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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Wastewater-based epidemiology re
quires meeting good survey method 
criteria.

• Non-detect data should be replaced with 
estimates based on distribution.

• A non-detect rate is necessary to be <40 
%.

• An analytical standard deviation needs 
to be ≤ 0.4.

• Three wastewater samples per week for 
fifty weeks are required.
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A B S T R A C T

Wastewater-based epidemiology (WBE) requires high-quality survey methods to determine the incidence of in
fections in wastewater catchment areas. In this study, the wastewater survey methods necessary for compre
hending the incidence of infection by WBE are clarified. This clarification is based on the correlation with the 
number of confirmed coronavirus disease 2019 (COVID-19) cases, considering factors such as handling non- 
detect data, calculation method for representative values, analytical sensitivity, analytical reproducibility, 
sampling frequency, and survey duration. Data collected from 15 samples per week for two and a half years using 
a highly accurate analysis method were regarded as gold standard data, and the correlation between severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA concentrations in wastewater and confirmed COVID-19 
cases was analyzed by Monte Carlo simulation under the hypothetical situation where the quality of the 
wastewater survey method was reduced. Regarding data handling, it was appropriate to replace non-detect data 
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with estimates based on distribution, and to use geometric means to calculate representative values. For the 
analysis of SARS-CoV-2 RNA in samples, using a highly sensitive and reproducible method (non-detect rates of 
<40 %; ≤0.4 standard deviation) and surveying at least three samples, preferably five samples, per week were 
considered desirable. Furthermore, conducting the survey over a period of time that included at least 50 weeks 
was necessary. A WBE that meets these survey criteria is sufficient for the determination of the COVID-19 
infection incidence in the catchment. Furthermore, WBE can offer additional insights into infection rates in 
the catchment, such as the estimated 48 % decrease in confirmed COVID-19 cases visiting a clinic following a 
COVID-19 legal reclassification in Japan.

1. Introduction

Wastewater-based epidemiology (WBE), also known as wastewater 
surveillance, is an economical, representative, and early means of 
determining the incidence of infection in a target area without requiring 
personal information (Hart and Halden, 2020; Kitajima et al., 2020; 
Murakami et al., 2020; Shah et al., 2022). Since the beginning of the 
coronavirus disease 2019 (COVID-19) pandemic, numerous studies have 
been conducted on correlations between concentrations of severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) RNA in untreated 
wastewater and the infection incidence of wastewater catchment areas 
(Ahmed et al., 2020; La Rosa et al., 2020; Randazzo et al., 2020). 
Monitoring the infection incidence using WBE provides information that 
can contribute to public health, such as identifying the origin of infec
tion, promoting infection control measures, including testing and 
vaccination campaigns in targeted areas, and preparing resource allo
cation in healthcare institutions (Betancourt et al., 2021; Karthikeyan 
et al., 2022; Kitajima et al., 2022; Klapsa et al., 2022; Li et al., 2023a).

In Japan, where notifiable disease surveillance (clinical surveillance 
that captures all reported cases of infection) of the number of COVID-19- 
infected individuals has been conducted, a high correlation (Pearson’s r 
= 0.94) was reported between the number of newly confirmed COVID- 
19 cases and SARS-CoV-2 RNA concentrations in wastewater through a 
two-year sampling campaign with twice-weekly sample collection using 
an analytical method that is highly reproducible and capable of quan
tifying low concentrations of viral RNA (Ando et al., 2023). In contrast, 
several factors influence the correlation between the virus concentration 
in wastewater and the number of infected individuals in the catchment. 
These factors are categorized as clinical, environmental, and wastewater 
survey methods (Li et al., 2023b). The clinical factors include COVID-19 
prevalence and testing coverage. Environmental factors include changes 
in air temperature and the catchment size of the wastewater treatment 
plants. Factors related to wastewater survey methods include the sam
pling frequency (i.e., the number of samples per week). Additionally, the 
survey duration and virus detection methods, such as analytical repro
ducibility and quantification at low virus concentrations (analytical 
sensitivity) in wastewater, are also relevant (Li et al., 2021; Medema 
et al., 2020). Li et al. (2023b) conducted a systematic review of the 
correlations between SARS-CoV-2 RNA concentrations in wastewater 
and infection incidence and reported that COVID-19 prevalence, testing 
coverage, air temperature variation, catchment size, and sampling fre
quency were more likely to be associated with the strength of the cor
relations, whereas the sampling method (i.e., grab or composite 
sampling) had a smaller effect.

