small per capita shedding from a
large number of people.

Figure 1. Conceptual model of wastewater measurements (x-axis) when a small number of
people (colors) are infected. Likelihoods are computed assuming that shedding rates are
gamma-distributed with mean 1 (arbitrary units) and standard deviation 0.5. The prior
probability on N is Poisson-distributed with mean 1. In this example, the maximum likelihood
occurs for a smaller wastewater measurement than for the posterior probability.
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Risk Tiers As A Data-To-Action Framework

We considered at least three different sets of interpretation, or “data-to-action”, frameworks for
guiding wastewater monitoring practitioners in how to take action based on their building-level
wastewater monitoring data.

First, binary detect or non-detect. We found this approach inadequate during the active phase of a
pandemic, in which detects are quite common and might not merit action, as described above.

Second, trends. In principle, a facility administrator could monitor trends in wastewater virus
levels and take action when a certain trend had been observed, over some duration of time. In
practice, many facilities sample wastewater as infrequently as once a week, meaning that many
weeks of data need to be collected in order to identify a trend. However, the time it takes for an
outbreak to sweep a congregate living facility, on the order of days, is therefore much shorter.
Weekly based sampling is therefore unlikely to identify trends characteristic of a facility-level
outbreak.

Third, risk tiers. In this approach, quantitative wastewater measurements are grouped into
qualitative “tiers.” This approach allows associating a certain tier with a certain “risk,” which in
turn is some combination of the probability of an outbreak and the size of that outbreak, as
discussed above. Risk tiering allowed fast action, since even a single sample could trigger action,
but sufficient sensitivity such that not every single detection triggered action.
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METHODS

Evidence for formulating risk tiers

We drew evidence for the risk tiers from 6 building-level outbreaks and from community-level
data:

e In four incidents at four separate correctional facilities, wastewater concentrations
reached the high-risk tier. These wastewater measurements prompted mass testing, which
showed an outbreak was occurring. Those outbreaks affected between 0.5% and 20% of
individuals at the facility.

e In two incidents at a fifth correctional facility, wastewater concentrations reached the
medium-risk tier, without ever reaching the high-risk tier, when there were multiple,
clinically-confirmed infected individuals at the facility.

e In approximately 9,300 samples collected by Biobot Analytics from over 450 municipal
wastewater treatment plants between March 2020 and August 2021, a 0.1%
community-level prevalence was associated with normalized concentrations of 10°
copies/L, and 0.01% prevalence was associated with 10° copies/L. This relationship, if
scaled down to a population of 1,000 or 100, would mean that a single case would
produce a wastewater signal ten times greater than the minimum high-risk tier
concentration.

e In a collection of university dormitories with a long history of sampling, there was a
fairly consistent prevalence of 1 case per 1,000 residents and a fairly consistent
wastewater concentration of 10° copies/L, that is, at the bottom of the high-risk tier.

e Over one year of sampling in a collection of office buildings, we developed a custom risk
threshold, using a breakpoint of 10° copies/L for an office population of 100 individuals,
which corresponds to the breakpoint between the low risk and medium risk tiers
described above.

Lab methodology

Biobot’s methodology for collecting and processing wastewater samples is described elsewhere
(Wu et al. 2020; Duvallet et al. 2021). Briefly, 24-hour composite samples collected at buildings
and wastewater treatment plants are shipped overnight to Biobot’s laboratory, where samples are
heat-inactivated and ultrafiltrated, concentrated viral particles are lysed, and viral RNA is
extracted. RNA is eluted and subjected to one-step RT-qPCR analysis in triplicate for
SARS-CoV-2 N1, SARS-CoV-2 N2, and pepper mild mottle virus (PMMoV). A number of
positive, negative, and recovery controls are also included.

PMMoV is used as a fecal strength indicator to produce a normalized concentration. Given the
“raw” SARS-CoV-2 concentration C, the fecal strength indicator concentration £, and a
reference fecal strength indicator concentration F,, we compute the normalized concentration N
as:

L><F

N =— 0
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Strictly speaking, the normalized concentration C/F is a unitless ratio; we include the reference
concentration F|, so that the normalized concentration has familiar units of genome copies per
liter. The reference concentration does not have intrinsic meaning except to make the normalized
concentration generally concordant with the raw concentration C.

RESULTS
An outbreak risk index for triggering action
Based on the existing outbreak data, Biobot developed a recommendation for interpreting
wastewater concentrations using a four-tier scheme that roughly classifies the risk of a sizeable
outbreak (Table 1, Figure 2):
1. Very low risk: Undetectable levels of virus
2. Low risk: Detectable levels of virus below a threshold concentration of 107 normalized
genome copies per liter (copies/L), divided by the number of people contributing to
wastewater
3. Medium risk: 1-10x the low-risk threshold concentration
4. High risk: >10x the low-risk threshold concentration

These concentrations were calibrated using Biobot’s laboratory methodology. Because different
methodologies can produce substantially different SARS-CoV-2 concentration measurements,
these tiered concentrations are not applicable to measurements made using other methodologies.

The risk tier breakpoints depend on population size because wastewater SARS-CoV-2
concentrations reflect the proportion of monitored people who are infected. In a larger
population, the same wastewater concentration reflects that same proportion of the population
infected, and so an larger absolute number of people infected. Thus, in this tiering system, the
same concentration represents higher risk for larger buildings because it represents a greater
number of infections.

These values are summarized in the table for two representative population sizes. In our
anecdotal experience, high-risk concentrations as measured by this index are a reliable indicator
that there is at least one infected person in the monitored population. To avoid more people being
infected, a response like quarantine or mass testing should be taken.

