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Abstract

Background Despite wide scale assessments, it remains unclear how large-scale severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination affected the
wastewater concentration of the virus or the overall disease burden as measured by
hospitalization rates.
MethodsWe used weekly SARS-CoV-2 wastewater concentration with a stratified random
sampling of seroprevalence, and linked vaccination and hospitalization data, from April
2021–August 2021 in JeffersonCounty, Kentucky (USA). Our susceptible (S), vaccinated (V ),
variant-specific infected (I1 and I2), recovered (R), and seropositive (T) model (SVI2RT)
tracked prevalence longitudinally. This was related to wastewater concentration.
ResultsHereweshow the64%county vaccination rate translate into about a 61%decrease
in SARS-CoV-2 incidence. The estimated effect of SARS-CoV-2 Delta variant emergence is
a 24-fold increase of infection counts, which correspond to an over 9-fold increase in
wastewater concentration. Hospitalization burden and wastewater concentration have the
strongest correlation (r = 0.95) at 1 week lag.
Conclusions Our study underscores the importance of continuing environmental
surveillance post-vaccine and provides a proof-of-concept for environmental
epidemiology monitoring of infectious disease for future pandemic preparedness.
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Plain language summary

It is unclear how large-scale COVID-19 vac-
cination impactswastewaterconcentrationor
overall disease burden. Here, we developed a
mathematical surveillance model that allows
estimationof overall vaccine impact basedon
the amount of SARS-CoV-2 in wastewater,
seroprevalence and the number of cases
admitted to hospitals between April
2021–August 2021 in Jefferson County,
Kentucky USA. We found that a 64% vacci-
nation coverage correlated to a 61%
decrease inCOVID-19cases. Theemergence
of the SARS-CoV-2 Delta variant during the
time of the surveillance directly correlated
with a sharp increase in infection incidence as
well as viral counts in wastewater. The hos-
pitalization burden was closely reflected by
the viral count found in the wastewater, indi-
cating that post-vaccine environmental sur-
veillance can be an effective method of
estimating changing disease prevalence in
future pandemics.

Communications Medicine |            (2024) 4:70 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43856-024-00494-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43856-024-00494-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43856-024-00494-y&domain=pdf
http://orcid.org/0000-0001-8849-1390
http://orcid.org/0000-0001-8849-1390
http://orcid.org/0000-0001-8849-1390
http://orcid.org/0000-0001-8849-1390
http://orcid.org/0000-0001-8849-1390
http://orcid.org/0000-0002-6307-4555
http://orcid.org/0000-0002-6307-4555
http://orcid.org/0000-0002-6307-4555
http://orcid.org/0000-0002-6307-4555
http://orcid.org/0000-0002-6307-4555
http://orcid.org/0000-0003-3490-8925
http://orcid.org/0000-0003-3490-8925
http://orcid.org/0000-0003-3490-8925
http://orcid.org/0000-0003-3490-8925
http://orcid.org/0000-0003-3490-8925
http://orcid.org/0000-0003-3487-6572
http://orcid.org/0000-0003-3487-6572
http://orcid.org/0000-0003-3487-6572
http://orcid.org/0000-0003-3487-6572
http://orcid.org/0000-0003-3487-6572
http://orcid.org/0000-0002-2811-1111
http://orcid.org/0000-0002-2811-1111
http://orcid.org/0000-0002-2811-1111
http://orcid.org/0000-0002-2811-1111
http://orcid.org/0000-0002-2811-1111
http://orcid.org/0000-0003-2804-4294
http://orcid.org/0000-0003-2804-4294
http://orcid.org/0000-0003-2804-4294
http://orcid.org/0000-0003-2804-4294
http://orcid.org/0000-0003-2804-4294
mailto:aruni.bhatnagar@louisville.edu


In the wake of the COVID-19 pandemic, more reliable methods of mea-
suring disease prevalence in communities are urgently needed, particularly
methods that do not involve the expensive and cumbersome process of
collecting individual level data. Completed development and validation of
such methods are likely to be a centerpiece of preparedness for future
pandemics. Wastewater concentration, when properly calibrated, can be a
surrogate for estimates based on community prevalence of infection1–3.
Moreover, wastewater-based epidemiology offers the opportunity of esti-
mating community disease prevalence even with asymptomatic disease2,3.
A handful of previous evaluations of the relationship between severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) wastewater con-
centration and the COVID‐19 vaccine have relied almost exclusively on
statistical models calibrated with case counts or other convenience
sampling4–8. These data run the risk of biased underrepresentation of
asymptomatic individualswhomaynot seek testing, or individuals testing in
settingswhere reporting is lowor not required9.Othermathematicalmodels
are based at a state or national spatiotemporal scale10–13. Hence, in this study
we consider this question in the context of randomized seroprevalence
surveillance, combining mechanistic and statistical frameworks to obtain
more robust and realistic estimates of changes in disease prevalence.

