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ARTICLE INFO ABSTRACT

Editor: Yang Liu Since 2020, developed countries have rapidly shared both publicly and academically relevant wastewater sur-
veillance information. Data on SARS-CoV-2 circulation is pivotal for guiding public health policies and improving
Keywords: the COVID-19 pandemic response. Conversely, low- and middle-income countries, such as Latin America and the

COVID-19 Caribbean, showed timid activities in the Wastewater-Based Epidemiology (WBE) context. In these countries,
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isolated groups perform viral wastewater monitoring, and the data are unevenly shared or accessible to health
agencies and the scientific community. This manuscript aims to highlight the relevance of a multiparty effort
involving research, public health, and governmental agencies to support usage of WBE methodology to its full
potential during the COVID-19 pandemic as part of a joint One Health surveillance approach. Thus, in this study,
we explored the results obtained from wastewater surveillance in different regions of Brazil as a part of the
COVID-19 Wastewater Monitoring Network ANA (National Water Agency), MCTI (Ministry of Science, Tech-
nology, and Innovations) and MS (Ministry of Health). Over the epidemiological weeks of 2021 and early 2022,
viral RNA concentrations in wastewater followed epidemiological trends and variations. The highest viral loads
in wastewater samples were detected during the second Brazilian wave of COVID-19. Corroborating international
reports, our experience demonstrated usefulness of the WBE approach in viral surveillance. Wastewater sur-
veillance allows hotspot identification, and therefore, early public health interventions. In addition, this meth-
odology allows tracking of asymptomatic and oligosymptomatic individuals, who are generally underreported,
especially in emerging countries with limited clinical testing capacity. Therefore, WBE undoubtedly contributes
to improving public health responses in the context of this pandemic, as well as other sanitary emergencies.

1. Introduction

5.681.000 deaths [1]. To date, more than 59.357.000 cases of COVID-19
have been reported since the pandemic began [2]. Most

High mortality rates were reported worldwide during the COVID-19
pandemic. By February 2022, it was estimated that SARS-CoV-2 was
responsible for approximately 380.322.000 infected persons and

COVID-19-related discussions in the region have focused on Brazil [3,4],
which was one of the global epicenters of the disease [5-7].
On February 26, 2020, the first case was confirmed in Sao Paulo, the
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largest city in Latin America [8,9]. In March, additional surveillance,
restriction, and non-pharmacological measures were implemented by
the Ministry of Health [10] in an attempt to mitigate the effects of the
pandemic. However, these initial efforts were insufficient. In May 2022,
the total number of COVID-19 deaths in the country exceeded 663.000
and more than 30.448.000 cases were confirmed [1].

In Brazil, the Brazilian Health Regulatory Agency (ANVISA) initially
approved the AstraZeneca and Sinovac vaccines for emergency use on
January 17, 2021 and both have been manufactured in Biomanguinhos,
Fiocruz and Butantan Institute, respectively. Approximately 70% of the
entire population has already been vaccinated with the second/unique
doses since 2021 January 18, 2021, when Sao Paulo state initiated
vaccination of the elderly and health professionals [11]. Vaccination
may have been essential for reducing the number of hospitalizations and
deaths during the second wave of the disease in the country. However,
emergence of the Omicron variant (B.1.1.529) in the country has caused
a huge increase in COVID-19 cases, especially in the first weeks of 2022
[12]. On January 28, 2022, approximately 270,000 new cases of
COVID-19 were reported in 24 h, which was the highest since the
beginning of the pandemic [1].

Studies performed by Chen et al. [13], Parasa et al. [14], and Zheng
et al. [15] have demonstrated that SARS-CoV-2 RNA can be found in
feces during viral infection. The presence of viral RNA in stool and other
human excreta allows viral detection in domestic wastewater. Thus,
wastewater surveillance can be a low-cost strategy of quick response and
can be integrated with other public health interventions to serve as an
additional tool in decision-making [16-20]. The wastewater monitoring
approach is referred as Wastewater-Based Epidemiology (WBE) and it
has been used to track numerous infectious diseases [21-26]. This
strategy supports the concept of health promotion through basic sani-
tation and is absolutely aligned with the UN Sustainable Development
Goals, Good Health and Well-being, and Sustainable Cities and Com-
munities concepts as part of a global agenda to promote equity and
health.

Collecting and analyzing data on the occurrence and quantification
of SARS-CoV-2 in wastewater can provide the basis for an early warning
system (EWS) to track viral circulation in any context. The EWS can be
especially useful for low- and middle-income countries, where financial
resources such as viral and antibody testing capabilities, hospital
infrastructure, qualified staff, and personal protective equipment (PPE)
may be limited. Effective EWS can also be used to identify COVID-19
hotspots and guide action and resource allocation, which includes
testing and tracking strategies [24,27-30].

