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Abstract

Timely assessment of the aggregate health of small-area human populations is essential for
guiding the optimal investment of resources needed for preventing, avoiding, controlling, or
mitigating human exposure risks, as well as for maintaining or promoting health. Seeking those
interventions yielding the greatest benefit with respect to the allocation of resources is critical for
making progress toward community sustainability, reducing health disparities, promoting social
justice, and maintaining or improving collective health and well-being. More informative, faster,
and less-costly approaches are needed for guiding investigation of cause-effect linkages involving
communities and stressors originating from both the built and natural environments. One such
emerging approach involves the continuous monitoring of sewage for chemicals that serve as
indicators of the collective status of human health (or stress/disease) or any other facet relevant to
gauging time-trends in community-wide health. This nascent approach can be referred to as
Sewage Chemical-Information Mining (SCIM) and involves the monitoring of sewage for the
information that resides in the form of natural and anthropogenic chemicals that enter sewers as a
result of the everyday actions, activities, and behaviors of humans. Of particular interest is a
specific embodiment of SCIM that would entail the targeted monitoring of a broad suite of
endogenous biomarkers of key physiologic processes (as opposed to xenobiotics or their
metabolites). This application is termed BioSCIM—an approach roughly analogous to a
hypothetical community-wide collective clinical urinalysis, or to a hypothetical en masse human
biomonitoring program. BioSCIM would be used for gauging the status or time-trends in
community-wide health on a continuous basis. This paper presents an update on the progress made
with the development of the BioSCIM concept in the period of time since its original publication
in 2012, as well as the next steps required for its continued development.
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BioSCIM: sewage chemical-information mining targeted at endogenous biomarkers.
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1. Assessing public health via sewage monitoring—introduction

Robust public health is essential for productive, sustainable communities. The trajectory of
public health (the time-trend of a community’s health signature) reflects the hazards faced
by all individuals, coupled with their collective vulnerabilities to ongoing, daily exposures to
myriad types of stressors—exposures spanning the spectrum of socioeconomic, psychologic,
physical, and chemical insults.

Although there are many perspectives to how the overall status of collective, community-
wide health might be defined, major challenges are faced in how it might be assessed.
Measurement and monitoring tools are required to ensure that a community’s positive health
trajectory can be maintained and that optimal interventions can be taken to mitigate
dysfunction, avoid emerging and unrecognized hazards, and reduce the scope of health
disparities. As such, the need to quickly detect diminution of collective health requires near
real-time monitoring at large scale, all while incurring minimal cost and avoiding the need
for human subjects research approvals by institutional review boards (IRBS).

One example of a conventional system designed to surveil and improve public health is the
Healthy People Initiative. This US federal program was initiated in the late 1970s and
undergoes major revision every decade. The Initiative collects health-related data from
multiple population scales and sets objectives targeted for improving public health over 10-
year time spans. Its current iteration is Healthy People 2020 (Fielding et al., 2013; ODPHP,
2017).

As a means for assessing public health, the Healthy People Initiative relies heavily on self-
reporting surveys, which have inherent problems with self-selection and with over- and
under-reporting bias. The program also uses comparatively few metrics that rely on
chemical-focused biomonitoring of individuals, as biomonitoring is a resource-intensive tool
and requires IRB approvals. Moreover, many of the numerous metrics employed by the
program are conducive only to infrequent data sampling (e.g., several times per decade).

For the purposes of this article, the Healthy People Initiative serves as a backdrop that
highlights how a completely new concept for monitoring assessing health at the community
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scale could contribute a valuable new tool for assessing public health and guiding its
improvement. This tool is based on the concept called Sewage Chemical-Information
Mining—SCIM (Daughton, 2012a, 2012b). When applied specifically to measuring the
overall health status of a community, SCIM becomes a monitoring approach analogous to
clinical urinalysis. The difference is that the sample originates from the collective, en masse
excreta from an entire community. So it essentially views the entire community as an
integral “patient”. SCIM capitalizes on a biological sample that is continually and readily
available in the guise of raw (untreated) sewage. And because of its inherent anonymity;, it
does not require IRB approvals.

Important to note is that the notion of “community” in the application of SCIM is defined as
all individuals using any restroom with a sewage hookup serviced by the same sewage
treatment facility. This is the de facto population for a sewershed (the sewage catchment
area), which necessarily comprises continually varying mixes of residents and visitors alike,
as a function of daily population movement among different sewersheds (Daughton, 2012a).
Importantly, in this sense, the composition of a “community” is not fixed and may not be
repeatable with time. This can become a major limitation in the interpretation of analytical
data obtained by any application of sewage-based monitoring. Another ramification from
this self-selecting definition of a “community” is that the traditional view of a community
may not necessarily align according to sewersheds. Communities that are normally regarded
as distinct may belong to the same sewershed, just as a community that might be viewed as
well-defined could be located in more than one sewershed.

As a concept that continues to evolve, SCIM holds potential for eventual development into
the first continuous-monitoring tool capable of gauging the overall, collective health status
of entire communities. The specific application of SCIM discussed in this article is an
embodiment called B/ioSC/IM, which would rely on the analysis of raw sewage for either of
two distinct, general classes of chemical markers. The first class comprises biomarkers of
endogenous biochemical processes. These biomarkers would be targeted for their ability to
reveal the overall status of health from opposite perspectives: (i) those biomarkers that
indicate underlying causes of disease, ill-health, dysfunction, stress, trauma, or injury, and
(i) those that serve as positive (or prognostic) indicators of good health or wellness; note,
however, that compared with biomarkers of disease, there are very few biomarkers yet
known that can directly gauge positive health (this may be both a cause and a result of why
the US healthcare system is oriented toward treatment of disease rather than maintenance
and promotion of health). The second general class of targeted chemical markers comprises
human metabolites of xenobiotics such as natural products that are associated with either
healthy or unhealthy activities or exposures (such as either nutritive constituents or natural
contaminants in foods).

A real-time, low-cost public health monitoring system based on BioSCIM applications could
foster more attention and commitment at the community level for the need to promote health
and reduce exposure to stressors. It could motivate the public, and empower and catalyze
communities to take actions tailored to their specific needs for improving collective health or
fostering corrective interventions. Indeed, this is an area for which emphasis had been added
in the Healthy People 2020 initiative.
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Note that another embodiment of SCIM (often referred to as sewage epidemiology or
wastewater epidemiology) was the first to be developed. It is currently being used to provide
more current monitoring data on community-wide use of illicit drugs, drugs of abuse,
tobacco, and alcohol (Daughton, 2011). This particular rendition has been gaining increasing
use, especially in Europe (Castiglioni, 2016), but it has attracted comparatively much less
attention in the US. See Supplementary Table S1 for examples of applications that contrast
the differences between sewage epidemiology and BioSCIM.

Note that sewage epidemiology has been applied more recently to indirectly address public
health questions. One example was demonstrated by Thomaidis et al. (2016), where
community-wide usage rates for various therapeutic pharmaceuticals (psychoactive,
antihypertensive, and anti-ulcer drugs), as well as illicit drugs, were acquired via sewage
monitoring. Positive correlations were then established with a well-defined period of
economic crisis and social strain; some negative correlations were also established, where
certain drugs (such as non-steroidal anti-inflammatories and antibiotics) experienced
reduced usage (possibly because of reduced ability to purchase health care). And a second
example of the application of sewage epidemiology for assessing community response to
stress sought correlations in increased daily temperatures with the occurrence in sewage of
various drugs and an artificial sweetener used in soft drinks (Phung et al., 2017). Essentially,
these xenobiotic chemical markers were used as collective proxies for non-chemical
stressors (i.e., socioeconomic hardship and heat stress). By way of contrast, BioSCIM could
possibly have been used to target endogenous biomarkers that directly reflected these
stresses to see if the same correlative trends could have been more convincingly established.

In general, the monitoring of exogenous xenobiotics such as therapeutic drugs, pesticides,
chemicals widely used in consumer products (e.g., phthalates, parabens), tobacco
constituents, and alcohol for the purpose of gauging community-wide health faces many
limitations and challenges. At best, by targeting human metabolites of these substances, only
the incidence of human usage can be assessed—that is, the incidence of exposure. But they
can only serve as indirect, imprecise inferences of health or disease because of many
complex limitations and confounding variables (see Supplementary Table S2). In contrast,
the interpretation of data from endogenous biomarkers is more meaningful and avoids most
of the complications that challenge the utility of monitoring therapeutic drug metabolites.
This paper therefore focuses primarily on the prospects of monitoring sewage for
endogenous biomarkers that directly reflect disease, stress, or health.

2. Objectives

The primary objectives of this article are to:

. Provide an updated overview of the BioSCIM concept for assessing community-
wide health.
. Summarize some of the less-recognized aspects of sewage that pose challenges

for implementing BioSCIM.
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. Present an examination of new candidate biomarkers that merit further evaluation
for BioSCIM, especially biomarkers that serve as positive indicators of health (as
opposed to disease).

. Present a new conceptual approach for BioSCIM that bypasses the need for data
normalization.

. Catalyze interest among researchers from a wide spectrum of disciplines in
advancing the development BioSCIM for assessing community-wide health.

Translation of this nascent, transdisciplinary research area into a routine public health
monitoring tool could eventually require the expertise from an extremely broad spectrum of
disciplines, some of which include:

analytical chemistry, sensor technology, clinical chemistry, clinical medicine and
diagnostics, epidemiology (especially molecular epidemiology), public health,
human toxicology, biomarker science and pharmacokinetics, wastewater
engineering and hydraulics, sewage treatment, sociology/psychology, public policy
and risk communication, informatics, statistics, sustainable cities (“smart” cities),
environmental justice, urban metabolism (material flow analysis/accounting),
modeling, and metabolomics.

Ultimately, a major outcome sought from this research is for SCIM to be recognized as a
viable means for examining the status and trends in public health—especially as the first
means for the wide-scale, fast, and economical monitoring of the emergence or incidence of
disease or stress across entire local communities. SCIM could be viewed as a means of
measuring a community’s unique, collective health status—akin to a profile, signature, or
fingerprint of overall health. SCIM would serve as a form of en masse human
“biomonitoring”. As such, it would overcome some of the limitations of conventional bio-
monitoring, which by its nature is limited to collecting data only from individuals and incurs
very high costs, requires considerable resources, cannot provide results in near real-time,
tends to focus on biomarkers of exposure rather than of stress or disease, and requires human
subject approvals.

3. Update on published advancements relevant to BioSCIM

Compared with research on the use of sewage epidemiology for gauging community-wide
use of illicit drugs (e.g., Baker et al., 2014; Castiglioni, 2016; Daughton, 2011; Jones et al.,
2014), or more recently, exposure to other anthropogenic xenobiotics such as pesticides
(Rousis et al., 2017), comparatively little work directly relevant to BioSCIM has been
published in the 5 years since the background, underpinning, and limitations for the original
concept was published (Daughton, 2012a, 2012b). To date, few articles have focused on the
use of endogenous biomarkers for assessing community-wide health—in particular the
archetype class of BioSCIM biomarkers, the isoprostanes (i.e., Chen et al., 2014; Gaw and
Glover, 2016; Ryu et al., 2016; Ryu et al., 2015; Santos et al., 2015; Yang et al., 2015).
Useful to note is that since 2012, significant additional progress has been published
regarding the utility of isoprostanes as clinical biomarkers of disease; see the recent
overviews of van’t Erve et al. (2017), Galano et al. (2017), and Milne (2017). BioSCIM as
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an area of research has also begun to attract some attention from the scientific and lay press,
with one story being Arnold (2016).