We address the question of how changes during the Alpha and Delta
variant waves of the pandemic affected wastewater concentrations by
looking in detail at a small geographical area which other studies have not
done previously. For our analysis, we use repeated cross-sectional com-
munity-wide stratified random sampling to measure SARS-CoV-2
nucleocapsid specific antibody-based seroprevalence in Jefferson County,
Kentucky (USA), fromApril 2021 through August 2021 to determine post-
vaccine communityprevalenceat a sub-county scale.We then relate this to a
statistical linear model and the available sub-county weekly wastewater
surveillance data which yield estimates of the explicit impact of vaccination
and seroimmunity on a SARS-CoV-2 wastewater concentration estimate,
while controlling for prevalence in different epidemic phases using a
population level ecological model. The latter may be easily translated into
other important public health indicators such as patterns of hospitalization.
The ecological model, SVI2RT , longitudinally monitors the proportions of
individuals in various health stages. These include those who were sus-
ceptible (S), vaccinated (V), infected with non-Delta variant (I1), infected
withDelta variant (I2), recovered (R), or seropositive (T). Here we show the
64% county vaccination rate translate into about a 61% decrease in SARS-
CoV-2 incidence. The estimated effect of SARS-CoV-2 Delta variant
emergence is a 24-fold increase of infection counts, which correspond to an
over 9-fold increase in wastewater concentration. Hospitalization burden
and wastewater concentration have the strongest correlation (r = 0.95) at 1
week lag.

Methods
Seroprevalence
Community-wide stratified simple random seroprevalence sampling
(SupplementaryNote 1 and Supplementary Table 1) was conducted in four
waves from April to August 2021 in Jefferson County, Kentucky (USA)
which is also the consolidated government for the city of Louisville14. Ser-
oprevalence sampling was conducted both before and during vaccination,
but this analysis only considers the period after COVID-19 vaccines were
made widely available to the public (N = 3303). In some cases, due to the
timing of samplingwaves, respondentsmay have had only the first of a two-
dose vaccine series. Serological positivity for nucleocapsid immunoglobulin
G was used to identify participants with previous SARS-CoV-2 natural
infection; vaccines used in the studied areas relied on SARS-CoV-2 viral
spike protein and thus spike protein presence could be attributable to either
natural infection or vaccination. Owing to elevated levels of vaccinated
respondents in our study (~90%), we only included seroprevalence mea-
sured by response to IgG N1 antibodies14,15. The nucleocapsid (N1) IgG
assay sensitivity was 65% and the specificity was 85%14. It was assumed over
the study period vaccination induced antibodies did not decay below
detection.

Concentration of SARS-CoV-2 and PMMoV in the wastewater
Wastewater samples were collected twice per week from five wastewater
treatmentplants (N = 168; SupplementaryNote2, SupplementaryFig. 1 and
Supplementary Table 2) from April to August 2021. From an influent 24-h
composite sampler, 125ml of subsample was collected and analyzed for
SARS-CoV-2 (N1) and pepper mild mottle virus (PMMoV). In a few cases
due to an equipment malfunction, a grab sample was collected. The geo-
graphic area and population serviced by a wastewater treatment plant
comprises a sewershed, the zone for which we consider in our model ana-
lysis across a range of population sizes, income levels and racial and ethnic
diversity. Analysis used polyethylene glycol (PEG) precipitation with
quantification in triplicate by reverse transcription polymerase chain reac-
tion (RT-qPCR)2. Data for SARS-CoV-2 (N1) and PMMoV are reported as
weekly average copies/ml of wastewater with a threshold value for SARS-
CoV-2 (N1) assays of 7.5 copies/ml and for PMMoV of 143 copies/ml.

Administrative COVID-19 data
Administrative data on COVID-19 vaccination and infected individuals’
hospitalization was provided by the Jefferson County health authority,
Louisville Metro Department of Public Health and Wellness (LMPHW),
under a Data Transfer Agreement. Vaccination data were geocoded to the
urban sewersheds using ArcGIS Pro version 2.8.0 (Redlands, CA). Daily
hospitalization data was only available aggregated at a county level.

