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Abstract: Clinical microbiology studies and systematic reviews have largely concluded that SARS-CoV-2 RNA
is rarely present in the urine of COVID-19 patients. Thus, wastewater surveillance has largely focused on human
stool and defecation as the relevant matrix and behavior. But, the over-performance of wastewater testing during
near-source surveillance, especially in settings where on-site defecation is presumed to be de minimis such as
aircraft and non-residential schools, suggests the possibility of SARS-CoV-2 RNA input from a non-fecal source.
To revisit the possibility of urine as an explanation, data was compiled from 45 studies reporting on SARS-CoV-
2 RNA in the urine of 1,924 COVID-19 patients. In general, the reporting quality was low with most studies
(86.7%) failing to report even basic details such as the volume of urine collected. Only 11 reported quantitative
data and of these only a single study reported its experiments to the standards established for publication of
quantitative PCR data. Taking the data at its face value, the pooled prevalence of urinary SARS-CoV-2 RNA
shedding was 11.3% (95%Cl: 8.4 - 14.3), which roughly agrees with previous analyses. However, the percentage
of variability in the estimate attributable to heterogeneity between studies (I2 = 93.66%) warrants careful
consideration. Notably, for the 8 studies reporting sufficient workflow information, the observed urinary RNA
shedding prevalence was normally distributed (12 = 1.00) as a function of the volume of urine being assayed in
a single PCR reaction (i.e., the equivalent sample volume, ESV). The study achieving the highest ESV (83.3 uL of
urine) detected SARS-CoV-2 RNA in urine sediments of 95.5% of COVID-19 patients. Conversely, during two
studies achieving ESVs of only 2 uL and 11.7 uL of urine, SARS-CoV-2 RNA was not detected in the urine of 72
and 132 patients, respectively. For wastewater surveillance of COVID-19, these observations suggest the rarity
of SARS-CoV-2 RNA in urine may be a methodological artifact. Further, the data on which rarity is presumed
are of low quality. Beyond COVID-19, the findings demonstrate that clinical studies, by virtue of their design to
answer clinically relevant questions, could produce datasets subject to large biases that make them less useful
when assessing the feasibility of wastewater surveillance of infectious agents. Wastewater surveillance
practitioners must carefully consider the appropriateness and limitations of clinical data considering the
important differences between the methods and aims of the two disciplines. Given the great potential of
wastewater testing, clinical and environmental microbiologist should collaborate to produce robust quantitative
datasets for reliable feasibility assessments for both community and near-source public health surveillance.
Synopsis The rarity of SARS-CoV-2 RNA detection in urine may be an artifact of methodology and could bias
feasibility assessments of wastewater surveillance.

Keywords: environmental surveillance; SARS-CoV-2; urine; wastewater surveillance; public health; equivalent
sample volume

Pathogen Shedding and Wastewater Surveillance

The transmission of infectious agents from person to person is frequently initiated by the
shedding of the agent (or its constituent parts) into the environment. Thus, the environment is a
crucial venue for both the interruption of disease transmission and the observation of biological
analytes associated with disease-causing microorganisms. To accomplish the first, in many places
throughout the world human biological waste streams, including feces and urine, are collected from
households via hydraulic systems and conveyed to wastewater treatment facilities. These engineered
systems, by collecting and concentrating biological wastes from many people, afford an efficient
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opportunity for the second activity, the observation of biological analytes associated with disease, a
subdiscipline of epidemiology known as environmental surveillance. Initial environmental
surveillance efforts focused on enteric pathogens with an obvious link between fecal-associated
transmission and presence in human sewage, such as Salmonella enterica’ and poliovirus?. The
historically prerequisite linkage between sewage as both a vehicle of transmission and a matrix for
infectious disease surveillance was usurped in 2011 by the measurement of RNA from influenza A, a
respiratory virus, in sewage in the Netherlands?®. Now, the widespread application of environmental
surveillance (also called wastewater surveillance or wastewater-based epidemiology) in response to
the COVID-19 pandemic has firmly established sewage as a matrix for public health surveillance of
a variety of respiratory pathogens, including SARS-CoV-2, influenza A, respiratory syncytial virus,
and rhinoviruses*>. Brendan Moore’s 1952 prediction concerning wastewater is prescient: “The
methods used might be applied with advantage to... epidemiological studies of other infections in
which the causative organism gains access to sewage” (emphasis mine)e.

