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ABSTRACT 

 

 

The increasing awareness of the prevalence of prescription and illicit drug 

metabolites in wastewater is affecting changes to public and environmental health laws 

and policies. Drug takeback laws have been enacted to limit environmental pollution 

from drugs flushed into sewers; however, these laws only apply to legally prescribed 

drugs. Wastewater-based epidemiology, which relies on the measurement of drug 

concentrations in untreated wastewater, is also emerging as a complementary drug-use 

data tool to estimate drug consumption patterns by a community in near real-time. We 

sampled both the untreated influent and treated effluent at two locations in Montana over 

three months from April to June, 2019, to ascertain the concentrations of certain 

prescription and illicit drugs of abuse. The concentrations of drugs obtained from the 

untreated influent were used to inform a wastewater-based epidemiology study that 

compared drug-dose estimates from our wastewater samples against existing local drug-

use sources (emergency medical services calls, drug seizures, and prescription dispense 

data). We also measured the treated effluent to determine the concentration at which 

drugs of abuse are persisting through the wastewater-treatment process and potentially 

affecting aquatic life exposed to those concentrations in receiving waters. We undertook 

a risk assessment whereby measured drug concentrations were assessed against 

corresponding ecotoxicology thresholds. Our results indicate that both codeine and 

morphine concentrations were above predicted no-effect concentrations. The overall 

results indicate that (1) wastewater-based epidemiology may be an effective tool to better 

describe substance abuse in communities and (2) drugs are persisting at levels above 

ecotoxicological thresholds from wastewater treatment plants into receiving waters. To 

our knowledge, these investigations are the first of their kind to have been conducted in 

Montana. 
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PREFACE 

 

 

The detection of trace levels of pharmaceuticals in both wastewater and drinking 

water has been repeatedly documented since the 1970s. Among the variety of emerging 

contaminants in our environment, pharmaceuticals have received significant attention 

given their recognized risk to highly sensitive aquatic species and their potential risk to 

human health due to exposure to such trace levels. As technologies have advanced to 

determine particular concentration levels in the environment, such information is being 

used to inform a variety of public and environmental health endeavors. In the public-

health domain, studies have documented the utility of testing wastewater for particular 

drugs of abuse to determine the extent of drug-taking habits of community residents. 

These studies form the basis of a health-research concept referred to as “wastewater-

based epidemiology.” In light of both the health and economic costs of the opioid 

epidemic in the US, the capabilities of this public-health tool deserve consideration.  

Another example of the value of such concentration-level data includes the ability to 

inform broader risk-assessment studies regarding low-dose exposure and, consequently, 

the adequacy of existing water-quality standards to protect human health. As 

environmental- and human health-risk scientists seek to use the best available data and 

concerns of potential cumulative impacts of chronic, long-term exposure to low-dose 

contaminants increase, the utility of such concentration data is recognized.  

Each of these avenues is indeed complex and multilayered given the intersecting 

public health, environmental health, and regulatory elements involved. Both rely on the 

accurate detection of concentration levels; data that the literature recognizes are lacking 
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and are also difficult to obtain. Although a plethora of literature exists regarding the 

detection of the pharmaceuticals in certain locations, challenges persist in translating 

these useful data into meaningful environmental and public health endeavors.  
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CHAPTER ONE 

 

 

LITERATURE REVIEW 

 

Pharmaceutical Compounds Detected In Waterways 

 

Studies have documented concentrations of organic wastewater contaminants 

(OWCs) in waterways across the world. Pharmaceuticals and personal-care products 

(commonly referred to as PPCPs) are considered contaminants of emerging concern 

(CECs). In addition to prescription and nonprescription drugs, other categories of OWCs 

include veterinary antibiotics, personal-care products, steroids, and other hormones 

(Kolpin et al., 2002).  

Although OWCs have been more commonly reported in higher frequencies 

downstream of wastewater treatment plants, they are indeed ubiquitous, detected in 

source waters and pre- and post-treatment drinking water (Benotti et al., 2009). In 1999 

and 2000, the United States Geological Survey (USGS) conducted the first national 

reconnaissance survey of streams across the US testing for the presence of 95 OWCs 

(Kolpin et al., 2002). They detected one or more OWCs in 80% of the 139 streams that 

were sampled. Although the sample was not necessarily representative of all streams 

across the US, as the locations were chosen given their geographical location downstream 

of high-density urbanization and livestock production (Kolpin et al., 2002), such 

widespread detection almost 20 years ago is considerable. Nonprescription drugs were 

found at the highest frequency, with antibiotics, prescription drugs, and reproductive 

hormones found at similar detection levels (Kolpin et al., 2002). The individual 
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concentrations detected were considerably low, at less than 1 microgram per liter (<1 

μg/L); however, mixtures of compound concentrations frequently exceeded 1 μg/L 

(Kolpin et al., 2002).  

A multitude of CECs can be detected throughout the water cycle, with the extent 

of their impact ranging from negligible to harmful effects on aquatic life, bacterial 

communities, plant life, and human health. Given the vast number of pharmaceuticals 

produced and consumed, it follows that the prioritization of those of most concern in the 

environment is receiving more attention. The 2018 U.S. Prescribers Digital Reference 

lists 2900 pharmaceuticals that may be prescribed in the US (PDR, 2018). Since Kolpin 

et al. (2002), extensive literature reports the quantification of pharmaceuticals in 

waterways. Given the sensitive detection methods now available, many studies report 

results detecting levels of the majority of compounds for which they test. Batt et al. 

(2016) sampled 182 sites on rivers near urban centers for as many as 46 analytes of active 

pharmaceutical compounds. These included antibiotics, diuretics, anti-hypertensives, 

anticonvulsants, and antidepressants (Batt et al., 2016). They reported the most frequently 

detected compound was sulfamethoxazole (an antibiotic), measured in 141 of the 182 

surface waters surveyed at concentrations ranging up to 570 ng/L (Batt et al., 2016). 

Fram and Belitz (2011) also found evidence of pharmaceutical compounds in ground 

water used for drinking water in California. Although the detection levels were low, the 

presence of the pharmaceuticals were often detected in conjunction with pesticides and in 

“urban” land-use areas (Fram and Belitz, 2011). 
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Studies have also recognized the presence of pharmaceuticals at low levels in 

drinking water. Benotti et al. (2009) reported on studies’ investigations presence of 

pharmaceuticals and endocrine-disrupting compounds in source water, finished drinking 

water, and tap distribution water. Pharmaceuticals compounds were found less frequently 

in finished water compared to source waters, indicating degradation via treatment 

systems (Benotti et al., 2009). Glassmeyer et al. (2017) published a series of papers to 

provide “accurate, objective information for assessing the potential for human exposure 

to a comprehensive set of CECs via drinking water.” This work was conducted as part of 

an interagency agreement between the USGS and the U.S. Environmental Protection 

Agency (U.S. EPA). Surveying pharmaceuticals (among other CECs) in source and 

treated drinking-water treatment-plant samples confirmed that, even though the 

concentrations of pharmaceuticals detected are low (parts per trillion), their presence 

persisted through the treatment processes, thereby suggesting exposure via water 

consumption (Glassmeyer et al., 2017). Although the presence of pharmaceuticals due to 

human consumption and metabolic excretion processes resulting in detection downstream 

of wastewater treatment plants is not surprising, these recent studies illustrate that they 

can also persist in drinking water.  

Although there have been many studies undertaken to investigate the presence of 

pharmaceuticals, given the multiple pharmaceuticals that exist and the fact that there is 

not a federal monitoring requirement, it is difficult to determine which pharmaceutical 

compounds are detected most frequently. In addition to the absence of regulatory 

reporting requirements, several other factors add complexity to this task. Benotti et al. 
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(2009) reported that dosage, pharmacokinetics, treatment degradation, and environmental 

fate each factor into the ultimate detection of such compounds in water. They noted that 

the most commonly detected compounds were actually not even listed in the top 200 

most prescribed for that particular year (Benotti et al., 2009). In 2013, the USGS 

published a report outlining the Prioritization of Constituents for National and Regional 

Scale Ambient Monitoring of Water and Sediment in the United States (Olsen et al., 

2013). They categorized pharmaceuticals and hormones in water, including the 

prioritization of “a total of 406 pharmaceutical constituents…using criteria for likelihood 

of occurrence (from occurrence data or predicted occurrence) and reason for concern 

(including potential effects to human health or aquatic life)” (Olsen et al., 2013). As a 

consequence of little or no monitoring data existing for most of the pharmaceuticals 

prioritized, supplemental external literature sources referring to actual or predicated 

occurrences were used (Olsen et al., 2013).  

More recent literature refers to the same general considerations Kolpin et al. 

(2002) expressed in relation to the low detection and detection of mixtures of 

pharmaceuticals and other contaminants in water. That is, a limited knowledge regarding 

human and environmental effects from low-dose exposure and lack of research regarding 

interactive effects of compounds (Kolpin et al., 2002; WHO, 2012; Wise et al., 2011). 

WHO (2012) noted that “knowledge gaps exist in terms of assessing risks associated with 

long-term exposure to low concentrations of pharmaceuticals and the combined effects of 

mixtures of pharmaceuticals.” 
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Technology Enabling Low-level Detection 

 

The existence of pharmaceutical compounds in waterways is not a new 

phenomenon. As with many other contaminants that we are now aware exist in the 

environment, it is the ability to detect their presence that has given rise to exposure-

related concerns. Ultrasensitive analytical testing methods have facilitated the detection 

of pharmaceutical compounds in water at the parts-per-billion and parts-per-trillion 

levels. Fatta et al. (2007) reviewed the analytical methods applied for the most common 

pharmaceuticals in water and wastewater. These methods include gas chromatography 

with mass spectrometry (GC-MS) and tandem mass spectrometry (GC-MS/MS), and 

liquid chromatography with mass spectrometry (LC-MS) or tandem mass spectrometry 

(LC-MS/MS) (Fatta et al., 2007). The particular testing method is chosen according to the 

chemical and physical properties of the target compounds. To measure polar and highly 

soluble compounds, the LC-MS/MS is considered most suitable whereas the GC-MS/MS 

is most suited to more volatile target compounds (WHO, 2012). The vast majority of 

research studies undertaken to detect pharmaceutical and other contaminants in water in 

recent decades adopt these analytical methods. 

Although these tools can yield ultrasensitive results, they have limitations. WHO 

(2012) noted that there is “currently no standardized practice or protocol for the sampling 

and analytical determination of pharmaceuticals in water or any other environmental 

media that ensures the comparability and quality of the data generated.” Kostich et al. 

(2008) also recognized key limitations of the tools in that only several dozen analytes can 

be tested at once and there is a lack of suitable standards for drug metabolites. The U.S 
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EPA does maintain a list of approved analytical methods for testing unregulated 

contaminants that includes the LC as an approved analytic method (U.S EPA, n.a). 

 

Pharmaceuticals and Their Impact on Aquatic Species 

 

A consequence of such highly sensitive analytical methods has allowed 

ecotoxicologists to investigate health impacts (both physiological and behavioral) to 

certain aquatic organisms as a result of exposure to low-level concentrations. Given their 

smaller body size and environmentally available exposure, aquatic species have 

traditionally been regarded as the most vulnerable population to such exposures to 

pharmaceuticals in water. The literature consistently recommends further research on 

low-dose effects and key studies have reported effects on aquatic organisms. Routledge et 

al. (1998) reported that low-level concentrations of natural steroidal estrogens could 

account for vitellogenin synthesis (a protein usually only produced in female fish) in 

caged male fish placed downstream of wastewater treatment plants’ (WWTP) effluent 

discharges in British rivers.  

Many researchers over the following two decades have also demonstrated health 

risk to aquatic organisms exposed to concentrations of certain contaminants at levels 

detected in WWTP effluent. Mills and Chichester (2005) conducted a meta-analysis of 

studies of endocrine-disrupting compounds in the aquatic environment impacting fish 

populations. They summarized a range of noted concentrations (including from 1 part-

per-billion to 2 parts-per-trillion) from studies that demonstrated impaired sexual 

development and reproduction from lab exposure to ethinyl estradiol at concentrations 
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found in wastewater. The feminization of fish downstream from wastewater facilities has 

also been illustrated (Jobling et al., 2006). Ankley et al. (2017) found that, historically, 

the two chemicals of particular concern relative to feminized fish have been the natural 

and synthetic steroids 17β-estradiol (β-E2) and 17α-ethinyl estradiol (EE2). They report 

that, due to chemical conversion of the natural steroid estrone (E1) to E2 in fish, mixtures 

of both natural and synthetic estrogens need to be considered for ecological impacts. 

Meador et al. (2016) also highlight the significance that exposure to pharmaceuticals can 

have on the overall whole-body load of fish, which is of concern in relation to potential 

human exposure to bioaccumulation and fish consumption.  

 

Wastewater-based Drug Epidemiology 

 

The literature discussed above indicates the prevalence of investigations into 

pharmaceutical compounds present in waterways and potential ecosystem health from a 

predominantly water-quality perspective. The vast majority of studies undertaken have 

focused on pharmaceuticals other than those considered drugs of abuse or illicit. In recent 

years, a shift in attention to the detection of drugs of abuse and illicit drugs has occurred 

(Burgard et al., 2014). Another avenue of utility for this concentration data is for public 

health and community surveillance drug use known as wastewater-based epidemiology. 

Literature spanning the past decade reveals that assessments of sewage drug biomarkers 

have determined the extent of potential exposure to harmful levels in water, and assessed 

particular drugs of abuse that are being used within a community. Keshaviah et al. (2017) 

note that this tool can assess trends in particular drug use and evaluate initiatives 
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designed to curb abuse. Literature from across this developing field generally recognizes 

the accurate and useful information such data can provide to inform public and 

environmental health initiatives. Investigations of this nature are emerging due to the 

advanced detection methods that were primarily used for water-quality purposes. 