Analytical model
The hybrid model for estimating the effect of vaccination and variants on
longitudinal wastewater concentration was developed by combining a
compartmental ecological model with a statistical linear model (Supple-
mentary Note 1–4, Supplementary Information Tables 1–13 and Supple-
mentary Information Figs. 1–9)16. The former was used to longitudinally
estimate population prevalence from the observed cross-sectional rates of
seropositivity. We assumed the overall vaccination pattern as reported by
the county, with the overall adult vaccination rate reaching 64%17 by the end
of the study period. The hybrid model was used to relate the ecological
model prevalence to the wastewater concentration. The ecological model,
SVI2RT , tracked longitudinally the proportions of individuals who were
susceptible (S), vaccinated (V), infectedwithnon-Delta variant (I1), infected
with Delta variant (I2), recovered (R), or seropositive (T). We note that a
version of this model that did not account for vaccination or variants was
considered in our earlier work2.

Upon estimating the parameters in the SVI2RT model, we compared
the model-calculated prevalence estimates for SARS-CoV-2 infections and
vaccination levels with the wastewater concentration levels of SARS-CoV-2
(N1) and for that normalized by PMMoV18. We also separately calculated
two prevalence estimates according to the Alpha and Delta variants.
Bayesian linear regression was performed both on the county aggregated
data and stratified by sub-county wastewater treatment plant zones (sew-
ersheds). We used the broken stick regressionmodel to separately compare
the Alpha and Delta variant effects on the wastewater concentration with
regression coefficients directly. To improve the regression model stability,
we used weekly average prevalence rates from the SVI2RT model as the
explanatory variable, and weekly aggregated average wastewater con-
centrations as the single outcome variable. This temporal aggregation also
allowed us to use a simple posterior-profile likelihood to estimate the
average change point in the broken stick regression model (see, e.g.,
Schwartz et al.19 for a similar approach for initial conditions imputation).
We assigned non-informative priors to all regression parameters. Specifi-
cally, the non-informative Cauchy distribution was assigned to regression
coefficients, and the non-informative gamma prior was assigned to the
dispersion parameter in error term. The regression model with intercept is
used where the intercept may be interpreted as background and calibration
noise related to wastewater sampling. We could see temporal differences
between the Alpha and Delta variant dominant dates, but this variability in
time also considers that samples are weekly aggregated average wastewater
concentrations. We did not include these variabilities of intervals in the
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model as the magnitudes of the observed wastewater concentration and
estimated prevalence in this interval are relatively small, andmodel changes
do not alter the overall model fit.

The strong statistical significance of the regression model relating
prevalence and wastewater concentration allowed for indirect estimation of
the effect of population vaccination and variants. Under the assumption the
relationshipbetween thewastewater concentrationand theprevalence is not
confounded by the vaccination and variants, we used the original regression
equation derived from the collected wastewater and seroprevalence data to
estimate the wastewater concentration over time. To estimate the vaccina-
tion effect, we compared these concentrations with hypothetical ones
obtained when the vaccination term was zeroed out in the SVI2RT model.
In a comparable manner, we estimated the effect of the introduction of the
Delta variant. Finally, we performed the longitudinal, regression-based
analysis relating the community hospitalization to observed wastewater
concentrations. In the three analyses we quantified the effects by calculating
the size of the effects relative to the factual (observed) states.

Wastewater samples were prepared for whole genome sequencing20,21,
and the proportion of observed SARS-CoV-2 variants was estimated for
each sewershed based on variant dominance. Two variants were present in
the studyareaduring the studyperiod:Alphawasdominant fromApril until
July, while Delta was dominant from July until August (Supplementary
Note 3, Supplementary Fig. 2 and Supplementary Table 3). To reflect the
infections before and after the emergence of the Delta variant, we incor-
porated into our SVI2RT model the two different infection compartments
(I1 and I2) reflecting both the infection competition and temporal hetero-
geneity caused by the two different variants of the virus.

Ethics
For the seroprevalence and data provided by the LMPHW under a Data
Transfer Agreement, theUniversity of Louisville Institutional ReviewBoard
approved this as Human Subjects Research (IRB number: 20.0393). Parti-
cipants in the seroprevalence study provided informed consent. For the
wastewater data, the University of Louisville Institutional Review Board
classified this as non-human subjects research (reference #: 717950).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Wastewater regression
When examining the relationship between the prevalence estimated from
the SVI2RT model and the observed wastewater levels, the results of the
Bayesian regression analysis demonstrate a close trend. This analysis con-
siders both countywide aggregation and the five localized sewershed loca-
tions allowing finer geographic resolution. The trend is effectively
summarized by the corresponding posterior regression line. To obtain
reliable and stable longitudinal wastewater concentration readings, the
concentration of SARS-CoV-2 (N1) was normalized by the PMMoV con-
centration to enhance accuracy and precision and minimize variance in
assessing changes in the concentration of the virus over time.