Countries such as Finland, Hungary, Luxembourg, the Netherlands,
Spain, and Turkey have already included WBE as a nationwide strategy
to monitor SARS-CoV-2 spread, whereas the United States, Canada,
Australia, France, Switzerland, and the United Kingdom have estab-
lished regional monitoring strategies [31]. Likewise, South Africa, an
emerging country such as Brazil, has recently created a wastewater
surveillance panel (https://www.samrc.ac.za/wbe/) which presents
weekly results for more than 45 monitoring points in different cities.

To date, more than 58 countries have detected SARS-CoV-2 RNA in
wastewater, and 276 universities worldwide are conducting research on
this topic. In Latin America, there are ongoing studies carried out by
universities and research institutions in Mexico, Colombia, Ecuador,
Argentina, and Chile [32-37]. In Brazil, the first initiatives were carried
out independently in the states of Minas Gerais (MG), Rio de Janeiro
(RJ), and Rio Grande do Sul (RS) [38]. Currently, other regions of the
country using the WBE approach, but through a cooperative work
(monitoring network) include: the cities of Belo Horizonte-Minas Gerais
(MG), Curitiba—Parana (PR), Fortaleza—Ceara (CE), Recife-Pernambuco
(PE), Rio de Janeiro-Rio de Janeiro (RJ), and the Federal District (DF).
Another joint initiative is the COVID-19 Wastewater Monitoring
Network ANA/MCTI/MS, which is promoted by the National Water and
Basic Sanitation Agency, the Ministry of Science, Technology and
Innovation, and the Ministry of Health, which monitors the ABC region
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in Sao Paulo and the cities of Foz do Iguagu-Parana (PR), Goiania-Goids
(GO), and the Federal District (DF).

This manuscript highlights the relevance of a multiparty effort
involving research, public health, and governmental agencies to support
usage of WBE to its full potential during the COVID-19 pandemic as part
of a joint One Health surveillance approach. The results and experiences
of the COVID-19 Wastewater Monitoring Network ANA/MCTI/MS (ABC
Region, Foz do Iguacu, Goiania, and Federal District) are presented.

2. Material and methods
2.1. Sampling sites and sample collection

Sewage samples were collected from epidemiological week (EW) 01/
2021 (January 3, 2021 to January 9, 2021) to EW 03/2022 (January 16,
2022 to January 22, 2022) at the entrance of wastewater treatment
plants (WWTP), and in other locations of the sewer system, such as lift
stations and sewer manholes. Fig. 1 summarizes the municipalities and
regions where WBE initiatives were carried out in Brazil. This includes
those monitored by the ANA/MCTI/MS COVID-19 Wastewater Moni-
toring Network (ABC Region, Foz do Iguacu, Goiania, and Federal Dis-
trict) and other Brazilian initiatives (red dots).

As estimated by the Brazilian Institute of Geography and Statistics
(IBGE) for 2021, the ABC region of Sao Paulo, Federal District, and
Goiania are highly populated areas (from 1.555.626 to 3.094.325 in-
habitants) and have heterogeneous socioeconomic characteristics. In
contrast, Foz do Iguacu, located in southern Brazil, is a less populated
city with 257.971 inhabitants [39].

In the WWTPs, 24 h composite sampling of 1000 mL (proportional to
the hourly flow rate) was performed using a refrigerated automatic
sampler (storage temperature of 4 °C). In the sewer manholes and lift
stations, a 4 h semi-composite sampling of 1000 mL (proportional to
time) was carried out using the same automatic sampler. Semi-
composite sampling was performed within a time interval (in this
case, 4 h) lower than the standard of 24 h. Although it may not accu-
rately represent the daily variation in sewage, it is an alternative for
sampling sites which are difficult to access, such as sewer manholes,
where it is not possible to maintain an automatic sampler for long pe-
riods [17,40]. The 1000 mL samples were divided into two aliquots of
40 mL and then stored at 4 °C for a maximum of 36 h. The remaining
sample (920 mL) was used for physicochemical and RNA-sequencing
analyses (not presented in this manuscript).

2.2. Viral RNA detection and quantification

Methods for detecting the virus in wastewater samples from the ABC
Region, Foz do Iguacu, Goiania, and Federal District are presented
below:

Viral particles were concentrated using a precipitation method [17,
41]. Briefly, 40 mL of sample was centrifuged (8000 x g/120 min/4 °C)
using polyethylene glycol 8000 (PEG 8000) and sodium chloride (NaCl).
The pellet formed after centrifugation was resuspended in 0.4 mL of 1x
PBS (pH 7.2). For sample cleaning, acidic phenol (1 mL) was added to
the resuspended pellet and centrifuged (12,000 x g/10 min/4 °C) (Claro
et al., 2021). The liquid was then transferred to a microtube containing
lysis buffer (0.3 mL). RNA extraction was performed using the PureLink
Viral RNA/DNA Mini Kit (Thermo Fisher Scientific) according to the
protocol of the manufacturer. The concentration of RNA was measured
using Nanodrop Lite (Thermo Fisher Scientific) to assess quality of the
genetic material (nucleic acid) extraction process.