Opioid drug and metabolic residues (sewage drug biomarkers) measured in raw 

urban sewage can reflect the amount of a particular drug that has been consumed by the 

population that is served by the wastewater treatment plant. Sewage drug biomarkers 

have been recently used to estimate illicit drug consumption at a community level in 

several cities worldwide (Castiglioni et al., 2013). These studies generally show good 

agreement with prevalence data from national epidemiological surveys demonstrating the 

potential of this approach to complement population surveys, crime statistics, medical 

records, and seizure data (van Nuijs et al., 2011). Studies have been undertaken across the 

globe reporting on the detection of concentrations of illicit drugs in wastewater treatment 

systems, both pre- and/or post-effluent. Studies have been conducted in Italy (Castiglioni 

et al., 2016), Switzerland (Been et al., 2015), Belgium (van Nuijs et al., 2008), Canada 

(Rodayan et al., 2016; Yargeua et al., 2014.), the Netherlands (van der Aa et al., 2014), 

Finland (Kankaanpää et al., 2014) the United States (Subedi & Kannan 2014; Banta-

Green et al., 2009), Germany (Ort et al., 2014), Australia (Lai et al., 2013), and Britain 

(Zuccatto et al., 2008). Such studies highlight this cutting-edge form of research; 

however, the processes have yet to be fully standardized and optimized.  

Wastewater-based epidemiology data can overcome the shortcomings of more 

traditional drug monitoring methods. Keshaviah et al. (2017) note that the traditional data 
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sources of drug-use data, including self-reporting surveys, hospital, pharmacy, drug-

treatment-center data, and criminal databases can be complemented by wastewater 

concentrations of drugs in communities. For various reasons, traditional sources of drug-

use data are limited in accurately and definitively capturing the extent of drug use in a 

particular community. Studies report that common methods for assessing drug use in a 

particular area are notoriously difficult to validate given survey bias, the fact that a drug 

has been prescribed does not necessarily mean that is has been consumed, and a noted 

exchange of prescription drugs among those for whom it may not have been prescribed 

(SAMHSA, 2014). Nearly 70% of prescription painkiller abusers in Montana obtain their 

drugs from a friend or family member, and most acquire them for free (SAMHSA, 2014). 

Although surveys and prescription fill records might give some valuable data, the 

inherent inaccuracies with these methods for epidemiological purposes are obvious. 

Further, as referred to earlier, as many pharmaceuticals are not currently regulated 

under environmental water-quality legislation in the US, there is not yet an established, 

credible source of data available to public and environmental-health officials to gauge the 

prevalence of drugs flowing through a community. It is noted that the U.S. EPA does list 

several pharmaceuticals on their Candidate Contaminant List, which recognizes that 

pharmaceuticals in waterways are not currently regulated, but may well be harmful to 

human health (U.S EPA, 2017). The testing of wastewater has therefore also been 

regarded as an opportunity to establish safety thresholds for toxicological risks to humans 

and the environment while providing individual usage anonymity, informing public and 

environmental health community efforts.  
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Literature on wastewater-based epidemiology studies reports that such testing can 

provide near real-time data of drug consumption patterns. Thomas et al. (2012) 

investigated illicit drug use across 19 European cities. Although similar studies have 

occurred in different counties, this was the first coordinated examination of drug-use 

levels over the course of the same week across countries. Thomas et al. (2012) tested for 

a range of illicit drugs including cocaine, amphetamines, ecstasy, and cannabis. Their 

results indicated that cocaine and ecstasy use was much higher on the weekend than 

compared to weekday use. Berset et al. (2011) also investigated illicit drug use and their 

results indicated higher consumption of drug use over weekends. In Spain, Jurado et al. 

(2012) highlighted that cocaine use occurred in more prosperous neighborhoods, while 

the more inexpensive MDMA was the preferred drug of abuse in poorer neighborhoods. 

While consumption patterns such as these are not necessarily surprising and other data 

sources, such as hospital admission rates for substance abuse, could likely also reflect 

such information, the objective nature of this drug-concentration data also illuminates 

other aspects of drug behavior traditional methods have not been able to achieve. Thomas 

et al. (2012) revealed drugs that were being used within a community that might not have 

been known to drug enforcement or public-health professionals in that town, therefore 

acting as an accurate supply indicator. The demand for such information in the US in its 

grip of the opioid crisis is clear, and the current literature consistently purports multiple 

benefits of wastewater-based epidemiology.  
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Sampling, Testing, and Ethical Considerations  

with Wastewater-based Epidemiology 

 

 

Given that wastewater-based epidemiology is a relatively emerging field, the 

optimization of the sampling methods utilized is still developing. Investigators have 

recognized methodological limitations and various considerations of the sampling that 

can impact its overall efficacy as an accurate public-health tracking tool. Ort et al. (2014) 

investigated the variability of daily illicit drug loads in wastewater and their relationships 

to environmental factors in a German village. Their key objectives were to explore the 

suitability of wastewater-based epidemiology in small populations and to optimize the 

monitoring design for future studies. They investigated the extent to which cocaine levels 

(among other illicit drugs) were affected by environmental factors such as weather. They 

determined that, based on their studies and the limited long-term wastewater studies 

available, as many as 56 stratified random samples would be required to obtain a reliable 

indication of annual drug-load estimates (Ort at al., 2014). Khan and Nicell (2012) 

highlight another methodology challenge related to the extrapolation of the parent drugs 

consumed. They note the need to determine the correct mass balances to back-extrapolate 

measurements of wastewater influent concentrations of appropriate drug residues to 

assess the parent illicit drug's level of use in upstream populations. This can include the 

consideration of disposition data available for their release from respective sources and 

route of administration considerations such as differences in the metabolic capacity of 

users (Khan & Nicell, 2012). Van Nuijs et al. (2011) also call for further attention to the 

optimization of these processes saying, “future work should focus on further optimization 
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and standardization of various important parameters (e.g., sample collection and back-

calculations)” (van Nuijs et al., 2011). 

Keshaviah et al. (2017) also refer to key challenges related to wastewater-based 

epidemiology regarding the nonspecific metabolites found across particular drugs and 

implications related to drugs with low stability in wastewater and consequential low 

detection levels. The example provided of a drug with nonspecific metabolites includes 

heroin, which nonspecific metabolites are chemically identical to morphine. Kaspyrzyk-

Hordern and Baker (2012) recognize the verification of potency of used drugs as a key 

challenge in wastewater-based epidemiology. Other researchers note that, while these 

challenges will persist, the use of available analytic tools, such as the LC-MS and 

strategic secondary sources of data, to parse findings into certain categories for 

epidemiological relevance can occur.  

Daughton (2018) points out that researchers conducting these investigations must 

know analyte concentrations, wastewater flow rate, and the catchment basin’s population 

size in order to determine community-wide per capita consumption (e.g., grams of drug 

per day per 1000 inhabitants). Been et al. (2014) recognize that ammonia levels that are 

characteristic of urine fluctuations can also be used to inform population size and 

fluctuations in population estimates over time. Several publications report on the 

processes adopted by statisticians and modelers to precisely determine estimated drug use 

per capita per person. Van Nuijs et al. (2011) highlight the “simplified” process in a 

diagram (see Figure 1), including the steps of determining daily flow rates in the 

treatment plants to determine mass loads of drugs and metabolites (g/day) and back 
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calculations to determine drug use (g/day) and determine amount of drug used (g/day) per 

1000 inhabitants (van Nuijs et al., 2011). Researchers in Europe (at the Swiss Federal 

Institute of Aquatic Science and Technology, n.d.) are developing models and statistical 

applications in the software package “R” to “efficiently model realistic short-term 

variations of flows and substances in sewers and to evaluate the suitability of different 

sampling setups.” The package also assists with optimization of sampling where short-

term variations may be high and the reliable collection of representative average samples 

over a period of time may be challenging.  

 

Figure 1. This figure is obtained from van Nuijs et al., 2011, and describes the analytical 

process for deriving drug use in communities. 

 

An interesting and important aspect of wastewater-based epidemiology and the 

application of the information it provides relates to ethical considerations of findings. As 

this field advances, recent literature refers to the need for ethical guidelines. Despite the 
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concentration data alone providing seemingly objective data, the dissemination and 

reporting of the findings ultimately highlight a community’s drug-use behavior; 

inherently sensitive aspects are not necessarily considered objective and are subject to 

judgement. Prichard et al. (2014) note, while traditionally low ethical risk is involved 

with wastewater-based epidemiology studies as individuals cannot be identified (and 

therefore Human Research Ethics Committees reviews have been waived), this does not 

necessarily mitigate all risks in smaller studies where risks of harm might occur. Hall et 

al. (2012) noted that, when wastewater-based epidemiology is used in smaller catchment 

areas where the anonymity of the population may not be guaranteed (such as schools, 

workplaces, small populations), effort should be taken to reduce media misreporting and 

potential stigmatization that might occur as a result of such misreporting. Prichard et al. 

(2014) further purport that “the risk of harm can be managed through research planning, 

awareness of the sociopolitical context in which results will be interpreted (or, in the case 

of media, sensationalized) and careful relations with industry partners.” They note that 

ethical guidelines for researchers involved in wastewater-based epidemiology should be 

developed and annually reviewed. Such guidelines would include publication processes 

that protect scientific rigor and would also ultimately work to protect the reputation of 

this emerging field (Prichard et al., 2014). In addition to the literature’s demand for 

optimization of the methodology methods is an increasing demand for an “optimization” 

of sorts for publication, dissemination, and utilization of the data once obtained.  

There is a distinct lack of literature regarding how wastewater-based 

epidemiology data have been used to inform public-health measures. This translational 
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challenge is not necessarily exclusive to environmental concentration data, but, as a 

primary value of wastewater-based epidemiology is to indeed inform and affect drug 

abuse behavior, this challenge is worth consideration. A recent symposium (“Potential of 

Wastewater Testing for Public Health and Safety”) was held with experts from medical 

science, environmental science, law enforcement, and academia to understand the 

opportunity that wastewater testing provides to rapidly assess trends in opioid use and 

evaluate initiatives to curb abuse (Keshaviah, 2017). This recent work and emphasis on 

understanding the utility of this tool serve to highlight the gaps that exist in relation to 

translating these data into meaningful efforts to combat drug abuse. This is not surprising 

given how nascent the field is, but it does highlight that, not only the collection, but also 

the publication and translation of such data, considerations as to where it should be 

undertaken, and how private and public organizations can use these data, require 

attention.  

 

Opioid Epidemic in the US 

 

As a recent Johns Hopkins report noted “opioid-related deaths continue to 

accelerate, constituting a national epidemic and public health emergency” (Alexander et 

al., 2015). In 2017, the U.S. Government declared a public health emergency to address 

the national opioid crisis (U.S. HHS, 2017). This declaration enabled all executive 

agencies to use all appropriate emergency authorities and other relevant authorities to 

address the problem. The U.S. Federal Government allocated almost $900 million in 

fiscal year 2017 in efforts to address the opioid crisis (U.S. HHS, 2017). While addiction 
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to both prescription and nonprescription pain killers occurs worldwide, since the 1990s, 

the US has witnessed such a marked increase in the abuse of opioids with over two 

million individuals addicted to prescription pain killers and over a half-million addicted 

to the illicit opioid, heroin (Alexander et al., 2015). Recent statistics indicate that “deaths 

from drug overdose in the United States increased 11.4% from 2014 to 2015 resulting in 

52,404 deaths in 2015, including 33,091 (63.1%) that involved an opioid” (Seth et al., 

2018). Furthermore, “the largest rate increases from 2014 to 2015 occurred among deaths 

involving synthetic opioids other than methadone (synthetic opioids) (72.2%)” and the 

“largest overall rate increases occurred among deaths involving cocaine (52.4%) and 

synthetic opioids (100%), likely driven by illicitly manufactured fentanyl” (Seth et al., 

2018).  

Various factors have been attributed to causing this epidemic. While opioids have 

been used for pain management for centuries, and synthetic opioids for decades, the 

literature refers to the recognition and advocacy of “pain” as a fifth vital sign within the 

medical and medical administration community originating from the American Pain 

Society in 1995 (Morone & Weiner, 2015). This attention to patient pain led to the 

development of a Joint Commission standard recommending that pain be assessed in all 

patients, and satisfactory pain management ultimately became a quality measure for 

hospitals to be scored against around 2001 (Morone & Weiner, 2015). Whether the Joint 

Commission’s standard is a leading cause remains contentious, as illustrated by a Joint 

Commission Statement on Pain issued in 2016 noting that “everyone is looking for 

someone to blame…we are encouraging our critics to look at our exact standards, along 
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with the historical context of our standards, to fully understand what our accredited 

organizations are required to do with regard to pain” (Joint Commission, 2016). The 

enforcement of the standard and the resulting attention by hospitals, doctors, and patients 

to pain management also occurred during a time when pharmaceutical companies were 

actively marketing opioids to doctors to control this pain. Purdue Pharmaceuticals is one 

of several recognized companies that aggressively marketed opioids to doctors to 

prescribe to patients. For example, “Purdue's promotion of OxyContin for the treatment 

of non–cancer-related pain contributed to a nearly tenfold increase in OxyContin 

prescriptions for this type of pain, from about 670 000 in 1997 to about 6.2 million in 

2002” (Van Zee, 2009). Purdue and other pharmaceutical companies have been 

recognized for their marketing habits and targeting of doctors, which led to an over 

prescription of these drugs, and a failure to ensure the addictive qualities of such drugs 

were made known or consequently managed by doctors. Both factors have arguably led 

to the epidemic now faced in the US and the proliferation of non-prescribed and 

counterfeit opioids.  

The term opioid epidemic generally describes the addiction and abuse of a variety 

of both prescribed and non-prescribed opioid analgesics (pain killers). Opioids are a 

chemically related class of drugs and include the illegal drug, heroin, synthetic opioids 

such as fentanyl, and pain relievers available legally by prescription, such as oxycodone 

(OxyContin), hydrocodone (Vicodin), codeine, morphine, and many others (National 

Institute of Drug Abuse, n.d.). While the original opiate was derived from the juice of the 

opium poppy, most opioids are now synthetic chemicals made in laboratories for the 
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purpose of providing pain relief. Data suggest that, although oxycodone and hydrocodone 

are known to be widely abused, drugs such as methadone, morphine, and fentanyl are 

actually abused more than the prescribed volume of these particular drugs would imply 

(Butler et al., 2011). 