Since the body fluids from an infected individual are the means by which a biological analyte
“gains access to sewage,” robust characterization of shedding dynamics is fundamental to the
potential of wastewater surveillance for various infectious diseases. Traditionally, such
characterizations have fallen under the purview of clinical microbiology. At the onset of the COVID-
19 pandemic, clinical microbiologists measured the prevalence and abundance of SARS-CoV-2 RNA
in different body fluids via RT-qPCR testing of clinical specimens”s. These clinical data were then
used to assess the feasibility and potential of COVID-19 wastewater surveillance and to estimate the
prevalence of COVID-19 cases based on wastewater data®!®. The initial clinical data suggests that
SARS-CoV-2 RNA in wastewater systems is most likely derived from feces and that shedding via
urine is rare (circa 5%) among COVID-19 patients. Quantitative modeling of SARS-CoV-2 RNA
emissions into sewers based on body fluid material balances premised on these data indicates
community-level wastewater input is dominated by feces, but for near-source or building-level
applications, urinary shedding, although rare, could contribute a detectable signal. Most
community-level SARS-CoV-2 wastewater surveillance presumes urinary inputs are negligible. Thus,
fecal shedding dynamics and defecation behavior have been primary considerations for analyte input
and quantitative links between wastewater data and caseload estimates'2.

Potential Role of a Non-Fecal Source in Near-Source Wastewater Surveillance

While neglecting urine may be reasonable at the community level, observations during near-
source surveillance of COVID-19 invite scrutiny of a fecal-centric scenario. First are the observations
of SARS-CoV-2 RNA in wastewater collected from commercial aircraft's. Not much is known about
passenger bathroom behavior on such flights, but up to 36% of passengers report themselves as
“likely to” defecate during long-haul flights'*. But, during a study of 37 repatriation flights to
Australia, 75% of flights with only a single incident COVID-19 case during arrival quarantine had
SARS-CoV-2 RNA present in the wastewater'®. The probability of observing 75% aircraft wastewater
RNA positivity with a 36% likelihood of fecal shedding by a single onboard COVID-19 case is 2.5%,
assuming a binomial distribution for the likelihood of defecating. Additional studies in the United
Kingdom and the United States have observed 93% and 81% SARS-CoV-2 RNA positivity,
respectively, in aircraft wastewater from arriving flights'516. Because most aircraft wastewater
systems discharge gray water from sinks overboard during flight via a drain mast, RNA detected in
the aircraft wastewater must have entered via the lavatory toilets'”. These observations suggest two
possibilities — more passengers are defecating onboard than reported or there is a non-fecal route of
RNA emission into lavatory toilets.

A fecal-centric wastewater input scenario for SARS-CoV-2 RNA is also worth revisiting, given
observations during near-source surveillance of non-residential schools!s. Again not much is known
about the bathroom behavior of children at school, particularly whether or not school-age children
defecate at school”®. Nonetheless, wastewater from non-residential schools in a variety of settings has
been consistently positive for SARS-CoV-2 RNA with up to 100% of samples from some sites
containing RNA2-24, In one case, 67% of incident COVID-19 cases were associated with a RNA in the
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school wastewater?. The discrepancy between the consistent positivity of school wastewater and the
assumed bathroom behavior of students indicates something is missing in our understanding of
SARS-CoV-2 RNA input?.

SARS-CoV-2 RNA in Urine: Literature Review and Data Extraction

Given the empirical observations during both aircraft and school wastewater surveillance of
COVID-19, I hypothesized that previous conclusions about the presence of SARS-CoV-2 RNA in the
urine of COVID-19 patients are potentially erroneous. To test this hypothesis, I sought to examine
published datasets on SARS-CoV-2 RNA in urine with attention toward the prevalence and
abundance of SARS-CoV-2 RNA in the urine of COVID-19 patients, the quality of the quantitative
information as indicated by the reporting metrics, and the characteristics of the microbiological
workflows used. To identify relevant literature, on 14 September 2023, I searched PubMed using the
string “((SARS-CoV-2) AND (RNA)) AND (urine)”, which yielded 166 results. Inclusion criteria were
primary literature or reviews published in the peer-reviewed literature and reporting SARS-CoV-2
RNA data in urine from two or more patients diagnosed with COVID-19 at the time of specimen
testing. Importantly, the current analysis should not be interpreted to be a systematic review and
meta-analysis but is instead a compilation of readily available data to characterize the strengths and
limitations of wastewater surveillance as has been done previously for shedding pathways, caseload
estimates, and feasibility®!. Title, abstract, and full-text screening led to the exclusion of 83 studies
that did not report data from urine, 7 publications reporting data for individual case reports, 4 studies
of convalescent patients or patients never diagnosed with COVID-19, 3 method comparisons, 1
review of infectivity, 1 editorial, and 1 pre-print that duplicated a peer-reviewed manuscript. The
remaining studies included 28 publications reporting primary datasets and 15 reviews. When a
primary source from a review paper was not included in the literature identified by the PubMed
search, I added it to the primary source list. The final analysis included 45 studies reporting primary
data (28 from the initial PubMed search and 17 additional studies acquired from review papers).

