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Fig. S1. The norovirus fecal shedding profile used for calculating patient viral load 𝑳𝒑. 19 

The red line represents the median shedding rate while the shaded area is the 95% confidence 20 

interval used as the upper and lower limits of the calculation. 21 

 22 

 23 

  24 



3 
 

Fig. S2. The posterior distribution of 𝜶𝒎 and the monthly average temperature in Sendai. 25 

The red points and error bars are the median value and IQR of 𝛼𝑚. The blue points and shaded 26 

area are the average, lowest and highest daytime temperature of each month (data source: Japan 27 

Meteorological Agency 28 

(https://www.data.jma.go.jp/obd/stats/etrn/view/monthly_s3_en.php?block_no=47590&view=1, 29 

accessed on November 25, 2021)). Spearman's rank correlation analysis was performed (ρ = -30 

0.69, p = 0.016). 31 

 32 

 33 
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Table S1. Spearman's rank correlation coefficients between 𝐿𝑤 and 𝐿𝑝 for each epidemic year. 35 

Epidemic year 2016/2017 2017/2018 2018/2019 2020/2021 Overall 

ρ 0.7974 -0.0383 0.2815 0.2702 0.2779 

p-value < 0.0001 0.79 0.022 0.031 < 0.0001 

 36 

  37 
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Norovirus wastewater detection 38 

Polyethylene glycol (PEG) precipitation 39 

Grab wastewater samples were collected once or twice a week at around 10 a.m. from a 40 

municipal wastewater treatment plant (WWTP) in Sendai, Japan. The WWTP has two influent 41 

lines that cover the downtown area and residential/industrial area, respectively. Samples were 42 

transported to the laboratory in ice. A 40 mL sample was inoculated with 100 µL of pre-prepared 43 

murine norovirus (MNV) suspension for recovery evaluation, 3.2 g PEG 6000, and 0.92 g NaCl, 44 

the mixture was stirred overnight at 4°C. Then, the mixture was centrifuged at 8,000 g for 30 45 

minutes at 4°C. After centrifugation, the supernatant was removed and the pellet was 46 

resuspended with 1 mL ddH2O. After mixed by vortex for 90 seconds, the suspension was 47 

centrifuged again at 9,000 g for 10 minutes at 4°C. The pellet was discarded, then the 48 

supernatant was used for subsequent steps and its volume was measured for later calculation. 49 

RNA extraction, cDNA synthesis, and RT-qPCR 50 

A 140 µL aliquot obtained from PEG precipitation was used for viral RNA extraction using the 51 

QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany) with a resulting volume of 60 µL. 52 

Then, a 10 µL extracted RNA was used to synthesize cDNA with the iScript™ cDNA Synthesis 53 

Kit (Bio-Rad, Hercules, CA, USA) following the manufacture’s instruction, the resulting volume 54 

is 20 µL. 55 

For RT-qPCR, we used a previously reported primer/probe set (1). For each 20 µL reaction, 10 56 

µL of SsoAdvanced Universal Probes Supermix (Bio-Rad), 5 µL of cDNA, 0.8 µL of 10 µM 57 

forward and reverse primers, 0.2 µL of 10 µM probe, and 3.2 µL of PCR-grade water were used. 58 

The PCR cycling condition was 30 seconds at 95°C, followed by 40 cycles of 15 seconds at 59 

95°C, 60 seconds at 56°C, and 30 seconds at 72°C. 60 

To evaluate the whole process recovery efficiency, the concentration of MNV in precipitated 61 

wastewater samples was compared with that of the stock. For MNV, we used the following 62 

assay: forward primer: CGGTGAAGTGCTTCTGAGGTT, reverse primer: 63 

GCAGCGTCAGTGCTGTCAA, TaqMan probe: FAM- CGAACCTACATGCGTCAG -64 

TAMRA. The PCR cycling condition was 30 seconds at 95°C, followed by 40 cycles of 5 65 
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seconds at 95°C, 20 seconds at 56°C, and 30 seconds at 72°C. RT-qPCR was performed in 66 

triplicate and the mean value was used subsequent calculations. 67 

Wastewater concentration calculation 68 

The concentration of norovirus GII viral RNA in influent wastewater sample, 𝐶𝑣,𝑤 (copies/mL), 69 

was converted from qPCR-determined concentration using the following equation: 70 