 

U.S. Communities at Higher Risk of Exposure to Opioid Abuse 

 

The abuse of opioids is considered at epidemic proportions across the US and is 

considered to affect all ages, economic backgrounds, and ethnicities. However, data 

imply higher rates of overdose among rural opioid users and rural users less likely to 

report recent risk behaviors (Dunn et al., 2016). The literature confirms that those 

individuals with a history of (any) substance abuse, a history of mental illness, and those 

who reside in more rural areas also have a higher propensity for opioid abuse (Keyes et 

al., 2014). Despite prescription-monitoring programs, there is limited data regarding the 

geographic and demographic breakdowns related to the actual prescribing rates of these 

drugs by doctors, though it is well established that doctors have been prescribing such 

drugs at much higher rates in the past two decades than ever before (Keyes et al., 2014). 

Individuals in communities where doctors may have a higher likelihood of prescribing 

such drugs, or where doctor and pharmacy shopping might be easier due to more lax state 

laws, are also at a likely higher risk of exposure. 

The link between prescription narcotic painkiller abuse and subsequent and/or 

simultaneous heroin abuse continues to grow. In the US, 80% of “recent heroin initiates 

had previously used prescription opioids non-medically” (Muhuri et al., 2013). Also of 
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interest, nearly 70% of prescription painkiller abusers obtain their drugs from a friend or 

family member, and most get them for free (MT DPHHS, 2017). Data from Montana 

note that nearly 16% of all Montana high school students have taken a prescription pain 

killer they did not have a prescription for at some point in their lives (MT DPHHS, 2017). 

Montana healthcare providers wrote 90 opioid prescriptions per 100 persons in 2015 

(approximately 722,011 prescriptions) (National Institute on Drug Abuse, 2018). This 

exceeds the average national rate of 70 opioid prescriptions per 100 persons (National 

Institute on Drug Abuse, 2018).  

 

Treatment Systems and Degradation of Pharmaceutical Compounds 

 

Extensive literature reports on the fate of emerging contaminants in the water 

cycle, including the degradation of pharmaceuticals through the wastewater treatment 

process. The removal efficiency of illicit drugs via wastewater treatment plants varies 

extensively (Yadav et al., 2017). Illicit drugs as the unchanged parent compound and 

their active metabolites can escape degradation in wastewater treatment plants, ultimately 

being released into surface waters. Consequently, illicit drugs are emerging 

environmental contaminants (Zuccato and Castiglioni, 2009). Although concentrations of 

these drugs may be in the parts-per-billion or trillion, over time, these complex residues 

with potent pharmacological activity may pose a risk to drinking water sources and 

aquatic life (Zuccato et al., 2005). Research conducted by Lishman et al. (2006) 

demonstrated detectable levels of PPCPs entering Canadian waterways at trace levels, 

and that only some of these compounds were being reduced in a significant proportion by 
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municipal wastewater treatment processes. Meador (2016) also asserts that some 

compounds are eliminated or reduced in concentration by treatment practices; however, 

this varies among facilities. Meador (2016) recognized that some compounds are sorbed 

to biosolids and removed from the waste stream entirely. In contrast, however, some 

CECs are poorly removed by WWTP processing or are discharged to surface waters, 

including streams, estuaries, or open marine waters due to secondary bypass or combined 

sewer overflows (Meador, 2016). Falconer (2006) recognizes that water treatment 

systems that are more basic and where wastewater directly or indirectly ends up as 

drinking water are more vulnerable. Oulton et al. (2010) conducted a survey of the 

transformation and removal of PPCPs during wastewater treatment that highlighted the 

variable capacity for removal and varieties of removal systems in existence. Ultimately 

the efficacy of the treatment system will determine the fate of the substance and likely 

risk of exposure to aquatic or human life.  

 

Illicit Drugs in Water Sources—Impacts to Aquatic Life and/or Humans 

 

As a result of variable elimination in wastewater treatment plants, these drugs and 

their metabolites are being continuously released into the aquatic environment. As noted 

earlier, many of the traditional pharmaceuticals tested for from the water quality 

perspective include hormones and antibiotics. Risk assessment and ecotoxicology 

information in relation to illicit drugs is limited and the literature calls for further 

research. Although it is not well understood, given the surge of illicit drug use (including 

opioid use) in the past several years, researchers have begun investigating how such 
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chemicals might be impacting the environment. Rodayana et al. (2016) highlighted that 

drugs of abuse can be transported from wastewater sources into drinking water in urban 

watersheds. Lee et al. (2016) recently demonstrated that low-dose, sub-lethal levels (1 μg 

L–1) of amphetamine disrupted stream ecology, suppressing primary biofilm production 

by over 88%. As Kostich et al. (2008) point out, “evaluating pharmaceutical (API) 

ecotoxicology is even more challenging due to uncertainties about appropriate dosages, 

durations of exposure, range of sensitive taxa, sensitivity of developmental stages, and 

toxicological endpoints” (Kostich et al., 2008). Thomadi et al. (2015) noted that, although 

at very low concentration levels (below a risk quotient of 1), illicit drugs such as codeine 

have been detected in treated wastewater. Alternatively, Jiang et al. (2015) undertook a 

study to examine the impact of emerging contaminants, including illicit drugs, on the 

aquatic environment surrounding a youth music festival and noted codeine was detected 

at a significant level representing a risk quotient greater than 1 for impact to aquatic 

organisms. Rosi-Marshall et al. (2015) noted that illicit drugs are indeed detected in 

surface waters and aquatic organisms may be affected by these compounds, but also 

highlighted research is needed regarding concentration, environmental fate, and effects of 

illicit drugs on aquatic organisms. A Dutch study confirmed that illicit drugs were 

detected in surface water but at concentration levels below those considered harmful to 

human health and regulated for in the Dutch Drinking Water Act (van der Aa et al., 

2013). As Jones et al. (2005) noted, “continual life-long exposure to trace levels of 

pollutants is an unexplored area of toxicology and the many possible issues that could 

theoretically be involved have not been extensively studied.” Similar to prescription 
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antibiotic and hormone pharmaceuticals, various researchers (such as van der Aa et al., 

2013) considering the impact from illicit and drugs of abuse note the lack of data on 

impact of multiple compounds at low concentrations and the need for analytical 

techniques to detect possible new illicit drugs.  

 

Opioids as Environmental Endocrine-disrupting Compounds 

 

Vast literature (mentioned previously in this review) refers to the ecological threat 

posed to aquatic organisms from endocrine-disrupting compounds. Thomadi et al. (2015) 

reported that, of all the pharmaceuticals and illicit drugs in treated wastewater that they 

tested for, the threat from single or mixture toxicity of endocrine-disrupting compounds 

posed the greatest risk to aquatic organisms. Given the prolific use of opioids and 

potential concentration of their metabolites in treated wastewater in the US, it may be 

important to consider their endocrine-disrupting capacity from an ecotoxicological 

perspective. Voung et al. (2010) conducted a meta-analysis of studies on the effects of 

opioids on animal and human endocrine systems since 1984. They note that the majority 

of studies were conducted on the acute effects although chronic effects are more 

physiologically relevant (Voung et al., 2010). The physiological impact of opioids on 

various animals and humans is undisputed. In another systematic review of the impact of 

opioids on the human endocrine system, Katz and Mazer (2009) noted that opioid-

induced hypogonadism seems to be a common complication of therapeutic or illicit 

opioid use. Endocrine complications were a common feature of studies in their review 

and they called for routine screening of long-term patients for sex hormone abnormalities 
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as a result (Katz & Mazer, 2009). Although information is available regarding opioid 

impact on the human endocrine system, there appears to be a gap in the data of 

endocrine-disrupting impacts of opioids on aquatic organisms. This aligns with the lack 

of ecotoxicological and risk assessment data for illicit drugs in general. While hormonal 

pharmaceuticals (such as xenoestrogens) are much more likely candidates for disrupting 

the endocrine system, given the literature’s reference to opioids’ ability to also impact the 

endocrine system and the prevalence of the drugs in this crisis, it may be worth 

considering opioids as environmental endocrine disruptors.  

 

Regulatory Action 

 

Limited literature exists regarding regulations and pharmaceutical concentrations 

in waterways, primarily because there are no monitoring requirements under U.S. EPA 

legislation. Under water-quality legislation, U.S. states can have standards more stringent 

than those imposed at the federal level; however, there is still limited recognition of 

pharmaceuticals as contaminants to be regulated. Commentary exists often in relation to 

recent studies that have detected pharmaceuticals in waterways or highlighted impact to 

aquatic organisms questioning the need for regulation due to recognized aquatic impact. 

Pharmaceuticals fall outside criteria considered contaminants for monitoring standards 

under the Safe Drinking Water Act and Clean Water Act. The EPA does produce a 

Contaminant Candidate List, which highlights contaminants regarded as “a chemical not 

subject to any proposed or promulgated national primary drinking water regulations, but 

known or anticipated to occur in public water systems which may require future 
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regulation” (U.S. EPA, 2017). There are currently no illicit or drugs of abuse included on 

this list, but a few pharmaceuticals for human use are listed, including birth control 

substances and antibiotics. One such pharmaceutical listed on the most recent No. 4 list is 

ethinyl estradiol (EE2). Although it is not currently subject to regulation, some 

jurisdictions do provide guidelines regarding “safe” levels of EE2. The Minnesota 

Department of Health has developed a guidance value of 0.2 ppt for EE2 in drinking 

water (MN DOH, 2016). Monitoring efforts do exist in several states, and there is indeed 

a growing concern to understand the concentrations of contaminants such as these as well 

as other emerging contaminants (Integral, 2016).  

Outside of the US, Australia is considered to have taken the first major effort with 

the Australian Guidelines for Water Recycling: Augmentation of Drinking Water 

Supplies (Australian NHMRC, 2014). These guidelines, though neither mandatory nor 

with any legal status, provide “guidance levels” for numerous pharmaceuticals in 

reclaimed water. Ultimately, the absence of state or federal reporting requirements results 

in a lack of benchmark levels for both pharmaceutical compounds in water and, 

consequently, the flow of particular drugs through a community. 

Although there are currently no measurement or ongoing monitoring requirements 

for emerging contaminants (such as hydrocodone, tramadol, oxycodone, methadone, 

codeine, dihydrocodeine and nicocodeine) under U.S. EPA legislation, in recent years, 

legislation and policy initiatives have been introduced to specifically address the amount 

of pharmaceuticals entering waters and to limit the exposure impact to both aquatic and 

human health. These include various state-based laws underpinning drug takeback and 
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safe medication-return interventions. California, Washington, and Vermont are several 

examples of states that have introduced legislation and programs to ensure drugs can be 

safely returned to community repositories. The goals of these laws are to not only limit 

drug abuse and prevent accidental poisoning (by limiting access to abused prescription 

medications found in the home), but to also protect the environment (ensuring that 

flushed medications do not pollute water and soil) (WA DOH, 2019). 

In addition to drug takeback laws, hospitals and healthcare facilities are now 

required to comply with the U.S. EPA’s new Management Standards for Hazardous 

Waste Pharmaceuticals and Amendment to the P075 Listing for Nicotine rule (U.S. EPA, 

2019). This rule has been regarded as a breakthrough in placing a regulatory focus on the 

need to better control the amount of pharmaceuticals entering the environment by the 

healthcare industry (Plunkett, 2018). The EPA notes the objective of this rule is to 

“reduce the amount of hazardous waste pharmaceuticals entering our waterways by 1,644 

to 2,300 tons on an annual basis by prohibiting all facilities subject to the rule from 

sewering them…address the issue highlighted by a growing body of publicly available 

studies documenting the presence of pharmaceuticals in drinking and surface waters as 

well as their negative impacts to aquatic and riparian ecosystems” (U.S. EPA, 2019). 

Similar to the drug takeback law initiatives, which also have a driving purpose to reduce 

the amount of pharmaceuticals in the sewer, the ability to measure the amount of 

pharmaceutical waste from hospitals to determine compliance with this law is imperative.  

While it is recognized that regulatory changes across such large industries and 

infrastructure as healthcare and water treatment can take many years, the recent 
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legislative and policy efforts in this space indicate a trajectory toward compliance 

measures related to these goals.   



27 

 

 

REFERENCES CITED 

 

 

Alexander, G. C., Frattaroli, S., & Gielen, A. C., eds. (2015). The prescription opioid 

epidemic: An evidence-based approach. Johns Hopkins Bloomberg School of 

Public Health, Baltimore, Maryland: 2015.  

 

Ankley, G., Feifarek, D., Blackwell, B., Cavallin, J., Jensen, K., Kahl, M., . . . 

Villeneuve, D. (2017). Re-evaluating the significance of estrone as an 

environmental estrogen. Environmental Science & Technology, 51(8), 4705–

4713. 

 

Australian National Medical Health and Research Council. (2014). Australian guidelines 

for water recycling: Managing health and environmental risks (phase 2) 

augmentation of drinking water supplies. Retrieved from 

https://www.nhmrc.gov.au/guidelines-publications/eh56  

 

Banta-Green, C., Field, J., Chiaia, A., Sudakin, D., Power, L., & De Montigny, L. (2009). 

The spatial epidemiology of cocaine, methamphetamine and 3,4-

methylenedioxymethamphetamine (MDMA) use: A demonstration using a 

population measure of community drug load derived from municipal 

wastewater. Addiction, 104(11), 1874–1880. 

 

Batt, A., Kincaid, T., Kostich, M., Lazorchak, J., & Olsen, A. (2016). Evaluating the 

extent of pharmaceuticals in surface waters of the United States using a National-

scale Rivers and Streams Assessment survey. Environmental Toxicology and 

Chemistry, 35(4), 874–881. 

 

Been, F., Benaglia, L., Lucia, S., Gervasoni, J., Esseiva, P., & Delémont, O. (2015). Data 

triangulation in the context of opioids monitoring via wastewater analyses. Drug 

and Alcohol Dependence, 151, 203–210.  

 

Been, F., Rossi, L., Ort, C., Ruzaz, S., Delemont, O., & Esseiva, P. (2014). Population 

normalization with ammonium in wastewater-based epidemiology: Application to 

illicit drug monitoring. Environmental Science & Technology, 48(14), 8162–8169. 

 

Benotti, M., Trenholm, R., Vanderford, B., Holady, J., Stanford, B., & Snyder, S. (2009). 