To assess the impact of prevalence on observed wastewater con-
centration for the Alpha and Delta variants, we employed a regression
model known as the broken stick regression to account for variant-specific
patterns of virus shedding and infection rates. This model incorporates two
regressors: one for theAlpha variant with an estimated prevalence prior to 5
June 2021, and another for the Delta variant with an estimated prevalence
after 5 June 2021 (Supplementary Note 2 and 3 and Supplementary
Figs. 2 and 3). Consequently, the model encompasses two different
regression coefficients corresponding to the respective prevalence. The
transition date was determined by the prevailing dominance of the Alpha
and Delta variants as inferred from wastewater samples (Supplementary
Note 3 and Supplementary Table 3). For the aggregatemodel, the estimated
intercept is−4.222 × 10−4 (CI = (−9.458 × 10−4, 7.921 × 10−5)) and the two

slopes are 0.815 (CI = (−0.023, 1.717)) and 0.385 (CI = (0.318, 0.455))
(SupplementaryNote 4 and SupplementaryTable 6).Overall, the regression
model fits the data well (R2 = 0.90).

Effect of vaccination on disease incidence and wastewater
concentration
We first compared the estimated incidence of the SVI2RT model under two
different vaccination scenarios (factual 64% vaccination rate and counter-
factual 0% vaccination rate) while adjusting for the Delta variant emergence
(Fig. 1). The peak and the overall temporal dynamics are different under the
two scenarios across each location, credible intervals for the incidence with
and without vaccination are overlapping and indicate that the scenario
curves could have statistically close values during certain times. To quantify
these differences more precisely, we computed the location-specific vacci-
nation effects as the ratio of the areas under the two scenario incidence
curves. Specifically, we compared the area under the curve (corresponding to
a relative cumulative incidence) for the with-vaccination scenario to that of
thewithout-vaccination scenario. The value obtained for the aggregateddata
was 0.390, with the remaining sewershed specific effects being even stronger
at 0.502, 0.393, and 0.479 for MSD1, MSD2, and MSD3–5, respectively.
Based on converting these ratios to excess incidence, we estimate that
without vaccination, the reported integrated incidence may have increased
about 156.2% (CI = (95.2%, 175.7%)) above the observed level in Jefferson
County (Fig. 1a) and about 99.4% (CI = (94.2%, 108.5%)), 154.5% (CI =
(3.2%, 154.7%)), and 108.8% (CI = (52.8%, 109.2%)) in different sewershed
areas (Fig. 1b–d, Supplementary Note 4 and Supplementary Table 8).

To obtain estimates of the effects of vaccination on the wastewater
concentration of the virus, we developed a hybrid inferential model com-
bining the wastewater regression equation with the SVI2RT estimated pre-
valence, under two different vaccination scenarios (factual 64% rate and
counterfactual 0% rate) (Fig. 2). The use of SVI2RT (which accounts for the
effect of different virulence of the two different SARS-CoV-2 variants)
automatically adjustedour analysis for theDelta variant emergence.Because
the estimated prevalence from the SVI2RT model and the normalized
wastewater concentration are highly correlated, the hybrid model is seen to
fit the data well. As before, to quantify the location-specific vaccination
effects, we calculated the location-specific ratios under two curves in an
analogous way as when quantifying the vaccination effect on the disease
incidence. The ratios of the areas under the two curves, under factual
(vaccinated) and counterfactual (unvaccinated) scenarios, were computed.
The Jefferson County (Fig. 2a) ratio was equal to 0.314, and the remaining
sewershed location ratios (Fig. 2b–d)were equal to, respectively, 0.448, 0.330
and 0.375. The estimate of excess wastewater virus without vaccination is
estimated as 218.9% (CI = (193.5%, 242.4%)), 123.1% (CI = (105.0%,
144.0%)), 202.8% (CI = (192.8%, 203.4%)), and 166.9%, (CI = (146.6%,
187.1%)) respectively (Supplementary Note 4 and Supplementary Table 8).

Effects of virus variant on disease incidence and wastewater
concentration
Alphawas the dominant variant at the start of our study periodon30March
2021 (Supplementary Note 3 and Supplementary Table 3). The Delta var-
iant was first introduced into the two largest urban sewersheds as the
dominant variant on12 July2021, appearing in themore rural sewersheds in
the following 2-week period. More recently we have reported on the re-
emergence of Delta in the MSD3 site during the Omicron wave20, which
indicates the persistence of specific variants in wastewater can be variable
and are likely influenced by several factors, including the rates of incidence
and vaccination.

