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Abstract 

Background During the COVID-19 pandemic, wastewater-based surveillance gained great international inter-
est as an additional tool to monitor SARS-CoV-2. In autumn 2021, the Norwegian Institute of Public Health decided 
to pilot a national wastewater surveillance (WWS) system for SARS-CoV-2 and its variants between June 2022 
and March 2023. We evaluated the system to assess if it met its objectives and its attribute-based performance.

Methods We adapted the available guidelines for evaluation of surveillance systems. The evaluation was carried 
out as a descriptive analysis and consisted of the following three steps: (i) description of the WWS system, (ii) identi-
fication of users and stakeholders, and (iii) analysis of the system’s attributes and performance including sensitivity, 
specificity, timeliness, usefulness, representativeness, simplicity, flexibility, stability, and communication. Cross-correla-
tion analysis was performed to assess the system’s ability to provide early warning signal of new wave of infections.

Results The pilot WWS system was a national surveillance system using existing wastewater infrastructures 
from the largest Norwegian municipalities. We found that the system was sensitive, timely, useful, representative, sim-
ple, flexible, acceptable, and stable to follow the general trend of infection. Preliminary results indicate that the system 
could provide an early signal of changes in variant distribution. However, challenges may arise with: (i) specificity due 
to temporary fluctuations of RNA levels in wastewater, (ii) representativeness when downscaling, and (iii) flexibility 
and acceptability when upscaling the system due to limited resources and/or capacity.

Conclusions Our results showed that the pilot WWS system met most of its surveillance objectives. The system 
was able to provide an early warning signal of 1-2 weeks, and the system was useful to monitor infections at popula-
tion level and complement routine surveillance when individual testing activity was low. However, temporary fluctua-
tions of WWS values need to be carefully interpreted. To improve quality and efficiency, we recommend to standard-
ise and validate methods for assessing trends of new waves of infection and variants, evaluate the WWS system using 
a longer operational period particularly for new variants, and conduct prevalence studies in the population to cali-
brate the system and improve data interpretation.
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Background
The concept of wastewater surveillance (WWS) for infec-
tious diseases is based on the evidence that some infec-
tious agents are being excreted through urine, faeces and 
the upper respiratory system from infected persons [1]. 
Therefore, WWS could provide the first signal of change 
in disease trends as it is also at the lower level of the sur-
veillance pyramid capturing both pre/post symptomatic 
and asymptomatic infected persons shedding the virus 
into catchment via wastewater sewers [1]. During the 
COVID-19 pandemic, wastewater-based epidemiology 
gained great international interest as an additional tool 
to detect signals of SARS-CoV-2 circulation in commu-
nities and monitor trends in defined population areas to 
inform COVID-19 testing policies and mitigation meas-
ures [2, 3]. WWS has also been applied in the monitoring 
of SARS-CoV-2 trends and variants among travellers at 
international airports, passenger aircraft and cruise ships 
[4–7]. Moreover, several studies have demonstrated that 
community-wide molecular analysis of wastewater sam-
ples can be used to track SARS-CoV-2 variants and sup-
port the identification of potential new emerging variants 
[8–10].

Following the European Commission’s recommenda-
tion to the Member States in spring 2021, several EU 
member countries have initiated, implemented, or estab-
lished monitoring of SARS-CoV-2 and its variants in 
wastewater [11, 12].

In Norway, surveillance of COVID-19 has largely been 
based on registration of all individual test results in the 
Norwegian Surveillance System for Communicable Dis-
eases (MSIS). However, a change in testing strategy 
(from PCR-based to self-testing using antigenic tests) in 
autumn 2021 resulted in a considerable proportion of 
test results not being registered in MSIS and raised the 
need to strengthen the national surveillance systems for 
SARS-CoV-2 [13]. Consequently, the Norwegian Insti-
tute of Public Health (NIPH) decided to pilot a national 
WWS system for SARS-CoV-2 to assess its usefulness 
and performance as a complementary tool to monitor 
SARS-CoV-2 and its variants.

This is the first time that WWS has been tested by 
national health authorities in Norway as an operational 
monitoring system in connection with outbreaks or epi-
demics. Therefore, a thorough evaluation of the system’s 
quality and performance is relevant to identify learn-
ing points and assess potential for future use. Moreo-
ver, despite the increasing number of publications and 
reviews, there is still a lack of studies evaluating the use-
fulness and performance of WWS systems [14].

Therefore, the aim of this study was to evaluate the 
pilot WWS system for SARS-CoV-2 in Norway and par-
ticularly to assess the performance of the pilot WWS in 

relation to the public health-specific objectives of the sys-
tem describing the advantages and challenges of WWS 
compared to existing national surveillance systems.