Pharmaceuticals and endocrine disrupting compounds in U.S. drinking 

water. Environmental Science & Technology, 43(3), 597–603. 

 

Burgard, D., Banta-Green, C., & Field, J. (2014). Working upstream: How far can you go 

with sewage-based drug epidemiology? Environmental Science & Technology, 

48(3), 1362–1368. 

 

https://www.nhmrc.gov.au/guidelines-publications/eh56


28 

 

 

Butler, S. F., Black, R. A., Cassidy, T. A., Dailey, T. M., & Budman, S. H. (2011). Abuse 

risks and routes of administration of different prescription opioid compounds and 

formulations. Harm Reduction Journal, 8, 29.  

 

Cancer Research UK. (2015). Types of painkillers: Useful information for cancer 

patients. Retrieved from 

http://www.nhs.uk/ipgmedia/National/Cancer%20Research%20UK/assets/Typeso

fpainkillersCRUK6pages.pdf 

 

Castiglioni, S., Borsotti, A., Riva, F., & Zuccato E. (2016). Illicit drug consumption 

estimated by wastewater analysis in different districts of Milan: A case 

study. Drug Alcohol Review, 35, 128–32. 

 

Castiglioni, S., Thomas, K. V., Kasprzyk-Hordern, B., Vandam, L., & Griffiths, P. 

(2014). Testing wastewater to detect illicit drugs: State of the art, potential and 

research needs. Science of the Total Environment, 487, 613–620.  

 

Daughton, C. (2018). Monitoring wastewater for assessing community health: Sewage 

Chemical-Information Mining (SCIM). The Science of the Total Environment, 

619–620, 748–764. 

  

Dunn, K. E., Barrett, F. S., Yepez-Laubach, C., Meyer, A. C., Hruska, B. J., Petrush, K., . 

. . Bigelow, G. E. (2016). Opioid overdose experience, risk behaviors, and 

knowledge in drug users from a rural versus an urban setting. Journal of 

Substance Abuse Treatment, 71, 1–7. doi:10.1016/j.jsat.2016.08.006. 

 

Falconer, I. R. (2006). Are endocrine disrupting compounds a health risk in drinking 

water? International Journal of Environmental Research and Public Health, 3(2), 

180–184. 

 

Fatta, D., Achilleos, A., Nikolaou, A., & Meriç, S. (2007). Analytical methods for tracing 

pharmaceutical residues in water and wastewater. Trends in Analytical 

Chemistry, 26(6), 515–533. 

 

Fram, M., & Belitz, K. (2011). Occurrence and concentrations of pharmaceutical 

compounds in groundwater used for public drinking-water supply in California. 

Science of the Total Environment, 409(18), 3409–3417.  

 

Glassmeyer, S., Furlong, E., Kolpin, D., Batt, A., Benson, R., Boone, S., . . . Wilson, V. 

(2017). Nationwide reconnaissance of contaminants of emerging concern in 

source and treated drinking waters of the United States. Science of the Total 

Environment, 581–582, 909–922. 

 

http://www.nhs.uk/ipgmedia/National/Cancer%20Research%20UK/assets/TypesofpainkillersCRUK6pages.pdf
http://www.nhs.uk/ipgmedia/National/Cancer%20Research%20UK/assets/TypesofpainkillersCRUK6pages.pdf


29 

 

 

Hall, W., Prichard, J., Kirkbride, P., Bruno, R., Thai, P. K., Gartner, C., . . . Mueller, J. F. 

(2012). An analysis of ethical issues in using wastewater analysis to monitor illicit 

drug use. Addiction, 107, 1767–1773. 

 

Integral Consulting, Inc. (2016). Compendium of State Regulatory Activities on 

Emerging Contaminants. Retrieved from http://www.integral-corp.com/wp-

content/uploads/2016/06/Integral_EC_State-Summary-Report_Final.pdf  

 

Jobling, S., Williams R., Johnson A., Taylor A., Gross-Sorokin M., Nolan M., . . . 

Brighty, G. (2006). Predicted exposures to steroid estrogens in U.K. rivers 

correlate with widespread sexual disruption in wild fish populations. 

Environmental Health Perspectives, 114 (Supplement 1), 32–39. 

 

Joint Commission. (2016). Statement on Pain Management. Retrieved from 

https://www.jointcommission.org/joint_commission_statement_on_pain_manage

ment/  

 

Jones, O., Lester, J., & Voulvoulis, N. (2005). Pharmaceuticals: A threat to drinking 

water? Trends in Biotechnology, 23(4), 163–167. 

 

Jurado, A., Mastroianni, N., Vàzquez-Suñé, E., Carrera, J., Tubau, I., Pujades, I., . . . 

Barceló, D. (2012). Drugs of abuse in urban groundwater. A case study: 

Barcelona. Science of the Total Environment, 424, 280–288. 

 

Kankaanpää, A., Ariniemi, K., Heinonen, M., Kuoppasalmi, K., & Gunnar, T. (2014). 

Use of illicit stimulant drugs in Finland: A wastewater study in ten major 

cities. Science of the Total Environment, 487, 696–702. 

 

Kasprzyk-Hordern, B., & Baker, D. (2012). Estimation of community-wide drug use via 

stereoselective profiling of sewage. Science of the Total Environment, 423, 142–

150. 

 

Katz, N., & Mazer, N. (2009). The impact of opioids on the endocrine system, The 

Clinical Journal of Pain, 25(2), 170–5.  

 

Keshaviah, A. R., Cattell, L., Reeves, W., de Vallance, J., & Thornton C. (2016). The 

potential of wastewater testing for rapid assessment of opioid abuse: Mathematica 

policy research brief. Princeton, NJ. Retrieved from https://www.mathematica-

mpr.com/our-publications-and-findings/publications/the-potential-of-wastewater-

testing-for-rapid-assessment-of-opioid-abuse-research-brief  

 

Keyes, K. M., Cerdá, M., Brady, J. E., Havens, J. R., & Galea, S. (2014). Understanding 

the rural–urban differences in nonmedical prescription opioid use and abuse in the 

United States. American Journal of Public Health, 104(2), e52–e59.  

http://www.integral-corp.com/wp-content/uploads/2016/06/Integral_EC_State-Summary-Report_Final.pdf
http://www.integral-corp.com/wp-content/uploads/2016/06/Integral_EC_State-Summary-Report_Final.pdf
https://www.jointcommission.org/joint_commission_statement_on_pain_management/
https://www.jointcommission.org/joint_commission_statement_on_pain_management/
https://www.mathematica-mpr.com/our-publications-and-findings/publications/the-potential-of-wastewater-testing-for-rapid-assessment-of-opioid-abuse-research-brief
https://www.mathematica-mpr.com/our-publications-and-findings/publications/the-potential-of-wastewater-testing-for-rapid-assessment-of-opioid-abuse-research-brief
https://www.mathematica-mpr.com/our-publications-and-findings/publications/the-potential-of-wastewater-testing-for-rapid-assessment-of-opioid-abuse-research-brief


30 

 

 

Khan, U., & Nicell, J. (2012). Sewer epidemiology mass balances for assessing the illicit 

use of methamphetamine, amphetamine and tetrahydrocannabinol. Science of the 

Total Environment, 421–422, 144–162. 

 

Kolpin, D., Furlong, E., Meyer, M., Thurman, E., Zaugg, S., Barber, L., & Buxton, H. 

(2002). Pharmaceuticals, hormones, and other organic wastewater contaminants 

in U.S. streams, 1999–2000: A national reconnaissance. Environmental Science & 

Technology, 36(6), 1202. 

 

Kostich, M., & Lazorchak. J. (2008). Risks to aquatic organisms posed by human 

pharmaceutical use. Science of the Total Environment, 389(2), 329–339. 

 

Lai, F. Y., Bruno, R., Hall, W., Gartner, C., Ort, C., Kirkbride, P., . . . Muller, J. F. 

(2013). Profiles of illicit drug use during annual key holiday and control periods 

in Australia: Wastewater analysis in an urban, a semi-rural and a vacation 

area. Addiction, 108, 556–565. 

 

Lee, S., Paspalof, A., Snow, D., Richmond, E., Rosi-Marshall, E., & Kelly, J. (2016). 

Occurrence and potential biological effects of amphetamine on stream 

communities Environmental Science & Technology, 50 (17), 9727–9735. 

 

Lishman, L., Smythe, S., Sarafin, K., Kleywegt, S., Toito, J., Peart, T., . . . Seto, P. 

(2016). Occurrence and reductions of pharmaceuticals and personal care products 

and estrogens by municipal wastewater treatment plants in Ontario, Canada. 

Science of the Total Environment, 367(2–3), 544–558. 

 

Meador, J., Yeh, A., Young, G., & Gallagher, E. (2016). Contaminants of emerging 

concern in a large temperate estuary. Environmental Pollution, 213, 254–267. 

 

Mills L. J., & Chichester, C. (2005). Review of evidence: Are endocrine-disrupting 

chemicals in the aquatic environment impacting fish populations? Science of the 

Total Environment, 343(1–3), 1–34. 

 

Morone, N. E., & Weiner, D. K. (2013). Pain as the 5th vital sign: Exposing the vital need 

for pain education. Clinical Therapeutics, 35(11), 1728–1732. 

 

Muhuri, P., Gfroerer, J., & Davies, C. (2013). Associations of nonmedical pain reliever 

use and initiation of heroin use in the United States: Report for substance abuse 

and mental health services administration. Retrieved from 

https://www.samhsa.gov/data/sites/default/files/DR006/DR006/nonmedical-pain-

reliever-use-2013.htm  

 

https://www.samhsa.gov/data/sites/default/files/DR006/DR006/nonmedical-pain-reliever-use-2013.htm
https://www.samhsa.gov/data/sites/default/files/DR006/DR006/nonmedical-pain-reliever-use-2013.htm


31 

 

 

National Institute of Drug Abuse. (2018). Montana opioid summary: Opioid related 

overdose deaths. Retrieved from https://www.drugabuse.gov/drugs-

abuse/opioids/opioid-summaries-by-state/montana-opioid-summary  

 

National Institute of Drug Abuse (NIDA). (n.d.). Summary of opioid abuse. Retrieved 

from https://www.drugabuse.gov/drugs-abuse/opioids#summary-of-the-issue  

 

Olsen, L. D., Valder, J. F., Carter, J. M., & Zogorski, J. S. (2013). Prioritization of 

constituents for national- and regional-scale ambient monitoring of water and 

sediment in the United States: U.S. Geological Survey Scientific Investigations 

Report 2012–5218, 203 p., plus supplemental tables. Retrieved from 

http://pubs.usgs.gov/sir/2012/5218/ 

 

Ort, C., Eppler, J. M., Scheidegger, A., Rieckermann, J., Kinzig, M., & Sörgel, F. (2014). 

Challenges of surveying wastewater drug loads of small populations and 

generalizable aspects on optimizing monitoring design. Addiction, 109(3), 472–

481.  

 

Oulton, R., Kohn, T., & McWiertny, D. (2010). Pharmaceuticals and personal care 

products (PPCPS) in effluent matrices: A survey of transformation and removal 

during wastewater treatment and implications for wastewater management. 

Journal of Environmental Monitoring, 12, 1956–78.  

 

Plunkett, A. J. (2018). “EPA announces final rule to set new standards on hazardous 

waste pharmaceuticals” Hospital Safety Insider, Dec. 2018. Retrieved from 

http://www.hcpro.com/SAF-332183-874/EPA-announces-final-rule-to-set-new-

standards-on-hazardous-waste-pharmaceuticals.html  

 

Prescribers Digital Reference. (2018). Retrieved from http://www.pdr.net/browse-by-

drug-name 

 

Prichard, J., Hall, W., de Voogt, P., & Zuccato, E. (2014). Sewage epidemiology and 

illicit drug research: The development of ethical research guidelines. Science of 

the Total Environment, 472, 550–555.  

 

Rodayan, A., Afana, S., Segura, P., Sultana, T., Metcalfe, C., & Yargeau, V. (2016). 

Linking drugs of abuse in wastewater to contamination of surface and drinking 

water. Environmental Toxicology and Chemistry, 35(4), 843–849. 

 

Rosi-Marshall, E., Snow, D., Bartelt-Hunt, S., Paspalof, A., & Tank, J. (2015). A review 

of ecological effects and environmental fate of illicit drugs in aquatic 

ecosystems. Journal of Hazardous Materials, 282, 18–25. 

 

https://www.drugabuse.gov/drugs-abuse/opioids/opioid-summaries-by-state/montana-opioid-summary
https://www.drugabuse.gov/drugs-abuse/opioids/opioid-summaries-by-state/montana-opioid-summary
https://www.drugabuse.gov/drugs-abuse/opioids#summary-of-the-issue
http://www.hcpro.com/SAF-332183-874/EPA-announces-final-rule-to-set-new-standards-on-hazardous-waste-pharmaceuticals.html
http://www.hcpro.com/SAF-332183-874/EPA-announces-final-rule-to-set-new-standards-on-hazardous-waste-pharmaceuticals.html
http://www.pdr.net/browse-by-drug-name
http://www.pdr.net/browse-by-drug-name


32 

 

 

Routledge, E., Sheahan, D., Desbrow, G., Brighty, C., Waldock, M., & Sumpter, J. P. 

(1998). Identification of estrogenic chemicals in STW effluent: In vivo responses 

in trout and roach. Environmental Science & Technology, 32(11), 1559–1565. 

 

Seth, P., Scholl, L., Rudd, R. A., & Bacon, S. (2018). Overdose deaths involving opioids, 

cocaine, and psychostimulants—United States, 2015–2016. MMWR Morbidity 

Mortality Weekly Reports, 67, 349–358.  

 

Subedi, B., & Kannan, K. (2014). Mass loading and removal of select illicit drugs in two 

wastewater treatment plants in New York State and estimation of illicit drug 

usage in communities through wastewater analysis. Environmental Science & 

Technology, 48(12), 6661–6670.  