Table 1. Risk tiers, for two example population sizes.

Population size | Very low risk | Low risk Medium risk High risk

100 | Not detected | <10’ copies/L | 10°~10° copies/L | >10° copies/L

1,000 | Not detected | <10* copies/L | 10°~10° copies/L | >10° copies/L
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Figure 2. A visual representation of the risk tiers, for a defined population size.

Low Medium
<104 copies 104-10° copies
per liter per liter
High
Very low >105 copies
Not detected per liter

RISK THRESHOLDS

FOR POPULATION OF 1,000*

* Thresholds depend on building population
and laboratory methodology

DISCUSSION

Limitations

This approach to interpreting wastewater monitoring data is subject to multiple important
limitations. First, it should be remembered that wastewater-based monitoring is rapidly evolving,
and no algorithm for triggering action can have perfectly rigorous decision support. These tiers
are useful as a starting guide for certain types of buildings and communities. Depending on an
organization’s risk-reward trade-offs and the details of its wastewater system, taking action at
lower or higher risk tiers could be justified.

Second, the evidence for risk tiers in the scientific literature is still sparse. A number of studies
have reported on wastewater surveillance for buildings or other small catchment areas and how
wastewater data correlates with detection of cases. However, we chose to develop breakpoints
based on our our data and experience because of multiple challenges in interpreting reports from
the scientific literature:
e Many studies report only detection vs. non-detection, or they do not provide the raw
wastewater data on virus concentrations and case counts.
e Even among those studies that do report wastewater data, the studies in general use
different methodologies for sampling and virus quantification. Different methodologies
for virus quantification produce different results (Pecson et al. 2020).
e Confidence in a risk tiering system depends more on the number of outbreaks detected
(or not detected) by wastewater monitoring, rather than on the number of samples
collected (Lazic et al. 2018). To see why, imagine two buildings, one monitored for a
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whole year and the other monitored for only a month. Both buildings are Covid-free
except at one point in time, when they each had one case. Even though there are many
more samples associated with one of the buildings, both buildings each provide only one
example of what wastewater threshold would be useful for triggering action.

Third, we were not able to rigorously quantify the performance of wastewater monitoring as a
decision support tool for building-level decision making, in part because familiar calculations of
sensitivity and specificity may be misleading when evaluating wastewater monitoring. We chose
not to quantify the sensitivity and specificity of these tiers for multiple reasons:

e Strictly linking wastewater and case data on a building-level basis may be unrealistic
given how buildings are used. For example, say an infected student officially residing in
dormitory A uses a bathroom in dormitory B, leading to a “false positive” detection in
dormitory B and a “false negative” nondetection in dormitory A. The straightforward
calculation of sensitivity and specificity penalizes wastewater monitoring for being
unable to distinguish the official residence of the individuals who deposited
virus-positive material, when in fact the detection at dormitory A is precisely what we
would expect wastewater monitoring to do.

e Computing sensitivity and specificity by comparing the presence or absence of known
cases with detections or nondetections of virus in wastewater, as has been done multiple
times in the scientific literature (Barich & Slonczewski 2021; Betancourt et al. 2021;
Davo et al. 2021; Gibas et al. 2021; Karthikeyan et al. 2021; Wong et al. 2021), relies on
case data as a “gold standard”. In our experience, case detection is not sufficiently robust
to accurately evaluate wastewater monitoring’s performance. For example, if an infected
person is asymptomatic and is never recognized as a case, then a wastewater detection
would be erroneously labeled as a “false” positive.

Potential Actions To Improve Performance Of Building-Level Wastewater Monitoring
Wastewater monitoring practitioners can take multiple steps to improve the quality of their
monitoring program’s data.

First, pumping frequency can be increased. After flushing, material may take only a few minutes
to reach and pass a sampling location (Colosi et al. 2021). To maximize the chance that material
from every flush will be captured, autosamplers should be set to their maximum practicable
pumping frequency, as close to a 5-minute pumping frequency as possible. We caution, however,
the sampling frequency may need to be adjusted based on the sewer system’s hydraulics, which
can be quantified using a dye test, described below. A dye test can help quantify the needed
pumping frequency.

Second, the frequency of sampling can be increased. In our experience, the value of
building-level monitoring is closely related to how often samples are taken. If sampling is too
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infrequent, then by the time a wastewater measurement is taken, the cluster of infected people
will have grown large enough to be detected by other means. By collecting samples more often,
an outbreak can be detected more quickly. Frequent sampling may be especially important in
congregate living settings, where outbreaks can occur over the course of only a few days.
Because outbreaks can grow exponentially rather than linearly, weekly or twice-weekly sampling
may suddenly transition from non-detect to high risk concentrations.

Third, dye tests can be performed. In a dye test, dyed water is placed in a monitored toilet and
flushed, and the sampling location is monitored to measure the delay between the flush and the
measurement as well as the amount of time the dye is present at the sampling location after the
flush. Dye tests are helpful because there is a chance that a sampling location does not include
material from the target population. For example, in a study of effluent from a Covid-19 hospital
ward, after a series of false negative results led researchers to question the original sampling
locations, dye tests showed that none of the manholes initially thought to be downstream of the
ward actually were receiving wastewater from the ward in question (Colosi et al. 2021). Dye
tests can also help determine what frequency of pumping is required to ensure good confidence
that virus-positive material will be sampled and detected. If the transit time between a toilet flush
and the sampling point is very fast, then an autosampler might not collect material from every
flush.
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