Methods
Study design
The evaluation was carried out as a descriptive analysis 
and consisted of the following three steps: (i) description 
of the WWS system, (ii) identification of end-users and 
stakeholders and (iii) analysis of the system’s attributes 
and performance (sensitivity, specificity, timeliness, use-
fulness, representativeness, simplicity, flexibility, stability, 
and communication).

Considering that the attributes as defined in the guide-
lines for evaluation of surveillance systems given by the 
European Centre for Disease Prevention and Control 
(ECDC) [15] and the U.S. Centers for Disease Prevention 
and Control (CDC) [16] are tailored for clinical surveil-
lance systems, we have adapted the definitions of these 
attributes to fit the purpose and evaluate the perfor-
mance of the pilot WWS system in Norway.

Description of the wastewater surveillance system
We described the WWS system in terms of pilot surveil-
lance objectives, project timeline, WWS structure and 
network, and participating wastewater sampling sites and 
municipalities.

Identification of end‑users and stakeholders
End-users and stakeholders were categorized in the fol-
lowing 3 groups: (i) wastewater treatment plants and 
operators at local level, (ii) public health authorities at 
local level, and (iii) public health authorities including 
risk assessors and managers at national level. In addition, 
the national authority responsible for wastewater legisla-
tion and environmental monitoring was consulted.

Analysis of the system’s attributes and performance
The evaluation of the WWS system focused on the attrib-
utes described below (Table 1). The attributes’ definitions 
were adapted from the ECDC and CDC guidelines [15, 
16] to fit the purpose of the WWS system. Our evalua-
tion was based on descriptive comparison of results 
obtained from the WWS with other relevant clinical 
indicators available during the pilot period (June 2022 
– March 2023), and feedback from end-users, stakehold-
ers and NIPH’s experts. Cross-correlation analysis was 
performed to assess the wastewater systems’ ability to 
provide early warning signal of new waves of infection. 
The analysis was performed using time series data. The 
time series included data from the main wave detected 
during the study period (from week 33, 2022 to week 10, 
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2023) which was divided into periods of increasing and 
decreasing trends, respectively.

Sources used for the surveillance evaluation
Survey collecting feedback from end‑users and stakeholders
A questionnaire was developed and sent to involved 
stakeholders and participants of the pilot WWS in Feb-
ruary 2023 (Section A, Supplementary information). 
The questions were adapted to each end-user category 
and covered topics such as cooperation, communica-
tion, future areas of use and surveillance attributes. The 
information was collected through voluntary question-
naires sent by e-mail to contact persons, aggregated, and 
summarised through qualitative analysis based on feed-
back received. Experiences from NIPH’s project team and 
experts were also collected to describe the pilot wastewa-
ter system and its technical performance.

NIPH’s wastewater surveillance weekly reports
The weekly WWS reports [17] included information 
and results produced by the WWS system such as quan-
titative determination of SARS-CoV-2 using reverse 
transcription-quantitative polymerase chain reaction 
(RT-qPCR) and variant screening including results from 
both RT-PCR for specific variant mutations and from 
deep-sequencing analysis on parts of the Spike protein 
using Nanopore technology. These reports included 
data from the WWS compared to data from the Emer-
gency Preparedness Register for COVID-19 (Beredt C19) 
including MSIS and national registries on intensive care 
unit (ICU) and hospitalisations. The ratio between the 
concentration of genetic material (gene copies) for SARS-
CoV-2 and the reference control pepper mild mottle virus 
(PMMoV) from wastewater samples was calculated. The 
results for each sample point were weighted according to 

the population size that belonged to the wastewater plant 
in an average at national level.

NIPH weekly reports on COVID‑19, influenza, and other 
respiratory diseases
These reports included results reporting signals from a 
broad range of clinical indicators such as incidence rate, 
hospital admissions, medical consultations, virus vari-
ants, mortality and vaccination coverage used by NIPH 
for the COVID-19 surveillance [13]. The sources used for 
these reports included sequence data from the National 
Virological SARS-CoV-2 Surveillance Program and the 
clinical surveillance data form the Emergency Prepared-
ness Register for COVID-19 (Beredt C19) which collects 
data from MSIS and the national registries on ICU and 
hospitalisations.

Results
Description of the pilot wastewater surveillance system
The pilot WWS system is a national surveillance sys-
tem, which aims to provide information on the occur-
rence and circulation of SARS-CoV-2 and its variants in a 
defined population [18].