To detect and quantify SARS-CoV-2 RNA, reaction mixtures were
prepared using the SuperScript III One-Step RT-PCR System with Plat-
inum Taq DNA Polymerase (Thermo Fischer Scientific, Waltham, MA,
USA) for the targeted nucleocapsid (N1 and N2) genomic regions [42].
The sequences and concentrations of primers and probes used (Thermo
Fisher Scientific) are listed in Table S1. Components of the reaction
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Goiania/GO <

- Total pop.: 1,555,626 inhab.
- Contributing pop.: 1,077,134 inhab.
- Sampling sites:

-1 WWTP (~ 1,400 L/s)

Foz do Iguagu/PR

- Total pop.: 257,971 inhab.
- Contributing pop.: 167,861 inhab.
- Sampling sites:

- 5 WWTP (~ 400 L/s)

- 3 lift stations (~ 6 L/s)
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Brasilia/DF

- Total pop.: 3,094,325 inhab.
- Contributing pop.: 2,970,168 inhab.
- Sampling sites:

-8 WWTP (~ 3,600 L/s)

ABC Region/SP

- Total pop.: 2,825,048 inhab.
- Contributing pop.: 1,400,000 inhab.
- Sampling sites:

-2 WWTP (~ 3,000 L/s)

- 3 sewer manholes (~ 25 L/s)

Fig. 1. Wastewater surveillance sites in Brazil, according to geographical distribution, population, and type of sampling sites.

contained 10 pL 2x reaction mix (0.4 mM of each dNTP, 3.2 mM
MgSO04), 1.5 pL probe and primer mix (FAM-labelled probe, forward and
reverse primers), 0.35 pL SuperScript III RT/Platinum Taq mix (Mg++
and dNTP are not used), 3.15 pL nuclease free-water, and 5 pL. RNA
template to a final volume of 20 pL. RT-qPCR was performed on a
CFXOpus 96 thermal cycler (Bio-Rad, Hercules, CA, USA). The thermal
cycling conditions for RT-qPCR assays were as follows: initial incubation
at 50 °C for 30 min and initial denaturation at 95 °C for 3 min, followed
by 45 cycles of denaturation at 95 °C for 3 s and primer annealing and
extension reaction at 55 °C for 30 s (acquiring fluorescence in the green
filter).

RT-qPCR assays for SARS-CoV-2 were performed in duplicates. A 10-
fold dilution series of standard RNAs was prepared (2019-nCoV_N -
Positive Control Cat. PC67102, Norgen) to obtain standard curves.

The calibration curves for N1 (y = —3.217x + 41.431) and N2
(y = —3.118x + 41.919) showed linear dynamics, as shown in Fig. S1.
The values of efficiency and R? for N1 and N2 were 104.6% and 0.990%,
and 109.3% and 0.998, respectively. The limit of detection (LOD) was 3
and 4 genome copies for N1 and N2, respectively. Table S2 presents the
calibration curve parameters considering N1 and N2. Samples with Ct
values of < 40 were considered positive for SARS-CoV-2 [19,41].

Following the protocols described by Rajal et al. [43] and Boxus et al.
[44], bovine respiratory syncytial virus (Inforce™ 3) (Zoetis, US)
RT-qPCR reactions were performed to evaluate the recovery of con-
centration methods. A normalization step was performed according to
previous studies by our research group [17,45]. Further, the wastewater
samples were spiked with plasmids (pET28a) to determine whether the
nucleic acid could be recovered from wastewater. After validating the
concentration method, a commercial vaccine containing bovine respi-
ratory syncytial virus (BRSV) was used to verify the efficiency of viral
recovery. This virus was chosen because of its structural similarity with
SARS-CoV-2; it is an RNA enveloped virus that loses its envelope similar
to SARS-CoV-2 due to the presence of surfactants when eliminated in the
wastewater system. However, viral RNA can be detected in this matrix
because it is protected by a protein (nucleoprotein N). Recoveries ranged
from 20% to 65%.

An inhibition test was performed to verify the influence of inhibitors

on RT-qPCR performance. The RNA samples were processed, concen-
trated, and diluted 10x and no significant difference was detected. Thus,
it was decided to use concentrated samples in all analyses.