 

Substance Abuse and Mental Health Services Administration (SAMHSA). (2014). The 

National Survey on Drug Use and Health (NSDUH) Report - Substance Use and 

Mental Health Estimates from the 2013 National Survey on Drug Use and Health: 

Overview of Findings. Retrieved from 

https://www.samhsa.gov/data/sites/default/files/NSDUH-SR200-RecoveryMonth-

2014/NSDUH-SR200-RecoveryMonth-2014.htm  

 

Swiss Federal Institute of Aquatic Science and Technology. Retrieved from 

http://www.eawag.ch/en/department/sww/software/  

 

Thomaidi, V., Stasinakis, A., Borova, V., & Thomaidis, N. (2015). Is there a risk for the 

aquatic environment due to the existence of emerging organic contaminants in 

treated domestic wastewater? Greece as a case-study. Journal of Hazardous 

Materials, 283, 740–747. 

 

Thomas, K., Bijlsma, L., Castiglioni, S., Covaci, A., Emke, E., Grabic, R., . . . de Voogt, 

P. (2012). Comparing illicit drug use in 19 European cities through sewage 

analysis. The Science of the Total Environment, 432, 432–439.  

 

U.S. Department of Health and Human Services (DHHS). (2017). Press release: 

Declaration of public health emergency to address national opioid crisis. 

Retrieved from https://www.hhs.gov/about/news/2017/10/26/hhs-acting-

secretary-declares-public-health-emergency-address-national-opioid-crisis.html  

 

U.S. Environmental Protection Agency. (2017). “Analytical Methods Developed by EPA 

for Analysis of Unregulated Contaminants”. Retrieved from 

https://www.epa.gov/dwanalyticalmethods/analytical-methods-developed-epa-

analysis-unregulated-contaminants 

 

https://www.samhsa.gov/data/sites/default/files/NSDUH-SR200-RecoveryMonth-2014/NSDUH-SR200-RecoveryMonth-2014.htm
https://www.samhsa.gov/data/sites/default/files/NSDUH-SR200-RecoveryMonth-2014/NSDUH-SR200-RecoveryMonth-2014.htm
http://www.eawag.ch/en/department/sww/software/
https://www.hhs.gov/about/news/2017/10/26/hhs-acting-secretary-declares-public-health-emergency-address-national-opioid-crisis.html
https://www.hhs.gov/about/news/2017/10/26/hhs-acting-secretary-declares-public-health-emergency-address-national-opioid-crisis.html
https://www.epa.gov/dwanalyticalmethods/analytical-methods-developed-epa-analysis-unregulated-contaminants
https://www.epa.gov/dwanalyticalmethods/analytical-methods-developed-epa-analysis-unregulated-contaminants


33 

 

 

U.S. Environmental Protection Agency. (2017). “Contaminant Candidate List. Final 

Contaminate Candidate Chemical List (No.4)”. Retrieved from 

https://www.epa.gov/ccl/chemical-contaminants-ccl-4  

 

U.S. Environmental Protection Agency. (2019). “Final Rule: Management Standards for 

Hazardous Waste Pharmaceuticals and Amendment to the P075 Listing for 

Nicotine”. Retrieved from https://www.epa.gov/hwgenerators/final-rule-

management-standards-hazardous-waste-pharmaceuticals-and-amendment-

p075#rule-summary  

 

Van der Aa, M., Bijlsma, L., Emke, E., Dijkman, E., Van Nuijs, A., Van de Ven, B., . . . 

De Voogt, P. (2013). Risk assessment for drugs of abuse in the Dutch 

watercycle. Water Research, 47(5), 1848–1857. 

 

Van Nuijs, A., Pecceu, B., Theunis, L., Dubois, N., Charlier, C., Jorens, P., . . . Covaci, 

A. (2008). Cocaine and metabolites in waste and surface water across Belgium. 

Environmental Pollution, 157, 123–9.  

 

Van Nuijs, A. L., Castiglioni, S., Tarcomnicu, I., Postigo, C., Lopez de Alda, M., Neels, 

H., . . . Covaci, A. (2011). Illicit drug consumption estimations derived from 

wastewater analysis: A critical review. Science of the Total Environment, 409, 

3564–3577. 

 

Van Zee, A. (2009). The Promotion and marketing of OxyContin: Commercial triumph, 

public health tragedy. American Journal of Public Health, 99(2), 221–227.  

 

Vuong, C., Van Uum, S. H. M., O'Dell, L. E., Lutfy, K., & Friedman, T. C. (2010). The 

effects of opioids and opioid analogs on animal and human endocrine 

systems. Endocrine Reviews, 31(1), 98–132. 

 

Washington State Department of Health (WSDOH). (2019). Safe Medication Return 

Program: FEQ’s. Retrieved from 

https://www.doh.wa.gov/ForPublicHealthandHealthcareProviders/HealthcareProf

essionsandFacilities/SafeMedicationReturnProgram/FrequentlyAskedQuestions/P

ublic 

 

Wise, A., O’Brien, K,, & Woodruff, T. (2011). Are oral contraceptives a significant 

contributor to the estrogenicity of drinking water? Environmental Science and 

Technology, 45(1).  

 

World Health Organization. (2012). Pharmaceuticals in drinking water. Retrieved from 

http://apps.who.int/iris/bitstream/10665/44630/1/9789241502085_eng.pdf  

 

https://www.epa.gov/ccl/chemical-contaminants-ccl-4
https://www.epa.gov/hwgenerators/final-rule-management-standards-hazardous-waste-pharmaceuticals-and-amendment-p075#rule-summary
https://www.epa.gov/hwgenerators/final-rule-management-standards-hazardous-waste-pharmaceuticals-and-amendment-p075#rule-summary
https://www.epa.gov/hwgenerators/final-rule-management-standards-hazardous-waste-pharmaceuticals-and-amendment-p075#rule-summary
http://apps.who.int/iris/bitstream/10665/44630/1/9789241502085_eng.pdf


34 

 

 

Yadav, M. K., Short, M. D., Aryal, R., Gerber, C., van den Akker, B., & Saint, C. P. 

(2017). Occurrence of illicit drugs in water and wastewater and their removal 

during wastewater treatment. Water research, 124, 713–727. 

 

Yargeau, V., Taylor, B., Li, H., Rodayan, A., & Metcalfe, C. (2014). Analysis of drugs of 

abuse in wastewater from two Canadian cities. Science of the Total 

Environment, 487, 722–730. 

 

Zuccato, E., & Castiglioni, S. (2009). Illicit drugs in the environment. Philosophical 

Transactions of the Royal Society of London A: Mathematical, Physical and 

Engineering Sciences, 367(1904), 3965–3978. 

 

Zuccato, E., Castiglioni, S., Bagnati, R., Chiabrando, C., Grassi, P., & Fanelli, R. (2008). 

Illicit drugs, a novel group of environmental contaminants. Water 

Research, 42(4–5), 961–968.  

 

Zuccato, E., Castiglioni, S., Senta, I., Borsotti, A., Genetti, B., Andreotti, G., & 

Serpelloni, P. (2016). Population surveys compared with wastewater analysis for 

monitoring illicit drug consumption in Italy in 2010–2014. Drug and Alcohol 

Dependence, 161,178–188.  

 

Zuccato, E., Chiabrando, C., Castiglioni, S., Calamari, D., Bagnati, R., Schiarea, S., & 

Fanelli, R. (2005). Cocaine in surface waters: A new evidence-based tool to 

monitor community drug abuse. Environmental Health, 4(1), 14. 

 

 

 

 

 

 

 

  



35 

 

 

CHAPTER TWO 

 

 

USING WASTEWATER-BASED EPIDEMIOLOGY WITH 

LOCAL INDICATORS OF OPIOID AND ILLICIT DRUG 

USE TO OVERCOME DATA GAPS  

 

Contribution of Authors and Co-Authors 

 

Manuscript in Chapter 2 

 

Author: Miranda Margetts  

 

Contributions: Conceptualization, methodology, investigation, data curation, writing 

 

Co-Author: Aparna Keshaviah   

 

Contributions: Methodology, analysis, investigation, data curation, visualizations, writing 

 

Co-Author: Cindy Hu  

 

Contributions: Analysis, investigation, data curation, visualizations, article review 

 

Co-Author: Victoria Troeger 

 

Contributions: Investigation, data curation, article review 

 

Co-Author: Jordan Sykes 

 

Contributions: Investigation, data curation, article review 

 

Co-Author: Nicholas Bishop 

 

Contributions: Investigation, data curation, article review 

 

Co-Author: Tammy Jones-Lepp 

 

Contributions: Investigation, data curation, article review 

 

Co-Author: Marisa Henry 



36 

 

 

Contributions: Data curation, visualizations, article review 

 

Co-Author: Deborah E. Keil 

 

Contributions: Methodology, analysis, investigation, article review, project management, 

funding acquisition 



37 

 

 

Manuscript Information 

 

Miranda Margetts, Aparna Keshaviah, Cindy Hu, Victoria Troeger, Jordan Sykes, 

Nicholas Bishop, Tammy Jones-Lepp, Marisa Henry, and Deborah E. Keil  

 

Journal of the American Medical Association 

 

Status of Manuscript:  

_X_Prepared for submission to a peer-reviewed journal 

___Officially submitted to a peer-reviewed journal  

___Accepted by a peer-reviewed journal 

___Published in a peer-reviewed journal  

 

  



38 

 

 

Abstract 

 

Opioid misuse takes an enormous toll on the health and economy of the US, 

costing 130 lives per day, and an estimated 157 billion dollars per year. Mitigating the 

epidemic requires better information on the mix of drugs being used in a community and 

when and where drug use concentrates. Many widely used data sources, such as national 

population surveys, have a two-year lag before the data are available and underestimate 

the prevalence of drug use because they rely on self-reported information about a 

stigmatized behavior. For rural populations, the data gap is compounded by privacy 

policies that suppress key information (for example, opioid-related death rates) in small 

populations.  

Municipal wastewater testing is an innovative approach to assessing community-

level drug use that can provide near real-time, cost-effective, and unbiased measures of 

drug use. Importantly, wastewater-based data cannot reveal who is using a particular 

drug, mitigating privacy concerns. The methodology is routinely used across Europe and 

Australia as part of a holistic multi-indicator monitoring and alert system. When 

combined with geospatial mapping and advanced analytics, wastewater-based data can 

help locate geographic hotspots of use and provide an early warning for new substances 

entering a community. We conducted a pilot study to compare temporal trends in 

estimates of per capita drug use between wastewater-based data and other local data 

sources in two municipalities (one urban, one rural) in Montana. We discuss how 

wastewater testing can help officials predict rather than react to changes in drug-use 

patterns. We also illustrate how rural populations can use the methodology to assess the 

impacts of local law enforcement efforts and evaluate the effectiveness of programs, such 

as the prescription takeback program, to improve public health and safety.  
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Introduction 

 

Governments and healthcare providers across the US continue to search for a 

holy-grail community-monitoring mechanism to gauge substance-use trends in real time. 

Given the urgency and economic burden associated with the opioid epidemic, recently 

estimated at $157B per year (Davenport et al., 2019), it is critical to identify a better data 

source—one that can provide more timely, objective, and comprehensive measures of 

drug use than currently exist. Many widely used data sources, such as national population 

surveys, have a two-year lag before the data are available and underestimate drug use 

prevalence because they rely on self-reported information about a stigmatized behavior. 

For rural populations, the data gap is compounded by privacy policies that suppress 

health measures (for example, opioid-related death rates) in small populations and, 

despite higher rates of overdose among rural opioid users, rural users are less likely to 

report recent risk behaviors (Dunn et al., 2016). Montana healthcare providers wrote 90 

opioid prescriptions per 100 persons in 2015 (approximately 722,011 prescriptions), 

which exceeds the average national rate of 70 opioid prescriptions per 100 persons 

(NIDA, 2018). Limited data sharing between public health, primary care, hospital 

systems, first responder units, and law enforcement agencies further hampers the ability 

to obtain an accurate picture of illicit drug use and prescription diversion.  

Advances in wastewater testing and wastewater-based epidemiology are being 

used in response to this unmet demand (Castiglioni et al., 2014; Daughton, 2001; Banta-

Green & Field, 2011; Zuccato et al., 2008). Municipal wastewater is a combination of 

household sewage, pretreated industrial waste, and (in some locations) storm water. 
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About 15,000 wastewater treatment plants (WWTPs) around the country collect 

wastewater from 81% of U.S. households (Department of Homeland Security, 2015). 

Wastewater testing (typically at the central WWTP) involves a three-stage process: (1) 

routine wastewater sampling, (2) chemical analysis (via mass spectrometry) to quantify 

the concentration of a drug (parent compound or its metabolites) in each sample, and (3) 

back-calculations to convert drug concentrations in each sample to a per capita estimate 

of drug use in the WWTP catchment population (Castiglioni & Vandam, 2016). Over the 

past decade, municipal wastewater testing has been validated as an effective tool for 

tracking and identifying trends in prescription and illicit drug use (Castiglioni et al., 

2013; van Nuijs et al., 2011), and one that sidesteps privacy concerns typically associated 

with behavioral health data (Hall et al., 2012).  

Various studies report the successful detection of prescription and illicit drugs in 

community wastewater and illustrate how, when wastewater data are combined with data 

from syringe-distribution programs, pharmacy prescriptions, and population surveys, data 

triangulation can be used to pinpoint illicit opioid use (Been et al., 2015; van Nuijs et al., 

2015). However, to date, little research has been conducted in the US to determine the 

feasibility of acquiring such complementary local data—particularly in rural areas where 

data access can be challenging—and few studies have reported how wastewater data can 

yield insights for policymakers and public health officials.  

Wastewater data can provide important information to characterize the spatial and 

temporal variations of community drug use, particularly when considered alongside local 

data. Here we describe a 10-week pilot study we developed in Montana. We examined 
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the alignment between wastewater data and local indicators of drug use in two Montana 

municipalities (one urban, one rural) using data on emergency medical services (EMS) 

overdose calls, law enforcement drug seizures, and pharmacy prescriptions filled. Based 

on our findings, we describe how wastewater testing can help communities predict rather 

than react to changes in drug use and illustrate how rural communities can use the 

methodology to assess the impact of local law enforcement efforts to improve public 

safety. Given recent federal funding investments in cross-sector data sharing and 

wastewater-based epidemiology, our study provides a timely validation of this innovative 

approach for detecting new drug threats and changes in community drug use over time.  