The aspect of BioSCIM and sewage epidemiology that has attracted the most attention is the
need to estimate small-area population size via the use of either chemical markers or
biomarkers. New studies on this aspect are limited (i.e., Castiglioni et al., 2013; Chen et al.,
2014; Gao et al., 2016; Gonzalez-Marifio et al., 2017; Lai et al., 2015; Nakada et al., 2017;
O’Brien et al., 2017; O’Brien et al., 2014; Rico et al., 2017; Senta et al., 2015; Thai et al.,
2014; Zheng et al., 2017); note, however, that non-chemical-based approaches are also being
explored (e.g., Thomas et al., 2017). This is important because the overall levels of markers
in sewage often must be normalized, and calculation of per capita contributions is one
widely accepted approach.

And finally, indications that this field of research may be making progress in establishing its
own niche include discussions in various review articles (Eggimann et al., 2017; Fox et al.,
2017; Gracia-Lor et al., 2017; Ort et al., 2013).

4. Urine as a component of sewage: some perspective

Urine clearly plays a central role in monitoring sewage for human biomarkers.
Unfortunately, there are many other contributing flows to domestic sewage that serve to
greatly dilute and confound the analysis of this complex matrix. And there are other aspects
that offer some unexplored opportunities. Some of these less-discussed aspects are covered
in the next sections.

4.1. Urine: the chemical messenger of sewage

Urine comprises a vast and largely untapped wealth of chemical information. This is evident
in its use in clinical chemistry and medicine, drug development, public health research,
forensics, and epidemiology. Chemicals that can be targeted for analysis span the spectrum
of endogenous biomarkers reflecting physiological states of stasis, stress, and disease (e.qg.,
proteins, sugars, lipids, and nucleosides), xenobiotics (e.g., pesticides, active pharmaceutical
ingredients, and natural product toxins), and countless metabolic transformation products.
Biochemicals never suspected of being present in urine are now known to be concentrated in
excreted cellular vesicles such as exosomes [see section: Urinary exosomes—potential role
in BioSCIM?], presenting yet further opportunities to evaluate the state of human health or
chemical exposures from one of the most easily obtained, non-invasive clinical specimens.

Urine in sewage, however, differs dramatically from the urine specimens used in clinical
molecular diagnostics. Once urine begins its journey in sewers, it becomes intermixed with
other contributors to sewage. Its chemical information content continues to hold value,
although continually diminished from the action of physicochemical and biological
processes that chemically transform many of the substances comprising the multitudes of
natural and anthropogenic chemicals (e.g., Gao et al., 2017). The continual transformation of
parent analytes that are targeted by monitoring efforts then complicates the modeling of
loadings of analytes that originate from excreta (e.g., McCall et al., 2017).
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Urine’s dramatic dilution within a much more complex and diluted matrix poses numerous
additional analytical challenges compared with clinical analysis. The major additional
challenges are the need for much lower limits of analytical detection in the presence of
greatly increased background noise and the increased complexities involved with the need to
normalize targeted analyte levels to the size of the contributing population so that values can
be standardized.

To date, most trace analytical research directed at sewage has explored the potential for
targeting metabolites of illicit and licit drugs for the purpose of back-calculating community
wide consumption—an approach that has become known as sewage epidemiology. More
recently, the scope of this work has expanded to the targeting of various non-drug
xenobiotics (where metabolites are preferred targets, so that actual human exposure can be
verified), often with the purpose of calculating community-wide per capita exposures (e.g.,
Gonzalez-Marifio et al., 2017; Logue et al., 2017; Lopardo et al., 2017).

Important to note is a major distinction between targeting endogenous biomarkers versus
markers originating from exogenous chemicals, especially anthropogenic xenobiotics.
Endogenous biomarkers serve as direct measures of important physiological processes. They
serve as integrative measures of biological effects (effects that can result from exposures to
myriad types of stressors), as measures of stressors in their own right, or measures of both.
In contrast, the measurement of xenobiotic metabolites reflects exposure only to the parent
xenobiotic or its metabolite(s).

Subsequent to its conceptualization in 2001, and beginning in 2005 with its first real-world
implementation (by Zuccato et al., 2005), the many facets of sewage epidemiology have
been under steady development and refinement (Daughton, 2011). These advancements have
primarily been catalyzed by a need to improve upon conventional public survey
methodology for gauging drug consumption and for tracking the emergence of new illicit
drugs. Sewage epidemiology offers the potential for a faster and less-resource intensive
approach, as well as one that can avoid many of the biases and subjectivity associated with
conventional public surveys.

With this as brief background, discussed below are several aspects of sewage epidemiology
that are infrequently discussed or which continue to pose refractory challenges. One
underappreciated aspect is the reality that urine represents only a very small portion of
sewage by volume. This greatly amplifies the existing analytical challenges normally faced
in urinalysis and introduces some new ones. With respect to the discussion in this paper, note
that sewage epidemiology represents one specific embodiment of its umbrella concept—
Sewage Chemical-Information Mining (Daughton, 2012a, 2012b). Much of the remainder of
this paper will focus on the BioSCIM embodiment, where the target analytes are not
xenobiotics, but rather biomarkers of endogenous biochemical processes.

sewage

At its outset, urine comprises but a very small portion of yellow water (depending on the
design of the toilet or urinal, and the volume of water used for flushing). But even this initial
portion becomes substantially more diluted by overall domestic water use (especially from
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greywater discharged from sinks, bathing, showers, dishwashers, and clothes washers).
Friedler et al. (2013) summarized the daily flows of domestic wastewater (combined
blackwater and greywater) across 11 countries. From these data, and using an assumed per
capita urinary excretion rate of 1.2 L/day, the percent contribution of urine to the overall
flow of domestic wastewater flow was calculated as: a maximum of 1.3% (in Malta), a
minimum of 0.54% (in the US), and an average of 0.8% (across 11 countries); in reality,
daily per capita urinary output ranges from 0.5 to 1.5 L/day, depending on each individual’s
hydration status. Urine’s contribution to sewage on a volume basis is basically a function of
the daily contributions from greywater, which can vary greatly across geographic locales and
according to season and socio-cultural norms. A generally accepted figure of roughly 1% is
often referenced in the literature (or can be derived from flow data) for the volume of
domestic wastewater contributed by urine (e.g., Boutin and Eme, 2016; Landry and Boyer,
2016; Otterpohl, 2002; Simha and Ganesapillai, 2017; Winker et al., 2008).

In reality, however, urine’s contribution to sewage volume becomes even more diminished
during its transit as domestic sewage. Once domestic wastewaters reach the sewer and merge
with other flows, they can be further diluted by infiltration, inflow, industrial inputs, and
combined sewer overflow (when present). And ultimately, yet further stochastic dilution can
occur when pumped septage is discharged to the headwaters of treatment plants (a practice
increasingly used by many municipalities for disposing of sewage periodically pumped from
septic systems).

So once wastewater is sampled at a treatment facility, the urinary contribution of human
biomarkers and xenobiotics undergoes extensive and continually varying dilution. This
dilution can easily exceed 2 orders of magnitude and thereby increases the need for greater
analytical sensitivity and specificity. Analytical methods that are marginal for clinical
urinalysis will probably not suffice for sewage without major modifications. The challenge
is also greatly increased for design of approaches that ensure representative sampling of bulk
sewage flow (Ort et al., 2010).

The entire field of sewage epidemiology clearly relies on the obvious fact that sewage
contains urine—however dilute it might be. For this reason, it is worth noting that should
technology for urine source-separation eventually become widely employed (e.g., urine-
diverting toilets and urinals; see: Lamichhane and Babcock, 2013), the already-low urine
content of sewage could be depleted to levels that might fall below the detection capabilities
of chemical analysis. On the other hand, if collection of diverted urine were to become
centralized (resulting in waste-water with considerably more concentrated urine), then SCIM
technologies would remain viable, as the analytical demands could be significantly reduced
because the matrix and biomarker levels would more closely resemble those of native,
undiluted urine.

4.3. Urinary exosomes—potential role in BioSCIM?

In terms of its clinical diagnostic value, blood has historically been favored over urine
because of urine’s presumed dearth of chemical information. Urine from healthy individuals
has been long viewed as comparatively free of macromolecules such as proteins and genetic
substances, which hold great potential as molecular biomarkers. This view had been self-
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fulfilling until the early 2000s because little attention had been devoted to the discovery of
new markers in urine. This perspective greatly shifted with the discovery that nanovesicles
secreted extracellularly as exosomes contain a multitude of markers comprising a wealth of
proteins, lipids, glyco derivatives, and genetic material—all originating and greatly enriched
from information-generating intracellular processes. These components become
concentrated in exosomes, which exhibit surprising stability and persistence during systemic
transit and even within urine itself (Mitchell et al., 2009). Urine may actually serve as a far
richer source of biomarkers than does blood. The first comprehensive examinations of the
urinary proteome began only in the last 10 years.

For the purposes of detecting disruption of biochemical processes (e.g., during stress or
development of diseased states), urine might now be viewed as the more useful than blood
from which to mine chemical information—if not simply because the body’s regulatory
mechanisms for maintaining a homeostatic composition of blood is critical for health, and,
therefore, changes in biomarker levels in blood can be more difficult to detect (Gao, 2015b).
Since urine serves as a major excretory pathway for waste products (which include
biomarkers) that are generated by the regulation of homeostasis, it thereby essentially serves
to amplify the momentary and otherwise small fluctuations in biomarker concentrations in
blood. At least for some biomarkers that have been traditionally monitored in blood, it might
be more advantageous to monitor urinary exosomes. This is even more compelling since
biomarkers that are otherwise produced at levels below the detection limits of clinical
analysis may become sufficiently concentrated within enriched exosomes that their detection
becomes possible; note that biomarkers are also significantly expressed on the outer surfaces
of exosomes (Hildonen et al., 2016). Background overviews regarding urinary exosomes are
widely available (e.g., see: Gao, 2015a; Huebner et al., 2015; Javeed and Mukhopadhyay,
2016; Mora et al., 2016; Nagarajah, 2016; Pant et al., 2012; Street et al., 2017; Vlassov et
al., 2012).

With respect to the application of BioSCIM, what roles exosomes might play are currently
largely speculative. No research has ever been reported on either the occurrence of intact
exosomes in human sewage or on whether ruptured exosomes in sewage might already be
contributing meaningfully to the levels of biomarkers in sewage. If undisrupted exosomes
persist in sewage, another possibility that could have ramifications for BioSCIM is whether
exosomes could be separated and concentrated from sewage, and thereby serve as a physical
means for facilitating a highly targeted extraction and concentration of biomarkers from the
complex sewage matrix. Methodologies covering a wide spectrum of approaches have been
developed for sampling and analysis of exosomes in urine (for one of many possible
examples, see: Hildonen et al., 2016). None of these can be considered standard, and none
has ever been applied to sewage.