𝐶𝑣,𝑤 = 1000 ×
𝑉

𝑉𝑤
×

𝑉𝑓,𝑒𝑥

𝑉𝑠,𝑒𝑥
×

𝑉𝑓,𝑠𝑦𝑛

𝑉𝑠,𝑠𝑦𝑛
× 𝐶𝑞𝑃𝐶𝑅 (1) 

where V is the volume of sample after PEG precipitation [mL], CqPCR is the concentration of 71 

cDNA applied to qPCR [copies/µL], 𝑉𝑤 is for the volume of raw wastewater [mL]. 𝑉𝑓,𝑒𝑥, 𝑉𝑠,𝑒𝑥, 72 

𝑉𝑓,𝑠𝑦𝑛, and 𝑉𝑠,𝑠𝑦𝑛 are all the volume of samples in the intermediate steps [µL]. Subscripts f and s 73 

stand for final and starting volume, while subscripts ex and syn stand for RNA extraction and 74 

cDNA synthesis, respectively. 75 

  76 
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Details of the wastewater and patient viral load models 77 

Patient number conversion 78 

Function “na_interpolation” in R package “imputeTS” was used to convert weekly case count 79 

into daily case count. 80 

Shedding function 81 

A norovirus fecal shedding function previously described by Teunis et al. (2015) was used (2). 82 

Briefly, the rate and duration of fecal shedding can be described by the following equation: 83 

 84 

𝐶𝑓(𝑡|𝛼, 𝛽) = 𝐶0𝑒
−𝛼𝑡(1 − 𝑒−(𝛽−𝑎)𝑡)(𝛽 − 𝛼) (2) 

 85 

where 𝐶𝑓(𝑡|𝛼, 𝛽) is the concentration of viral RNA in the feces (copies/g) of infected individuals 86 

at time 𝑡  while 𝛼 , 𝛽 , and 𝐶0  are shape coefficients. This shedding function features a high 87 

shedding rate in the early stage of infection, followed by a downward trend that lasts days, even 88 

weeks before the fecal shedding eventually stops. More details, including the biological 89 

explanation, can be found in the original study. The shedding rate curve is shown in Fig. S1. 90 

 91 

Viral load calculation 92 

As the total viral load is contributed by individuals in different infection stages, assuming a study 93 

period i and a shedding period j, reported patients, after adjustment for norovirus GII ratio, were 94 

assigned into an i × j matrix called 𝑀(𝑃𝑁) (Equation (3)).  95 

 96 

𝑀(𝑃𝑁) =

[
 
 
 
𝑃𝑁[1,1] 𝑃𝑁[1,2] ⋯ 𝑃𝑁[1,𝑗]

𝑃𝑁[2,1] 𝑃𝑁[2,2] ⋯ 𝑃𝑁[2,𝑗]

⋯ ⋱ ⋱ ⋯
𝑃𝑁[𝑖,1] 𝑃𝑁[𝑖,2] ⋯ 𝑃𝑁[𝑖,𝑗] ]

 
 
 

 (3) 

 97 

In this way, the number of reported patients on their day n of the infection course on calendar day 98 

d, 𝑃𝑁[𝑛,𝑑], can be called from the matrix for viral load calculation. Due to the change of infection 99 

status, there is a transition 𝑃𝑁[𝑛,𝑑] = 𝑃𝑁[(𝑛−1),(𝑑−1)]. 100 

 101 
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Then, the viral load from reported patients on a particular day d can be calculated using the 102 

following equation: 103 

 104 

𝐿𝑝[𝑑] = ∑ 𝑃𝑁,𝑟[𝑛,𝑑]