2.3. Prevalence estimation and statistical analysis

Prevalence estimation of SARS-CoV-2 infected individuals for each
location were based on the viral load quantified in the wastewater
samples according to the following equations [17,25,46,47]:

Crna X F

Infected carriers (N) = “axp (@]

N
Predicted prevalence (%) = Contributing population x 100 2)

where Crya = SARS-CoV-2 RNA concentration measured in waste-
water samples (genome copies/L), F is the wastewater volumetric flow
rate (L/day), a is the fecal load (g/person/day), and f is the SARS-CoV-2
shedding rate of an infected individual (genome copies/g). In Eq. (1), the
Monte Carlo statistical model was incorporated because the o and p data
presented in the literature have a wide range of variation. Hence, we
implemented a model with 10.000 random samples for a and p products
(viral load excreted by an infected individual through feces). The
parameter values/ranges and their respective statistical distributions are
shown in Table S3.

Additionally, viral RNA concentration data from sewage samples
were compared with the number of reported clinical cases accumulated
over 7 days. Spearman’s correlation was used with a significance level of
95% (p < 0.05). Confirmed COVID-19 cases and other epidemiological
statistics, such as the respective epidemiological weeks, were accessed
from the official Brazilian COVID-19 database [48].

Statistical analysis was performed using Origin Pro 8.6, and the
Monte Carlo simulation was implemented in Microsoft Excel.

3. Results and discussion

The WBE approach for SARS-CoV-2 has been used in different
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Brazilian cities to identify hotspots and provide data for the early
warning of new outbreaks (EWS). Thus, monitoring wastewater allows
local and effective health interventions, such as enhancing clinical
testing, tracking asymptomatic and oligosymptomatic individuals, and
tailoring additional preventive strategies. Different cities in Brazil have
been monitored since the beginning of the pandemic in March 2020. In
the ABC region, wastewater monitoring began in June 2020 as part of
the COVID-19 Wastewater Monitoring Network (ANA/MCTI/MS). WBE
started between February and April 2021 in the other studied locations
such as Foz do Iguacu, Goiania, and the Federal District. All data were
regularly shared with the Ministry of Health and local health secretariats
to complement epidemiological surveillance and strengthen the COVID-
19 pandemic response. In this context, weekly reports have been pub-
lished by government authorities [49,50]. Wastewater data from Foz do
Iguacu were also computed by the municipal health secretariat dash-
board, which is available for public consultation [51].

In this study, we mainly discuss wastewater data from the ABC Re-
gion, Foz do Iguacu, Goiania, and the Federal District, throughout 2021
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and early 2022. Results of wastewater surveillance, COVID-19
confirmed cases (7-day moving average/100k inhabitants), and preva-
lence estimates for each city studied are presented in Fig. 2.

The ABC region, Federal District, and Goiania are highly populated
areas/municipalities with approximately 2.8, 3.1, and 1.5 million in-
habitants, respectively. In contrast, Foz do Iguacu, which is located in
the southern region of Brazil, is a less populated city with approximately
260.000 inhabitants [39]. As shown in Fig. 2, there were differences in
the patterns of moving averages of the new cases. These distinct states
were able to adopt local policies and guidelines concerning social
distancing and other pharmacological preventive measures, which could
also partially explain the regional epidemiological patterns of viral cir-
culation. Finally, the Brazilian population is diverse and has character-
istic regional habits. Despite these factors, a more detailed investigation
is necessary for a complete understanding of the observed behaviors,
which will certainly be the object of future work.

Furthermore, there are different socioeconomic contexts in each
assessed location, especially the most populous ones (ABC Region,