Surveillance objectives
The public health-specific objectives of the WWS system 
for SARS-CoV-2 in Norway were to (i) describe trends 
of virus circulation, including its variants in the popula-
tion over time and space, (ii) provide an early detection of 
change in infection trends in the population compared to 
other national COVID-19 surveillance systems and indi-
cators, and (iii) detect and monitor emerging variants of 
public health relevance.

Table 1 Wastewater surveillance attributes and their definitions as used in this study, adapted from ECDC and CDC guidelines

Attribute Definition

Sensitivity The proportion of waves of infection or new virus variants that are captured by the WWS system.

Specificity The system’s ability to avoid false warnings about new waves of infection or new virus variants (false positives)

Timeliness The ability of the WWS to deliver timely results and to provide an early warning signal compared to other surveillance systems.

Usefulness The extent to which the system has benefited the end-users and led to specific public health actions, either in the form 
of assessments or measures.

Representativeness The proportion of the population covered by the WWS. The concordance between the geographical area covered by the WWS 
and the geographical unit for clinical surveillance considered for other indicators is evaluated.

Simplicity The structure/organization of the system and its ease of operation, including logistics from sampling to reporting of results.

Flexibility The ability of the system to adapt to changes over time being able to be scaled up, scaled down or expand if necessary.

Acceptability The extent to which end-users and stakeholders were willing to participate in the pilot WWS and in the future.

Stability The ability to collect samples and produce results without deviation or failure.

Communication The ability of the system to deliver information and data in a clear and distinct manner.
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Pilot Wastewater Surveillance timeline
The pilot WWS system was operational from  1st June 
2022, with a tentative trial period of 6 months. In Decem-
ber 2022, the pilot surveillance was extended in a scaled-
down version until March 2023 to gather additional 
experience covering the winter season and data useful to 
perform an evidence-based evaluation of the surveillance 
and its performance.

Wastewater Surveillance structure and network
The system used existing municipal wastewater infra-
structures. A network of reference contact persons was 
established for (i) the managers of enrolled wastewater 
treatment plants, (ii) the municipal doctors in participat-
ing municipalities and iii) an outsourced private labora-
tory (contract laboratory) for the RT-qPCR analysis of 
wastewater samples. The contract laboratory was respon-
sible for the logistics and initial analysis of the wastewater 
samples, including quantitative detection of SARS-CoV-2 
RNA, quantitative detection of Pepper Mild Mottle Virus 
RNA (PMMoV) and PCR screening for a pre-defined set 
of mutations frequently observed in known Variants of 
Concern (VOCs). Frozen samples containing extracted 
nucleic acids were then shipped to the national refer-
ence laboratory at NIPH for further variant analysis and 
deep-sequencing of the Spike protein. The results from 
the contract laboratory were shared through an online 
platform and then processed by NIPH before being com-
pared to other surveillance systems data and indicators. 
The municipal doctors responsible for public health at 
local level in the participating municipalities (Oslo, Ber-
gen, Trondheim, Tromsø, and Oslo airport area) were 
involved in the coordination, sharing of results and com-
munication at the local level. NIPH was responsible for 
the overall administration and coordination of the pro-
ject, analysis and interpretation of data and communica-
tion and reporting at national and European level.

Sampling procedure and sites included in the pilot 
wastewater surveillance
From June to November 2022, wastewater treatment 
plants in the largest urban municipalities representing 
each region participated in the pilot WWS. These include 

wastewater treatment plants placed in Oslo (n=2), Ber-
gen (n=4), Trondheim (n=2), and Tromsø (n=3). In addi-
tion to the largest urban municipalities representing for 
each Norwegian region, the Oslo airport area (the air-
port with the highest international influx in Norway) 
was included to detect new variants of public health rel-
evance. From December 2022 to March 2023, the pilot 
surveillance was downscaled from 12 to 5 keeping the 
largest wastewater treatment plants placed in Oslo (n=2), 
Bergen (n=1), Trondheim (n=1) municipalities and Oslo 
airport area (n=1). Sampling was carried out one to 
two times per week by the wastewater treatment plants’ 
personnel. All samples were collected from untreated 
water at the inlet of the plant. Most samples (68%) were 
collected using 24-72h flow-proportional composite 
samples, 19% were collected using time-proportional 
composite samples and 13% were collected by grab sam-
pling. Sample material was transferred to 1L bottles and 
shipped cooled on ice to the contract laboratory within 
24 hours after sampling [19].

Identification of end‑users and stakeholders
The list of identified end-users and stakeholders for 
each category is presented in Table 2.