The World Health Organization declared the end of the Public Health 
Emergency of International Concern on May 5, 2023. The number of 
infected individuals has shifted towards partial monitoring worldwide. 
Japan reclassified COVID-19 legal status into the fifth category of 
communicable diseases under the Communicable Diseases Law on May 
8, 2023, and also shifted from notifiable disease surveillance to sentinel 
surveillance (clinical surveillance that partially captures reported cases 
of infection in a representative manner), in which only the designated 
health facilities report the number of COVID-19 cases seen there. As its 
clinical ability to ascertain the incidence of infection has declined, the 
utility of WBE has increased. Therefore, it is important to identify 

effective survey methods for the WBE that can adequately account for 
the number of infected individuals in the target areas. Among the 
aforementioned clinical factors, environmental factors, and wastewater 
survey methods, wastewater survey methods can be handled by the 
implementers of the WBE in a target area. However, no studies have 
comprehensively examined the appropriate wastewater survey methods 
in terms of sampling frequency, survey duration, analytical sensitivity, 
and reproducibility.

This study aimed to clarify the survey methods necessary for un
derstanding the incidence of WBE infection based on the correlation 
with confirmed COVID-19 cases. First, the handling of non-detect data 
and the calculation of representative values were investigated. Second, 
the sampling frequency, survey duration, analytical sensitivity, and 
analytical reproducibility necessary to determine the infection incidence 
through WBE were analyzed. For the sampling frequency, the correla
tion between surveys conducted at two or three different catchments on 
the same day of the week and those conducted at the same catchment on 
two or three different days of the week was also examined. Additionally, 
changes in the relationship between virus concentrations and confirmed 
COVID-19 cases were analyzed, considering the behavior of individuals 
visiting health facilities before and after the legal reclassification of 
COVID-19 in Japan.

2. Methods

2.1. Data

The quality of wastewater surveys depends on factors related to 
sampling (e.g., sampling frequency, sampling duration) and virus 
analysis from wastewater samples (e.g., non-detect rate, standard de
viation of the analysis). In this study, WBE measurements over two and a 
half years with high analytical accuracy and sampling frequency were 
used as “gold data,” and the strength of the correlation coefficient with 
the confirmed COVID-19 cases was analyzed under the condition that 
the quality of wastewater survey methods would decline (e.g., reduced 
sampling frequency, short sampling durations, high non-detect rates, 
and high analytical standard deviations). WBE data obtained through a 
survey commissioned by the City of Sapporo and Hokkaido University 
were used in the analysis. Specifically, this study used data on SARS- 
CoV-2 RNA concentrations in untreated wastewater (24-hour compos
ite samples) collected three times a week (Monday, Wednesday, and 
Friday in principle) at each of the five catchments covered by three 
adjacent wastewater treatment plants in the City of Sapporo from April 
12, 2021, to September 29, 2023. Pepper mild mottle virus (PMMoV) 
RNA was also measured from September 27, 2021, to September 29, 
2023. The population and area of the City of Sapporo were 1.96 million 
and 1121 km2 in 2023, respectively. The population covered in each 
catchment, estimated from the overall facility’s treated population and 
wastewater flow volume, ranged from approximately 164,700 to 
246,300 individuals (Table S1), and the five catchments together 
covered 52 % of Sapporo’s population. If fewer than 15 samples were 
collected per week, data from the corresponding week were excluded 
from the analysis.

Assuming a 100 % recovery efficiency throughout the process, the 
theoretical limit of detection (LOD) for SARS-CoV-2 RNA using the 
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Efficient and Practical virus Identification System with ENhanced 
Sensitivity for Solids (EPISENS-S)—the viral RNA detection method 
used in this study—was 93 copies/L (Ando et al., 2022). The EPISENS-S 
method has been employed by researchers other than the authors 
(Kuroiwa et al., 2023; Miyazawa et al., 2024; Okada and Nishiura, 
2024). Briefly, EPISENS-S involves pelleting via low-speed centrifuga
tion, direct RNA extraction, multiplex one-step RT-preamplification re
action, and quantitative real-time polymerase chain reaction (qPCR). By 
targeting all solid materials and performing pre-amplification, this 
method achieves an LOD approximately one-hundredth that of the 
common polyethylene glycol precipitation (PEG) method, although the 
SARS-CoV-2 RNA recovery efficiency, calculated from concentrations in 
wastewater seeded with heat-inactivated SARS-CoV-2 RNA, was slightly 
higher for the PEG method (5.9 %) than for EPISENS-S (1.1 %). The 
analytical reproducibility of SARS-CoV-2 RNA in the same wastewater 
samples showed standard deviations at log10 values of 0.03, 0.09, and 
0.4 for concentrations of 4.11 × 106 copies/L, 4.11 × 105 copies/L, and 
4.11 × 104 copies/L, respectively. Further details are provided in a 
previous study (Ando et al., 2022). Due to its high analytical repro
ducibility, one SARS-CoV-2 RNA analysis was performed per sample. A 
total of 15 weekly samples were analyzed over 122 weeks, with a total of 
1830 samples. Of these, 157 samples were non-detect, while 44 were 
positive but below the LOD. In total, 201 samples were classified as 
below the LOD (“non-detect samples” hereinafter). Wastewater sample 
concentrations were converted to representative values using 1-week 
samples (Section 2.2). The standard deviation at log10 values for 15 
samples from the same week was 0.40 (95 % confidence interval: 
0.38–0.43), which closely matched the standard deviation for log10 
values from 3 samples per catchment in the same week (Fig. S1).