The possible occurrence of exosomes in sewage clearly presents several avenues for
potential investigation. Worth noting is that clinical researchers have been working on high-
throughput urinary protein identification and quantitation. If a large suite of useful clinical
urinary biomarkers could eventually be vetted for BioSCIM, then the potential for rapidly
measuring numerous distinct biomarkers in sewage might be achievable via exosome
analysis. This clearly could have major implications for the future success of BioSCIM.
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5. Factors complicating measurement of biomarkers in sewage

The following sections discuss some of the factors that could limit the development of
BioSCIM as a viable monitoring tool. An alternative approach is proposed that bypasses
these impediments, the major one of which is the need for per capita normalization of data.

5.1. Septage—potential contributor to BioSCIM measurement bias

Worth noting is a particular aspect of sewage disposal and handling that could sometimes
play a role in biasing SCIM data—particularly for computational models that rely on
knowing sewage flow rates and population size. Disposal of pumped septage into WWTPs is
a practice that could contribute episodic bias. But the role of septage disposal has not been
addressed by any published modeling efforts. Septage is the waste that must be periodically
pumped from local septic tanks (including portable toilets) and septic systems; Kookana et
al. (2014) present a brief overview of septage handling practices across the world.
Historically, septage has been disposed or treated in a number of different ways, but (in the
U.S.) itis increasingly being transported to municipal WWTPs, where it is pumped into the
headworks.

The amount of septage that might be accommodated by a particular WWTP can vary
greatly; the overall additional flow rate is largely a function of the unused design capacity of
the WWTP and the composition of the septage (e.g., Bugajski et al., 2016). So the
percentage of urine in the sewage flow for a WWTP could vary episodically according to the
contributed loading by septage. But moreover, a number of other septage variables could
lead to unknown degrees of negative or positive bias with respect to the calculation of
biomarker levels (or the levels of xenobiotics such as drugs). The major unknowns could
result from: (1) septage diluting the biomarkers in the collective sewage that originates from
the community serviced by a WWTP, especially since the age of septage (which can be
years) could lead to greatly reduced levels of any bio-markers or xenobiotics that were
originally present; (2) septage is sometimes transported outside a geographic locale (so it
does not represent the community served by the WWTP); and (3) the volumes of pumped
septage can fluctuate greatly with time (a function of weather and season, which dictate
when septage can be pumped). The end result from mixing septage with sewage is that: (i)
the concentrations of biomarkers or xenobiotics could either be increased or (more likely)
reduced, (ii) these intermingled levels originate from separate, discrete populations (only
one of which is serviced by the WWTP), and (iii) the levels in the two disparate streams can
have origins that are offset in time by years.

5.2. Urine dilution and the need for biomarker data normalization

To date, SCIM has been used primarily for determining the per capita usage of drugs across
the population serviced by a WWTP. With this type of application, the absolute quantity of
the targeted analyte (which, in this application, is usually a drug metabolite) that passes into
the WWTP over a sufficient period of time must be quantified; this requires knowing the
cumulative flow of the sewage. Also required is a sufficiently accurate estimate of the
population served. This permits the normalization of the gross calculated ingested quantity
against the population size in order to derive per capita consumption over time. The fact that
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urine undergoes yet additional, continual, and variable dilution once it enters the sewage
stream as diluted yellow flush water poses not just challenges for analysis, but also for data
handling—especially with regard to data normalization.

The importance of, and difficulties associated with, quantifying population size in real time
are well known (e.g., Bruno et al., 2014; Daughton, 2012a). But little progress has been
made with regard to advancements. Efforts to simplify the problem of population
normalization have generally relied on the analysis for another chemical marker in sewage
that serves as a proxy for population size. The analogous (but simpler) problem exists with
the clinical urinalysis, where it has long been recognized that urinary output can vary widely
across spot samples and even across 24-hour collections (where volumes can vary by 15-
fold; e.g., see: Warrack et al., 2009) as a function of a large number of variables, including
hydration, health status, gender, age, body size, fitness, muscle mass, and degree of physical
exertion. This in turn can cause wide variation in the absolute concentrations of solutes—
both inter-individual and intra-individual. For quantitative data that is statistically valid
(facilitating the creation of population reference intervals) and which can be used for
population inter-comparisons, this necessitates the normalization of concentrations. Among
the most widely accepted denominators for normalizing such clinical urinary data are
creatinine levels, osmolality (e.g., via freezing-point depression), and specific gravity. But
there are many problems with the use of normalization even in the clinical setting
(Daughton, 2012a; Fortin et al., 2008; Ryan et al., 2011; Waikar et al., 2010).

Applying normalization designed for clinical urinary analysis to sewage is fraught with
additional problems beyond those faced in the clinic. The use of creatinine in sewage as a
proxy measure for population dates back to at least 1976 (e.g., Alexander and Stevens,
1976). While there are many problems surrounding creatinine in particular, analysis of
sewage introduces even more complexities—one of the greatest being the unknown but
variable half-life of creatinine in sewage as a result of biodegradation (e.g., Brown et al.,
1985, 1984), especially degradation by biofilms (O’Brien et al., 2017; Thai et al., 2014).

Important to also note is that when population proxies are based on biomarkers (creatinine
being the archetype), an implicit assumption is that the population composition and
distribution is similar across communities (for creatinine, especially with regard to age,
gender, race, and muscle mass). With this said, the following might be worth considering.
Since the variance in intra-individual, daily creatinine output is lower than inter-individual
output, creatinine might suffice as a normalization parameter when limited to tracking times
trends within a given population—but not for comparisons across populations.

Finally, when applied to urine, osmolality and specific gravity reflect total solute
concentration. As such, they also reflect the total endogenous output of metabolism. But as
we have seen, little of sewage is composed of urine—a result of receiving inputs from
wasted potable water, grey water, sewer infiltration/inflow, treated industrial waste, and
sometimes terrestrial runoff and septage. And most of these non-urine flows have dissolved
solutes of varying comparisons. So colligative properties for sewage, such as osmolality and
specific gravity, would not be useful for comparing across communities.
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5.3. New conceptual approach for BioSCIM: eliminating the need for knowing population
size and extent of urine dilution

A requirement for eventual implementation of BioSCIM is a means for standardizing the
levels of the targeted urinary biomarkers measured in sewage. The levels for any given
biomarker with an otherwise steady rate of entry to sewage will vary with time according to
the marker’s initial dilution in urine followed by subsequent dilutions with sewage not
originating from urine. To detect changes in trends for biomarker levels for a given
community, and especially to compare levels across communities, the levels need to be
standardized so that they reflect those that would have otherwise occurred in collective 24-
hour urine samples (that is, levels in the absence of the variable dilution that urine undergoes
as a result of hydration as well as during its journey in sewage).

There have been two general approaches for normalizing targeted marker levels in sewage
for the purposes of SCIM (Daughton, 2012a). The most straightforward is to normalize the
biomarker against the estimated size of the de jure population deduced from the number of
households served by the WWTP. The second is to normalize against a proxy for de facto
population size; a suitable proxy might be a marker or group of markers that reflect per
capita contributions. These are the two approaches that have been used in conventional
sewage epidemiology—particularly for calculating average per capita consumption of drugs
(e.g., Lai etal., 2015; Rico et al., 2017; Zheng et al., 2017).

Given the extensive research done over the last century on urban metabolism (e.g., material
flow analysis—or material flow accounting—one of the basic tools of industrial ecology), it
is surprising that no tool yet exists for accurately and quickly measuring the size of the
subject populations. With direct measures of population, such as de jure census data, a major
limitation is that these infrequently obtained data become increasingly out of date, and
census data do not necessarily represent de facto populations to begin with (Daughton,
2012a). When using a proxy for population size (such as a biomarker), estimates closer to
actual de facto population are theoretically possible; and the data could be made available in
near real-time. But proxy measures are vulnerable to additional limitations, not the least of
which is that excreted quantities of most biomarkers (including creatinine) can vary greatly
as a function of body mass, age, and gender—and many get entangled by confounding
factors (e.g., the origins of creatinine in sewage extend beyond urine) (Daughton, 2012a).
But then again, with respect to inter-individual variability, the question can certainly be
posed as to whether this type of variability must be accounted for as long as its statistical
distribution is similar across populations. Since intra-individual creatinine output is much
more constant than inter-individual, creatinine might be sufficient as a normalization
parameter to track trends within a given population but not for comparisons across
populations.

Bypassing both the need to know the population size and the need to correct for the dilution
of urine that varies chaotically within a sewage stream would greatly simplify
implementation of BioSCIM for measuring community-wide health. These dual problems
could be eliminated with the alternative concept to be described here. Important to note is
that this approach would be applicable only to BioSCIM for the purpose of measuring the
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status of health; it would not provide meaningful results for conventional sewage
epidemiology (such as estimating per capita drug usage).

BioSCIM was conceptualized with two major applications in mind: (1) track the relative
time trends in collective health within a defined population, and (2) compare the relative
status of health across different populations. Since the notion of absolute quantity has no
meaning in the context of health, there is no need to know the actual population size. An
absolute measure of health or disease does not exist. Only relative comparisons have
meaning. Measurements intended to provide a per capita statistic for “health” would
therefore not be meaningful.

The following conceptual approach would rely on the use of orthogonal (uncorrelated,
independent) biomarkers and their relative levels. It would enable a more elegant solution to
the normalization problem, as there would be no need to deal with any of the three major
factors that are problematic or time-consuming for conventional sewage epidemiology. First,
it bypasses the need to know the sewage flow rate. And with a unitless approach to
normalization, it avoids the joint problems of knowing the absolute concentrations of
biomarkers (in the originating urine) or the size of the contributing population. These three
factors are eliminated with a dimensionless analysis that is inherently self-correcting.

Biomarkers that reflect stress, disease, or injury are most often selected because their levels
increase as a function of disease severity (impaired health); their levels in sewage would
therefore also increase as a function of the relative size of the contributing sub-population.
The concentrations of these biomarkers of disease would be normalized against that of a
biomarker whose level trends in the opposite direction—namely, one whose concentration
rises with increasing, “positive” health or wellness (prognostic indicators of health). The
resultant dimensionless ratio (i.e., “disease:health biomarker ratio”—d:hBR) would
eliminate both population size and urine dilution as variables. Importantly, the d:hBR would
also serve as a measure that amplifies the collective stress (or health) within a population.
Note, however, that a major challenge would still be faced by this concept. A suitable
biomarker of “positive” health might prove difficult to find. [see sections: Biomarkers of
positive health versus disease and The acute-phase response (APR)]. Biomarkers of health or
wellness (BoH) can be viewed as those endogenous biochemicals that play roles in the
maintenance of homeostasis. This contrasts with biomarkers of stress or disease, which serve
to disrupt homeostasis or which are produced by stress or disease.