Previous Reviews of SARS-CoV-2 RNA Shedding in Urine

As mentioned previously, early reviews of clinical datasets suggest that SARS-CoV-2 RNA in
the urine of COVID-19 patients is rare??s. Exact estimates of urinary shedding prevalence varied,
with some meta-analyses finding no urine samples positive for RNA among COVID-19 patients,
while others estimated positivity rates as high as 16.4%2-3!. The majority of meta-analyses estimated
urinary RNA shedding prevalence from 6 to 10% among COVID-19 patients, although when studies
with patient sample sizes less than 9 were excluded, the prevalence decreased to as low as 1%?32-3.
Despite its rarity, some studies noted that urinary shedding of RNA could persist longer than
respiratory shedding among some patients®”. Important sources of uncertainty in the prevalence
estimates include matrix effects associated with the difficulty of urine for PCR-based methods,
methodological variation, and the low to moderate data quality in early clinical studies?”?%%. Notably,
no single review or meta-analysis published to date included all the primary studies identified during
the current literature search, which included several clinical studies published as late as 2022 and
2023, well after most of the previous reviews were published. Thus, the current review aims to add
new insights and nuance to our understanding of SARS-CoV-2 RNA in urine and its implications for
wastewater surveillance.

SARS-CoV-2 RNA Urinary Shedding Prevalence Revisited

Based on primary data from 45 studies (Table S1), I estimated a pooled prevalence of SARS-CoV-
2 shedding in urine on a per-patient basis (i.e., not by specimen). In studies where multiple specimens
were collected from single patients, a patient was considered positive when any specimen tested
positive for RNA. In studies where urine specimens were collected from a subset of patients, the
shedding prevalence was recorded based on the number of unique patients tested (Table S1 column
“patients sampled”). In studies reporting results stratified by multiple analytical methods (e.g., qPCR
and dPCR, or qPCR and LAMP) or population immune status, the resulting prevalence was
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considered separately for each method or subpopulation. The pooled shedding prevalence (a
proportion) was estimated using a Der Simonian-Laird binary random effects model executed in
Open Meta Analyst software 12.11.4 (http://www.cebm.brown.edu/openmeta/)33®. Among the 1,924
patients included in the included studies, 173 tested positive for SARS-CoV-2 RNA in their urine
(Figure S1). The pooled estimate of the SARS-CoV-2 urinary shedding prevalence among COVID-19
patients in the 45 included studies is 11.3% (95% CI: 8.4 - 14.3).

While the shedding prevalence estimated here is not meaningfully different from previously
published estimates, one feature of the analysis is striking — the inter-study heterogeneity, as assessed
via the I2 statistic. The 12 statistic describes the percentage of variability in the pooled estimate that is
due to heterogeneity rather than random chance. In this case, the I? statistic is 93.66% (p < 0.001),
suggesting most of the variability in SARS-CoV-2 RNA urinary shedding prevalence is attributable
to clinical and methodological diversity between studies. Considering these two sources of variation
between studies offers the opportunity to develop new hypotheses concerning the status of SARS-
CoV-2 RNA in urine.