Two types of clinical data were used for the confirmed COVID-19 
cases: notifiable disease surveillance and sentinel surveillance. For the 
former, published data up to May 7, 2023, were used (City of Sapporo, 
2024; Data-smart City Sapporo, 2023), and a moving average of the 
number of newly confirmed COVID-19 cases for a week was calculated 
using the three days before and after a representative date of wastewater 
sampling (arithmetic mean of sampling dates). During the notifiable 
disease surveillance period, from April 12, 2021 (the start of wastewater 
sampling) to May 7, 2023, 1515 wastewater samples were collected over 
101 weeks. Regarding the sentinel surveillance data, the confirmed 
COVID-19 cases per sentinel health facility contained two types of data 
sources: estimation from the notifiable disease surveillance data from 

October 3, 2022, to May 7, 2023 and published data thereafter (City of 
Sapporo, 2024). Regarding the former, data representing the reported 
infection cases from designated health facilities were calculated as fol
lows: the number of confirmed COVID-19 cases in notifiable disease 
surveillance during the epidemiological week was multiplied by 
0.091891 and divided by 56 sentinel health facilities (Ministry of Health 
Labour and Welfare, 2023). From October 3, 2022, to September 29, 
2023 (the end of wastewater sampling), 735 wastewater samples were 
collected over 49 weeks. Fig. 1 shows the temporal trends of SARS-CoV- 
2 RNA concentrations in wastewater and confirmed COVID-19 cases. 
The confirmed COVID-19 cases comprised five infection waves in two 
years for the notifiable disease surveillance data period and two infec
tion waves in one year for the sentinel surveillance data period.

2.2. Treatment of non-detect data and calculation method of 
representative values (Preliminary analysis 1)

Our study confirmed that the SARS-CoV-2 RNA concentrations in the 
1830 wastewater samples used were closer to a normal or log-normal 
distribution. Because the Shapiro–Wilk or Kolmogorov–Smirnov tests 
for normality are unsuitable for large sample sizes, Q-Q plots were used 
to assess the normality of SARS-CoV-2 RNA concentrations and their 
log10 values (Mishra et al., 2019), indicating that the log10 values are 
closer to normality (Fig. S2). In this study, Pearson’s correlation coef
ficient r was calculated between the log10 values of representative SARS- 
CoV-2 RNA concentrations in wastewater for one week and the log10 
values of the confirmed COVID-19 cases for one week (hereafter, a 
correlation represents that between SARS-CoV-2 RNA concentration in 
wastewater and the confirmed COVID-19 cases unless otherwise noted). 
To examine the treatment of non-detect data and the method for 
calculating representative values, the correlation coefficients were 
analyzed as follows (Table S2): First, the non-detect data were replaced 
with four types of values: (1) LOD, (2) LOD/2, (3) LOD/√2, and (4) the 
value corresponding to half of the non-detect rate using the estimated 
distribution (hereinafter, distribution estimates). The replacement 
values for (1)–(3) are often used, as previously reported (Croghan and 
Egeghy, 2003). The replacement value for (4) was calculated using the 
maximum likelihood method, assuming a lognormal distribution for all 
1830 left-censored data points. The R package “NADA” was used to 
estimate the distribution (Lee, 2022; R Development Core Team, 2021). 
The estimated distribution using log10 SARS-CoV-2 RNA concentrations 

Fig. 1. Temporal changes of SARS-CoV-2 concentrations in wastewater and confirmed COVID-19 cases in the City of Sapporo. (a) Notifiable disease surveillance 
data; (b) sentinel surveillance data. The SARS-CoV-2 RNA concentration in wastewater was calculated based on the geometric mean values for one week (15 
samples). The non-detect data were replaced using the distribution estimates. Notifiable disease surveillance: clinical surveillance that captures all reported cases of 
infection. Sentinel surveillance: clinical surveillance that captures a representative portion of reported infection cases.
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was confirmed to align with the observed distribution (Fig. S3). The 
arithmetic mean, geometric mean, and median values were calculated 
for one week using the dataset with non-detect data replaced in this 
manner. Conditions with high correlation coefficients were extracted 
using a notifiable disease surveillance data set (n = 1515) with a range of 
− 7 to +14 days (time lag) from the representative date of wastewater 
sampling to the published date of the confirmed COVID-19 cases. For 
this analysis, three types of corrections were calculated: (a) LOD = 93 
copies/L without correction by PMMoV; (b) LOD = 93 copies/L with 
correction by PMMoV (using the ratio “[SARS-CoV-2 RNA concentra
tion]/[PMMoV RNA concentration]” instead of SARS-CoV-2 RNA con
centration); (c) LOD = 9300 copies/L and without correction by 
PMMoV; and (d) LOD = 9300 copies/L with correction by PMMoV. The 
LOD of 9300 copies/L was used because the LOD of the commonly used 
PEG method was nearly 100 times higher than that of the EPISENS-S 
method used in our study, as described in Section 2.1. Additionally, 
further analysis was conducted for three-day and two-week moving 
averages of the number of newly confirmed COVID-19 cases, instead of 
the one-week moving average. Other data treatment conditions included 
replacement through distribution estimates, geometric mean calcula
tion, and no correction using PMMoV.