This approach to “normalization” would essentially rely on the ratio of two orthogonal,
endogenous biomarkers—those whose levels move in opposite directions as a function of
disease or health. The embodiment described here would use the sewage levels for a
biomarker of disease or stress in the numerator (dividend) and the corresponding levels for a
positive BoH in the denominator (divisor). [Note: The terminology used here formally refers
to fractions rather than ratios. The correct formal names for the two analogous, numeric
terms used in a ratio are antfecedent (instead of numerator), consequent (instead of
denominator), and ratio (instead of quotient)]. The d:hBR would then rise with increasing
levels of stress, as it would be accompanied by decreasing wellness. And likewise, a
declining ratio would result from reduced stress and increasing wellness. Of course, the
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antecedent:consequent positions for the two orthogonal biomarkers could be switched as
long as consistency is maintained. The resulting ratio when expressed as a dimensionless
decimal fraction clearly has no meaning on its own. Its value would reside in tracking its
change over time within a given population (establishing trends) and in providing relative,
comparative measures between different populations.

Worth pointing out here is an inherent limitation of the d:hBR approach. The resulting data
could be confounded if a population comprised two separate and distinct sub-populations—
one with overall improving health and the other with overall declining health. In this case,
interpretation of the resulting d:hBR values could yield meaningless results or misleading
insights.

This new approach for normalization (d:hBR) would not only avoid the problems associated
with population size and urine dilution, it would also have a collateral benefit resulting from
the fact that by using a ratio of values moving in opposite directions, small changes in
disease status would be amplified. An upward or downward change in the numerator would
likely be accompanied by an opposing change in the denominator (if the biomarkers are
appropriately selected). That is, as the excretion of one marker increases (e.g., the severity or
prevalence of a disease increases), the level of the other biomarker (which measures health)
could move downward. Note, however, that the rates of change for the two markers would
not necessarily be similar. This is because the markers for disease and for health could have
different distributions within a population. For example, a small portion of a population
might contribute a large portion of a disease biomarker, while a large portion of the
population might contribute the preponderance of the health biomarker. It could also result
from the use of bio-markers that show different response sensitivities—where one exhibits a
greater absolute change than the other.

While the use of disease:health biomarker ratios resolves some existing major problems, the
need for standardization remains. The primary factor requiring standardization is the period
of time and portion of flow over which the sewage is sampled—for example, 24-h flow-
proportional sampling (Ort et al., 2010). The actual analytical methodologies for the
biomarkers would also have to be standardized, and the monitored biomarker levels would
have to be expressed in consistent units (e.g., based either on mass or moles of biomarker,
even though neither presents an advantage).

Note that one of the confounding problems with interpreting the levels of biomarkers in
urine is that disease is not always correlated with higher levels of its markers in urine.
Sometimes these levels are negatively correlated with urinary levels. This can occur, for
example, when kidney function is impaired (Weaver et al., 2016). This is an important factor
in selecting a suitable biomarker.

Worth highlighting is that each ratio using different combinations of biomarker levels would
serve as a discrete and independent indicator. A panel of such indicators (using biomarkers
that reflect different facets of disease or health) could theoretically be developed to improve
the diagnostic and epidemiological value of the population-wide assessments—analogous to
the use of conventional, clinical urinary panels.
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6. Considerations for new potential BioSCIM biomarkers

The following sections present an overview of some of the considerations surrounding the
selection of biomarkers for use with BioSCIM. Of particular interest are biomarkers of
health.

6.1. The acute-phase response (APR)

A specific physiological phenomenon should be noted here because of its relevance to the
proposed concept of the disease:health biomarker ratio. The acute-phase response (APR), a
core aspect of the innate immune system, is initiated in reaction to physiological stress such
as inflammation, infection, or physical trauma. One manifestation of the APR is the
dramatic change in levels of the acute-phase proteins (APP). In response to stress, the levels
in plasma of one class of APPs can rise (known as a positive acute-phase response) and the
levels of another class can decline (known as a negative acute-phase response). The
coordinated responses of these two classes are designed to minimize tissue damage and at
the same time enhance the processes needed for tissue repair.

In the healthy, non-stressed state, negative acute-phase proteins display elevated normal
ranges, and positive acute-phase proteins display depressed normal ranges. In this sense, the
negative APPs are examples of “biomarkers of health”—those whose levels are normally
elevated in the healthy state.

Examples of well-known positive acute-phase proteins include serum amyloid A (SAA), C-
reactive protein (CRP), and haptoglobin (Hp). Some examples of well-known negative
acute-phase proteins include albumin, transthyretin (TTR), transferrins (TF), retinol binding
protein (RBP), paraoxonase, and cortisol binding globulin. The negative acute-phase
response at least partly serves to make available and conserve the amino acids required for
elevated and quick synthesis of positive APPs in response to stress.

Unfortunately, few of these negative-APPs are extensively excreted in urine and therefore
would not be useful for BioSCIM. And when they are excreted, their urinary levels often
follow an inverse relationship to their plasma levels. That is, they tend to be excreted in
larger quantities during stress. Instead, the subject of APPs is briefly discussed here for the
purpose of highlighting a concept that came to light after the disease:health biomarker ratio
(d:hBR) was conceptualized.

In the 1980s, a somewhat analogous concept was developed for veterinary medicine—one
that used ratios of the plasma concentrations of various APPs. By dividing the plasma
concentration of a positive-APP by that of a negative-APP, the resulting value was
recognized as providing a magnified response compared with following the time trend of
either marker alone. This ratio was termed the acute-phase index (API)—or acute-phase
protein index (APPI). The APPI was intended as a tool that could provide an earlier
prognostic indication of disease and thereby better discriminate declining health in animals
(or humans)—uwith higher values indicating greater stress (e.g., Gruys et al., 2005; Martinez-
Subiela and Ceron, 2005; Toussaint et al., 2004).
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The main difference between the use of APPI as a prognostic indicator versus the
disease:health biomarker ratio proposed for BioSCIM is that the APPI uses APP levels in
plasma, in contrast to d:hBR which would make use of any classes of markers whose urinary
levels move in opposite directions in response to either stress or health. The d:hBR is
proposed for BioSCIM also as a means of avoiding the need to know the population size
served by a sewage treatment facility or the sewage flow rate. There are two main challenges
with respect to locating a candidate biomarker analogous to negative-APPs and which is
suitable for BioSCIM. The candidate must be: (1) extensively excreted in urine, and (2) the
excreted levels should mirror the plasma levels (i.e., normally elevated levels in a healthy
state should be mirrored by elevated urinary levels). A specific example of these challenges
is presented in the Supplementary materials for a biomarker called gelsolin.

6.2. Are there biomarker alternatives to creatinine for estimating population size or for data
normalization?

Given the many caveats surrounding the use of creatinine for normalizing biomarker
concentrations (in urine of unknown dilution from hydration), it is worth considering the
prospects for an alternative normalization biomarker. The limitations of creatinine are
discussed in part [see section: Urine dilution and the need for biomarker data normalization]
as well as in Daughton (2012a). The performance parameters for an alternative suitable for
use in BioSCIM would have to exceed those of creatinine. As with all biomarkers, some of
the major factors contributing to variability of excreted levels and ultimate concentrations in
sewage are: biomarker half-life in sewage, health status (e.g., obesity, diabetes), biomarker
sensitivity (magnitude of change in quantity excreted as a function of changes in health
status), quantity excreted (which dictates requisite method detection limit for analysis), body
mass, age, gender (especially the factors of pregnancy and menstruation), diet, ethnicity
(e.g., metabolic polymorphisms), and exposure to both therapeutic and illicit drugs.

Most of these variables impact the rate and constancy of biomarker excretion, and ultimately
the extent to which excretion varies throughout the day and between individuals. They also
conspire to magnify the overall variability in biomarker levels in sewage, thereby degrading
the robustness of the marker. This is especially problematic when the intention is to compare
biomarker levels across populations.

Not yet known is a biomarker that avoids all of the limitations imposed by these parameters.
Indeed, none may exist. Each biomarker exhibits at least one major deficiency with respect
to its viability for BioSCIM. With creatinine, for example, the major limitations are daily
variations in intra- and inter-individual excretion rates (variations that are higher than
generally recognized in the practice of clinical medicine), coupled with reduction in
concentration in sewage by unpredictable biodegradation activity (e.g., Thai et al., 2014).
This reiterates the importance of selecting a panel of orthogonal biomarkers.

In the course of the search for biomarkers potentially suitable for BioSCIM, two of the new
candidates were also identified as potential alternatives to creatinine for normalization: p75
neurotrophin receptor [extracellular domain] and the polyamine A%, AL2-diacetylspermine.
These are presented in the Supplementary materials (with the caveat that additional major
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limitations may have been overlooked in the review of the literature—limitations that could
nullify the utility of these markers).

6.3. Some perspective on the search for endogenous biomarkers suitable for targeting in

BioSCIM

Clinical medicine is greatly benefitting from advances in metabolomics, which is being used
to identify myriad biochemicals, some of which are possibly suitable biomarkers. These
chemicals are usually generated from evolutionarily conserved metabolic pathways.
Excreted levels of panels of certain metabolites (as well as the increasing use of their ratios)
are used to reveal changes in the biochemical pathway signatures that underlie a variety of
pathologies (Hocher and Adamski, 2017). But the vast majority of those biochemicals useful
in clinical medicine are not suitable for BioSCIM. With the exception of biomarkers for
kidney diseases, many biomarkers are not extensively excreted via urine. But moreover,
most also have exogenous, confounding sources that can enter sewage (e.g., many
biochemicals occur in an abundance of different foods). And for many (especially larger
molecular weight proteins), their stability in sewage is unknown even if they are known to
persist in collected urine.

When BioSCIM was formally conceptualized (Daughton, 2012b), a seemingly safe
assumption was that a range of useful biomarkers could be gleaned from the extensive
published literatures of basic, applied, and translational clinical research (e.g., see: Jain,
2010). But after extensive evaluation of relevant published literature, a realization begins to
emerge that despite the countless studies on biomarkers for diagnosis of disease (and for use
in prognostic studies), very few studies have used trials of meaningful size, and the findings
are often not compelling. This is despite the fact that the U.S. FDA has approved a number
of biomarker-based tests; many of these, however, are for biomarkers of very specific
diseases (targeted therapy screening) that display very low incidence in the general
population. When compared against conventional means of diagnosis, many of these
approved markers have yet to yield substantive benefit in clinical medicine. Among the
many limitations is the issue of biomarker sensitivity (how much tissue levels or excreted
levels change as a function of health or disease severity). At best, the levels of most
biomarkers change only a few fold—rarely an order of magnitude—making any signal
difficult to distinguish from noise or natural variation. This reality would greatly increase the
challenges in establishing time-trends in the sewage for a given community or to compare
levels across communities. The field of clinical biomarker research as translated to clinical
practice is still in its infancy. The effort required to validate new markers for clinical
medicine is a formidable challenge.