In our analysis, we assumed a 50%higher infectivity of the SARS-CoV-
2 Delta variant in comparison with its Alpha predecessor22. In the coun-
terfactual model, where only the Alpha variant was present, the epidemic
was seen to dissipate, indicating the effective reproduction number of less
than one. This was in contrast with the factual, full SVI2RT model fit (with
both Alpha- and Delta- variants present), where the incidence was seen to
rise rapidly. As in the previous section, to quantify the difference between
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the two curves, which we interpreted as measuring the effect of introducing
the Delta variant, we calculated the ratio of areas under the two curves,
obtaining the values of 23.524, 31.103, 23.986, and 33.336 for the aggregate,
MSD1, MSD2, and MSD3–5 regions respectively (Fig. 3). The estimate of
the decrease in total incidence without the variant was found as 95.8%
(CI = (95.7%, 95.9%)), 96.8% (CI = (95.5%, 96.8%)), 95.8% (CI = (2.7%,
96.0%)), and 97.0% (CI = (38.6%, 97.1%)), respectively (Supplementary
Note 4 and Supplementary Table 8). Note that the two lower bounds of the
ratio for theMSD2 andMSD3–5 areas were relatively small. This is because
the estimated incidence from both variants had lower CI areas that were
close to zero.

To identify the effect of the Delta variant emergence on the observed
wastewater concentration, we again applied the hybrid model from the
previous section.Genetic variants canhave an impact on fecal shedding23. In
the current analysis, the regression model was applied to predict the long-
itudinal wastewater concentrations from both factual (both variants pre-
sent) and counterfactual prevalence data (noDelta variant) (Fig. 4). As with
the analysis of the vaccination effects, here we also considered the ratios of
areas under the corresponding curves asmeasures of Delta variant effects in
specific locations. Based on the aggregated ratio values of 8.655, and on the
location-specific ratio values 5.695, 9.675, and 8.530, the estimate of excess
wastewater concentration due to Delta was found as 88.4% (CI = (87.7%,
88.7%)), 82.4% (CI = (81.4%, 84.0%)), 89.7% (CI = (88.5%, 90.8%)), and
88.3% (CI = (87.3%, 89.1%)) respectively (Supplementary Note 4 and
Supplementary Table 8). By utilizing the fitted regression coefficients, we

can further examine the impact of the Alpha and Delta variants on waste-
water concentrations. To facilitate a comparison,we employed standardized
regression coefficients instead of the original scale. Because the range of the
Alphavariant prevalenceand thenumber of datapoints of theAlphavariant
are smaller than that of the Delta variant, the slope coefficient of the Alpha
variant is larger than that of the Delta variant. For the aggregated model
(Fig. 4a), the standardized regression coefficient of the Alpha variant pre-
valence is 3.464 × 10−4 (CI = (4.460 × 10−7, 6.946 × 10−4)) and the Delta
variant prevalence is 1.992 × 10−3 (CI = (1.627 × 10−3, 2.344 × 10−3)).
Hence, the effect of the Delta variant was found to be 5.8 times greater than
that of the Alpha variant. The fitted line of wastewater concentration
exhibits a transition point, and the broken stick regression line aligns well
with the data (R-square value 0.904). We can also see similar patterns in
other sewershed locations (Fig. 4b–d). The standardized regression coeffi-
cients for each sewershed area are 5.053 × 10−4 (CI = (1.081 × 10−5,
9.796 × 10−4)) and 1.880 × 10−3 (CI = (1.387 × 10−3, 2.339 × 10−3)) for
MSD1, 3.586 × 10−4 (CI = (−1.148 × 10−4, 8.337 × 10−4)) and 3.395 × 10−3

(CI = (2.921 × 10−3, 3.872 × 10−3)) for MSD2, and 2.518 × 10−4

(CI = (−4.963 × 10−5, 5.616 × 10−4)) and 1.609 × 10−3 (CI = (1.291 × 10−3,
1.910 × 10−3)) for MSD3–5 respectively.

Insights into hospitalization rates based on wastewater
concentration
Hospitalization estimates under both vaccinated (64% vaccination rate17)
and unvaccinated (0% vaccination rate) scenarios were obtained by

Fig. 1 | The estimated effect of vaccination on incidence in sewersheds of Jefferson
County, KY (USA). The dark green line is the factual SVI2RT model estimated
incidence (with vaccination), and the light green line is the corresponding