a) _ b) _
10" 100 8| 10° 100 2
¢ 10 8 E HH 10 8
W - g I £
10° ﬂ Hﬂﬂﬁﬁﬁ IHIEIHII I Iﬂ o1 3| 10% ! % Iﬂﬂﬂ HIH EHEE Iﬂ H 0.1 %
s i HH 00125 ! I H By 0012
3 b 1 2313 bt o3
L 107 ! } 107 2).8407] 0 g
<] 10 Eo 8 10 §
g T . g ] T -
% 10° 50 E % 105_f —200_‘2
3 Lao €12 ] £
3 g3, .1 1505
S 10° 30 S |2 10° . S
B ™ g E ] L1003
Wil r20 @ I S
10* I ) B ‘:;: 104_20,' [ (:l:
N 100101 V1 e A el <
10 T ((‘0 ] 10 n_ITIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllalmlmllrl‘\l‘; 0 ©
Jan | Feb | Mar | Apr |May T;;ZTJuIy |Aug |Sept| Oct [Nov | Dec | Jan Jan | Feb | Mar | Apr ]May |June |Ju|y |Aug |;ept | Oct |Nov | Dec | Jan
Weeks/months/years 2021 | 2022 Weeks/months/years 2021 | 2022
c) _ d) _
10" 100 S| 10% 100 &
. IHH i : AN o] T : Ay
0.1 3 3 1 Taees]1] Tlsligst 01
2 10° L, 3|3 1074 .2
S 10 2o S 3 10 Eo
g Ts0 5 E ] Tso 5
210" M 90 S| S 10°4 50 &
§ 108 / é E 105. \ _é
= " - |2 3 -
= ’.’N‘" A” —302 5 E I"I .I |I —302
> I Lo E|5 Al Illll ! 20 =
10°3 . 8| 10 I 8
10“E : (s _;0 T_é 10° . % T N g
e ERRANRERRRNRE AN AL AR A A AR LA
Jan | Feb | ;/I:rT;;rTl\—/I:;‘l.Tun:Nﬂ:l; |Aug |Sept |Q(;;TNVQT|QSec Jan Jan | Feb | Mar | Apr IMay |June |July |Aug |Sept | Oct |Nov | Dec | Jan
Weeks/months/years 2021 | 2022 Weeks/months/years 2021 | 2022
Viral load: [ ABC Region Modeled prevalence: « ABC Region Clinical data: ABC Region
[ |Foz do Iguacgu +  Foz do Iguagu Foz do Iguagu
[ Goiania »  Goiania Goiania
[ | Federal District +  Federal District Federal District

Fig. 2. SARS-CoV-2 viral load assessed in wastewater from ABC Region (a), Foz do Iguagu (b), Goiania (c) and Federal District (d) in 2021 and 2022, according to
clinical data and predicted prevalence. TNP: test not performed; ND: not detected.



R. de Freitas Bueno et al.

Federal District, and Goiania). Investigating the correlation of waste-
water viral loads with the social vulnerability index of each evaluated
sub-basin is encouraged in future studies.

In contrast, the fluctuations observed in the wastewater data (viral
load) and prevalence estimates can also be verified in the reported
clinical data (7-day moving average/100k inhabitants) for all the eval-
uated localities. In Brazil, an upsurge in new cases and hospitalizations
was observed in March 2021. This second wave of COVID-19 cases was
more intense than the first one observed in 2020 [52]. Unsurprisingly,
the highest viral loads in the wastewater samples were detected in these
months, with values ranging from 10°-108 genome copies/L.

In addition to the peak of new cases observed in March 2021, another
peak was observed in June 2021 in the ABC region and in the city of Foz
do Iguagu, and in August 2021 in the city of Goiania and the Federal
District. It is noteworthy that Goiania and the Federal District are in the
central part of Brazil, approximately 130 miles apart, with near lati-
tudes. Similarly, Foz do Iguacu and the ABC region are also at close
latitudes, although they are at a greater distance from each other.

After the second peak of the disease (between June and August
2021), there was a significant drop in the number of new clinical cases
and hospitalizations. In the ABC region, the 7-day moving average of
notifications after September 2021 was less than 10 new cases per
100,000 inhabitants. The same positive mark was reached in October
2021 in the city of Goiania and in November 2021 in the city of Foz do
Iguacu and the Federal District. This scenario may have been favored by
the vaccination campaign against COVID-19 which was well accepted by
Brazilian citizens [53]. As of February 2022, 352.047.311 vaccine doses
had been administered [1,11]. Approximately 70% of the entire popu-
lation is vaccinated with second/unique doses [11].

As shown in Fig. 2, high concentrations of SARS-CoV-2 RNA titers
were measured in wastewater samples, even when the 7-day moving
average of new COVID-19 cases dropped sharply. Asymptomatic and
unreported cases may have contributed to this effect. These cases are not
tracked by classical epidemiological surveillance, but by wastewater
surveillance. The number of underreported cases may have increased
with improvement in vaccination, as the vaccine reduces clinical
severity but does not completely prevent infection [54]. Reducing dis-
ease severity tends to increase underreporting, which makes it difficult
to determine the effectiveness of vaccination strategies [55].

Emergence of the highly mutated Omicron variant (B.1.1.529)
caused an increase in COVID-19 infections in different countries
worldwide [56]. More than 38 countries across all six WHO regions have
been affected by the new variant since it was first detected in South
Africa in November 2021 [57]. Many recent studies have shown that this
variant is highly contagious and resistant to currently used vaccines, but
also appears to cause milder disease [58].