As an aside, a clarification is needed here regarding a potential point of confusion. The
terms “sensitivity” and “specificity” have completely different meanings in the fields of
analytical chemistry and clinical chemistry/diagnostics. Since biomarkers serve as analytical
targets in both of these fields, the specific context for the use of both terms is very important.
In this paper, the terms sensitivity and specificity are used solely in the context of analytical
chemistry, where they refer to an analytical method’s ability to detect low concentrations of
an analyte and to discern an adequate signal for the analyte in the presence of other types of
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potentially interfering chemicals. Many of the references cited in this paper, however,
involve performance metrics for biomarkers in the setting of clinical chemistry and
diagnostics. When examining those references, meanings of these two terms refer to the
power of a diagnostic test to correctly identify whether a patient is positive or negative with
respect to a disease. Discussions of these important distinctions are available in Saah and
Hoover (1997) and in Fuzeéry et al. (2013); sensitivity and specificity in clinical chemistry
are also integral to other concepts used in diagnostics such as the Receiver Operating
Characteristic (ROC) Curve and Likelihood Ratios; these two terms and others are
frequently used in assessing the discriminatory power and clinical utility of a biomarker.

The progress of research and development for clinical biomarkers is reflected by the
following statistics, which provide some perspective regarding the number of endogenous
biomarkers that are recognized for their clinical utility versus an estimate of a larger galaxy
of potential biomarkers. Using one assessment as an example, with respect to the more than
4,000 secreted proteins known to circulate in the human body, less than 10% (i.e., 375) can
be measured reliably. And of these, fewer than half (i.e., 171) have been assimilated into
FDA-approved diagnostic tests (Wilson et al., 2016). Accounting for endogenous biomarkers
of all chemical classes, the entire human metabolome universe exceeds 100,000 substances
(Hocher and Adamski, 2017). The process of validating biomarkers for clinical use (e.g.,
diagnostics) is very long and challenging (e.g., see overviews: Fiizéry et al., 2013; Selleck et
al., 2017). If only FDA-approved biomarkers were to be considered, this would clearly pose
challenges for locating what would prove to be a much smaller galaxy of biomarkers
suitable for BioSCIM. But whether a biomarker has been approved for use by the FDA is not
an essential criterion for its use with BioSCIM because the purpose is unrelated to clinical
diagnostics. Therefore, the universe of potential markers for BioSCIM is considerably
greater than it is for clinical medicine, but the additional restrictions imposed by BioSCIM
serve to diminish these numbers. This becomes clear when considering some of the
additional requirements imposed by BioSCIM, where a suitable biomarker for BioSCIM
must: (i) be extensively excreted via urine, (ii) have molecular stability in sewage, (iii) attain
levels that remain above analytical detection limits once urine becomes diluted orders of
magnitude in sewage, and (iv) have minimal non-urinary, exogenous origins contributing to
sewage (e.g., a biomarker’s natural presence in raw foods would confound analysis). The
last three factors in particular are not concerns faced in clinical analysis.

There could be numerous biomarkers that might otherwise make suitable candidates to
examine for use in BioSCIM. But insufficient information is available to assess them against
these criteria. As one of two examples, consider a primary, nonenzymatic glycation product
formed from the reaction of DNA with the highly reactive dicarbonyl metabolic byproduct
methylglyoxal. This nucleotide advanced glycation endproduct (AGE) of guanosine
nucleosides is N2-(1-carboxyethyl)-2”-deoxyguanosine (CedG). Urinary CedG appears to be
a high-information-content biomarker, especially for diabetes (Jaramillo et al., 2017; Waris
et al., 2015). Despite its receiving increased attention as a useful urinary clinical marker
(Gavina et al., 2014; Schneider et al., 2004), it is not clear to what extent it is also formed by
(and thereby occurs in) animals and plants that serve as dietary sources. Nor is it clear if it
would survive metabolic breakdown in the gut or in sewage, or to what extent it is formed by
exogenous sources of methylglyoxal (e.g., whether from ambient exposures or in
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chemotherapy). And even though CedG was discovered several decades ago, there have been
very few population studies on urinary levels; but one study does indicate that levels might
vary by 2 orders of magnitude (Schneider et al., 2004). CedG illustrates some of the
unknowns and challenges in assessing the utility of a biomarker for BioSCIM.

The second example is presented to illustrate the complexities in assessing a urinary
biomarker for its potential utility with BioSCIM. The biochemistry and complex metabolic
pathways of “vitamin” D have been examined with increasing rigor for decades; there are
myriad reviews (e.g., see: Bartoszewicz et al., 2013; Holick, 2011; Horst et al., 2005). There
are two principal natural parent forms of vitamin D—vitamin D5 (ergocalciferol, which
occurs in certain foods and serves as the major form in vitamin supplements) and D3
(cholecalciferol, the form produced by UVB irradiation of the skin). Long established is that
these play critical roles in health via certain bioactive metabolites; but not settled is whether
low levels of these metabolites result from disease or rather cause disease—or both. The
complex, regulated metabolic activation pathways for both forms eventually yield 25-
hydroxylated analogs [25(OH)D], which are the specific targets in the clinical analysis of
serum for monitoring vitamin D status. But these lipophilic metabolites are not excreted.
Through yet more catabolic metabolic steps, two terminal pathways diverge—a lactone
pathway and a carboxylic acid pathway. The latter ultimately produces two polar terminal
products, calcitroic acid and 1-desoxycalcitroic acid; a portion of this is undoubtedly also
excreted as conjugates. It is calcitroic acid (1a-hydroxy-23-carboxy-24,25,26,27-
tetranorvitamin D3), the metabolite from calcitriol, that might otherwise serve as a
compelling target for BioSCIM. But note that calcitroic acid also results from D,
(Zimmerman et al., 2001). Also note that nearly all studies published on the excretion of
calcitroic acid have involved animals; the data from the limited human studies indirectly
point to bile as being the more significant excretory route (Avioli et al., 1967; Ledger et al.,
1985). There is a bewildering array of unknowns. For example, because clinical medicine
has had little interest in excreted metabolites of vitamin D, considerable uncertainty exists
with humans as to whether calcitroic acid is primarily excreted via the bile or also via urine
—or both (Horst et al., 2005; Reddy and Tserng, 1989; Yu and Arnold, 2016); if it is
excreted extensively via the feces, it is unknown how quickly or extensively it would desorb
from fecal material into the aqueous phase of sewage. All told, calcitroic acid would not
seem to serve as a stoichiometric proxy for biologically active vitamin D status, especially
because of continual regulatory shifts in the network of pathways. Other complications are
that calcitroate levels can rise or fall with various diseases and that certain vitamin D analog
drugs can also contribute to the excretion of calcitroic acid.

With this as background and perspective, the two major unmet needs for development of
BioSCIM are: (1) expanding the scope of potentially useful biomarkers that are excreted and
which are stable in urine and sewage; the current BioSCIM concept has been limited to the
solitary biomarker originally proposed as the archetype—the isoprostane class (Daughton,
2012b), and (2) the need to establish bio-markers that reflect heightened or improved
“health” or “wellness” when their levels are elevated (in contrast to biomarkers whose levels
are elevated by disease or stress). A related major need is finding bio-markers that can serve
as proxies for population size; this is required for the denominator against which biomarker
concentrations in sewage are normalized in applications of sewage epidemiology (but not for
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BioSCIM). Note that regarding the second category (biomarkers of health or wellness), such
favorable biomarkers are distinguished from adverse biomarkers of stress in that their levels
increase with diminishing levels of stress or disease. In other words, instead of wellness
being defined by the absence of adverse biomarkers, it can be defined as the presence of
favorable biomarkers. Developing biomarkers of health (BoH) has proven to be surprisingly
difficult in clinical medicine. And the few that have been developed are limited to
monitoring serum (as they are not excreted in urine). Having at least one biomarker of health
is very important for the implementation of BioSCIM because it can obviate the requirement
for knowing the population size, which is a variable extremely difficult to accurately
calculate.

6.4. Biomarkers of positive health versus disease

“Health”—as opposed to disease—has long proved difficult to define. This is undoubtedly
because health is a dynamic process rather than a definitive physiological state. Health
involves the capability to continually resist adverse physiological perturbation. It involves
“metabolic flexibility” to maintain homeostasis despite continual challenge by an ever-
changing spectrum of stressors. This is the realm of the concept of “allostasis”. A vast
literature has tackled the need for an operational definition of health. For some examples and
more perspective, see Ghini et al. (2015), van der Greef et al. (2013), and Vogt et al. (2016).

Indeed, Vogt et al. (2016) note the following: “As philosopher Hans-Georg Gadamer pults it,
‘health itself’ is the ability to ‘forget that one is healthy’.” It should then come as no surprise
that one of the paradoxes in the practice of medicine is the difficulty in assessing positive
health (wellness or resilience)—as opposed to disease and vulnerability. Assessment of
health is almost always inferred indirectly as a default condition involving the likelihood of
the absence of disease—from the absence or reduced levels of markers for disease, stress,
dysfunction, or injury. In contrast, the numbers of markers whose levels increase with
improving health are extremely limited. And these markers are usually not endogenous
biochemicals. Common examples are eustress such as physical conditioning (e.g., exercise
performance and duration), consumption of healthy foods, good sleep hygiene, and finding
purpose in life. Clinicians have far more tools for directly measuring disease or dysfunction
than for health or wellness.

This might partly explain why the practice of medicine is predominantly reactive—with its
primary focus on treating disease rather than on its prevention. This state of medical care is
beginning to slowly change with the advent of new approaches to the practice of health care
that place more emphasis on disease prevention and health promotion—examples being
those that incorporate a systems biology approach, such as P4H (e.g., see: Sagner et al.,
2016). P4H would represent a revolutionary approach to the practice of medicine with an
orientation directed toward health (rather than disease)—an approach that is Predictive,
Preventive, Personalized, and Participatory.

Another aspect of potential biomarkers of health is that many may exhibit inverted-U dose-
response curves, where initially elevated levels reflect good health, but continued elevation
(e.g., where the marker becomes over-expressed) can cause or reflect stress. Levels of
biomarkers of health must be maintained within a “normal” range. This contrasts with
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biomarkers of diseases, which usually follow a rising response curve (eventually plateauing)
with increased disease severity. And sometimes, the higher the levels, the worse the
prognosis. A prime example of a potential biomarker of health with a biphasic dose response
is insulin-like growth factor (e.g., IGF-1) or its associated binding protein (e.g., IGFBP-3).
The IGF-axis plays a critical role in regulating cellular growth and survival—in organs
throughout the body. Its over-expression, however, is associated with cancers.

Biomarkers can show seemingly incongruous behaviors—sometimes rising and other times
falling in response to different stressors or in response to the same stressor among different
individuals. The following is but one example of this incongruous, mixed monotonic dose-
response behavior. This type of behavior would clearly confound the interpretation of
BioSCIM data.