counterfactual estimated incidence with vaccination effect zeroed out. The shaded
areas represent 95% credible intervals. The panels compare the vaccination effect in
Jefferson County (a) as well as stratified by sewershed (b–d).
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applying a hierarchical regression model where we first regressed waste-
water concentration on the SVI2RT model prevalence and then regressed
hospitalization counts on the wastewater concentrations (Fig. 5). As hos-
pitalization is likely to occur sometime after symptom onset, we considered
a range of no lag to a 5-week lag period. A 1-week lagged-regression model
was the best fit where the length of the lag time was based on the overall
model fit criteria. The fitted intercept and slope coefficients were
1.222 × 10−4 (std = 3.345 × 10−5) and 0.181 (std = 0.0150) for vaccinated
and unvaccinated scenarios respectively (R-square of 0.895) (Fig. 5). The
maximum number of observed daily average hospitalizations under
the vaccination scenariowas 110.4 perweekly average (actual 122.0 in daily)
at the end of August. However, without vaccination, the maximum pre-
dicted number of weekly average hospitalizations increased to 192.1. The
ratios between the areas under the prediction curves with and without
vaccination were 0.318, indicating a 214% (CI = (192%, 250%)) increase in
the number of hospitalizations when no vaccine would be present. In a
comparableway, we obtained the hospitalization estimatewithout theDelta
variant. The ratio of the areas under the two graphs (with and without the
Delta variant) is 3.037, indicating a 67% (CI = (53.5%, 89.4%)) decrease in
the hospitalization rate. Furthermore, we conducted a regression analysis
linking the hospitalization rate to wastewater concentration. The resulting
slope coefficientwas 0.1762 (sd = 0.0119), and anR-square valuewas 0.9241
(Supplementary Note 4 and Supplementary Table 12). Notably, the

predictions from this simple regression model outperformed those of the
hierarchical regression model discussed earlier. This suggests that waste-
water concentration can serve as a robust predictor for forecasting hospi-
talization rates.

Discussion
The results of our large study (N = 3303) show the importance of post-
vaccine environmental surveillance for the prevalence of the virus in an
urban area. A major advantage of this approach is that it decreases bias
implicit in publicly-available clinical case data by assessing community
prevalence using antibody positivity with four waves of sequential stratified
random sampling data. Although our work was localized to Jefferson
County, where contemporaneous randomized sampling and wastewater
concentration were available, it should be emphasized the model described
here may be readily applicable to other locations worldwide. In addition to
SARS-CoV-2, the model may be valid for other infectious diseases. Fur-
thermore, despite running our model with data adjusted using both the
SARS-CoV-2 (N1) and PMMoV concentrations, we observed that the
PMMoVadjustment reduceduncertainty. Indeed, estimationof the effect of
vaccination brings the related issue of refined localized model application
such as high levels of tourism that may affect community vaccination levels
and related observed wastewater concentrations8. Here we have presented
real world evidence that, in fact, small area wastewater surveillance could be

Fig. 2 | The estimated effect of vaccination on SARS-CoV-2 (N1) wastewater
concentration normalized by peppermildmottle virus in sewersheds of Jefferson
County, KY (USA).The dark brown line is the regression-based fit to thewastewater
concentration data and the light brown line is the prediction of wastewater con-
centration using synthetic prevalence from SVI2RT model with vaccination effect

zeroed out. The shaded areas represent 95% credible intervals. The blue dots are
observed weekly average wastewater concentrations. The panels compare the vac-
cination effect on wastewater concentration for Jefferson County (a) as well as
stratified by sewershed (b–d).
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used to estimate both—the effects of disease evolution as well as a com-
munity intervention, like a vaccination campaign.

It is widely recognized that even though vaccine distribution wasmore
proportional to wealth than need, COVID-19 vaccination was highly
effective24–27. Therefore, where accessible, the impact of vaccination on
community-wideprevalence of infectionwas readily apparent.However, for
other vaccine-preventable disease, there is an urgent need for increased
reliance onwastewater as a proxy for community disease impact being built
from actual community level data over time, as the estimates by different
methods can vary. For instance, when 90% of the student population of a
college campus was vaccinated, SARS-CoV-2 in wastewater decreased4; but
that university campus population generalization was not replicated in our
community-wide survey over a longer period. In contrast to our findings,
Nourbakhsh et al.28 found dissimilar trajectories from community clinical
and wastewater ratios once vaccination was introduced. We suspect this
difference is explained by the bias of relying on clinical data and home
testing kits which became more widely available during our studied period
than earlier in the pandemic and with no requirement, or in some cases
option, for reporting. Whereas the Nourbakhsh et al.28 study included only
publicly reported case data, the randomized selection of community par-
ticipants in our study population14 was a comparatively less biased data
source for a post-vaccine studyperiod.Our recentworkhas shown that even
though we cannot rule out bias due to self-selection for testing, the

randomized sampling approach provides better estimates of disease pre-
valence than administratively reported data14.