 

Methods 

 

Wastewater-based Estimates  

of Drug Dose Consumed 

 

Wastewater-based estimates of drug use came from a wastewater pilot study 

undertaken in Montana (Bishop et al., 2020). The study involved collecting weekly 24-

hour composite samples of untreated wastewater over a 10-week period (April 15 to June 

20, 2019) at two municipal WWTP sites (Site A, Site B). Site A has a catchment 

population of 45,250 and is in an urban city while Site B has a catchment population of 

4,000 and is in a rural town. Solid phase extraction and liquid chromatography with dual 

mass spectrometry (LCMSMS) analysis was undertaken on each sample at Assurity Labs 

in Las Vegas, NV. Based on the LCMSMS analyses, the following 18 compounds were 

consistently detected at reliable concentrations across Site A and Site B: amphetamine, 

methamphetamine, 3,4-methylenedioxyamphetamine (MDA), 3,4-methylenedioxy



42 

 

 

methamphetamine (MDMA), morphine, 6-acetylmorphine, methadone, 2-ethylidene-1,5-

dimethyl-3,3-diphenylpyrrolidine (EDDP), codeine, benzoylecgonine, hydrocodone, 

hydromorphone, oxycodone, noroxycodone, ketamine, fluoxetine, tramadol, and ritalinic 

acid. The measured drug concentrations were then subject to a series of back-calculations 

to estimate the dose in mg/person per day from the measured concentrations. 

 

Determining a Dose Estimate in mg/day per 

Person from the Measured Concentrations 

 

To ultimately determine a dose estimate per person for wastewater-based 

epidemiological investigations, several calculations are required (van Nuijs et al., 2011). 

We outline the methodology described in Bishop et al. (2020) to determine the dose 

estimates in mg/day per person given our investigation’s incorporation of those dose 

estimates for our comparison to local drug-use-data indicators. The Collective Excretion 

Rate (CER) is the daily amount of a targeted drug reaching the influent into a WWTP. In 

order to correctly calculate the doses consumed by a community, the concentration (ng/L) 

of the target drug (A) was first multiplied by the flow rate (L per day) of the influent 

wastewater. The CERs were calculated using the following equation: 

A (ng/L) * Influent flow rate (L/day) * g/109 ng = CER (g/day) 

CER values were then used to inform Dose Consumption Rates (DCR), which is the 

amount of the excreted targeted drug consumed by the population served by the WWTP. 

In order to extrapolate the DCR from the CER, an accounting of the fraction of the 

targeted drug actually excreted was undertaken, and then a correction factor (CF) was 

applied to take into account the excretion rates.  
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The DCRs were calculated using the following equation:  

CER (g/day) * CF = DCR (g/day) 

The final part of estimating the community’s drug usage required the extrapolation of the 

DCR (g/day) to the dose consumed by the population of the community. This occurred by 

taking the DCR (g/day) and dividing this by the population of the community, divided by 

1000 to get dose consumed per 1000 population: 

DCR (g/day)/population/ 109 ) = Dose consumed g/day per 1000 pop 

A reported estimated dose as mg/person per day (which is equivalent to the g/per 1,000 

people per day) was then provided by the lab. 

 

Local Indicators of Drug Use 

We obtained local data on drug-use indicators from emergency medical services’ 

(EMS) call logs, prescription dispensing data, and drug seizure logs. Table 1 illustrates 

the data source, unit of measurement, availability of data across the site, and the 

population coverage per the unit of measurement. We limited our analysis of these data 

sources to events that occurred during the wastewater sampling period and that involved 

drugs that were included in the wastewater pilot study testing panel. Sourcing the local 

data involved collaborative efforts with community partners and state agencies involved 

in health care as it pertained to drug use, including the Montana Department of Public 

Health and Human Services, the Montana Statistical Analysis Center, community 

healthcare clinic, and pharmacy collaborators.  
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Table 1. Local Data Sources Used as Community Drug-use Indicators 

Data source 
Unit of 
measurement 

Data 
availability 

Population coverage per 
unit 

Wastewater treatment 
plant 

Wastewater 
sample 

Sites A and 
B 

Site A: 45,250 (42% of 
county) 
Site B: 4,000 (33% of county) 

Pharmacy Filled prescription Site B 1 person 
Law enforcement Drug seizure Site A 1 – 250 people 
Emergency medical 
services 

Drug overdose call Sites A and 
B 

1 person 

 

Pharmacy Prescriptions Filled 

As data from the Montana Prescription Drug Monitoring Program were not 

available at the time of our analysis, we instead obtained weekly logs of prescriptions 

filled at one of two pharmacies operating within the county where Site B is located. The 

logs included drug names/formulations, counts, and quantities of prescriptions filled for 

each week during the study period. The prescription drug names were mapped to their 

metabolites to enable cross-referencing with the wastewater-based data. To facilitate 

comparisons, we summarized for each wastewater sample the prescriptions filled during 

the week just before the wastewater sample collection date. We analyzed prescriptions 

filled before the wastewater collection date (rather than after) because sample collection 

at the WWTP reflects drug use occurring in the recent past (factoring in the time it takes 

for wastewater to flow through collection pipes and into the plant).  

 

Law Enforcement Drug Seizures 

Drug seizure logs were available for Site A only and included information on the 

seizure date, drug type, quantity seized, and units corresponding to that quantity (which 

we assumed to be grams, if not specified). Our analysis focused on 

amphetamine/methamphetamine seizures (a combined category used in the logs). For all 
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other drugs seized, there were either very few seizures during the study period, very few 

wastewater measurements above the limit of detection (LOD), or no testing for that 

substance in wastewater. We also focused on the top quartile of seizures based on the 

grams of drugs seized as we hypothesized that large seizures might take enough drugs out 

of circulation to affect population-level estimates that wastewater data provide. We 

superimposed information about when these seizures occurred on top of wastewater trend 

lines for amphetamines and methamphetamines. 

 

EMS Drug Overdose Calls 

For the counties in which Site A and Site B are located, we obtained de-identified 

logs of calls placed to EMS for drug overdoses. The call logs included the call date, 

county, whether or not the overdose occurred in the collection region corresponding to 

the WWTP service area, and the list of drugs involved (which we coded into indicators 

for each drug of interest).  

 

Results 

 

Figure 1 shows how the community drug-use profiles differed by site, with color-

coding used to indicate the drug class (opioid, stimulant, or antidepressant). The three 

highest concentrations of the drugs were the same across both sites: tramadol, 

methamphetamine, and codeine. However, methamphetamine use was six to seven times 

higher in Site B than Site A and three to five times higher than use of any opioids at 

either site. The heroin metabolite (6-acetylmorphine) was below the LOD for most 

samples at both sites, and MDA, MDMA, and ketamine concentrations were below the 
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LOD for several samples at site B only. Trend lines of the estimated dose/person at each 

site revealed substantial fluctuation in drug use over the study period for most drugs. 

However, a few consistent patterns emerged. At both sites, there was: a steady increase in 

hydrocodone use, which more than doubled over the study period; a spike in morphine, 

fluoxetine, and MDA use on May 22, 2019; and a spike in hydromorphone, 

noroxycodone, and ketamine use on June 5, 2019. After examining local events that 

might explain the upticks in use, we learned that June 5, 2019 corresponded with the 

week of a local high school graduation. 
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Figure 1. Differences in the Magnitude and Types of Drugs Used Across Site A and Site 

B. The height of each bar represents the average estimated dose in mg/person across the 

study period (4/15/2019 to 6/20/2019) 
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Prescription Data Compared to  

Wastewater Drug Estimates (Site B) 

 

Trends in the number of drug doses in filled prescriptions aligned well with trends 

in number of drug doses excreted into the wastewater estimates for some drugs, though 

not all. Specifically, rises and dips in the use of amphetamines, codeine, EDDP (with the 

exception of the June 5 assessment), methadone (early in the study period), and morphine 

(with the exception of June 5) were fairly consistent between the wastewater and 

prescription data. Figure 2A shows the alignment in codeine-use estimates. By contrast, 

Figure 2B suggests that methamphetamine use in the community may be much higher 

than expected based on pharmacy logs, perhaps indicating the magnitude of black-market 

methamphetamine use. 
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Figure 2. The number of doses of prescription (A) codeine and (B) methamphetamines 

filled at a local pharmacy versus the number of doses excreted into the wastewater at Site 

B. For each wastewater sample, we analyzed prescriptions filled during the week just 

before the wastewater sample collection date. 

 

 

 

(B) Methamphetamines 
 

(A) Codeine 
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Drug-seizure Data from Law  

Enforcement (Site A Only) 

 

Comparing wastewater data with drug-seizure data revealed the impact of law 

enforcement activities on community drug use (Figure 3). After each major seizure of 

amphetamines/methamphetamines, the concentration of methamphetamines in 

wastewater declined, with two exceptions. Immediately after seizures that occurred on 

May 18, 2019 and June 24, 2019, the concentration of methamphetamines in wastewater 

rose. However, the concentration of amphetamines in wastewater declined, thus 

maintaining the expected pattern.  

 

Figure 3. Temporal trends in wastewater doses for methamphetamines and 

amphetamines; vertical lines indicate when large (top quartile) drug seizures of 

amphetamines/methamphetamines occurred during the study period. 

 

EMS Call Logs (Site A and Site B) 

The timing of EMS drug-overdose calls in relation to wastewater concentrations 

of drugs suggests that wastewater data might be used to predict when a call to EMS for 
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an overdose involving a particular drug might be expected. At both sites and for most 

drugs, EMS calls for an overdose involving a given drug occurred after community use of 

that drug was high, based on wastewater concentrations. Of the 12 calls (eight in Site A, 

four in Site B) placed during the study period that involved at least one targeted drug of 

interest, seven occurred within two weeks after at least one of the drugs involved in the 

overdose had high or peak use in the community (i.e., wastewater doses that were 58% to 

551% greater than the minimum dose measured during the study period), and four 

occurred within two weeks after moderate community use (i.e., wastewater doses that 

were 26% to 65% greater than the minimum dose measured during the study period). 

Figure 4 illustrates these trends for EMS calls that involved (a) tramadol and (b) heroin. 

Even though most of the wastewater samples we collected had heroin levels that were 

below the LOD, we found, soon after community use spiked (resulting in a measurement 

above the LOD), an EMS call was placed for an overdose involving heroin.  
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Figure 4. Trends in wastewater dose estimates for (A) tramadol and (B) 6-MAM (heroin 

metabolite) use at Site B are plotted over time, with vertical lines indicating when EMS 

calls for a drug overdose involving those substances occurred.  

 

   

 

 

(B) 6-MAM (Heroine metabolite) 

(A) Tramadol 

 EMS overdose call 
      involving tramadol 

 EMS overdose 
call 
      involving heroin 
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Discussion 

 

Wastewater-based profiles of drug use were similar across the urban and rural 

Montana communities studied. Our findings demonstrate the capacity of wastewater 

testing to capture community drug-use trends and align with trends in the literature. The 

high rates of tramadol use may reflect the noted surge in tramadol prescribing in the US 

in recent years due to the perception that tramadol is less addictive than short-acting 

opioids (Thiels et al., 2019; Jeffrey et al., 2018). The prevalence of methamphetamine use 

across both sites, and particularly in the rural community, aligns with a report from the 

Montana Department of Justice (2017) indicating a significant resurgence of 

methamphetamine use across the state in recent years. Although the opioid epidemic 

continues to be a major focus of federal funding and programs such as Medication-

Assisted Treatment continue to target opioid-use disorder, wastewater data suggest the 

need to monitor a broader array of drugs circulating in our communities and to boost 

support for methamphetamine addiction. Moreover, our data suggest that the pharmacy 

prescription logs paint an incomplete picture of methamphetamine use and that the illicit 

market may be responsible for recent surges around the country.  

Our results also support the recently described value of drug-seizure data to 

complement wastewater-based data. Bruno et al. (2018) illustrated how increases in the 

purity of methamphetamine seized within a wastewater catchment area may account for 

proportional increases in methamphetamine concentration loads reflected in wastewater 

samples. And the Australian Criminal Intelligence Commission has begun routinely using 

wastewater-based epidemiology to assess operational priorities (Australian Criminal 
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Intelligence Commission, 2019). The drug-seizure data recorded by law enforcement 

agencies within our investigation combined both amphetamine and methamphetamine in 

the same category. But by comparing drug-seizure data with wastewater-based estimates 

of amphetamine and methamphetamine use, we could discern which seizures likely 

involved methamphetamines versus amphetamines, thus illustrating the value of 

wastewater data to provide detailed information on the effectiveness of law enforcement 

activities.  

Given the novel nature of these investigations, various aspects of wastewater-

based epidemiology require further optimization. Uncertainties exist in relation to the 

stability of the metabolites, back-calculations to estimate drug dose consumed, population 

served, and the excretion percentage (Castiglioni et al., 2013). For the wastewater data, 

identifying more specific or stable metabolites of some drugs (such as heroin) would 

improve detection (McCall et al., 2016). In the EMS overdose-call and drug-seizure logs, 

the types of drug involved in the EMS call and seizure logs are not consistently verified 

by a toxicological laboratory. The prescriptions filled do not necessarily represent 

prescriptions taken by individuals within the WWTP service areas. There is also 

uncertainty around the estimation of the population served. However, studies are 

identifying population biomarkers, such as cotinine, that may improve this estimate 

(Cheng et al., 2014).  

Finally, the difficulty we encountered in acquiring a consistent set of local drug-

use indicators across both counties limited our ability to conduct more thorough 

comparisons and to examine the generalizability of our findings.  
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Conclusion 

 

Healthcare professionals use a variety of data and tools for tailored, personalized 

medicine that aims to improve the health outcomes of their patients. Local public health 

data, such as air quality, disease outbreaks, and other health-related statistics, routinely 

inform healthcare decision-making at both the individual and community levels. 

However, the well-recognized limitations in data on prescription misuse and illicit drug 

use support the need for a better monitoring tool for communities.  