HPMA (3-hydroxypropyl mercapturic acid) is the ultimate metabolite that exits the major
detoxification pathway for highly cytotoxic acrolein and which involves the precursor non-
enzymatic acrolein—glutathione conjugate. HPMA would ordinarily be expected to track the
endogenous, systemic generation of acrolein (along with additional, exogenous contributions
from ambient and occupational exposures to acrolein). HPMA is extensively excreted in the
urine. HPMA levels become significantly elevated by a number of factors, one of the more
prevalent being smoking (Eckert et al., 2011). It also becomes elevated by many other
conditions that develop from inflammation. With this said, since HPMA is an end-product of
a detoxication pathway for a stressor (acrolein), its levels do not necessarily correlate
positively with levels of the stressor that generates acrolein. Even though HPMA results
indirectly from a stressor (as with other mercapturic acids), it directly represents a
functioning (healthy) detoxification system. So it can be viewed as a marker of both health
and disease—that is, a healthy response to a stressor.

If the acrolein-detoxication pathway becomes impaired, HPMA production falls. This can be
seen in the case of acute tissue damage, such as stroke, or in diseases involving cognitive
impairment (Yoshida et al., 2015; Yoshida et al., 2012). Presumably, the production or
availability of glutathione is reduced by such damage, resulting in lower levels of acrolein—
glutathione precursor for HPMA and thereby the diversion of acrolein away from
detoxication and instead toward reactions that lead to physiological damage. So HPMA
excreted levels can rise or fall depending on the type or magnitude of stress. When employed
in the clinical setting, a given biomarker that can respond differently depending on the type
or extent of insult can still be useful when used as an indicator for a uniform patient
population with a specific disease. But when sub-populations are naturally mixed with
respect to their health status (such as with the collective urine from a local community), the
results from BioSCIM may be difficult to interpret for certain biomarkers. Collective
excreted levels could involve falling and rising contributions from individuals independent
of their health status.

The few biomarkers that could be considered indicators of health (or required for
maintenance of health) and which are used in clinical medicine are either not excreted in the
urine or they have additional, exogenous sources (e.g., dietary) that would confound the
interpretation of their levels in sewage. Well-known examples include serum testosterone (in
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men), DHEA-S (dehydroepiandrosterone-sulfate), HDL (high-density lipoproteins), and
IGF-1 (insulin-like growth factor I); the utility of some of these markers (especially
testosterone and DHEA-S) also suffer from the fact that their levels tend to decline with age.
The negative-APPs serve as another possible example of “positive” biomarkers of health
because their levels should normally be elevated—declining only during stress (e.g.,
infection, inflammation, or physical trauma). Also see gelsolinin Table 1 and in
Supplementary materials.

An alternative approach to endogenous biomarkers for gauging health (wellness) would
target certain exogenous chemicals, such as those associated with what is generally accepted
as “healthy” nutrition. To be useful with BioSCIM, these would generally comprise unique
metabolites resulting from the consumption of certain nutritious (functional) foods that are
correlated with reduced incidence of disease [see section: Indirect markers of health/
wellness: dietary markers].

With respect to BioSCIM, there are few possible candidates to serve as positive indicators of
health. Two potential examples uncovered during this examination are the p75 neurotrophin
receptor [extracellular domain] and diacetylspermine (a polyamine). See Table 1 and the
Supplementary materials for further discussion.

6.5. Indirect markers of health/wellness: dietary markers

An alternative approach to endogenous biomarkers for gauging health (wellness) would
target metabolic products of exogenous health-protective or health-promoting chemicals,
namely those that are associated with healthy nutrition. These metabolites would be selected
to indicate exposure (via oral consumption) to beneficial, “functional” foods—those foods
whose intake is strongly associated with improved health; the converse approach would be to
target metabolites of those exogenous dietary chemicals that are components of harmful
foods or which are naturally occurring toxic xenobiotics associated with foods. Foods
comprise tens of thousands of chemical constituents (Scalbert et al., 2014). Most are
endogenous constituents of foods, while others are exogenous, natural product contaminants
such as the ubiquitous mycotoxins (e.g., see recent symposium: Jackson and Ryu, 2017).
The mercapturic acid conjugates (A-acetylcysteine S-conjugates) of various thiocyanates are
examples that originate from their glucosinolate precursors naturally present in dietary
cruciferous vegetables (e.g., Vermeulen et al., 2006); a specific example is the A-
acetylcysteine S-conjugate of sulforaphane, which itself is a metabolite of the precursor
glucoraphanin. A major criterion is that these markers must be endogenous metabolites of
parent chemicals unique to these foods; they should also not be widely used in commercial
nutritional supplements. This ensures that their occurrence in sewage reflects actual dietary
consumption rather than the introduction/disposal of raw/ cooked foods or dietary
supplements to sewers; and of course, they must also be stable in sewage.

Dietary biomarkers are often classified as representing short-, intermediate-, and long-term
consumption (a function of their half-lives and excretion kinetics). But this factor does not
matter for BioSCIM because it would continually integrate the collective exposures for
members of a population.
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Examples of candidate markers for consumption of nutritious foods include the
alkylresorcinols, which derive from the phenolic lipids in the bran fraction of whole grain
wheat and rye, and which are absent from refined grains (Ross, 2012). Specific examples are
3,5-dihydroxybenzoic acid (DHBA) and 3-(3,5-dihydroxyphenyl)-propanoic acid (DHPPA).
Another example is tyrosol, a metabolite of oleuropein, which is a secoiridoid responsible
for the bitter, burning sensation from extra-virgin olive oil (Piroddi et al., 2016); note that
hydroxytyrosol (another secoiridoid in olive oil) would not suffice as a biomarker because it
can also originate as a metabolic product from dopamine oxidation, where it is referred to as
DOPET (3,4-dihydroxyphenylethanol). The state of research on dietary markers undergoes
continual review (e.g., see: Hedrick et al., 2012; Scalbert et al., 2014).

The polyphenols are another example of chemicals presumed to be associated with
nutritious foods. Some candidates as indicator metabolites that could reflect consumption
include: dihydroferulic acid (for coffee), gallic acid ethyl ester (for red wine), naringenin
glucuronide (for citrus fruit), 4- O-methylgallic acid (for tea), phloretin glucuronide (for
apples and pears), and O-methyl epicatechin sulfate (for chocolate) (Edmands et al., 2015).

Examples of candidate markers for consumption of potentially harmful foods include:
metabolites of ethyl alcohol [ethyl glucuronide (EtG), ethyl sulfate (EtS), phosphatidyl
ethanol (PEth)] and 5-hydroxytryptophol (HTOL) (Maenhout et al., 2013; Reid et al., 2011)
(note that since PEth is synthesized via phospholipase D, it serves as a definitive metabolite,
but one for which sewage has apparently not yet been monitored); DON-15-GIcA, which is
the most important glucuronic acid (GlcA) conjugate of deoxynivalenol (DON; also known
as vomitoxin)—one of the most prevalent Fusarium mycotoxins (common contaminant of
grains worldwide, especially wheat, barley, maize, and oats) (Gruber-Dorninger et al., 2017;
Huybrechts et al., 2015); and 1-methyl-histidine (a marker for meat consumption), but not 3-
methyl-histidine, which can be formed via muscle catabolism (Fraser et al., 2016; Lindsay
and Costello, 2017). Note, however, that although conjugates provide an assurance that they
originate from metabolism and therefore reflect exposure, their inherent chemical instability
introduces added challenges in performing back-calculations to quantify exposure (e.g.,
Banks et al., 2017).

7. Biomarker candidates meriting evaluation for use with BioSCIM

One of the major objectives of this paper was to examine the published literature for
additional endogenous human biomarkers to consider as potential targets for BioSCIM.
During this work, over 400 articles were selected from a wide array of journals and books
spanning all fields involved with biomarker research (e.g., metabolomics, clinical
diagnostics, and sports medicine research). These were entered into a bibliographic database
(EndNote X8, Clarivate Analytics) and examined for their potential relevance. Both forward
and backward citation searching were used to augment and guide keyword searches. Ideally,
the ultimate objective would be to compile a suite of biomarkers that could be used as
BioSCIM targets and which represented a spectrum of different disease processes—
analogous to a conventional clinical urinalysis panel. These candidate biomarkers are
summarized in Table 1. More detailed background narrative is presented for each biomarker
in the Supplementary material. These select few markers certainly do not compose an
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exhaustive list. The intention was instead to offer some examples that illustrate the type of
information required to assess whether a biomarker might serve as a suitable candidate and
therefore deserves more in-depth, future evaluation.

These new candidate biomarkers must meet the same criteria that were originally defined for
the archetype biomarker—the isoprostane class (Daughton, 2012b). Biomarkers suitable for
BioSCIM must meet a number of criteria, many of which never require consideration for use
in clinical medicine. The most important additional criteria (summarized from earlier
discussion) are:

1. Origination from endogenous human metabolism (and notably, not being
produced de novo by microbial activity in sewage or biofilms);

2. Extensive urinary excretion (fecal excretion is more problematic for monitoring);

3. Minimal additional origins from raw, cooked, or digested foods (all of which
could confound monitoring data);

4, Sufficient molecular stability in sewage (resisting chemical alteration by
physicochemical processes—such as via photolysis—and by microbial
transformation);

5. Excreted in quantities sufficiently high to allow for analytical detection after
dilution in sewage and despite its matrix being more complex than urine;

6. Excreted quantities are sufficiently sensitive to changes in health status (i.e.,
detectable changes in the resulting signal:noise ratio);

7. Excreted levels trend in a consistent direction as a function of escalating or
declining stressor exposure (e.g., absence of inverted-U or J-shaped dose-
response or mixed monotonic dose-response; see example of HPMA in the
section) [see section: Biomarkers of positive health versus disease]; and

8. Excreted quantities are minimally influenced by drug therapy or diet.

Criteria 3-5 add considerable difficulty in assessing the published literature, as this
information is generally not available in clinical publications on biomarkers. Instead,
searches for this information need to be extended to fields such as nutrition, natural
products, and microbial processes. De novo biosynthesis in sewage is another aspect that can
be difficult to ascertain or predict. Of these concerns, the difficulty in locating sufficient data
regarding in situ biotransformation in sewage shows that Criterion 4 could be anticipated as
posing a major challenge for finding endogenous biomarkers suitable for BioSCIM (e.g.,
see: McCall et al., 2016; Ramin et al., 2016). With respect to monitoring sewage for
endogenous biomarkers, molecular stability poses specific questions with regard to suitable
endogenous biomarkers that happen to be proteins or peptides. An obvious question is
whether they can survive structural degradation or transformation during transit to the
WWTP (primarily via microbial proteolytic processes). Would these BioSCIM biomarkers
have sufficient persistence in sewage? Note that monitoring for the purposes of BioSCIM
would focus only on the collection/distribution system of raw sewage and on the influent
stream to WWTPs. Because treated sewage effluent would not play a role in monitoring, the
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targeted biomarkers would not experience the presumably most rigorous conditions for
degradation.