Analysis of the surveillance system’s attributes 
and performance
Sensitivity ‑ waves of infection
During the pilot period (June 2022 - March 2023), we 
observed two waves of infection in Norway and the 
beginning of a third wave (Fig. 1). The first wave from 
week 22 to week 38 (2022) and the second wave was 
recorded from approximately week 40 (2022) to week 
4 (2023), while the beginning of a third wave started 
around week 5 (2023). Comparing with clinical indica-
tors (such as registered COVID-19 cases, hospitalisa-
tions, and ICU admissions), all waves were captured by 
the WWS system, indicating that the system had a sim-
ilar sensitivity compared to other surveillance systems 
both at national and local level (Figs. 1 and 2).

Table 2 Identified end-user and stakeholders for each category of the pilot wastewater surveillance

Category Identified end‑users and stakeholders

Wastewater treatment plants Contact persons from participating wastewater treatment plants

Local public health authorities Municipal doctors from the 5 participating municipalities

National public health authorities and experts on infection control and prepar-
edness

The Directorate of Health and the Norwegian Institute of Public Health

National authority responsible for wastewater legislation and environmental 
monitoring

The Norwegian Environment Agency
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Specificity ‑ waves of infection
Compared to the Beredt C19 clinical indicators, we 
observed that the WWS system gave signals of tempo-
rary fluctuations over the weeks that were not otherwise 
captured. These fluctuations made the interpretation of 
the wastewater signals challenging, since it was unclear 
in a real-time situation whether a weekly increased value 
represented a real increase or was a consequence of ran-
dom fluctuations, or measurement errors which could 
occur at different stages of the process from sampling to 
final result.

Timeliness ‑ waves of infection
The results provided by the WWS system correlated with 
clinical indicators related to this wave but did not give an 
early signal of downward trend compared to registered 
clinical cases. During the autumn of 2022, we observed 
the beginning of a new wave of infection (Fig. 1). In the 
NIPH’s COVID-19 weekly report for weeks 37 and 38 
[20, 21], a "slightly decreasing or flat trend" was gener-
ally reported, while the WWS system reported a slightly 
increasing trend. In the following weeks 39 and 40, the 
COVID-19 report [22, 23] was on "stable" spread of 
infection, while the WWS system reported a "tendency 
to increase". The WWS system gave an earlier warn-
ing of the new wave of infection than clinical indicators. 
During increasing trends, we found the highest correla-
tion between the wastewater data and the clinical indi-
cators at a lead time of 1-2 weeks (Figure S1, Section B, 

Supplementary material). During the decreasing trends 
the correlation was highest at a lead time around zero 
(Figure S2, Section B, Supplementary material).

Results were published through weekly reports using 
different communication channels. Overall, complete-
ness of weekly results from the WWS system was 1-7 
days earlier compared to the clinical registry-based sur-
veillance systems. While WWS results from the previous 
week were mostly complete on Mondays, results from 
clinical indicators were gradually completed along the 
following week. In Fig. 3, we show an example of surveil-
lance results from different systems updated routinely 
during a week, particularly how the results would be 
completed on Mondays (A), Wednesdays (B) and Fridays 
(C).

Sensitivity, specificity and timeliness of wastewater 
surveillance for variants detection
While mutational PCR screening was performed by 
the contract laboratory and reported for the entire 
study period, reporting of sequencing results started 
only at a late stage (week 47). Overall, mutational PCR 
screening results showed concordance with the signals 
generated from the clinical variants surveillance [13, 
17] . However, the PCR screening method did not have 
sufficient discriminatory power to detect and identify 
specific variants over time. Preliminary sequencing 
data, both real-time and retrospective data (Supple-
mentary Figures S3), suggest that signals of new key-
mutations and changes in variant distribution from the 

Fig. 1 Weekly level of SARS-CoV-2 RNA detected in wastewater in Norway (blue line), compared with clinical indicators for COVID-19. The 
SARS-CoV-2 RNA level in wastewater is population-weighted and unit-less, as it is normalised by PMMoV. Note: the wastewater data are based 
on results of samples taken at selected locations, while the clinical indicators are based on data from national registries (Beredt-C19)
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WWS system preceded signals from clinical variant 
surveillance approximately by 1-2 weeks.

However, additional data would be needed to 
conduct a proper evaluation of the WWS systems’ 
real-time performance in terms of sensitivity, speci-
ficity, and timeliness for new variants of public health 
relevance.