Based on this analysis, the following conditions were used to calcu
late correlation coefficients in subsequent analyses: replacement by 
distribution estimates, calculation of the geometric mean, no time lag 
(+0 days), and no correction using PMMoV (detailed in Section 3.1).

2.3. Correction of sentinel surveillance data (Preliminary analysis 2)

In the analysis using the sentinel surveillance dataset, the relation
ship between virus concentration and confirmed COVID-19 cases 
changed before and after the legal reclassification of COVID-19 in Japan, 
which might have resulted in behavioral changes in individuals visiting 
health facilities. Therefore, a multiple regression analysis was conducted 
with confirmed COVID-19 cases (log10) as the objective variable and 
SARS-CoV-2 RNA concentration (log10) and a dummy variable for 
reclassification as explanatory variables. The dummy variable was set to 
0 for the period before reclassification and 1 for the period after 
reclassification. IBM SPSS version 28 was used for all the analyses. Based 
on these results, in subsequent analyses, the confirmed COVID-19 cases 
per sentinel medical (log10) after the reclassification was treated as a 
corrected value by doing +0.32 (detailed in Section 3.2).

2.4. Assessment of survey methods based on correlations with the 
confirmed COVID-19 cases

Main analyses 1–4 were conducted to determine the sampling fre
quency, survey duration, analytical sensitivity, and analytical repro
ducibility required to adequately explain the number of infected 
individuals.

2.4.1. Main analysis 1: analytical sensitivity and sampling frequency
As shown in Section 2.1, the LOD in our wastewater analysis was 93 

copies/L, approximately 100 times lower than that of the common PEG 
method. An exploratory simulation was conducted to estimated how the 
correlation coefficient would change if a higher LOD were applied in 
wastewater analysis. Previous studies utilized exploratory simulations 
using different LODs (Croghan and Egeghy, 2003), and similar simula
tions with varying detection rates have also been employed (Kato et al., 
2013).

Conditions with LODs of 93, 186, 465, 930, 1860, 4650, 9300, 
18,600, and 46,500 copies/L (corresponding to 1, 2, 5, 10, 20, 50, 100, 
200, and 500 times the actual values in the dataset, respectively) were 
established. Hypothetically, by resetting these LODs, the data were 
treated as non-detect (for example, data detected as 100 copies/L were 
considered non-detect under the condition of an LOD of 186 copies/L). 
For each condition, as described in Section 2.2, replacement values 

based on distribution estimation for left-censored data were used as non- 
detect data (Table S3).

Furthermore, under these LOD conditions, 1–15 samples were 
assumed to be collected weekly. This corresponds to a hypothetical 
reduction in the total sampling frequency to 15 samples per week. The 
catchments and days of the week to be sampled were randomly deter
mined according to the sampling frequencies and fixed for the duration 
of the WBE survey (same as in Main analysis 2 to 4).

2.4.2. Main analysis 2: multiple catchments on the same day of the week 
and the same catchment on multiple days of the week

As noted in Section 2.1, three samples per week were collected in 
each of the five catchments (15 samples per week). An exploratorily 
simulation was conducted to analyze correlation coefficients when one 
sample per week was taken at three catchments and three samples were 
taken at one catchment. Similarly, the correlation coefficients were 
compared between one sample per week at two catchments and two 
samples per week at one catchment. The catchments and days of the 
week were randomly determined according to the sampling frequencies 
from the five catchments or three days of the week.

2.4.3. Main analysis 3: survey duration and sampling frequency
Different survey durations of 101, 12, 25, 50, and 75 weeks were 

established from a notifiable disease surveillance dataset. The first week 
of the survey was randomly selected, and consecutive weeks were 
selected. The sampling frequency was analyzed from 1 to 15, as in the 
Main analysis. Only notifiable disease surveillance data were used in this 
analysis.