Little is known regarding the stability or persistence of specific proteins in sewage. But one
class unrelated to potential BioSCIM markers could possibly serve to inform the discussion.
The proteinaceous biopharmaceuticals (sometimes called biologics) are generally assumed
to have short half-lives and not survive sewage treatment unaltered. Historically, they have
therefore not warranted regulatory environmental assessments as pharmaceuticals (e.g.,
Kimmerer, 2009; Straub, 2016). Some prime examples are the monoclonal antibody
biologics (e.g., the mab’s such as infliximab, rituximab, trastuzumab, abciximab,
adalimumab). But even with these proteins, little has been published.

With this said, there are still two sides to the debate regarding protein stability in sewage,
especially given that a select few proteins are known to have exceptional stability in the
environment (the prions being an archetype). While proteins are quite stable to non-
enzymatic degradation, they are usually ready substrates for proteases. But proteolysis by
extracellular proteases could be expected to vary dramatically depending on the types of
proteins, the types and levels of specific pro-teases present, and the very low expected levels
of BioSCIM biomarkers compared with the preferred substrates, which may be present at far
higher levels (resulting in competitive inhibition). Overall, little is known about the fate of
specific proteins in sewage, as there has been little incentive for its general study (Westgate,
2009; Westgate and Park, 2010).

With respect to endogenous biomarkers targeted in BioSCIM, however, some could be
considered more closely related to non-ribosomal peptides (NRPs), for which much less is
known regarding their breakdown than ribosomal proteins. Indeed, many NRPs are
commercial pharmacologic agents, such as antibiotics (e.g., bacitracin), cytostatics (e.qg.,
bleomycin), and immunosuppressants (cyclosporine). Many of these NRPs have been
reported in sewage or streams receiving treated sewage—evidence that they at least partly
survive breakdown. A host of other NRPs are natural product toxins, generally from the
secondary metabolism of microorganisms, such as the microcystins. NPRs are much more
resistant to proteolysis than human ribosomal proteins (Lundeen et al., 2016). Any
assessment of the projected half-lives of BioSCIM biomarkers with peptide bonds would
therefore probably entail the empirical study of each specific biomarker.

The following study serves as an illustrative instance relevant to the third criterion (above),
where the possibility of dietary sources for a bio-marker must be assessed. It is rather
remarkable that dietary sources are usually not considered as possible confounding sources
for endogenous production (as they can bias clinical urinary data) and also as having
biological activity of their own. Symmetric dimethylarginine (SDMA) originates from the
post-translational methylation of proteins (not from free arginine). SDMA has received
substantial attention over the years as a direct indicator of renal dysfunction. It is slowly
metabolized, and as a result it is extensively excreted in urine (in contrast to its isomer,
asymmetric dimethylarginine). It is also biologically active itself, playing a role, for
example, in the development of cardiovascular disease (Schepers et al., 2014). With this
said, it was only in 2013 that SDMA (as well as the other two methylated arginines) was
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found to occur naturally in a broad spectrum of common foods (Servillo et al., 2013). The
importance of this with respect to BioSCIM, regardless of whether diet serves as a systemic
source of SDMA, is that dietary SDMA could bias excreted levels resulting from
endogenous production. SDMA might have otherwise made a good candidate for BioSCIM.

There are numerous challenges faced in searching the published literature for possible
candidate biomarkers. The sheer size of the literature can be daunting. It is also populated
with repetitive articles for any given biomarker that add but limited, incremental knowledge.
And very few articles prove useful for evaluating the criteria summarized above, as they are
only peripherally relevant. No claim is made that the candidate biomarkers presented here
would be ideal for BioSCIM. Instead these are being presented with the understanding that
they represent a concerted effort designed for others to build upon and to catalyze research
designed to evaluate their utility with BioSCIM. Undoubtedly, additional, new biomarkers
useful for BioSCIM will eventually emerge from the efforts of others; for example, refer to
an overview by Gao (2015a).

Note that most of the biomarkers presented here (Table 1 and Supplementary material) serve
as measures for stress, injury, or disease. Very few are potential candidates for measuring
health, wellness, or eustress. Most of these markers serve as integrative measures for
multiple processes. Very few reflect specific diseases. And finally, to reiterate, it is critical
for successful application of BioSCIM to have at least one bio-marker of health for the
implementation of the “disease:health bio-marker ratio” concept—d:hBR [see section: New
conceptual approach for BioSCIM].

8. The future

Beyond the articles cited at the beginning of this paper (those published since 2012), the
prospects of monitoring sewage for endogenous biomarkers for gauging the status of
community-wide health has begun to attract additional interest with respect to smart and
sustainable cities (e.g., Poletti and Treville, 2016)—one example being the “Underworlds”
project at MIT’s Senseable City Lab (Fitzgerald, 2015; Graber, 2017; Reis-Castro, 2017). It
has also become a focus of transdisciplinary research under the European COoperation in
Scientific and Technology (COST) program (COST, 2013). The European COST program is
a natural extension of the research conducted primarily in Europe since 2005 on the
measurement of illicit drugs in sewage to gauge community-wide consumption (i.e.,
“sewage epidemiology”). The following are some additional points regarding the future of
BioSCIM.

8.1. Personalized community health

The ultimate value or power of BioSCIM in serving as a gauge for collective community-
wide health will be a function primarily of the numbers of endogenous biomarkers (and to a
lesser degree, exogenous markers) that can be reliably monitored in sewage. Given a suite of
orthogonal biomarkers with sufficient diagnostic or prognostic power, BioSCIM might serve
as a major tool simply for alerting and motivating communities and individuals to the need
for design and implementation of interventions that promote healthy behaviors tailored to
their geographic locales. BioSCIM could eventually serve as a tool for the integration of
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medical-based monitoring approaches such as P4H (Sagner et al., 2016) into everyday living
—even if solely for improving a population’s overall health literacy and to promote health
vigilance. Other examples of existing programs with which BioSCIM could interact or
inform include the Healthy People 2020 initiative and the large-scale health assessment
program “Community Health Status Indicators” (CHSI), a program managed by the Centers
for Disease Control and Prevention (CDC, 2013, 2015). The CHSI program makes use of an
assortment of conventional health indicators (and health determinants) that have been
compiled from a variety of published sources (e.g., see: CDC, 2015). Significantly, the CDC
has placed the emphasis on “improving community health” (e.g., via informing decision
makers) rather than on monitoring or assessing it. While BioSCIM could eventually serve as
another tool for programs such as CHSI, these types of programs could reciprocally serve as
a means for benchmarking BioSCIM—by comparing sewage-biomarker data with existing
health assessments for particular communities. In fact, BioSCIM might be viewed as the
means for creating a new perspective for medicine—"personalized community health”—
with the objective being to enhance the extent of community well-being. Of course, a major
question not yet addressed is what exactly is meant by “collective health” of a population?

8.2. Concerns potentially regarding ethics and mass surveillance

Even should BioSCIM eventually succeed in meeting its intended objectives, attention will
need to be devoted to strategies for addressing public concerns regarding its potential for
misuse or abuse. These concerns (whether real or imagined) surround what some fear could
be unethical applications, in particular surveillance that could reveal personal information.
This concern has already been encountered with the application of sewage epidemiology for
monitoring drugs of abuse and illicit drugs (e.g., see: Castiglioni, 2016; Hall et al., 2012;
Hering, 2009; Prichard et al., 2014; Prichard et al., 2015).

For BioSCIM to be useful in advancing community health, the overall approach must be
embraced by the public and by municipalities. And concerns extend far beyond those of
individual privacy. With sewage epidemiology and illicit drugs, one form of resistance has
been that some cities opt out of monitoring because they do not want to be perceived as
“hotspots” for illicit drug use—whether true or not. Similarly, with BioSCIM, perhaps some
cities or communities would want to avoid notoriety for being labeled as “unhealthy”,
especially if being compared against a nearby city or adjacent community. There are many
potential ramifications, not the least of which could be adverse effects on the well-being of
citizens, impacts on property values, and adjustment of insurance premiums by health
insurers. What might happen with a community that appears to have impaired collective
health when the responsible stressor(s) cannot be identified or cost-effective interventions
cannot be implemented? With the advent of high-resolution street-level air pollution
mapping in near-real time, many of these same concerns have already been captured and
articulated by Apte et al. (2017): “Broader societal consequences of the public awareness
enabled by high-resolution pollution maps might include shifts in urban land-use decisions,
regulatory actions, and in the political economy of environmental ‘riskscapes’.”

These potential concerns reveal the opportunities for involvement of other disciplines in the
early development of BioSCIM—aobvious examples being social psychologists, science
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communicators, and ethicists. Even if BioSCIM were eventually shown to be a valuable tool
for quickly and inexpensively monitoring community health, any widespread deployment
could be thwarted by public misperceptions or by inadequate controls on unethical use; two
of many possible examples might be the surreptitious monitoring of a community’s sewage
for the purpose of depressing its property values or to show that local industrial point
sources of known hazardous pollutants are not correlated with bio-markers of disease.

8.3. BioSCIM and the exposome

BioSCIM could serve as the first tool for the real-world implementation at the community
level of the exposome concept (Wild, 2005). The intention would be to shift the primary
focus from exposure to bona fide health outcomes. BioSCIM could be viewed as the first
way to begin examining the exposome in its most meaningful and ultimate state—namely,
the context of the real world at the population level. BioSCIM can be viewed as the
application of exposomics at the population level rather than at the level of the individual.
By targeting an appropriate suite of orthogonal, endogenous human biomarkers, BioSCIM
would serve as an integrative measure of exposure for all stressors at play (chemical and
non-chemical alike). BioSCIM could also be applied to specific sub-populations. Some
examples include schools, hospitals, military installations, prisons, and occupational
settings. BioSCIM would hold another advantage over the use of epidemiological cohorts,
which often suffer from the vulnerability of selection bias, such as under-representation by
certain groups, especially those suffering from socioeconomic or health disparities (Wild,
2012).

With this said, it is important to recognize a potential major vulnerability of BioSCIM. By
necessarily measuring the “average” collective levels of biomarkers for a community, the
contributions from the extremes are obscured; the relative importance of the extremes would
also be obscured. This could limit the utility of BioSCIM in identifying the existence of
outliers that might represent particularly vulnerable sub-populations or those that have
received unusually high exposures (Gochfeld and Burger, 2011). After all, sometimes a
particular type and level of exposure might be benign and other times the very same
exposure could be adverse. The ultimate exposure outcome is a function of the context of the
exposure, which is dictated by an exceedingly complex interplay of myriad factors—many
of which have yet to be uncovered.

As a tool to study the exposome at the community scale, a specific community would have
to show relatively stable time-course levels for each biomarker. With sufficiently stable
short-term levels, trends or changes in health within a given community could be revealed.
For example, community-wide levels of a biomarker that begin to trend away from the
preexisting stable level could indicate: (1) community-wide exposure to a newly present
emerging stressor(s) or (2) increasing levels of an existing stressor within the community. A
trend in the opposite direction could indicate: (1) the diminution of a long-present stressor or
(2) the emergence of a protective factor (negating the action of a long-present stressor).
BioSCIM’s future is currently a function of the imagination and innovation of those who
become engaged with its development and implementation.
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8.4. The urinary proteome

Historically, urinary protein biomarkers have received far less attention that those in blood
(Gao, 2015a), probably because the overall protein content of urine from healthy individuals
is low (less than 150 mg/day); ironically though, the far higher protein content of serum is
dominated by a few very abundant proteins, which makes the ambient background in blood
more challenging for analysis. As chemical analysis tools have improved, it has become
evident that the types of proteins in urine reflect those in blood. After all, much of the
urinary protein originates from the glomerular filtration of blood, although a majority
originates from direct production by the kidney and urogenital tract (Gao, 2015a). Note,
however, that renal function (glomerular filtration rates) can change as a consequence of
toxicity from the very same stressors that might partly participate in the overall stress that
BioSCIM intends to measure. This gets entangled with the need to normalize excreted levels
(Weaver et al., 2016).