𝑗

𝑛=1

∗ 𝐶𝑓,𝑛 ∗ 𝑟𝐹 ∗ 𝑚𝑓 ∗ 0.7 (4) 

 105 

where 𝐿𝑝 is the daily total patient viral load (copies) and 𝑃𝑁,𝑟 represents the reported NoV GII 106 

infections. Daily viral load 𝐶𝑓,𝑛 (copies/patient/g feces) was calculated as the mean value between 107 

𝐶𝑓(𝑛 = 𝑡) and 𝐶𝑓(𝑛 = 𝑡 + 1) using 0.1 days as interval, 𝑟𝐹 is the ratio of patients who develop 108 

fecal shedding, 𝑚𝑓  stands for the average weight of feces (g) excreted from the human body. 109 

Although the fecal shedding would last for about 40 days according to the original study, the 110 

majority of viral load is contributed by patients in the early stage of infection as the shedding rate 111 

drops exponentially after the initial stage. Therefore, in this study, patients were assumed to shed 112 

viral RNA for 10 days after the initial virus contraction (𝑛 = 10), which is longer than previously 113 

reported symptomatic period (3). Also, the calculation assumes fecal shedding starts at the same 114 

time when an individual was reported. Although norovirus has an incubation period of about 33 115 

hours (3), considering the prevalence is reported weekly, the potential lag between infection and 116 

shedding can be neglected. Finally, considering the WWTP serves about 70% of the population in 117 

Sendai, the calculated patient viral load was multiplied by 0.7. 118 

 119 

Equation (5) was used to calculate the daily wastewater viral load from the measured wastewater 120 

virus concentration. 121 

 122 

𝐿𝑤[𝑑] = 𝐶𝑣,𝑤[𝑑] ∗ 𝑄𝑑 (5) 

 123 

where the measured concentration of norovirus RNA in the wastewater 𝐶𝑣,𝑤  (copies/mL) is 124 

multiplied by the wastewater flow 𝑄 obtain the total load 𝐿𝑤. The average daily wastewater flow 125 

rate was acquired from the treatment plant operator.  126 

                                                                                                                                                                                                                                                                                                                                                                                                               127 
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Characterizing the scaling factor 𝐿𝑤/𝐿𝑝 128 

If the corresponding relation between 𝐿𝑤  and 𝐿𝑝  can be established, 𝐿𝑝  would be able to be 129 

calculated from 𝐿𝑤 , leading to the estimation of patient number. To investigate the extent of 130 

uncertainty and show whether WBE can deliver reliable quantitative prevalence estimation, we 131 

characterized 𝛼 =
𝐿𝑤

𝐿𝑝
 (termed “scaling factor” hereafter) using Bayesian inference. 132 

 133 

Briefly, it was considered that 𝛼 consists of four parts, an overall baseline value, a year-specific 134 

add-on value, a month-specific add-on value, and an add-on value for a certain year-month 135 

combination (Equation (6)). MCMC simulation was performed in the R programming language 136 

(6), the year and month were taken as nominal predictors while 𝛼𝑖 was the metric output. 137 

𝛼𝑖 =
𝐿𝑤[𝑖]

𝐿𝑝[𝑖]
~𝑁(𝛼0 + 𝛼𝑦[𝑖] + 𝛼𝑚[𝑖] + 𝛼𝑦,𝑚[𝑖], 𝜎𝑖

2 ) (6) 