Our model is comparable to that used by Jiang et al.29 in that our
analysis also provided estimates of prevalence; however, our estimates are
based on a statistically random sample (not a clinical sample) and our
regression model has a simple and explicit formula relating prevalence to
observedwastewater levels of the virus.Ourmodel also confirms thefindings
of Hegazy et al.6 implying the Delta variant emergence strengthened the
relationship between wastewater and disease burden. Hence, our analysis
provides a further proof-of-concept that our wastewater regression model
could be used (after proper calibration) with other similar data to provide
surrogate measures of SARS-CoV-2 prevalence in the community without
the necessity for individual testing. The regression prediction correlates well
with the estimated prevalence with a correlation coefficient of 0.858 (CI =
(0.502, 0.975). The hospital burden findings of Wang et al.30 also compares
well to our work; our results showed access to a voluntary community
vaccine that reached a coverage level of 64% of the adult population
decreased community hospitalizations by ~214%.

Yaniv et al.5 described the introduction of variant signal in wastewater
and noted how vaccination rates and a second booster helped to control the
Alpha variant, while an increase in a third booster was found to lead to a
decline in Delta. When vaccination levels increase to higher coverage,
hospitalizations may decline, even though the levels in wastewater remain

Fig. 3 | The model-based analysis of the Delta variant effect on SARS-CoV-2
incidence rate estimates in sewersheds of Jefferson County, KY (USA). The dark
green line is the estimated factual full model incidence (both Alpha and Delta
variants present), and the light green line is the counterfactual incidence estimated

from the model with no Delta variant. The shaded areas represent 95% credible
intervals. The panels compare the incidence rate in Jefferson County (a) as well as
stratified by sewershed (b–d).
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high7. Pandemic preparedness and associated public health response would
benefit from newmethods less dependent on continuous individual clinical
testing.

Our study used five sub-county locations based on the existing was-
tewater infrastructure allowing observation of a small geographical area but
also the aggregation of data for a countywide picture. We found that the
antibody positivity varied by the sewershed. The antibody-positive indivi-
duals were lowest in sewershed MSD1 and highest in sewershed MSD3–5
(9% for aggregate, 8% for MSD1, 9% for MSD2, and 10% for MSD3–5),
indicating that previous infection may have been higher in the less dense
portions of the county as compared with the urban core. Nonetheless, there
aremany other factors differentiating these sewershed areas that could have
produced these differences. These include population sizes and demo-
graphics, or presence of stormwater or industrial discharge being combined
with household sewer water. Regardless, the differences betweenMSD1 to 5
provide evidence of the benefit of observing results at both an aggregated
and a smaller sub-county level.

For replication of our current hybrid SARS-CoV-2 model, wastewater
sampling, stratified random sampling of seroprevalence, and linked vacci-
nation data are required; the model is flexible enough to allow additional
variant-specific variables. The promise of this model is that with known
wastewater levels of the virus, we can predict the effect of vaccination to
enablefine-tuned, andmilestone-driven, public health response. The results

obtained from our model show unequivocally that the COVID-19 pan-
demic would have been larger and spread earlier without vaccine access.
These findings provide further positive evidence for the significant role of
vaccines in public health, a valuable lesson for the pandemic preparedness.

Despite its many strengths, our study has some limitations. The pro-
portion of vaccinated respondents in the seroprevalence study was larger
than the greater community (~90% vs. 64%). Vaccine information was self-
reported, and we made a simplifying assumption that the magnitude of
vaccine leakage effect is negligeable31 when comparing to other effects.
Natural infection of a combined vaccinated and unvaccinated population
(and in the absence of another way to verify vaccination) was based on
antibody titers of IgG N1, an assay that has 65% sensitivity and 85%
specificity14 a priori, with inevitable under-estimation of infection pre-
valence. While our serosurvey only captured adults, wastewater assay
included minors. COVID-19 infected individuals can, in rare instances,
shed fecal SARS-CoV-2 up to 7 months post diagnosis32; viral shedding of
SARS-CoV-2 can vary in relation to vaccination status and variant33,34 and
thuswas not included in ourmodel. One of themajor advances of this paper
is thepresentationof a relatively simple andflexible analyticalmodel capable
of using wastewater concentration to evaluate the effect of vaccination and
variants onprevalence andhospitalization rates.Our simulations suggestwe
could use as little as 50% of data to retain the calibration conclusions
(Supplementary Note 4 and Supplementary Table 13). This issue is worth

Fig. 4 | The estimated effect of Alpha and Delta variant on SARS-CoV-2 (N1)
wastewater concentration normalized by pepper mildmottle virus in sewersheds
of Jefferson County, KY (USA). The dark brown line is the regression-based fit to
the wastewater concentration with the Alpha and Delta variant and the light brown
line is the prediction of wastewater concentration using synthetic prevalence from

the SVI2RT model with the Alpha variant only. The shaded areas represent 95%
credible intervals. The blue dots are observed weekly average wastewater con-
centration. The panels compare the variant effect on wastewater concentration for
Jefferson County (a) as well as stratified by sewershed (b–d).
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further study outside the present work. Finally, the model we utilized
assumed perfect protection for individuals infected with the Alpha variant
against the Delta variant, as well as the insignificant seropositivity waning.
While these assumptionsmay not be entirely valid, they appear reasonable35

and are unlikely to have an impact on our conclusions.