Usefulness
The overall opinion reported by end-users through the 
evaluation survey was that the WWS system was use-
ful to follow the general trend of infections, both at 
national and local level. Surveys results showed that 
all end-users at municipal level would have benefited 
from the WWS system if it had started earlier in the 

Fig. 2 Weekly concentration of SARS-CoV-2 RNA in wastewater (blue) compared to weekly registered cases expressed as incidence per 10,000 
inhabitants (orange). The SARS-CoV-2 RNA levels in wastewater is population-weighted and unit-less, as it is normalised by PMMoV. Note: 
the wastewater data are based on results of samples taken at selected locations, while the data on registered cases are based on national registries 
(Beredt C19)



Page 7 of 13Amato et al. BMC Public Health         (2023) 23:1714  

pandemic. For example, end-users mentioned that 
it would have been beneficial “to monitor the epide-
miological situation, especially in periods with exten-
sive use of self-tests” or “to inform potential easing or 
strengthening of measures at population level”.

Three out of five municipalities reported that the 
results were used to assess the epidemiological situ-
ation or need for infection control measures, one out 
of five indicated that the results could have been more 
useful if the system had started earlier during the pan-
demic and the last believed that it could be relevant 
to use this system in an assessment of measures if the 
situation had changed in a negative direction. The over-
all feedback from national authorities and stakehold-
ers was that the results of the pilot WWS were used as 
one of several indicators to assess the infection situa-
tion nationally. It was considered particular useful in a 
phase of the pandemic where testing activity, and hence 
the reliability of traditional surveillance systems, has 
been significantly lower than earlier in the pandemic. 
Several end-users addressed the importance of being 
able to monitor other pathogens to increase the future 
usefulness of the system. Signals from the WWS have 
varied from week to week, which increases the risk of 
misjudgement of the trends. For the future, it will be 
relevant to identify sources of these variations and how 
to minimise them, as well as establish standardised 
guidelines for assessing and communicating trends and 
uncertainties.

Representativeness
The selected 12 wastewater treatment plants included 
in the pilot’s first phase (June-November 2022) covered 
approximately 30% of the Norwegian population. The 
scaled down phase of the pilot (December 2022-March 
2023) included only five wastewater treatment plants 
with a coverage of around 25% of the population. We 
have simulated a further scale down of the pilot includ-
ing only Oslo municipality and the airport area with a 
coverage of around 22%. The trend analysis consider-
ing these three scale down situations showed that the 
national trend is similar in all scenarios, but the results 
were less reliable at the local level.

Simplicity
The WWS system required the involvement of exter-
nal actors. For this reason, coordination was required 
to establish collaborations and run the system together 
with actors not usually involved in traditional clinical 
surveillance systems. Considering the scale of the pilot 
system, the operations were manageable both in terms 
of coordination, resource allocation and communica-
tion between stakeholders and end-user. Handling of 
data and processing of results was largely automated. 
The complexity could increase in an upscaling scenario 
due to the increased number of wastewater treatment 
plants or municipalities involved.

Fig. 3 Timeliness of gathering complete results by different surveillance systems over a defined week: A) WWS data updated on Mondays (blue), B) 
hospitalisations (yellow) and registered cases (green) data updated on Wednesdays and C) ICU admissions (red) data updated on Fridays
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Flexibility
The system was flexible to the extent that the number 
of sampling locations and sampling frequency can be 
scaled up and down when needed. During the opera-
tional period of the pilot, we were able to test the ability 
to scale down, which proceeded without major chal-
lenges. Scaling up requires that the treatment plants 
and the laboratory have sufficient capacity. Feedback 
from operators of the treatment plants suggested that 
capacity-related challenges may arise for several of 
them if there is a need for upscaling. Shortages of per-
sonnel, logistics and time pressure were mentioned 
as the biggest possible challenge. Different end-users 
expressed interest in using the WWS system to moni-
tor other pathogens in addition to SARS-CoV-2 in the 
future.

Acceptability
Both local health authorities and the wastewater treat-
ment plants’ operators largely expressed a willingness 
to continue contributing to the WWS system, taking 
into account their available resources and capacity. 
However, one of the municipalities participating in the 
pilot expressed uncertainty as to whether they can con-
tinue to participate due to limited human resources.

Stability
The system showed stability in terms of delivering regu-
lar results for assessment of national trends. However, 
we occasionally experienced deviations. Deviations 
could occur for several reasons and at different stages in 
the WWS system. The most important reasons we have 
registered were: (i) sampling, such as lack of capacity to 
take samples, which sometimes resulted in one sample 
per week instead of two. Capacity challenges were often 
linked to holiday closures and public holidays, (ii) logis-
tics such as delays and deviations in connection with 
the collection and transport of samples, and (iii) analy-
sis deviations such as inhibition of the PCR analysis.