2.4.4. Main analysis 4: analytical reproducibility and sampling frequency
The analysis assumed conditions under which the analytical repro

ducibility of SARS-CoV-2 RNA concentrations varied. In accordance 
with a previous study (Ando et al., 2022), the analytical standard de
viation of this dataset was conservatively set at 0.4 at log10 values, 
consistent with 0.03, 0.09, or 0.4 observed in wastewater samples from 
the same catchment (details in Section 2.1). Since the number of ana
lyses in this dataset was one for each sample, the “true value” was 
estimated from the normal distribution when the “measured value” at 
log10 values was taken as the arithmetic mean and the standard devia
tion as 0.4. The hypothetically measured values were then estimated 
with standard deviations of 0.4, 0.6, 0.8, and 1, respectively. Simula
tions employing a unified analytical standard deviation were previously 
used in a study (Li et al., 2021). The sampling frequency was analyzed 
from 1 to 15, as in the Main analysis 1.

Under all conditions, the correlation coefficient between the SARS- 
CoV-2 RNA concentration in wastewater and the confirmed COVID-19 
cases for one week was calculated using Monte Carlo simulations with 
10,000 iterations for each. Oracle Crystal Ball version 11.1.2.4.900 was 
used for analysis. The arithmetic means and 95 % uncertainty intervals 
calculated from the 2.5th and 97.5th percentile values among the 
10,000 iterations were used. The conditions were extracted such that the 
2.5th percentile value was >0.7.

3. Results

3.1. Treatment of non-detect data and determination of a method for 
calculating representative values

Fig. 2 presents the results of the Preliminary analysis 1. With regard 
to the treatment of non-detect data, high correlation coefficients were 
obtained when the data were replaced with distribution estimates, or 
LOD/2. The correlation coefficients were high when the geometric 
mean, or median, was used to calculate representative values. Regard
less of the type of moving averages for newly confirmed COVID-19 cases, 
the correlation coefficient remained ≥0.85 with a time gap ranging from 
− 7 to +6 days (Fig. S4). PMMoV correction did not significantly affect 
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Fig. 2. Comparison of Pearson’s correlation coefficients (r) based on treatment of non-detect data and different methods of calculating representative values. (a) 
Without PMMoV correction, limit of detection (LOD) = 93 copies/L; (b) with PMMoV correction, LOD = 93 copies/L; (c) without PMMoV correction, LOD = 9300 
copies/L; and (d) with PMMoV correction, LOD = 9300 copies/L. Time lag represents the “published date of the number of infected individuals” minus the 
“representative date of wastewater sampling.” LOD/2, LOD/√2, and LOD estimated represent the replacement of LOD values by LOD/2, LOD/√2, and distribution 
estimates, respectively.
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the correlation coefficients.
Fig. 3(a) shows a scatter plot of SARS-CoV-2 RNA concentrations and 

confirmed COVID-19 cases in the notifiable disease surveillance under 
the conditions of replacement by distribution estimates, calculation of 
geometric mean, no gap (+0 days), and no correction of SARS-CoV-2 
RNA concentrations by PMMoV. The correlation coefficient was as 
high as 0.87, and the slope of the regression equation using the loga
rithm of both SARS-CoV-2 RNA concentrations and confirmed COVID- 
19 cases was 0.96, which is close to 1, confirming a linear relationship 
between them.

3.2. Determination of correction values for sentinel surveillance data

Multiple regression analysis (Preliminary analysis 2) showed that the 
unstandardized partial regression coefficients (95 % confidence inter
val) for SARS-CoV-2 RNA concentration and reclassification were 0.80 
(0.63–0.97) and − 0.32 (− 0.50 to − 0.14), both significant. A scatter plot 
of SARS-CoV-2 RNA concentrations and corrected confirmed COVID-19 
cases is shown in Fig. 3(b). The correlation coefficient and slope of the 
regression equation were 0.86 and 0.80, respectively, confirming a 
strong linear relationship between SARS-CoV-2 RNA concentrations in 
wastewater and confirmed COVID-19 cases, even in the sentinel sur
veillance data.

3.3. Effects of sampling frequency, survey duration, analytical sensitivity, 
and analytical reproducibility on the correlation with the confirmed 
COVID-19 cases

The results of Main analysis 1 showed that the correlation co
efficients decreased as the sampling frequencies decreased for both 
notifiable disease surveillance and sentinel surveillance data (Fig. 4). 
Large differences in correlation coefficients were found between one and 
two samples per week, and three samples per week showed high cor
relation coefficients similar to those of more frequent sampling under 
the measurement condition of LOD = 93 copies/L (2.5th percentile 
values: 0.80 for notifiable disease surveillance and 0.76 for sentinel 
surveillance). The correlation coefficients decreased as the LOD value 
increased (i.e., as the non-detect rate increased): in the notifiable disease 
surveillance data, there was no large difference in the correlation co
efficients for the measurement conditions with LOD between 93 and 930 
copies/L (non-detect rate: 13–31 %), but the correlation coefficients 
decreased as the LOD increased from 1860 copies/L (non-detect rate: 42 
%). Fifteen samples per week, with an LOD of 1860 copies/L, did not 

show a higher correlation than two samples per week, with an LOD of 93 
copies/L. In the sentinel surveillance data, no large differences in the 
correlation coefficients were found between 93 and 9300 copies/L for 
the LOD (non-detect rate: 0.4–34 %), but the correlation coefficients 
decreased when the LOD was >18,600 copies/L (non-detect rate: 54 %). 
For both notifiable disease surveillance and sentinel surveillance data, 
the 2.5th percentile values of the correlation coefficients exceeded 0.7 
for the three samples per week when the non-detect rate was <40 %.