Clinical Diversity: Study Population

One potential source of the heterogeneity in the prevalence of SARS-CoV-2 RNA urinary
shedding is the various subpopulations of COVID-19 patients that have been under study. Of the 45
studies included in the current analysis, 26 described the study population as COVID-19 patients.
Presumably, such patients were symptomatic and diagnosed with COVID-19, although fully
specified inclusion criteria are missing in most studies. Notably, five studies included no precise
description of the relevant study population. Only one study stratified between symptomatic and
asymptomatic patients®. The authors reported asymptomatic patients exhibited higher SARS-CoV-2
RNA loads than symptomatic patients and found that 1 in 15 asymptomatic patients had RNA in
their urine, while none of the 45 symptomatic patients did*. Only three studies sampled urine from
children, with one study consisting of a neonate and their mother*-#. Only the neonate tested positive
for SARS-CoV-2 RNA in their urine*!, while among the 15 children in the other two studies, none had
RNA detected in their urine®>%. Although the sample size is limited, these preliminary results suggest
that urinary shedding among children with COVID-19 is possibly rarer than the pooled estimate from
all studies.

Perhaps the most important subpopulation is those with severe COVID-19. Four studies tested
urine samples from patients with severe or very severe disease or intensive care unit (ICU) patients*-
¥, The prevalence of urinary RNA shedding among these patients was none (n = 2)%, 7.4% (n = 81)%,
16.3% (n =135)¥, and 95.5% (n = 22)*. For patients with long-term COVID-19 symptoms, Tejerina et
al. found that 13.8% of patients had SARS-CoV-2 RNA detected in their urine*. The results from these
few studies do not demonstrate a systematic bias relative to the pooled estimate. In four studies that
included patients with both severe and non-severe disease, urinary shedding results were also mixed.
Fang et al. found that among 32 ICU or non-ICU patients, none had SARS-CoV-2 RNA detected in
their urine®. Similarly, another study documented low urinary shedding prevalence among severe
and non-severe COVID-19 patients, with only a single patient’s urine testing positive for RNA%.
Conversely, in a study of 60 patients, the 8 with SARS-CoV-2 RNA detected in their urine had more
severe COVID-19, including 4 deaths among the 85'. While another study found significantly higher
urinary shedding of SARS-CoV-2 RNA among severe patients (11 of 23) compared to patients with
mild disease (4 of 30). A single study found urinary RNA shedding prevalence among
immunocompetent patients (1 in 98) was significantly lower than among immunosuppressed patients
(20 in 25), suggesting that immune status could be associated with urinary shedding of SARS-CoV-2
RNA3. Nonetheless, among the immunocompetent population, these studies do not substantiate a
definitive relationship between COVID-19 severity and the presence of SARS-CoV-2 RNA in urine
among the general population.

Such mixed results are consistent with observations of SARS-CoV-2 RNA in other body fluids.
Several individual studies have observed higher virus loading in respiratory tissues or plasma for
patients with severe COVID-19 and comorbidities’%-%. However, systematic reviews have not
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established a definitive link between RNA loading and disease severity among symptomatic patients
or between symptomatic versus asymptomatic patients’*”. Even for patients experiencing acute
kidney injury, SARS-CoV-2 RNA in urine was not associated with renal complications®. If severe
COVID-19 were, in fact, associated with higher SARS-CoV-2 RNA concentrations, assuming
equivalent workflows, a consistently higher detection rate in urine among severe patients would be
expected. However, the evidence is mixed. This suggests that study population alone does not
explain the heterogeneity in the pooled estimate of SARS-CoV-2 RNA urinary shedding prevalence.

Methodological Diversity: Sample Type Equivalent Sample Volume

Since the diversity of the subpopulations does not adequately explain the heterogeneity of
urinary shedding prevalence between studies, methodological diversity between studies should also
be carefully considered including sample type, analytical system, and the equivalent sample volume
achieved by the microbiological workflow. Collectively, the 45 studies include 3,202 urine samples
collected from 1,924 unique patients. Only 13.3% of studies (6/45) reported the volume of urine
collected during sampling from each subject. Most studies interrogated liquid urine during the RNA
testing. However, 8 studies performed testing of urine sediment obtained by centrifuging the urine
sample, discarding the supernatant, and finally resuspending the pellet for RNA extraction. Urine
positivity for SARS-CoV-2 RNA among these 8 studies ranged from 1.7% (1/60)% to as high as 95%
(21/22)%. Notably, no study analyzing urine sediment reported the absence of urinary shedding
among all COVID-19 patients. Three urine sediment studies produced RNA positivity rates greater
than the pooled estimate (95%%*; 28.3%7; 16.3%%), while four produced prevalence estimates less than
the pooled estimate (7.5%%; 5.7%5; 2.7%¢; 1.7%%). The last study used two different testing methods,
RT droplet digital PCR (RT-ddPCR) produced a 27.1% positivity rate (29/107) while RT-qPCR
produced a 0.9% positivity rate (1/107) from the same samples®'. Together, the studies analyzing urine
sediment do not demonstrate a consistent departure from the pooled estimate of the prevalence of
urinary RNA shedding. However, the findings from Shinde et al. raise another important
consideration for methodological diversity — the analytical system.