Communication
All end-users and stakeholders reported that the results 
were clearly presented and the content sufficient for 
their needs. As additional feedback, end-users sug-
gested adding more information on virus variants and 
proposed to include an indicator of the burden on the 
primary healthcare service, together with the hospital’s 
admission figures. End-users of the system at municipal 
level suggested that direct reporting to the municipal 
contact person was the preferred channel for commu-
nicating and accessing results rather than visiting the 
NIPH’s website to check the published reports. The 

frequency of reporting, once per week, was considered 
adequate during the study period.

Discussion
Our study provides a detailed evaluation of the pilot 
WWS system for SARS-CoV-2 including its performance 
in Norway during the study period (June2022 - March 
2023). The Norwegian SARS-CoV-2 WWS system was 
established at a late stage of the pandemic where indi-
vidual clinical testing activity captured by COVID-19 
national surveillance systems was decreasing due to 
a change of national testing strategy. Thus, there was 
a need to implement new systems to strengthen the 
national surveillance of SARS-CoV-2.

Attribute‑based evaluation of the wastewater surveillance 
system for SARS‑CoV‑2
When a new surveillance system is implemented or 
established, periodic evaluation of such system is useful 
to ensure that the system fulfils its public health surveil-
lance objectives and to identify areas of improvement 
[16]. Guidelines for the evaluation of surveillance systems 
are available but largely tailored for evaluating clinical 
data and indicators using an attribute-oriented approach 
[15]. Evaluation guidelines adapted to wastewater-based 
public health surveillance systems are currently lacking. 
In this study, we share our experience in adapting the 
available ECDC and CDC guidelines particularly their 
attributes’ definitions to a wastewater-based surveillance 
system of SARS-CoV-2 and assess the performance of 
this system in Norway during the study period.

Sensitivity, specificity and timeliness of wastewater 
surveillance for waves of infection
Our assessment on the sensitivity, specificity and timeli-
ness attributes was performed through descriptive analy-
sis of WWS data and comparison with relevant clinical 
indicators that were used for COVID-19 surveillance 
purposes during the pilot period in Norway. The defini-
tion on sensitivity and specificity were adapted for event-
based surveillance, where we considered a new wave of 
infection or the introduction of a new virus variant as the 
“event” [15]. While for timeliness we specifically evalu-
ated the ability of the system to deliver timely and com-
plete results and to provide an early warning signal to 
reflect the speed between steps in public health surveil-
lance [15]. Since the pilot was performed during the late 
phase of the pandemic where no major infection control 
measures were applied to the Norwegian population at 
national or local level, it was not possible to evaluate the 
reactivity of the system which reflects the delay before 
public health actions were initiated [15].
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During the autumn 2022, Norway experienced a new 
wave of infection. In this case, the WWS system gave an 
approximately 1-2 weeks early warning signal for the new 
wave of infection compared with NIPH’s clinical surveil-
lance indicators. This is also in line with the early warn-
ing window reported in literature [14]. However, we did 
not find that the WWS system could detect an early sig-
nal on steady state or declining trends, which could have 
been useful to forecast decrease in COVID-19 related 
illness, medical consultations, and hospitalisations [24]. 
Although the WWS system was able to capture national 
waves of infection and trends similarly to other indica-
tors, some fluctuations were observed during the study 
period. Therefore, it is important to interpret weekly 
results carefully and further investigate the factors influ-
encing these deviations to reduce uncertainties, such 
as population dynamics, in-network characteristics, 
sampling strategy, sample analysis and data modelling 
[25, 26]. For example, simulations from a recent Danish 
study reported that a large variation in the viral concen-
tration per gram of faeces between infected individuals 
results in a large variability in the concentrations found 
in wastewater, especially when the number of shedders is 
low [27]. In addition, fluctuation of WWS results could 
also have an impact in the real-time interpretation of the 
trends. A strategy to reduce the risk of false alerts could 
be to wait at least two successive data points before com-
municating a change in trend. This aspect needs to be 
considered when evaluating the early warning signals 
of WWS systems. Increasing sampling frequency would 
presumably lower the impact of random fluctuations in 
RNA levels, however this would demand more resources.