 138 

MCMC configuration 139 

# For hyper-prior on deflections: 140 

gammaShRaFromModeSD = function( mode , sd ) { 141 

  if ( mode <=0 ) stop("mode must be > 0") 142 

  if ( sd <=0 ) stop("sd must be > 0") 143 

  rate = ( mode + sqrt( mode^2 + 4 * sd^2 ) ) / ( 2 * sd^2 ) 144 

  shape = 1 + mode * rate 145 

  return( list( shape=shape , rate=rate ) ) 146 

} 147 

 148 

aGammaShRa = unlist(gammaShRaFromModeSD(mode=sd(y)/2, sd=2*sd(y))) 149 

sGammaShRa = unlist(gammaShRaFromModeSD(mode=medianCellSD, sd=2*sdCellSD)) 150 

 151 

# Model configuration 152 

model { 153 
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  for ( i in 1:Ntotal ) { 154 

    y[i] ~ dt( mu[i] , 1/(ySigma[x1[i],x2[i]])^2 , nu ) 155 

    mu[i] <- a0 + a1[x1[i]] + a2[x2[i]] + a1a2[x1[i],x2[i]] 156 

  } 157 

   158 

  nu ~ dexp(1/30.0) 159 

 160 

  for ( j1 in 1:Nx1Lvl ) { for ( j2 in 1:Nx2Lvl ) { 161 

    sigma[j1,j2] ~ dgamma( sigmaSh , sigmaRa ) 162 

    # Prevent from dropping too close to zero: 163 

    ySigma[j1,j2] <- max( sigma[j1,j2] , medianCellSD/1000 ) 164 

  } } 165 

   166 

  sigmaSh <- 1 + sigmaMode * sigmaRa 167 

  sigmaRa <- ( sigmaMode + sqrt( sigmaMode^2 + 4*sigmaSD^2 ) ) /(2*sigmaSD^2) 168 

  sigmaMode ~ dgamma(sGammaShRa[1],sGammaShRa[2])  169 

  sigmaSD ~ dgamma(sGammaShRa[1],sGammaShRa[2])  170 

   171 

 172 

  a0 ~ dnorm( yMean , 1/(ySD*5)^2 ) 173 

   174 

  for ( j1 in 1:Nx1Lvl ) { a1[j1] ~ dnorm( 0.0 , 1/a1Sigma^2 ) } 175 

  a1Sigma ~ dgamma(aGammaShRa[1],aGammaShRa[2])  176 

   177 

  for ( j2 in 1:Nx2Lvl ) { a2[j2] ~ dnorm( 0.0 , 1/a2Sigma^2 ) } 178 

  a2Sigma ~ dgamma(aGammaShRa[1],aGammaShRa[2])  179 

   180 

  for ( j1 in 1:Nx1Lvl ) { for ( j2 in 1:Nx2Lvl ) { 181 
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    a1a2[j1,j2] ~ dnorm( 0.0 , 1/a1a2Sigma^2 ) 182 

  } } 183 

   184 

  a1a2Sigma ~ dgamma(aGammaShRa[1],aGammaShRa[2]) # or try a folded t (Cauchy) 185 

   186 

  # Convert a0,a1[],a2[],a1a2[,] to sum-to-zero b0,b1[],b2[],b1b2[,] : 187 

  for ( j1 in 1:Nx1Lvl ) { for ( j2 in 1:Nx2Lvl ) { 188 

    m[j1,j2] <- a0 + a1[j1] + a2[j2] + a1a2[j1,j2] # cell means  189 

  } } 190 

   191 

  b0 <- mean( m[1:Nx1Lvl,1:Nx2Lvl] ) 192 

   193 

  for ( j1 in 1:Nx1Lvl ) { b1[j1] <- mean( m[j1,1:Nx2Lvl] ) - b0 } 194 

  for ( j2 in 1:Nx2Lvl ) { b2[j2] <- mean( m[1:Nx1Lvl,j2] ) - b0 } 195 

  for ( j1 in 1:Nx1Lvl ) { for ( j2 in 1:Nx2Lvl ) { 196 

    b1b2[j1,j2] <- m[j1,j2] - ( b0 + b1[j1] + b2[j2] )   197 

  } } 198 

} 199 

  200 
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