Efforts to identify the growing numbers of proteins that were being reported in urine began
in earnest in the late 1970s (e.g., see: Anderson et al., 1979). Research aimed at revealing
and profiling the urinary proteome would not begin until the 1990s when the limitations of
chromatography, mass spectrometry, and high-speed data acquisition/analysis began to
rapidly fall away (e.g., Spahr et al., 2001). The first large-scale proteomic analysis of urine
was reported only in 2006 and was made possible by the application of high-resolution mass
spectrometry (Adachi et al., 2006); subsequent major advances include those of others such
as Marimuthu et al. (2011). The identification of new urinary biomarkers will continue to
escalate. And the ease and speed of analysis will continually improve. The utility of urinary
exosomes (especially with regard to other classes of biomarkers such as mMRNA and miRNA)
could dramatically expand the number of useful urinary biomarkers. These developments
could accelerate the development and implementation of BioSCIM applications. BioSCIM
could eventually be viewed as an endeavor that involves monitoring the sewage human
metabolome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

API acute-phase index

APPI acute-phase protein index
APP acute-phase proteins
APR acute-phase response

BioSCIM  Sewage Chemical-Information Mining targeted at endogenous biomarkers
BoH biomarkers of health (or wellness)

d:hBR disease:health biomarker ratio
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P4H predictive, preventive, personalized, and participatory healthcare
SCIM Sewage Chemical-Information Mining

WWTPs  wastewater treatment plants
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HIGHLIGHTS

. Update on Sewage Chemical-Information Mining (SCIM) for assessing public
health

. Additional endogenous biomarkers are proposed for targeted monitoring with
SCIM.

. Challenges for SCIM include confounding aspects of sewage and data
normalization.

. A new concept is proposed that avoids the need for data normalization.

. Biomarkers are needed that measure not just disease but also health.
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Biomarkers meriting further evaluation for use with BioSCIM.4
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BiomarkerP

Example

Physiological role or origin

Limitations/advantages

Isoprostanes (IsoPs)

Desmosines

Bone Turnover
Markers (BTMs)

Pterins

mMtDAMPs

Polyamines

The 1soPs represent the
archetype biomarker for the
original conceptualization of
BioSCIM. They are not
discussed in this paper
because they have already
been covered in depth
(Daughton, 2012b).

Comprise two non-natural
amino acids, each substituted
with four lysine residues.
Desmosine (DES: 1,2,3,5-
tetrasubstituted pyridinium
amino acid) and isodesmosine
(IDES: 1,3,4,5-
tetrasubstituted pyridinium
amino acid).

The principal urinary BTMs
are NTX and CTX [“N-
terminal telopeptide
crosslinks” (aminoterminal
collagen crosslinks) and “C-
terminal telopeptide
crosslinks” (carboxyterminal
collagen crosslinks),
respectively] along with the
cross-linking pyridinolines
[pyridinoline (PYD) and
deoxypyridinoline (DPD, or
D-PYR)].

Neopterin is a member of this
class of biochemicals that
share a 4-keto-2-amino
pteridine ring.

“Mitochondrial-derived
damage-associated molecular
patterns” are members of
larger classes called “alarmin
or “danger signal” molecules.
One in particular is fMLP, the
tri-peptide A=
formylmethionine-
leucylphenylalanine.

The aliphatic polyamine with
most potential as a biomarker
of disease is MV, N2-
diacetylspermine (DAS or
DiAcSpm).

Broad class of prostaglandin-like
free-radical catalyzed oxidation
products from certain
polyunsaturated fatty acids (in
contrast to the cyclooxygenase-
formation of the analogous
prostaglandins). A well-known
example is 15-F-1soP (8-
iSOPGF5,,).

Serve as cross-links conferring
elasticity to the protein elastin.
Occur only in elastin, which is
essential for flexibility of connective
tissues. Only a finite supply in body,
as synthesis is repressed after
growth ceases. Extensively excreted
in urine only upon damage by
disease or injury to elastin, as well
as from normal aging.

Both of these classes are integral to
the physical, cross-linked structure
and stability of type I collagen,
which is the major constituent of the
organic matrix of bone. They are
released during bone resorption
(breakdown), which is a natural
process required for maintaining
bone health and strength but whose
balance is disrupted by a number of
diseases. This leads to elevated
urinary BTM levels.

Neopterin is a catabolic by-product
of cyclic guanosine triphosphate and
is generated primarily as a result of
activation of the cell-mediated
immune system. Produced in large
quantities as a result of a wide
spectrum of infectious diseases and
some diseases caused by—or
associated with—excessive
inflammation.

fMLP is a chemotactic peptide
released from mitochondria in
response to localized necrosis or
serious systemic inflammation. It
attracts neutrophils (via surface
receptors) and stimulates oxidative
bursts. fMLP is an integral part of
the innate immune system. It serves
as a mimic for the same peptide
sequence released by pathogenic
bacteria.

The aliphatic polyamines (PAs),
such as putrescine, spermidine, and
spermine are essential for regulatory
and control functions for all
mammalian cells. DAS is a PA
catabolite that is normally well
regulated and extensively excreted
in urine. It becomes dramatically
upregulated with the onset and
progression of a number of different
cancers. Significantly, DAS exhibits

IsoPs serve as time-integrative biomarkers of
systemic oxidative stress. They are
extensively excreted in urine and display
excellent chemical stability. Extensive array
of analytical methodology as well as clinical
studies already exist. But only preliminary
studies relevant to BioSCIM have been
published. IsoPs merit more study.

Excretion from normal aging process may
obscure accelerated release as a result of
disease. Excretion trends downward as elastin
supply is depleted in advanced disease states.
Unusual biomarker in that the body can only
excrete a fixed amount over a lifetime.

Very chemically stable. Excretion may be
independent of drug therapy. Significant,
extraneous dietary sources not known.
Considerable published research.

Substantial intra-individual variation in
diurnal excretion. It is therefore unclear if
collective population-wide BioSCIM data
would reveal meaningful trends. Resorption
can be exacerbated by a number of drug
therapies.

Excreted levels may not be influenced by
diet. But unknown is whether BTMs in raw or
digested foods might be released to sewage
and therefore confound BioSCIM data.

Occurs as a natural product in some foods,
such as tomatoes, spinach, and beets, which,
if entering sewers, could confound excreted
levels resulting from endogenous production.
Large intra-individual natural daily variance
in excretion. Susceptible to photolysis.
Chemically stable in urine. Excreted in
substantial quantities. Serves to integrate the
collective stress from a large number of
adverse conditions.

fMLP is known to occur in agricultural and
house dusts. But it is not yet known if it also
occurs in sewage other than via urine (e.g.,
such as from dusts or bacterial lysis). An
exogenous source could confound its utility
as a BioSCIM marker.

Diacetyl-PAs are probably exclusively
endogenous biomarkers (of cancer, kidney
disease, and diabetes, among others). They
originate in sewer predominantly from urine,
as they are not known to have meaningful
dietary sources.

PAs are very chemically stable with respect to
heat and pH, indicating that they may persist
in sewage.
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BiomarkerP?

Example

Physiological role or origin

Limitations/advantages

Nerve growth factor
receptor

Vitamin D-binding
protein (VDBP)

Monocyte
chemoattractant
protein-1 (MCP-1)

Gelsolin

The extracellular domain of
the transmembrane p75
neurotrophin receptor is called
p75ECD_

A 58-kDa glycoprotein (also
known as Gc-globulin) binds
with vitamin D metabolites,
serving to transport, protect,
and recycle them in
circulation. Also serves as a
scavenger (along with
gelsolin) of toxic levels of free
actin.

A 13-kDa cytokine, also
known as CC-chemokine
ligand 2 (CCL2) or small
inducible cytokine A2.
Renowned as the most potent
chemotactic factor for
monocytes.

Together with VDBP, gelsolin
is a ubiquitous, systemic

protein that is one of the more
important scavengers of actin.

little intra-individual or inter-
individual daily variation among
healthy individuals.

p75ECP is enzymatically cleaved
from the p75 neurotrophin receptor
during neuronal development,
injury, and certain neurological
diseases (especially amyotrophic
lateral sclerosis). It is extensively
excreted in urine but only at very
low, constant rates in healthy
individuals

Present at very high levels in the
serum of healthy individuals
(around 0.4 mg/mL) but
correspondingly very low urinary
levels. Urinary levels become
elevated by several orders of
magnitude during development and
manifestation of a variety of kidney
diseases.

Becomes over-expressed with renal
disease (e.g., diabetic nephropathy).
Even though urinary levels of
MCP-1 for healthy and diseased
states do not differ as much
compared with VDBP, they still
change by over an order of
magnitude.

Plasma levels in healthy individuals
range from 200 to 300 mg/L. Key
role in regulating disassembly of
actin filament released from cellular
injury and which can reach toxic
levels. Can therefore become
depleted after cellular injury, acting
like a negative acute-phase protein.
Gelsolin itself is cleaved by
caspase-3, releasing the terminal (or
truncated) fragment, t-gelsolin (or
tGelsolin).

DAS should be examined as an alternative to
creatinine for the normalization of biomarker

levels.¢

p75ECP s systemically shed not just during
neuronal injury or disease, but also during
pregnancy and the first month of life. It is
therefore not just a marker for disease.
Furthermore, the incidence of neurological
disease in a population might be too low for
detection of signal over background. This,
however, could make p75ECP an alternative
for creatinine in estimation of population size

or for biomarker data normalization.¢

The relative urinary levels between healthy
and diseased states is much larger than for
most biomarkers. This would greatly enhance
the odds of successful VDBP detection in
sewage.

Increased urinary levels of MCP-1 can be
confounded by acute kidney damage, such as
that caused by normal physiological
responses to healthy activities, such as
strenuous, sustained exercise.

Most data on urinary levels involve fragments
such as t-gelsolin. Little data reported on
urinary levels of parent gelsolin. High plasma
levels of gelsolin can therefore become
translated into low gelsolin fragment levels in
the urine, and vice-versa. As with other
negative APPs, gelsolin can also be up-
regulated in some disease states, so its plasma
levels may not be easily interpreted as
reflecting health or stress.

a . - . . . . . .
See Supplementary materials for narrative discussions (and supporting references) regarding each biomarker (excluding the isoprostanes).

blndividual biomarker or class of related biomarkers.

For further background, see section: Are there biomarker alternatives to creatinine for estimating population size or for data normalization?
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