Regarding Main analysis 2, no large differences in the correlation 
coefficients were found between multiple catchments on the same day of 
the week and the identical catchment on multiple days of the week 
(Fig. 5), although slightly less variation in the correlation coefficients 
existed for two or three samples per week in the same catchment than for 
sampling once per week in two or three catchments. The 2.5th percentile 
values of the correlation coefficients exceeded 0.7 for both sampling 
once at three catchments per week and sampling three times at one 
catchment per week.

In Main analysis 3, the 12-week surveys had lower correlation co
efficients and wider uncertainty intervals (Fig. 6). Compared to the 50- 
week or longer surveys, the 25-week surveys had similar arithmetic 
mean correlation coefficients but lower 2.5th percentile values. The 
2.5th percentile values in the 50-week or longer surveys with three or 
more samples per week exceeded 0.7.

In Main analysis 4, as the standard deviation increased, the corre
lation coefficients decreased (Fig. 7). In particular, the uncertainty in
terval widened with an increase in standard deviation when the number 
of samples per week was small. In the notifiable disease surveillance 
data, the 2.5th percentile values of the correlation coefficients exceeded 
0.7 when the standard deviation was 0.4, with three or more samples per 
week. In the sentinel surveillance data, the arithmetic mean value of the 
correlation coefficient was below 0.7 for three samples per week. The 
2.5th percentile value of the correlation coefficient was 0.66 and 0.71 
for the five- and seven-weekly surveys, respectively.

4. Discussion

Using high analytical accuracy (LOD = 93 copies/L) and intensive 
surveys (15 samples per week for 122 weeks) as the gold standard for 
WBE, this study identified the treatment of non-detect data and the 
appropriate method for calculating representative values, and analyzed 
the impact of sampling frequency, survey duration, analytical sensitivity 
and analytical reproducibility on the correlation between SARS-CoV-2 
RNA concentration in wastewater and confirmed COVID-19 cases.

Fig. 3. Scatterplots of SARS-CoV-2 RNA concentration vs. confirmed COVID-19 cases. (a) Notifiable disease surveillance data; (b) sentinel surveillance data. r: 
Pearson correlation coefficients. Notifiable disease surveillance: clinical surveillance that captures all reported cases of infection. Sentinel surveillance: clinical 
surveillance that captures a representative portion of reported infection cases.
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First, a preliminary analysis identified the appropriate treatment for 
non-detect data and the appropriate method for calculating represen
tative values. The validity of treating non-detect data using distribution 
estimates has been discussed in a previous report (Croghan and Egeghy, 
2003). In this study, correlation coefficients were calculated by log- 
transforming virus concentrations in wastewater and confirmed 
COVID-19 cases, a method used in previous studies (Rabe et al., 2023; 
Xiao et al., 2022). Therefore, it is reasonable to use geometric means or 
medians rather than arithmetic means to calculate representative 
values. The PMMoV correction did not improve the correlation with 
confirmed COVID-19 cases, which is consistent with the findings of our 
previous study (Ando et al., 2023). This aligns with previous studies 
suggesting that PMMoV correction does not consistently improve the 
correlation (Islam et al., 2024; Maal-Bared et al., 2023), although con
flicting results were reported in another study, which indicated that 
PMMoV correction enhanced the correlation (Zhan et al., 2023). The 

present study performed the main analyses with a time lag of 0 days, 
which did not negate the early detectability of WBE. In this study, the 
data were merged into one-week data to calculate representative values, 
which indicated that it was not necessary to consider the time lag. No 
substantial differences were identified in the correlation coefficients 
across a time gap of − 7 to +6 days. The early detection of COVID-19 by 
the WBE in the same catchment in this study has been demonstrated in 
detail in our previous study, which revealed that SARS-CoV-2 RNA in 
wastewater samples can be detected 5 days before newly confirmed 
COVID-19 cases are reported (Ando et al., 2023). Therefore, our pre
liminary analysis supports the role of WBE in early detection.