Conclusion
Overall, our work suggests that under certain conditions, it is possible to use
wastewater-based epidemiology to assess both immunity acquisition in the
community due to natural recovery and vaccination as well as the effect of
variant emergence and associated immune evasion to the available vaccines.
The effect of vaccination on wastewater concentration as well as on com-
munity incidence of SARS-CoV-2 was substantial in Jefferson County.
According to our analysis, without vaccination, one would expect about
156% of excess infections over the period of study, which corresponds to a
219%of excesswastewater concentration. The effect of theDelta variantwas
similarly substantial. We estimated, over the study period in Jefferson
County, without Delta the amount of overall infection would decrease on
average by 96% which corresponds to 88% decrease in the wastewater
SARS-CoV-2 (N1) normalized by PMMoV concentration ratio. The cor-
respondence between wastewater concentration and the number of hospi-
talizations was found to be strongest with the time lag for about 7 days and
correlation = 0.95. Based on the regressionmodelwe estimated the effects of
vaccination and variants on hospitalization rate. According to the model,
without vaccination one would expect about 214% increase and without
variants about 67% decrease in hospitalization rate. Using the fitted
regressionmodel for hospitalization, the predictions of hospitalization rates
are at 50, 100, and 150 per 100 K when SARS-CoV-2 (N1) normalized by
PMMoV ratios are 0.0021, 0.0050, and 0.0077, respectively.

Our large, randomized, serosurvey suggests using the mechanistic,
population level, vaccination model (SVI2RT) coupled with longitudinal
wastewater sampling reliably estimated the effect of vaccination on the
prevalence rate in the community over the period of several months during
the secondand thirdwaveofCOVID-19pandemic, in the absence of clinical

data. Ours is the first study to look at a specific small area. The model can
also be used to estimate the effects of vaccination and variant emergence on
the hospitalization rate and on peak hospital beds utilization, estimates
critical for adequate preparedness for the next pandemic, should it arise.

Data availability
The seroprevalence data, wastewater levels, and hospitalization information
utilized in this study as well as the numerical data underlying the graphs
shown inFigs. 1–5 and Supplementary Figs. 2–9 are accessible at https://doi.
org/10.5281/zenodo.1068597516. The raw sequencing data for this study can
be found in the Sequence Read Archive (SRA) under Bioproject accession
number PRJNA735936. The individual sample IDs for each of the sew-
ersheds are as follows: MSD1: SRS9157222, SRS9157253, SRS9157295,
SRS9157312, SRS9157404, SRS9157423, SRS9157271, SRS9157289,
SRS9822150, SRS9822069, SRS9822088, SRS9822037, SRS9822056,
SRS11852264, SRS11852382 and SRS11852445; MSD2: SRS9157236,
SRS9157241, SRS9157259, SRS9157300, SRS9157391, SRS9157410,
SRS9157428, SRS9157276, SRS9157322, SRS9822133, SRS9822055,
SRS9822075, SRS9822093, SRS9822042, SRS11852433, SRS11852296 and
SRS11852431; MSD3: SRS9157226, SRS9157244, SRS9157262,
SRS9157304, SRS9157394, SRS9157411, SRS9157432, SRS9157278,
SRS9157325, SRS9157345, SRS9351878, SRS9351846, SRS9351864,
SRS9822059, SRS9822079, SRS9822096, SRS9822045, SRS11852489,
SRS11852329 and SRS11852435; MSD4: SRS9157229, SRS9157246,
SRS9157264, SRS9157306, SRS9157396, SRS9157417, SRS9157434,
SRS9157282, SRS9157327, SRS9157347, SRS9351830, SRS9351848,
SRS9351867, SRS9822094, SRS9822119, SRS9822062, SRS9822080,
SRS9822099, SRS9822049, SRS11852466, SRS11852210 and SRS11852437;
MSD5: SRS9157228, SRS9157248, SRS9157265, SRS9157307, SRS9157397,
SRS9157414, SRS9157435, SRS9157283, SRS9157328, SRS9157348,
SRS9352439, SRS9351849, SRS9351868, SRS9822035, SRS9822081,
SRS9822100, SRS9822048, SRS11852127, SRS11852339, SRS11852438.

Code availability
All code to reproduce the findings of this study is accessible at
https://doi.org/10.5281/zenodo.1068597516.
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