Methodological Diversity: Analytical System

The vast majority (86.7%) of studies examining SARS-CoV-2 RNA in the urine of COVID-19
patients made use of one-step RT-qPCR employing assays targeting the E, RARP, S, N, ORF1lab, and
ORF1b genes. Seven studies (15.6%) did not report what assay was used. Urinary shedding
prevalence among these studies ranged from 0% (20 studies totaling 425 patients) to as high as
95.5%*. One study made use of two-step RT qPCR along with SYBR Green dye, rather than a Tagman
probe, to detect SARS-CoV-2 RNA in urine from 5/5 patients®. Interestingly, Baj et al. also made use
of SYBR Green dye (with a one-step RT-qPCR) to detect RNA in urine sediments from 95.5% of
patients (21/22)*. Conversely, no RNA was detected in the urine of 5 patients in another study
utilizing RT-qPCR with SYBR Green dye®. One study made use of an anchor-primer PCR assay
targeting the N gene to detect SARS-CoV-2 RNA in urine from 36.4% patients (4/11)54. A single study
comparing RT-qPCR to RT-LAMP found the use of RT-LAMP double the prevalence of RNA in urine
from 2/100 patients to 4/100 patients, although the prevlance still remained low®. Three studies used
RT-ddPCR to test urine from COVID-19 patients. One study testing urine exclusively by RT-ddPCR
found SARS-CoV-2 RNA in urine from 1 of 2 patients®. Results from comparative studies of RT-qPCR
and RT-ddPCR were mixed from two studies. In one, RT-ddPCR increased the RNA positivity in
urine sediment by 26.2% among 107 patients®' while another failed to detect SARS-CoV-2 RNA in
urine from 14 patients by either RT-qPCR or RT-ddPCR#. Overall, the results among analytical
systems and assays are mixed with no clear evidence of systematic bias associated with a particular
method. There is anecdotal evidence to suggest that in some cases droplet digital PCR or RT-qPCR
with SYBR Green dye could yield significantly higher prevalence of SARS-CoV-2 RNA in urine.

Although excluded from the current analysis, two papers raise interesting points for PCR-based
analysis of body fluids, such as urine, which are known to harbor compounds that can inhibit PCR
amplification. A methodological investigation of RT-qPCR and RT-dPCR for testing urine found that
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the reverse transcription step was more vulnerable to inhibitory compounds than the PCR step and
that matrix effects explained more variation in Cq values for RT-qPCR than mastermix diversity®.
The authors also found that when testing urine seeded with SARS-CoV-2 RNA, the overall inhibitory
effects varied by urine donor with urine from two donors inhibiting RT-qPCR while urine from
another did not®. Meanwhile, during a retrospective analysis of urine sediments from Italy, 13 urine
sediment samples tested negative by qPCR while 6/13 were positive for SARS-CoV-2 RNA via hemi-
nested PCR®. Critically, none of the 45 studies in the current analysis reported the use of inhibition
controls to assess the potential inhibitory effects of urine, which is a serious limitation when
interpreting the current datasets.