When non-detect data were treated in this manner and representa
tive values were calculated, strong correlations between SARS-CoV-2 
RNA concentrations in wastewater and confirmed COVID-19 cases 
were observed (notifiable disease surveillance: r = 0.87, sentinel sur
veillance: r = 0.86). The slope with log-transformed data was almost 1, 

Fig. 4. Pearson correlation coefficients (r) between SARS-CoV-2 RNA concentrations and the confirmed COVID-19 cases according to the number of samples per 
week and analytical sensitivity. (a) Notifiable disease surveillance data; (b) sentinel surveillance data. LOD: limit of detection. The number in parenthesis represents 
the non-detect rate. An error bar represents a 95 % uncertainty interval. Notifiable disease surveillance: clinical surveillance that captures all reported cases of 
infection. Sentinel surveillance: clinical surveillance that captures a representative portion of reported infection cases.

Fig. 5. Comparison of surveys at multiple catchments on the same day of the week and at the same catchment on multiple days of the week. (a) Notifiable disease 
surveillance data; (b) sentinel surveillance data. The r represents the Pearson correlation coefficient between SARS-CoV-2 RNA concentrations and the confirmed 
COVID-19 cases. An error bar represents a 95 % uncertainty interval. Notifiable disease surveillance: clinical surveillance that captures all reported cases of infection. 
Sentinel surveillance: clinical surveillance that captures a representative portion of reported infection cases.
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confirming that the WBE was sufficient to determine the COVID-19 
infection incidence in the catchment. Interestingly, sentinel surveil
lance data showed a 0.32 decrease in confirmed COVID-19 cases at log10 
values after reclassification. No major change in the prevalence of SARS- 
CoV-2 variants was observed during this period (Our World in Data, 
2024). This suggests that the reclassification of COVID-19 led to a 
change in individuals’ healthcare-seeking behaviors, such as hesitation 
in receiving medical examinations, and that the number of confirmed 
COVID-19 cases captured by clinics decreased by half (i.e., 10–0.32 = 48 
%). This result is consistent with US observations, where the ratio of 
reported cases to wastewater SARS-CoV-2 RNA load during a wave 
following the end of the Public Health Emergency of International 
Concern (PHEIC) was lower than during the Omicron wave under the 
PHEIC (Li et al., 2024). Our study highlights that the WBE can provide a 
good picture of the incidence of infection in catchments, even when 
changes in people’s consultation behavior occur.

Regarding the analytical sensitivity, a decrease in the correlation 
coefficients was observed with increasing LOD values (Main analysis 1). 
In particular, both notifiable disease surveillance and sentinel surveil
lance data showed large decreases in correlation coefficients when the 
non-detect rate exceeded 40 %. Therefore, it is desirable to conduct the 

analysis with a sensitivity that the non-detect rate does not exceed 40 %. 
Fig. 4a and b shows different non-detect rates for the same LOD. Even 
with an LOD as high as 9300 copies/L, sentinel surveillance data showed 
a correlation coefficient of 0.86 for 15 samples per week. The non-detect 
rate depends not only on the LOD but also on the incidence of infection. 
This result indicates that it is desirable to use a dataset with a non-detect 
rate of <40 % (which is more achievable with high-sensitivity methods) 
to discuss correlations with COVID-19 cases. Ando et al. (2023) reported 
that a 50 % probability of detection corresponded to 0.69 out of 100,000 
confirmed COVID-19 cases per day when the EPISENS for membrane 
(EPISENS-M) method with the LOD of 43.9 copies/L was used for SARS- 
CoV-2 RNA detection from wastewater. Although counting positive 
replicates in qPCR is an alternative in cases of high non-detect rates, 
numerous measurements are required for each sample, complicating the 
analysis (Zhao et al., 2023). Our study highlights the benefits of methods 
with low LOD for determining the low infection incidence in catch
ments. Application of pre-amplification prior to qPCR in a previous 
study, inspired by the EPISENS-S method, successfully increased the 
detection rate of mpox virus in wastewater (Bowes et al., 2023). As 
highly sensitive analytical methods are developed (El soufi et al., 2024), 
the findings of this study will serve as a reference for determining the 
infection incidence.

Regarding the sampling frequency, large differences in the correla
tion coefficients existed between one and two or more samples per week 
(main analyses 1, 3, and 4). This is consistent with the findings in pre
vious studies demonstrating that at least 2–5 samples per week were 
needed to determine COVID-19 infection incidence in catchments (Chan 
et al., 2023; Corrin et al., 2024; Kuroita et al., 2024). The utility of twice- 
weekly sampling has been reported elsewhere (Okada and Nishiura, 
2024). In particular, for both comprehensive notifiable and sentinel 
surveillance data, a sampling frequency of three or more times per week 
achieved a 2.5th percentile value of correlation coefficients >0.7 when 
the non-detect rate was <40 % (Main analysis 1). With three samples per 
week, no large difference in the correlation coefficients existed between 
three-day sampling in the same catchment and one-day sampling in 
three different catchments (Main analysis 2). When the standard devi
ation of the analysis was 0.4 (Main analysis 4), it was considered 
possible to survey at least five samples per week given that the corre
lation coefficient was low for the three-weekly surveys in the sentinel 
surveillance data.