Sensitivity, specificity and timeliness of wastewater 
surveillance for variants detection
Regarding PCR-screening of signature mutations of 
VOCs, the analysis of pooled samples from each munici-
pality carried out by the contract laboratory showed 
concordance with variant results from the National Viro-
logical SARS-CoV-2 Surveillance Program. This analysis 
gives a preliminary indication of whether certain known 
signature mutations are present or absent in the popu-
lation. These results could be useful to provide an early 
signal of changes in known variants given that the selec-
tion of mutations that are targeted are relevant and can 
be continuously and timely adapted according to the 
evolving needs. However, the method has a very low dis-
criminatory power in terms of providing information on 
which variants are present and their relative distribution, 
and the results should therefore be carefully interpreted 
and complemented by sequencing analysis, especially 
to detect also unknown variants. Thus, as a stand-alone 
method, PCR-based mutational screening of wastewater 

samples is not suitable for determining the true variant 
prevalence or assessing variant shifts over time.

Sequencing results of pooled samples from each 
municipality became available after week 47 (2022) and 
relative prevalence of variants after week 5 (2023) due to 
extensive work in developing and establishing suitable 
methods for analysing SARS-CoV-2 variant distribution 
in wastewater samples. Preliminary sequencing results 
suggest that signals on new mutations and variants were 
detected approximatively 1-2 weeks earlier than observed 
through the National Virological SARS-CoV-2 Sur-
veillance Program. However, additional data would be 
needed to perform a thorough evaluation of the system’s 
performance in terms of its variant surveillance objec-
tives. Variant classification (e.g. using the Pango system) 
[28] from wastewater samples was proven to be difficult, 
especially when only including part of the Spike protein 
for the sequencing analysis. The development and vali-
dation of sequencing methodology and robust bioinfor-
matic pipelines suitable for complex wastewater samples 
could be resource-intense and needs to be considered 
when planning or establishing the WWS system, particu-
larly to be able to detect unknown future mutations.

Usefulness
All end-users at municipal level reported that the system 
has been useful during the pilot phase, and they would 
have also benefited from it if it had started earlier in the 
pandemic. However, while objective thresholds for clini-
cal indicators were used to implement infection control 
measures both at national and municipal level during 
the earlier phase of the pandemic (e.g., COVID-19 inci-
dence of positive cases at national and municipal level or 
hospitalization and intensive care unit occupancy rate) 
[29], there is still a need for guidelines on how to identify 
control measures’ thresholds for WWS. Therefore, inter-
preting surveillance data and integrating different data 
sources considering each system’s limitation is essential 
from the public perspective to provide accurate advice 
and implement proportionate control measures, particu-
larly when those have a high social and economic impact 
on the population.

Representativeness
Regarding representativeness, we evaluated how the 
WWS system described the occurrence of a health-
related event over time and its distribution in the popu-
lation by place. We also evaluated the concordance of 
results from different systems considering the geographi-
cal area covered by the WWS and the one used for other 
clinical indicators. The WWS pilot study aimed at cover-
ing the highest percentage of the Norwegian population 
representative for each region considering also available 



Page 10 of 13Amato et al. BMC Public Health         (2023) 23:1714 

resources within a framework of the surveillance needs 
at the national level. Our results showed that the disease 
trends over time were similar in different down-scaled 
scenarios, however the system lost its regional geograph-
ical representativeness which was not in line with the 
surveillance objectives.

Moreover, the catchment area of wastewater treatment 
plants rarely corresponds to the municipal or county 
boundaries. These aspects need to be considered when 
implementing WWS for epidemiological purposes to 
integrate and compare results with clinical indicators, 
particularly at local level. Although, it is worth noting 
that results from WWS are independent of individual 
testing or reporting of symptoms. Therefore, the WWS 
system can be considered an unbiased source of informa-
tion compared to register-based clinical surveillance to 
follow-up the infection transmission at population level 
over time, particularly in case of low individual testing or 
change of national testing strategies. The interpretation 
of results from the WWS system would probably have 
been improved if we had been able to compare them to 
results from a study of infection prevalence in the same 
geographical areas. Unfortunately, no such studies were 
performed in Norway.

Other surveillance attributes
Although the system proved to be simple, flexible, accept-
able, and stable by end-users and stakeholders during the 
pilot phase, some resource-related challenges might arise 
in a possible upscale scenario. In addition, environment 
and health sectors could be separated institutionally in 
many countries, highlighting the importance of cross-
sectoral collaborations and agreements. These challenges 
are relevant when establishing or implementing WWS 
systems, particularly in high demand situations (e.g., dur-
ing the acute phase of a pandemic).

Our results also highlighted the importance of timely 
and direct communication with end-users and stake-
holders involved in the pilot WWS system, as well as the 
usefulness of interpreting the epidemiological situation 
using multiple data sources.