Although still in its infancy in the US, there is rapidly growing interest in the 

insights that wastewater-based epidemiology data can provide. The methodology can be 

used to identify new drug threats entering a community, inform how to tailor addiction 

treatment and prescribing practices according to shifts in drug use, evaluate the 

effectiveness of new programs or policies to reduce substance use, and provide a data-

driven strategy for targeting limited resources. Going forward, for successful 

implementation of wastewater-based epidemiology, interagency collaborations that 

involve representatives from public health, medicine, behavioral health, law enforcement, 

and wastewater municipalities will be required (Keshaviah, 2017). Governance 

frameworks and best practices for utilization and implementation have yet to be 

established within the US, but because wastewater testing relies on a fairly standardized 

infrastructure for sampling and testing that is already in operation across the US, it is cost 

efficient and scalable. Above all, because wastewater testing can provide unbiased, 

privacy-preserving measures of community drug use, it can empower healthcare 
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professionals and public health officials to address the breadth and complexity of 

substance abuse in near real-time and help prevent the next drug epidemic. 
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Abstract 

 

Active prescription and illicit drug compounds can persist in receiving waters 

downstream of wastewater treatment plants at concentrations that may affect aquatic life. 

The sources of these pharmaceutical compounds and their metabolites include both non-

metabolized drugs, which are directly flushed into sewers, and those parent and 

metabolized drugs that persist in urine after consumption. Impairment to water quality as 

a result of pharmaceutical and other emerging contaminants continues to drive policy 

measures to enforce drug takeback schemes and infrastructure improvements to 

wastewater facilities. There is a recognized lack of data regarding both the concentrations 

of metabolites persisting through wastewater treatment plants into receiving waters, and 

what proportion of those drugs are either illicit or legally prescribed. Therefore, our 

research investigated the concentrations of a select range of prescription and illicit drugs 

of abuse detected in treated wastewater effluent samples from two Montana communities. 

We also compared the concentrations detected against available ecotoxicological 

endpoints to estimate the environmental risk to aquatic organisms exposed to these 

concentrations. These endpoints included critical environmental concentrations (CEC) 

and predicted no-effect concentrations (PNEC). We found concentrations of codeine and 

morphine in effluent from two locations that greatly exceeded PNEC thresholds. 

Although no drug concentration exceeded CEC values, a number of the concentrations 

ranged between 32% and 86% of this higher threshold. Several of the drugs that 

presented a higher risk may be categorized as both prescription and illicit drugs given 

their propensity for abuse, suggesting impacts of illicit and recreational drugs on our 

waterways. The concentrations detected in our investigation were comparable to recent 

screenings undertaken in the San Francisco Bay area, highlighting the ubiquity of drugs 

of abuse entering receiving waters. To our knowledge, this is the first published 

investigation of data describing wastewater effluent concentrations of drugs of abuse 

(including amphetamine, methamphetamine, codeine, oxycodone, and benzoylecgonine) 

in the headwaters of Montana. 
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Introduction 

 

Drug takeback laws have been introduced across various U.S. states in recent 

years to divert the amount of pharmaceutical compounds entering our sewers that may 

pose harm to aquatic life and limit the amount of pharmaceuticals available in households 

for unintended consumption,. The behavioral and physiological risks to aquatic 

organisms exposed to active pharmaceutical compounds at trace levels have been well 

documented in the literature for decades (Ankley et al., 2007). Although much of this 

literature has focused on prescription pharmaceuticals and environmental chemicals with 

endocrine-disrupting effects, recent studies have illustrated the effect that exposure to 

illicit drug concentrations in surface waters can also have on aquatic life (Lee et al., 2016; 

Parolini et al., 2018).  

Scientists have also determined critical environmental concentrations (i.e., 

concentrations at the ng/L level in surface waters that are considered harmful) for a large 

number of prescription pharmaceuticals (Fick et al., 2010). Such ecotoxicological 

threshold data are valuable when seeking to assess exposure risk posed to aquatic life 

from surface level concentrations of these drugs, particularly in the absence of 

established regulatory thresholds.  

Although pharmaceutical contamination is not currently regulated via water 

quality laws in the US, drug takeback laws may be one important step toward limiting the 

drug load in our waterways. The drug takeback laws and policy initiatives are primarily 

focused on legally prescribed drugs and encourage individuals to return these types of 

drugs to designated receptacles (usually located in pharmacies and police stations), rather 
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than flushing unused drugs directly into the sewer system (Gray et al., 2015). These laws 

are part of a broader product stewardship initiative across various industries to monitor 

and manage the environmental impact of products from “cradle to grave.” Despite their 

worthy objectives, drug takeback laws do not support the return of illicit drugs (DEA, 

2014), and they are not designed to have any impact on the concentrations of excreted 

metabolites from both illicit and prescription drug consumption. 

The capacity of wastewater treatment plants to effectively remove these emerging 

contaminants is another relevant factor impacting the concentrations of drugs persisting 

in surface waters. The vast majority of wastewater treatment plants do not have the 

technology capable to remove 100% of all active pharmaceutical compounds readily 

available at an implementable scale, and to do so would be extremely costly (Kosma et 

al., 2014). In light of the multiple complexities and lack of consensus regarding 

responsibility and management of this problem, our study sought to establish much 

needed baseline data for current levels of prescription and illicit drugs persisting through 

treatment systems and also determine the ecotoxicological risk profile of these 

concentrations of drugs based on published thresholds. A greater understanding of the 

proportion of drugs that persist through the treatment process and the rate at which they 

remain can provide necessary data upon which to further inform drug manufacturing 

processes, water quality laws, and policies.  
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Objectives 

 

Given the limited amount of environmental concentration data regarding drugs in 

U.S. waterways and the assertion that data of this nature are sorely needed (Brodin et al., 

2014), our study focused on the detection of both illicit and prescription drug metabolites 

in post-treatment wastewater effluent in two Montana locations. At each location, the 

wastewater treatment plant discharges treated effluent into receiving waters located near 

designated public fishing access points. Our specific objectives were to (1) determine the 

post-treatment concentrations of various illicit and prescription drugs from two Montana 

wastewater treatment plants discharged into receiving waters, and (2) analyze the 

concentrations obtained to estimate the ecological risk to aquatic organisms downstream 

exposed to those concentrations, based on a comparison of the concentrations against 

published ecotoxicological thresholds such as critical environmental concentrations and 

predicted no-effect concentrations.  

 

Methods and Materials 

 

We partnered with two community wastewater treatment-plant operations in 

Montana to undertake a 12-week sampling regime using 24-hour composite samples of 

post-treatment effluent at each plant. Solid phase extraction (SPE) and Liquid 

Chromatography Mass Spectrometry (LCMS) analysis were used to determine 

concentrations of 62 parent compounds and metabolites in the collected samples. We 

then compared the concentrations we detected to ecotoxicological thresholds published in 

the literature for those drugs when available. A risk quotient for each detected drug 
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concentration was calculated based on the concentrations detected and endpoint 

thresholds. Further analysis of the prescription versus illicit categorization of each drug 

was undertaken, and the scope of drug takeback laws was also critiqued. The following 

information outlines the detailed approach to each aspect of our investigation. 

 

Site Locations 

Site A is a wastewater plant serving a community of approximately 50,000 

residents. The treatment plant itself is an activated sludge (AS) treatment plant. The plant 

contains a standard suite of AS-style reactors, including initial headworks, grit removal, 

primary clarifiers, aeration basin, and secondary clarifiers. The plant uses ultraviolet light 

(UV) for final disinfection. The average flowrate for the plant during the study was 

approximately seven million gallons per day (MGD). 

Site B is a wastewater plant serving a rural community of approximately 4,000 

residents. This plant is also a typical AS plant for a community of its size and is 

substantially older than the Site A plant. The plant features influent headworks and grit 

removal, an oxidation ditch, a secondary clarifier, and UV disinfection. The plant 

typically averages approximately 0.5 MGD.  

 

Sampling Schedule and Transportation 

Twenty-four-hour composite samples of both pre-treatment influent and post-

treatment effluent were collected from both sites over a 12-week period. Weekly samples 

were collected from both influent and effluent locations in each plant during each week 

of our study. Influent samples were collected on Monday (Monday a.m. to Tuesday a.m.) 
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and effluent samples were collected on Tuesday (Tuesday a.m. to Wednesday a.m.). Our 

influent samples were used to inform a sewage epidemiology study (Bishop et al., 2020) 

and our effluent samples (12 samples from each location) were collected for the purposes 

of this specific risk-assessment investigation. Site A samples were obtained using two 

permanently installed autosamplers used by the wastewater treatment plant (WWTP) 

staff. Samples were collected into low-density polypropylene bottles. Site B samples 

were collected using an Aquacell P2 Coolbox (Lower 48 Instruments, Dayton, OH). 

Samples were transferred from the collection container into a glass media container 

through a 0.2 micron Nalgene Rapidflow Sterile Disposable Bottle Top Filter (Thermo 

Fisher Scientific, Waltham, MA). Glass media containers were pre-acidified for all 

samples. All media bottles were wrapped in Parafilm for transportation and storage. 

Samples were kept on ice during transportation to the laboratory where they were 

refrigerated at <4 °C until analysis.  

 

Pre-silanization of Glassware 

Before extraction, 15-mL glass conical vials were deactivated to prevent loss of 

analytes to active sites common to borosilicate glass. Clean, dried vials were filled with a 

solution containing 5% dichlorodimethylsilane in toluene and allowed to sit for a 

minimum of three minutes. This solution was emptied from the vials and retained for 

reuse throughout the length of the study. The vials were rinsed with toluene and then 

immediately with methanol several times and allowed to air-dry.  
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Solid Phase Extraction 

Solid phase extraction (SPE) was carried out using a Promochrom (Vancouver, 

BC, Canada) automated solid phase extraction unit (SPE-03) equipped with an eight-

position large volume bottle adapter rack (MOD-04). Before extraction, 0.5 g NaCl was 

added to each acidified sample. The Oasis MCX (6 cc, 150mg, Waters Corp., Milford, 

MA) cartridges were conditioned with 5 mL methanol (3 mL min-1) followed by 5 mL of 

LCMS grade water (3 mL min-1). Cartridges were then equilibrated with 5 mL of water 

(pH 2, 3 mL min-1) followed immediately by sample loading (100 mL, 3 mL min-1). 

Cartridges were then removed from the unit and placed on a glass vacuum manifold 

(Waters Corp., Milford, MA) for 15 min at 15 PSI to dry. After drying, cartridges were 

placed back on the SPE unit and washed with 5 mL MeOH/1% formic acid (1 mL min -1) 

and ultimately eluted with 5 mL methanol/6% ammonium hydroxide (1 mL min-1) into 

the salinized vials. Extracts were blown down under a gentle stream of nitrogen at 

ambient temperature. The sides of each vial were rinsed down with methanol/0.1% 

formic acid a minimum of three times before allowing the samples to evaporate to 

dryness. The extracts were reconstituted in 100 µL 95% water/5% methanol (0.1% 

formic acid). For extracts for which it was not possible to attain complete dryness due to 

residual surfactants, lipids, or residue from the extraction process, the volume of diluent 

was adjusted to achieve a total volume of 0.1 mL.  
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High Performance Liquid Chromatography 

(HPLC) and Mass Spectrometry  

Analysis Chromatography 

 

Separation was achieved using a Nexera HPLC system from Shimadzu (Kyoto, 

Japan). The modular system was comprised of an LC-20AD XR liquid chromatograph 

equipped with binary pumps, an SIL-20AC XR autosampler attached to a refrigerated 

Rack Changer II unit, DGU-20A 5R degassing units, and a CTO-20AC column oven. A 

Phenomenex (Torrance, CA) Kinetex Phenyl-Hexyl reversed phase HPLC column (50 x 

4.6 mm, 2.6 µm) and corresponding guard column were kept at 40°C throughout all 

chromatographic runs. Mobile phase A was 0.1% ammonium formate in water and 

mobile phase B was 0.1% FA in MeOH. An injection volume of 15 µL and total flow rate 

of 0.700 mL min-1 were used. Initial conditions were 7% B and increased over 2.8 min to 

40% at which point the flow was diverted from waste and injected directly into the ion 

source of the mass spectrometer. The concentration increased from 40% at 2.8 min to 

95% at 5.1 min where it was held for 1 min. At 6.1 min, data acquisition was stopped, 

and the gradient returned to initial conditions and was held until 7 min, followed by 

injection of the next sample.  

 

Mass Spectrometry 

Mass spectrometric data were collected using a Shimadzu 8050 triple quadrupole 

mass spectrometer equipped with a dual ionization source (DUIS) operating in positive 

electrospray mode (ESI+) with a source voltage of 4.5 kV. The interface temperature was 

110°C, the de-solvation line 300°C, and heat block was 350°C. Nitrogen was used as the 

nebulizing gas, drying gas, and heating gas at flow rates of 2 L min-1, 15 L min-1, and 15 
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L min-1, respectively. Argon was used as the collision gas at a pressure of 270 kPa. Data 

were acquired in scheduled multiple reaction monitoring (MRM) mode. For the 

scheduled MRM program, a minimum of two transitions from the precursor ion were 

monitored for each target compound (quantifier and reference ions) and a minimum of 

one transition was used for the deuterated compounds. The MRM program is available in 

the Electronic Supplementary Material. For compounds for which internal standards were 

not readily available, surrogate standards were selected based on similarity of drug class, 

physicochemical properties (formula/structure, retention time, instrument response) and 

performance during extraction. As this method is an adaptation from a high throughput 

clinical workflow, the nature of the surrogate standards were previously well 

characterized on this instrument. Detection limits for the drugs investigated were 

approximately 2–5 ng/L and quantification limits were approximately 10 ng/L.  

 

Calibration and Quantification 

Before each analytical run, a set of seven calibration standards were prepared 

from the working standards in concentrations ranging from 1–1000 ng/mL-1. All 

calibrators were prepared in the same diluent as was used for reconstitution of the 

extracts. In cases in which the instrument response to an analyte was insufficient, the 

lowest calibration standard was dropped. All analytes had sufficient instrument response 

for the second calibration point, which was 10 ng/mL-1.  
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Quality Control/Quality Assurance 

A variety of techniques were used to assure the validity of the results. Each 

sample had 30 ng of standard added to assess recovery percentages. At least one random 

duplicate was tested every week. A 15 ng of spike was added to one randomly chosen 

sample biweekly to assess recovery. Additionally, field blanks were used during all 

sampling, transportation, and storage to assess for any environmental contamination of 

the samples.  