Methodological Diversity: Equivalent Sample Volume

Another important, and as yet overlooked, source of methodological diversity in the studies of
SARS-CoV-2 RNA in urine is the equivalent sample volume (ESV) achieved by the testing workflow.
The ESV is the sample volume of the original matrix (in this case urine) that is interrogated in a single
PCR reaction”. The ESV encodes the material balance of the multi-step workflows often used to
process biological samples during PCR testing. In the case of the 45 studies of urine in the current
analysis the diversity of workflows included studies using centrifugation to obtain urine sediments,
studies that diluted prior to RNA extraction, studies that concentrated urine prior to extraction, and
the majority of studies that directly extracted some volume of urine in a workflow used for other
fluids such as nasal swab eluate. The ESV allows all these workflows to be considered within a single
frame. In the absence of inhibition, greater ESV equates to more sample tested per reaction and
increased analytical sensitivity. However, as previously discussed, the inhibitory effects of urine
could result in a non-linear relationship between ESV and sensitivity. Only 8 of 45 studies (17.8%)
reported the volumetric information required to estimate the ESV achieved by their workflow (Table
S1). Each ESV was calculated per Equation S1 using the volumes summarized in Table S2. As shown
in Figure 1A, the resulting ESVs range from 2 pL to 83.3 uL of urine per PCR reaction with an average
of 29.0 puL + 28.1 pL (standard deviation). Interestingly, the SARS-CoV-2 RNA prevalence in urine
observed during each study is normally distributed as a function of the natural log of the ESV (12 =
1.00, Figure 1B). Among 5 studies with ESV < 23 uL of urine, SARS-CoV-2 RNA was not detected in
the urine of 227 patients. Whereas, for the studies achieving ESV >39.9 uL, RNA was detected in the
urine of 21.8% of 133 patients. Although the number of studies is limited, this implicates the ESV as
a potential explanatory variable for the heterogeneity in urinary SARS-CoV-2 RNA positivity rates
between studies.
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Figure 1. (A) Equivalent sample volume (ESV, uL of urine) achieved by the workflows reported in 8
studies measuring SARS-CoV-2 RNA in the urine of COVID-19 patients. (B) SARS-CoV-2 RNA
urinary shedding prevalence among COVID-19 patients is normally distributed as a function of the
natural log of the ESV (r2=1.00).

SARS-CoV-2 RNA Urinary Abundance Revisited

In addition to urinary RNA shedding prevalence among COVID-19 patients, the abundance of
SARS-CoV-2 RNA in urine (count per unit volume) is also a key component in estimating the
expected loading into wastewater!!. Of the 45 studies included in the current analysis, only 11
reported quantitative data produced via RT-qPCR#44653606271-74 = or RT-ddPCR®. Translating RT-
gPCR data from Cq values to quantitative results is non-trivial and requires the use of precisely
quantified standards and careful experimentation to create calibration curves. Erroneous calibration
curves or defective control materials can lead to the production of biased or imprecise quantitative
data’. To safeguard against the publication of low-quality data, standards such as the Minimum
Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) and digital MIQE
have been proposed’7””. Only Baj et al. published their quantitative data for SARS-CoV-2 RNA in
urine to the MIQE standard#. The remaining 10 publications failed to report the required calibration
curve metrics or workflow descriptions adequate to replicate the author’s calculations. Nonetheless,
the quantitative data were extracted from figures provided in the 11 studies using WebPlotDigitizer
v 4.7 MacOS 64-bit (Apple Silicon, https://automeris.io/v4/), resulting in a dataset of 51 observations,
as shown in Figure 2. The abundance of SARS-CoV-2 RNA in urine among these studies ranged from
0.59 loguo to 5.88 logio GC/mL of urine with a mean of 3.68 log10 GC/mL (95%CI: 3.33 - 4.04). The
mean observed here is comparable to that reported for a urine dataset of 15 observations by Crank et
al. (3.34 log10 GC/mL, 95% CI: 2.33 - 4.36)"'. However, as shown in Figure 52 A, the maximum in the
dataset from the current study is approximately 1.7 logio GC/mL lower than that used to estimate
wastewater input from urine previously''. Conversely, the mode observed for SARS-CoV-2 RNA logo
GC/mL in the current analysis (4.5) is 1.5 log10 GC/mL higher than the Crank et al. dataset!!. Overall,
despite the inclusion of 36 additional observations, the SARS-CoV-2 RNA counts in urine compiled
here are roughly consistent with those used in a previous loading analysis and indicate the density
of SARS-CoV-2 RNA in urine on a volumetric basis is, on average, one to two orders of magnitude
lower than the density in stool on a per mass basis!'"27%.
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Figure 2. SARS-CoV-2 RNA abundance in urine as observed during 11 studies analyzing urine from
COVID-19 patients, including the number of patients sampled (n) and the urinary prevalence of RNA
observed (p) during each study.