Regulatory framework of wastewater surveillance 
for public health purposes
Sampling of wastewater for monitoring diseases in the 
population is not directly regulated in the Norwegian 
legislation. In October 2022, changes were proposed to 
the EU Directive for "Urban wastewater treatment" with 
a new section (Article 17- Urban wastewater surveil-
lance) which deals with the use of wastewater for pub-
lic health purposes [30]. The proposal, if it is adopted, 
entails, among other things, that the EU/EEA countries 
must have established a coordinating structure (between 

environmental and health authorities) for monitoring 
public health parameters in wastewater (covering 70% of 
the population) by 1 January 2025. The Norwegian Envi-
ronment Agency is responsible for following up the pro-
posed wastewater directive in Norway.

Outlook
This evaluation suggests the need for an update of the 
international guidelines used for the evaluation of sur-
veillance systems for public health purposes which 
should include both clinical and environmental indica-
tors. Moreover, standardised analytical methods used for 
WWS and a harmonised approach for surveillance eval-
uations would be useful to compare the results, perfor-
mance and added value of WWS in different countries, 
different settings and in different phases of a pandemic/
epidemic. This aspect is considered particularly relevant 
when results are shared through international platforms 
and dashboards. In addition, further studies exploring 
the sustainability and use of WWS for other emerging or 
relevant public health threats can add to the discussion 
on the usefulness of WWS for public health purposes, 
particularly when the surveillance is focusing on aspects 
related to the interphase between animal, human and 
environmental health, using the ‘One Health’ approach.

Limitations of the surveillance evaluation
Although this study can be a valuable example when 
planning an evaluation for WWS system for public health 
purposes, we have identified several limitations that must 
be addressed to improve the quality of such evaluations 
in the future. First, a more thorough statistical analy-
sis was not possible due to the lack of a ‘gold standard’ 
indicator on the incidence of the disease in the popula-
tion during the pilot period. Secondly, the pilot started 
at a time when a new wave of infections was already in 
the starting phase (week 22/2022). Therefore, it was 
not possible to assess if the system would have warned 
of this first wave earlier than the Beredt C19 indicators. 
Third, although additional questions in the survey (e.g., 
on measures and decisions or cost-benefit and resources) 
could have increased the knowledge of the WWS system’s 
performance, we have limited those questions to ensure a 
good response rate from end-users and stakeholders. In 
addition, we did not perform a cost-benefit analysis since 
this would require a different study design and evaluation 
method which was outside our scope. It was also not pos-
sible to evaluate the laboratory testing capacity in case 
of an upscaling scenario, since we have outsourced the 
laboratory responsible for testing the wastewater sam-
ples under specific contract requirements. Moreover, the 
variant’s sequencing analysis was operational only during 
the last weeks of the pilot, therefore it was not possible to 
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thoroughly evaluate the sensitivity, specificity and timeli-
ness for the surveillance of variants. Finally, the evalua-
tion is limited to the pilot settings and does not include 
experiences from local surveillance initiated by individual 
small municipalities. We have also evaluated the perfor-
mance of the WWS system based on its routine sampling 
and analysis procedures, however adjustment of these 
factors could increase or decrease the performance of 
WWS system and surveillance’ attributes.

Conclusions and recommendations
As result of this surveillance evaluation, we observed that: 
(i) the WWS system met most of its surveillance objec-
tives, (ii) the WWS system provided an early warning sig-
nal of 1-2 weeks for a new wave of infection compared 
to other clinical indicators, (iii) temporary fluctuations 
of wastewater values can cause noisy signals that makes 
the interpretation of trends challenging and increas-
ing the risk of false alert, iv) preliminary results indicate 
that the WWS system sequencing of wastewater samples 
could provide an early signal of selected SARS-CoV-2 key 
mutations and changes in variant distribution over time 
compared to the clinical SARS-CoV-2 variants surveil-
lance system (National Virological SARS-CoV-2 Surveil-
lance Program), but additional data would be needed to 
conduct a proper evaluation of the WWS systems’ real-
time performance for variants’ detection and (v) the sys-
tem is seen as a useful tool by local and national health 
authorities to monitor the infections at population level 
when individual testing activity is low and complement 
other surveillance systems. Based on these results, the 
WWS system has been extended beyond its pilot phase 
in Norway and its future use will be evaluated based on 
continuous assessments of national public health needs 
and available resources.

To improve the quality and efficiency of the WWS sys-
tem, we would recommend to standardise and validate 
methods for assessing trends of new waves or virus vari-
ants, evaluate the WWS system for sensitivity, specific-
ity and timeliness for variants using a longer surveillance 
operational period, identify the causes of trend fluctua-
tion to minimise the challenges in the interpretation of 
WWS signals, and conduct prevalence studies in the 
population to calibrate WWS data and improve the inter-
pretation of data.
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