In Brazil, the Omicron variant was the cause of the third wave of
COVID-19. There was a significant increase in number of infections in
the first epidemiological week across the country [59]. Fig. 2 shows this
new peak of clinical cases in epidemiological weeks 1, 2, and 3 of 2022,
especially in the Federal District and cities of Foz do Iguagu and Goiania.
As shown in Fig. 2, an increase in viral loads in the same week can also
be observed. Viral load levels in the cities of Foz do Iguacu and Goiania
were as high as those measured during the second wave of COVID-19,
when many hospitalizations and deaths were observed worldwide.

The correlation between the concentration of SARS-CoV-2 RNA
fragments in sewage and the number of new cases accumulated over 7
days was tested. Spearman’s correlation coefficient was used, and the
results obtained for these four locations are listed in Table 1.

To date, few studies have demonstrated a strong correlation between
these variables. Correlation coefficients between 0.18 and 0.87 were
found in the literature [19,60-63]. Medema et al. [19] observed corre-
lation coefficients of up to 0.79 for Dutch cities in the early stages of the
COVID-19 pandemic. This was the first peer-reviewed paper on
SARS-CoV-2 Wastewater Surveillance. Amereh et al. [60] also found a
strong correlation between incidence of COVID-19 and the viral load in
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Table 1
Spearman correlation coefficients for each evaluated locality.

City or Region ABC Region Foz do Iguagu Goiania Federal District
Spearman’s Rho 0.41 0.57 0.63 0.61
p-value 0.003 0.00003 0.0001 0.002

A positive and significant correlation between the viral load in sewage and
clinical cases was verified, with a significance level of 95% (p < 0.05). The
values of Spearman’s rho correlation coefficient ranged between 0.41 and 0.61.

sewage (R? = 0.80, p < 0.001) by evaluating seven WWTPs in Tehran,
Iran from September 2020 to April 2021. Kitamura et al. [63] observed a
higher correlation between variables when considering the number of
new COVID 19 cases based on the onset date rather than on the reported

date.

The modelled prevalence of infection based on the wastewater re-
sults for each sampling location is presented in Table 2. This table also
shows the observed prevalence (average, minimum, and maximum) for

Table 2

Modelled and reported prevalence of infection for each sampling location during

monitoring months.

City/Region

Months

Modelled prevalence of
infection (%)
median (90% CI)

Reported prevalence of
infection (%)

mean (minimum —
maximum)

ABC Region Jan 0.1 (0.05-0.9) 0.02 (0.004 - 0.03)
2021
Feb 3.0(1.1-18.7) 0.02 (0.003 - 0.03)
Mar 6.6 (2.4 —41.9) 0.03 (0.006 — 0.05)
Apr 0.5(0.2-3.4) 0.02 (0.006 - 0.04)
May 0.2 (0.1-1.3) 0.02 (0.004 — 0.04)
June 0.4 (0.1-2.3) 0.02 (0.005 — 0.07)
July 0.002 (0.0007 - 0.01) 0.02 (0.006 - 0.04)
Aug 0.4 (0.1-2.4) 0.01 (0.003 - 0.02)
Sept 0.4 (0.2 -2.6) 0.01 (0.0001 - 0.03)
Oct 0.1 (0.05-0.8) 0.002 (0.0002 - 0.01)
Nov 0.02 (0.006 - 0.1) 0.003 (0.00004 - 0.01)
Dec 0.01 (0.005 - 0.1) 0.001 (0.00004 - 0.004)
Jan 0.6 (0.2 -4.0) 0.004 (0.0001 - 0.02)
2022

Foz do Feb 2.6 (0.9-16.1) 0.05 (0.01 - 0.2)

Iguacu 2021

Mar 8.2(3.0-51.9) 0.07 (0.02 - 0.2)
Apr 0.2(0.1-1.3) 0.03 (0.006 - 0.05)
May 0.3(0.1-2.2) 0.04 (0.008 — 0.07)
June 0.1 (0.04 -0.6) 0.04 (0.01 -0.1)
July 0.002(0.001 - 0.01) 0.02 (0.004 - 0.03)
Aug 0.2 (0.1 -1.5) 0.02 (0.004 — 0.04)
Sept 0.1 (0.02-0.3) 0.01 (0.003 — 0.03)
Oct 0.2 (0.1-1.5) 0.01 (0.0008 - 0.03)
Nov 0.1 (0.03-0.4) 0.006 (0.002 - 0.02)
Dec 0.1 (0.03-0.6) 0.007 (0.002 — 0.02)
Jan 0.7 (0.2-4.2) 0.3 (0.03-0.7)
2022