Regarding survey duration, the correlation coefficient was notably 
low at 12 weeks (Main Analysis 3). At three samples per week, the 2.5th 
percentile values of the correlation coefficients exceeded 0.7 at 50 weeks 
or more. To determine the incidence of COVID-19 infection in the 
catchment by the WBE, a survey period that included 50 weeks or more 
would be necessary. This number of “50 weeks” as survey duration may 
depend on the number of infection waves as well as the number of data 
plots to discuss the correlation between virus concentration in waste
water and infection incidence. During the notifiable disease surveillance 
period, approximately two infection waves were observed over 50 
weeks. High correlation coefficients were also observed in other ana
lyses using sentinel surveillance data (49 weeks with two infection 
waves: Preliminary analysis 1 and Main analysis 1).

Regarding analytical reproducibility (Main analysis 4), when the 
standard deviations of the analysis were large, the uncertainty intervals 
were wide, particularly for a small number of samples. The finding that 
analytical standard deviation was the primary factor in estimating in
fectious disease incidence aligns with a previous study (Li et al., 2021). 
The 2.5th percentile values of the correlation coefficients were below 
0.7 when the standard deviation was 0.6 or more for the three samples 
per week. A standard deviation of 0.4 or less was considered desirable in 
terms of analytical reproducibility.

Overall, it is considered desirable to use an analytical method that 
can quantify SARS-CoV-2 RNA in wastewater samples with high 
detectability and reproducibility (non-detect rate: <40 %; standard de
viation: ≤0.4) and to survey at least three samples per week, preferably 

Fig. 6. Pearson correlation coefficients (r) between SARS-CoV-2 RNA concen
trations and the confirmed COVID-19 cases according to the number of samples 
per week and survey duration. (a) Notifiable disease surveillance data; (b) 
sentinel surveillance data. An error bar represents a 95 % uncertainty interval. 
Notifiable disease surveillance: clinical surveillance that captures all reported 
cases of infection. Sentinel surveillance: clinical surveillance that captures a 
representative portion of reported infection cases.

Fig. 7. Pearson correlation coefficients (r) between SARS-CoV-2 RNA concen
trations and the confirmed COVID-19 cases according to the number of samples 
per week and analytical reproducibility. (a) Notifiable disease surveillance data; 
(b) sentinel surveillance data. SD: standard deviation. An error bar represents a 
95 % uncertainty interval. Notifiable disease surveillance: clinical surveillance 
that captures all reported cases of infection. Sentinel surveillance: clinical 
surveillance that captures a representative portion of reported infection cases.
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five or more samples, for 50 weeks or more.
This study has some limitations: First, although this study focused on 

wastewater survey methods, it did not examine clinical factors (e.g., 
COVID-19 prevalence or testing coverage) or environmental factors (e. 
g., air temperature or catchment population). Second, among the 
wastewater survey methods, this study did not examine factors that 
affect virus recovery rates during the analytical process, such as poly
merase chain reaction inhibition. Third, the findings of this study were 
based on the City of Sapporo, and there is room for further research on 
the applicability of these findings to other catchments. The analyses 
examined in this study are expected to expand to various catchments as 
demonstrated in previous studies conducted in other countries (Duvallet 
et al., 2022; Krogsgaard et al., 2024; Tiwari et al., 2022), and the 
accumulation and integration of results will increase the generality of 
the findings.

5. Conclusions

The use of the WBE is sufficient to determine the incidence of COVID- 
19 in catchments. Furthermore, the WBE can present additional infor
mational value with respect to understanding the infection incidence of 
a catchment, as estimated by the 48 % reduction in confirmed COVID-19 
cases visiting health facilities after the reclassification of COVID-19 in 
Japan.

By examining the correlation between SARS-CoV-2 RNA concentra
tions in wastewater and confirmed COVID-19 cases under hypothetical 
conditions in which the quality of wastewater survey methods has 
declined, this study identified WBE survey methods that are necessary 
for understanding the infection situation in a catchment. The findings of 
the appropriate WBE survey methods obtained in this study are as 
follows:

• Non-detect data should be replaced by distribution estimates (or 
LOD/2).

• The geometric mean (or median) should be used to calculate repre
sentative values.

• A quantifiable and highly reproducible method (non-detect rate: 
<40 %; standard deviation: ≤0.4) is necessary for the analysis of 
SARS-CoV-2 RNA in samples.

• The sampling frequency required is at least three samples per week, 
preferably five samples per week.

• Surveys need to be conducted for a period of time that includes at 
least 50 weeks or longer.
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