Additional Evidence for SARS-CoV-2 Constituents in Urine

Human urine contains both DNA and RNA, although usually at low concentrations and low
quality due to fragmentation”. Previously, much of the interest in these nucleic acids has been driven
by the potential use of urine as a diagnostic matrix for diseases such as colon cancer®. In the case of
COVID-19, angiotensin-coverting enzyme 2 (ACE2), the receptor for SARS-CoV-2 is highly expressed
in the kidneys and thus acute kidney injury (AKI) can be associated with COVID-198'. Using single-
cell RNA sequencing, one study has reported evidence of SARS-CoV-2 virions directly infecting
urinary bladder cells and found SARS-CoV-2 RNA in urothelial cellss2. There is also some evidence
to suggest the potential presence of infectious SARS-CoV-2 virions in urine. One study reported the
isolation of infectious SARS-CoV-2 from the urine of a COVID-19 patient® while another reported
that ferrets inoculated with urine became infecteds2. In addition to nucleic acids, urine from COVID-
19 patients has also been found to possess a unique protein signature that could be useful for
predicting severe outcomes®85. SARS-CoV-2 nucleocapsid (N) protein or its constituent peptides
were detected in 33% of urine samples from COVID-19 patients® and urinary N has been associated
with risk of AKI among ICU patients?”. Another study detected SARS-CoV-2 spike protein in the
urine of 25.3% of patients testing positive for COVID-19 via nasopharyngeal swab$.Together these
observations further substantiate the plausibility of SARS-CoV-2 RNA being present in the urine of
COVID-19 patients.

Implications for Wastewater Surveillance of Infectious Disease (631 words)

The success for COVID-19 is now spurring the expansion of wastewater surveillance for a variety
of infectious agents such as influenza, norovirus, rhinovirus, respiratory syncytial virus, and
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arboviruses>#-%2. Quantitative models premised on human shedding data are being utilized to
examine the technical feasibility and performance characteristics of wastewater testing®%-. Accurate
characterization of analyte shedding patterns is critical to avoid erroneous feasibility assessments.
Typically, the production of such data falls under the purview of clinical microbiology, although such
information remains limited even for well-known viruses%. However, it is important to recognize
that the aims of clinical microbiology and environmental microbiology can diverge in ways that are
crucial for the production, interpretation, and application of the resulting data. In the case of clinical
microbiology, during investigations of novel infectious agents, such as SARS-CoV-2, primary
interests are body fluids most useful for diagnostic testing and shedding routes relevant to
transmission. These interests inform studies where an equivalent workflow is applied to a variety of
body fluids to produce a dataset that is primarily comparative in nature — sputum versus stool versus
urine or plasma versus sputum.

For SARS-CoV-2, many of the published studies of urine applied workflows that achieved
exceptionally low ESVs of urine. While these workflows might suffice for fluids where the loading is
high, such as those from the respiratory tract or saliva, in the case of urine there is compelling
evidence to suggest that the “rarity” of urinary shedding is in fact a methological artifact. Among the
studies of SARS-CoV-2 RNA in urine, 83.3 pL was the highest ESV achieved with a resulting
positivity of 95.5% among COVID-19 patients*. Even still, this volume is miniscule compared to the
mean daily production volume of 1,500 mL per person that is discharged into wastewater collection
systems each day*”. The workflows applied during wastewater surveillance programs achieve ESVs
orders of magnitude higher than those reported for urine. Additionally, the methodological reporting
in many studies of SARS-CoV-2 RNA in urine does not comply with best practices for producing
reliable quantitative data and is of low quality. For example, no study assessed the inhibitory effects
of urine or the process recovery via proper controls. It is likely worth revisiting the question of SARS-
CoV-2 RNA presence and density in urine with methods designed to achieve ESVs relevant for
wastewater surveillance and with attention to proper controls and quantitative reliability. Such
studies of stool have already produced interesting revisions of SARS-CoV-2 RNA shedding
prevalence and abundance in feces!27s.

The feasibility of wastewater surveillance, especially near-source surveillance in places such as
schools and long-haul aircraft, hinges on the accurate characterization of shedding of the relevant
analytes'%. For example, in the case of aircraft wastewater surveillance, whether or not passengers
shed SARS-CoV-2 RNA in urine makes a significant difference in both the number of aircraft that
must be tested and in the likelihood of detecting a novel infectious agent via such a system!7%.
Whether or not such a system is fiscally and technically feasible could hinge entirely on the question
of urine. Moving forward, clinical and environmental microbiologist should collaborate to produce
shedding route datasets that are appropriate for use in wastewater surveillance. In the meantime,
wastewater surveillance practitioners should take extra care when adopting and applying clinical
datasets to ensure that the caveats and limitations are thoroughly understood and incorporated into
any subsequent analyses.
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