Goiania May 0.5(0.2-2.9) 0.03 (0.01 - 0.05)
2021
June 0.2(0.1-1.1) 0.03 (0.01 - 0.05)
July 0.1 (0.03-0.5) 0.04 (0.01 - 0.07)
Aug 0.1 (0.03-0.5) 0.04 (0.006 — 0.06)
Sept 0.01 (0.003 - 0.05) 0.02 (0.005 - 0.03)
Oct 0.003 (0.001 - 0.02) 0.007 (0.001 - 0.02)
Nov 0.005 (0.002 — 0.03) 0.007 (0.0005 - 0.02)
Dec 0.003 (0.001 - 0.02) 0.004 (0.0001 - 0.02)
Jan 0.04 (0.02 - 0.3) 0.04 (0.0005 - 0.1)
2022

Federal Apr 0.5(0.2-3.3) 0.03 (0.02 - 0.05)

District 2021

May 0.1 (0.04-0.7) 0.02 (0.01 - 0.03)
June 0.1 (0.04-0.7) 0.02 (0.01 - 0.04)
July 0.1 (0.03 - 0.4) 0.02 (0.01 - 0.04)
Aug 0.1 (0.05-0.8) 0.02 (0.01 - 0.04)
Sept 0.2(0.1-1.2) 0.02 (0.01 - 0.04)
2022
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the evaluated period, which was calculated from the number of
confirmed clinical cases reported by the health authorities.

As shown in Table 2, wastewater prevalence estimates were gener-
ally significantly higher (approximately ten times) than those reported
in clinical cases. In some cases, the predicted values were 100 times
higher than those observed in the months of February and March (peak
of the second wave of COVID-19) for the ABC Region and Foz do Iguacu.
A higher viral load (Cgna x F, Eq. (1) numerator) tends to increase the
variability of prevalence estimates and, consequently, the imprecision of
results. In contrast, the data from Goiania showed greater agreement
between the predicted and observed values, especially when considering
confidence intervals.

Our findings corroborate those of previous studies. In Massachusetts
(USA), Wu et al. [41] estimated prevalence values between 0.1% and
5.0%, which are much higher than those observed by clinical surveil-
lance (approximately 0.026%). Likewise, in another study performed by
our research group (COVID-19 Wastewater Monitoring Network
ANA/MCTI/MS), predicted values for data collected between June 9,
2020, and April 7, 2021 were approximately 10 times higher than the
reported values [17].

As recommended by the CDC [42], prevalence estimates should not
be used to support decision-making because there are still many un-
certainties in the calculations. For example, the viral load excreted by an
infected individual through feces (Eq. 1 denominator) can vary by up to
5 logs [25,64]. The values of the SARS-CoV-2 shedding rate (p) used to
calculate the number of infected in this study were those reported by
Kitajima et al. [65], which ranged between 5.79 and 8.11 log;o genome
copies.g feces’!. However, according to some authors, this range of
variation may even be greater. For instance, Wolfel et al. [64] observed a
shedding rate between 2.56 and 7.67 log, genome copies.g feces™ in
infected individuals one week after symptom onset. The fecal load (a),
which is another parameter of Eq. (1), also shows great variation. Ac-
cording to Rose et al. [66], the daily fecal mass (or fecal load) produced
by individuals from low-income countries usually ranges from 75.0 to
520.0 g per person (with an average value of 243.0 & 130.2 g.person™’.
d1). Therefore, significant variability is expected in the predicted data,
even when the Monte Carlo probabilistic model is used.

Using the same prevalence estimation model, Ahmed et al. [46]
found that there are opportunities for refinement as more data becomes
available. The authors used a sensitivity analysis to verify that the model
was highly dependent on values of the SARS-CoV-2 shedding rate (p).
The number of infected individuals and prevalence estimates showed a
high correlation (> 0.9) with SARS-CoV-2 RNA titers in stool samples.
However, the model used did not include the percentage of infected
individuals shedding viral RNA in their stool, despite there being great
variability in this data. Some studies have indicated that approximately
60-70% of infected individuals excrete virus fragments through feces
[15,67]. There also seems to be a geographic variation for this param-
eter, as studies carried out in China found a cohort of 28% [68], while in
Germany, a value of 88% was obtained for the same [64].

Another limitation of the model is that it considers the shedding of
viral RNA only through feces, and recent studies have shown other
important pathways of contribution, such as sputum [69]. As
SARS-CoV-2 is an infectious respiratory virus, it is mainly detected in
respiratory tract samples (70-100%). According to Li et al. [69], release
of sputum into sewers can increase the concentrations of SARS-CoV-2
RNA fragments in sewage samples by up to 70 times. However, this
source has not been considered in previous studies on prevalence
modeling.

Other factors to consider are: (i) an infected individual may shed
viral RNA in the feces for 22 days (interquartile range from 17 to 31
days) [15]; (ii) sanitary wastewater is a complex matrix with different
chemical and biological compounds that can promote SARS-CoV-2 RNA
degradation [70,71], especially in hot-climate regions such as Latin
American countries; (iii) there are numerous uncertainties and limita-
tions associated with sampling and sample preservation procedures, in
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addition to the analytical procedures for concentration, detection, and
quantification of the virus in environmental samples [72-75]; and (iv)
the WBE approach is population-based and includes asymptomatic
cases, whereas sampling is limited to symptomatic cases in classic
epidemiological surveillance [16,72].

Although it is not yet possible to make an absolute comparison be-
tween predicted prevalence and observed/reported prevalence, waste-
water data can be used to preview trends, identify hotspots, and
complement clinical surveillance data. As it is a population approach,
WBE makes it possible to evaluate large areas based on a few samples. In
addition to reducing surveillance costs, it enables the tracking of
asymptomatic and oligosymptomatic individuals who are usually not
detected by clinical surveillance [30,76].

In this respect, all Brazilian cities and regions mentioned throughout
the present work strongly advocate the use of WBE as a complementary
tool for epidemiological surveillance. Strengthening holistic health
surveillance through the integration of epidemiological, environmental,
and genomic approaches will be one of the major legacies of the COVID-
19 pandemic.

There are still many challenges for the effective implementation of
WBE as a public health policy in emerging countries, starting with
sampling strategies, as their sanitation systems are very precarious [34].
On average, the percentage of wastewater collected was very low, at
approximately 54.1% [77]. However, Brazil is a contrasting country,
including areas with adequate sanitation systems and others that are not
even served by potable water systems. Data from the latest national
survey on water supply and sewage revealed that in the southeast re-
gion, most municipalities (95.9%) had access to sewage services,
whereas in the other Brazilian regions, this percentage was below 50%:
49.0%, 40.9%, 38.1%, and 13.8% in the northeastern, southern, mid-
western, and northern regions, respectively [78]. Significant variability
is observed in health indicators even in states and cities with proper
sanitation, particularly in areas of socioeconomic vulnerability with
irregular occupations [79]. Faced with this challenging scenario, how
can the virus be monitored in environmental samples? There are several
challenges and opportunities to this end. Particularly, this question must
be addressed in some Latin American, Caribbean, African, and Asian
countries, where surface water contaminated by the discharge of human
excreta can be an alternative source for viral monitoring. Some studies
have shown that the viral RNA concentrations in polluted rivers are
similar to those found in wastewater from developed countries [34,38].

In this manuscript, we present some local and ongoing efforts con-
ducted in Brazil. Despite the multiple challenges imposed by a long and
winding road along the COVID-19 pandemic, public health authorities
and scientists remain absolutely committed to continue presenting
knowledge and innovation for public health to face COVID-19 and other
sanitary emergencies.

The use of the WBE approach should be encouraged, even in
emerging countries, not only for COVID-19 surveillance but also as a tool
to detect other emerging and re-emerging diseases of international
concern. Evidently, there are many challenges, especially related to the
representativeness of samples in regions that do not have adequate
sanitation conditions, which should be explored in future studies.

4. Conclusions

Wastewater-based epidemiology is an important tool that has
emerged to help monitor infectious diseases. Currently, it is widely used
in monitoring COVID-19, providing essential information on the
magnitude of spread of the disease while considering symptomatic,
oligosymptomatic, and asymptomatic cases. Generally, the results of
sewage monitoring anticipate clinical events, thereby making it possible
to plan actions and make decisions.

This manuscript presents some Brazilian wastewater surveillance
experiences, including the monitoring of SARS-CoV-2 in the ABC region,
Foz do Iguacu, Goiania, and the Federal District, throughout 2021 and
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early 2022. In general, the fluctuations observed in the wastewater data
(viral load) can also be verified from the reported clinical data (7-day
moving average). The peaks of new cases in the second and third waves
of COVID-19 coincided with the peaks of viral RNA concentration in the
wastewater samples. A positive and significant correlation between the
viral load in wastewater and clinical cases was verified, with a signifi-
cance level of 95% (p < 0.05). The values of Spearman’s rho correlation
coefficient ranged between 0.41 and 0.61. However, the wastewater
prevalence estimates were significantly higher (about ten times) than
those reported in clinical cases. Therefore, an absolute comparison be-
tween the predicted and observed prevalence is not recommended.
However, wastewater data can be used to preview trends, identify hot-
spots, and complement clinical surveillance data. In this way, the mu-
nicipalities mentioned in this work have used sewage monitoring data
through their health secretariats.

We expect to have learned from the COVID-19 crisis, and use these
lessons to address or even prevent similar future events. This difficult
moment has encouraged the use of wastewater surveillance in different
Brazilian municipalities, at least at the research level. Thus, the imple-
mentation and improvement of the WBE approach is a legacy of the
COVID-19 pandemic.
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