 

Analysis of Drug Concentrations 

A weekly part-per-trillion (ng/L) concentration was recorded for each drug from 

each sample (where possible, pending suitable detection). From our extensive panel of 62 

parent and metabolite compounds, we refined the scope of our risk assessment to 16 

compounds. We used a Canadian drug database (DrugBank) to determine the prescription 

and/or illicit classification of each drug. An average weekly concentration for each drug 

was determined at each site. For the purposes of risk assessment, we also distinguished 

the highest maximum concentration for each of these select drugs to model worst case 

scenarios. 

 

Comparison of Concentrations Against 

Ecotoxicological Endpoints 

 

We conducted an extensive literature review of published ecotoxicological 

thresholds for each drug. This included a database review of PubMed, MEDLINE, Web 

of Science, and ScienceDirect within the years 2000 to 2020 to identify published 

threshold levels of the concentrations considered capable of impacting physiological or 
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behavioral changes in aquatic organisms to use for comparative risk-assessment 

purposes. We used the published endpoints as exposure thresholds in our risk assessment 

and used the maximum concentrations detected as the exposure within our risk quotient 

calculation. We used the following calculation to determine the risk quotient for each 

metabolite:  

Equation:  

measured environmental concentration (ng/L) / ecotoxicological endpoint (ng/L) = risk quotient 

 

We conservatively assessed the risk quotient for the maximum measured effluent 

concentration across each site. Drugs were ranked in priority order of decreasing risk 

quotient values to enable determination of which drugs (illicit, prescription, or both) may 

pose the greatest hazard to aquatic organisms. We also compared the maximum 

concentrations detected in Montana against findings from a recent San Francisco Bay 

Estuary Institute study (Lin et al., 2018), which screened treated effluent levels from 12 

areas within the San Francisco Bay region. Although the two states and regions where the 

testing occurred have different demographics, the California-based study was close in 

experimental design to our investigation and included recent results of a broad suite of 

pharmaceuticals upon which to compare our values.  

 

Results  

 

Illicit and Prescription Metabolite 

Concentrations Detected 

 

A select range of analytes (from the extensive LCMS panel) was chosen for 

inclusion in our risk analysis given their consistent detection at meaningful levels at both 



74 

 

 

sites. Table 1 shows select analytes and the maximum concentrations recorded for each 

across the two sites over the 12-week sampling period. Table 1 also highlights the 

categorization of each drug as prescription and/or illicit according to the classification 

system of the Canadian DrugBank government, which includes all FDA approved drugs 

and is updated on a daily basis. We also included a “recreational” descriptor to identify 

licit drugs used in a non-medical way (e.g., ketamine). We determined their 

“recreational” status by undertaking an online search for the drug name and material 

regarding its potential for off-label use (e.g., state and federal government health 

department guidance). 

 

Table 1. Lists the suite of drugs consistently detected via LCMS analysis and the 

maximum concentration detected across both sites during the 12-week sampling period. 

Location of sample indicated as (a) for Site A, and (b) for Site B. Prescription and Illicit 

categorization is based on Canadian DrugBank database, and Recreational categorization 

based on online search of substance abuse support material.  
Drug Maximum concentration 

(ng/L) 

Prescription  Illicit  Recreational 

Amphetamine 860.49 (a) ✓ ✓ ✓ 

Benzoylecgonine  234.3 (b) x ✓ ✓ 

Codeine 580.1 (a) ✓ ✓ ✓ 

Fluoxetine 93.7 (b) ✓ x ✓ 

Hydrocodone 138.8 (b) ✓ ✓ ✓ 

Hydromorphone 36.1 (b) ✓ ✓ ✓ 

Ketamine 82.2 (b) ✓ x ✓ 

MDA 49.3 (a) x ✓ ✓ 

MDMA 61.4 (a) x ✓ ✓ 

Methadone  25.5 (a) ✓ x ✓ 

Methamphetamine 323.2 (a) ✓ ✓ ✓ 

Morphine 194.8 (a) ✓ x ✓ 

Oxycodone 58.2 (b) ✓ ✓ ✓ 

Tramadol 1872.9 (b) ✓ x ✓ 

 

As indicated, 16 drugs were consistently detected across both sites at consistent 

ng/L levels. Although each drug is considered to be a drug of abuse, several are 

considered purely illicit, such as benzoylecgonine (metabolite of cocaine), MDA (club 
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drug known as “sally”) and MDMA (“ecstasy”). We also consistently detected EDDP 

(the metabolite of methadone) and ritalinic acid (the metabolite of methylphenidate) 

across both sites. For the purposes of considering the efficacy of drug takeback laws, 

which do not include illicit drugs, we considered it important to highlight these 

classification systems and the concentrations of prescription, illicit, and recreational 

drugs persisting through the wastewater treatment plant process. Although it is not 

surprising that so many of these “drugs of abuse” are considered both prescription and 

illicit/recreational, it is an important fact to note when undertaking our next step of 

assessing the risk they present given that drug takeback programs do not accept illicit 

drugs. We compare each of these concentrations against ecotoxicological endpoints in 

Table 2. 

 

Comparison Against  

Ecotoxicological Thresholds 

 

After reviewing the available literature for relevant ecotoxicity thresholds for 

drugs of abuse, we determined a risk quotient for each drug. Thresholds for PNEC and 

CEC were not available for all of the drugs examined in this study. As outlined in Table 

2, the thresholds were sourced from published CECs (Fick et al., 2010), PNECs, and 

from single toxicity studies that found certain concentrations had been determined to alter 

behavioral or physiological activity in aquatic organisms. CECs are concentrations in 

surface water expected to cause an effect in fish and are calculated from the lowest 

human therapeutic dose and a bioconcentration factor based on lipophilicity (Fick et al., 
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2010). PNECs are “predicted no-effects concentrations” for aquatic life, including effects 

on algae and invertebrates.  

Results indicated that concentrations of codeine and morphine greatly exceed 

PNEC thresholds (codeine at 966.83% of the threshold and morphine at 216.44% of the 

threshold). The maximum concentration of codeine detected in our study, at 580.1 ng/L, 

is clearly much greater than the PNEC value for codeine of 60 ng/L (Orias et al., 2013). 

In addition, the maximum concentration of morphine, at 194.8 ng/L, was well above the 

PNEC value of 90 ng/L (Orias et al., 2013). Although no drug concentration exceeded 

CEC values, several concentrations ranged between 32% and 86% of this higher 

threshold. These drugs included amphetamine, benzoylecgonine, fluoxetine, 

methamphetamine, and tramadol (Table 2). This demonstrates that both prescription and 

illicit/recreational drugs, particularly the opioids such as codeine and oxycodone, are 

persisting through WWTPs at levels that could pose a risk to aquatic life.  

 

Table 2. Measured environmental effluent concentrations from Site A and Site B, relative 

to ecotoxicological thresholds from Site A and Site B. Location of sample indicated as (a) 

for Site A, and (b) for Site B. PNEC = Predicted No-Effect Concentration. CEC = 

Critical Environmental Concentration. *indicates concentrations in single toxicity studies 

where an effect was observed. 
Drug Maximum 

measured 

environmental 

concentration  

(ng/L) 

Ecotoxicological 

threshold 

(ng/L) 

Risk 

quotient  

 

Measured 

concentration 

as a % of the 

threshold  

Source for 

threshold 

Amphetamine 860.4(a) 1000 0.86 86.04 Lee et al. (2016)* 

Benzoylecgonine  234.3(b) 500  0.46 46.86 Parolini et al. 

(2018) * 

Codeine 580.1(a) 26620 (CEC) 

60 (PNEC) 

0.02 

9.67 

2.17 

966.83 

Fick et al. (2010)  

Orias (et al.) 2013 

EDDP 69.2(a) No threshold available 

at this time 
   

Fluoxetine 93.7(b) 489 (CEC) 

200 (PNEC) 

0.19 

0.46 

19.16 

46.85 

Fick et al. (2010) 

Minguez et al. 

2016 

Hydrocodone 138.8(b) 2,500,000 0.00005 5.6(-7) Lin et al. (2018)  
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(PNEC) 

Hydromorphone 36.1(b) 2576 

(CEC) 

0.01 1.40 Fick et al. (2010) 

Ketamine 82.2(b) 40031 

(CEC) 

0.002 0.20 Fick et al. (2010) 

MDA 49.3(a) N/A  N/A N/A 

MDMA 61.4(a) 500 0.12 12.28 Parolini et al. 

(2014) * 

Methadone  25.5(a) 326 (CEC) 0.07 7.83 Fick et al. (2010) 

Methamphetamine 323.2(a) 1000 0.32 32.32 Hossain et al. 

(2019) * 

Morphine 194.8(a) 22615 (CEC) 

90 (PNEC) 

0.0086 

2.16 

0.86 

216.44 

Fick et al. (2010) 

Orias (et al.) 2013 

Oxycodone 58.2(b) 11694 (CEC) 

3300 (PNEC) 

0.0049 

0.01 

0.49 

1.76 

Fick et al. (2010) 

Lin et al. (2018) 

Ritalinic Acid 290.7(a) No threshold available 

at this time. 
   

Tramadol 1872.9(b) 4799 

(CEC) 

0.39 39.02 Fick et al. (2010) 

 

The data listed in Table 2 include the maximum concentrations detected for each 

drug across Site A and Site B. This value was used to inform a conservative estimate of 

risk. Table 3 lists the average concentrations detected at each site, and the maximum 

across the sites, to provide an insight into the variation of concentrations. The results 

highlight that for many compounds, the maximum value greatly exceeds the average. As 

a result, we also undertook an assessment of the average concentrations of morphine and 

codeine to determine those measured concentrations as a percentage of the risk threshold. 

For codeine, at Site A, the average concentration is still 299.3% of the PNEC threshold; 

however, at Site B, the average concentration is 45.45% of the PNEC threshold. For 

morphine, the risk from the average concentrations at both sites are much lower 

magnitudes when compared to the maximum concentrations. The Site A average 

concentration risk for morphine is 79.53% of the PNEC threshold, and the Site B average 

is only 1.85% of the PNEC threshold value. These results highlight that the maximum 
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concentrations are indeed outlier values, and the risk from the average concentrations are 

much lower when compared to the maximum concentrations.  

 

Table 3. Average Concentrations of Drugs Detected at Each Site and the Maximum 

Detected Concentrations. Location of sample indicated as (a) for Site A and (b) for Site 

B. 

Drug (ng/L) Site A (average 

concentration ng/L) 

Site B (average 

concentration ng/L) 

Maximum concentration 

at Sites (ng/L) 

Amphetamine 168.88 11.3 860.4(a) 

Benzoylecgonine  84.7 75.4 234.3(b) 

Codeine 179.59 27.25 580.1(a) 

EDDP 57.44 26.32 69.2(a) 

Fluoxetine 12.7 46.8 93.7(b) 

Hydrocodone 17.8 77.91 138.8(b) 

Hydromorphone 19.08 18.79 36.1(b) 

Ketamine 42.24 13.06 82.2(b) 

Methadone  18.65 8.86 25.5(a) 

Methamphetamine 184.51 122.21 323.2(a) 

Morphine 71.58 1.67 194.8(a) 

Oxycodone 54.56 43.92 58.2(b) 

Ritalinic Acid 146.49 51.17 290.7(a) 

Tramadol 648.02 1288.76 1872.9(b) 

 

Comparison to Previous Monitoring Results in 

Montana and San Francisco Effluent Levels 

 

Although multiple studies refer to the detection of illicit compounds in 

wastewater around the world, studies of this nature are rather limited across the Western 
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US. We compared our concentrations against a study undertaken by the Montana Bureau 

of Mines and Geology in 2016 to determine the occurrence and distribution of organic 

wastewater contaminants in various waterways in Montana (Icopini et al., 2016). A 

recent extensive study screening for pharmaceuticals in treated effluent was also 

conducted by the San Francisco Bay Estuary Institute in 2018 (Lin et al., 2018) and 

served as a useful basis for comparison. Although chemical suites varied across studies, 

there was some overlap (Table 4). When comparing the levels detected in 2019 for 

amphetamine and codeine in Montana, we noted these are higher than the maximum 

concentrations detected across the San Francisco screening study (Lin et al., 2018).  

In addition to consumption patterns, multiple factors could account for differences 

in concentrations across the studies, such as removal efficiencies and residence time of 

the metabolites within the treatment process, as well as population sizes and laboratory 

factors. However, most scientific commentary agrees that, with increasing drug use (both 

illicit and prescription) as well as increasing population sizes in some areas, this 

increasing trend might be expected to continue. 
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Table 4. Results of drug effluent concentrations from this investigation (Montana WWTP 

2019) are compared to results obtained from earlier published studies documenting drug 

effluent concentrations in wastewater (Lin et al., 2018; Icopini et al., 2016). 

Concentrations listed in the Montana WWTP (2019) are identified as either Site A (a) or 

Site B (b), by the inclusion of (a) or (b). 

Drug  

(ng/L) 

Montana WWTP 

(2019)  

San Francisco Bay 

WWTP(Lin et al., 2018) 

Montana WWTP  
(Icopini et al., 2016) 

Amphetamine 860.4 (a) 27.9 N/A 

Benzoylecgonine 234.3 (b) 336 N/A 

Codeine 580.1 (a) 262 N/A 

Fluoxetine 93.7 (b) 91.2 89 

Hydrocodone 138.8 (b) 207 73 

Methadone 25.5 (a) N/A 24 

Oxycodone 58.2 (b) 80.6 N/A 

 

 

Discussion 

 

This investigation demonstrated that prescription, illicit, and recreational drugs 

are persisting through wastewater treatment plants in each of the two Montana locations 

where we undertook samplings. In addition, our risk analysis highlighted that the 

maximum concentrations of particular drugs (codeine and morphine) discharged into 

receiving waters were at magnitudes greater than the PNEC ecotoxicological endpoints, 

posing potentially unacceptable risk to the aquatic life exposed to these concentrations in 

their habitat. These results illustrate that the drug-use behaviors of residents within the 

sewer-shed of the treatment plants in our study have a direct impact on the water quality 

and environmental health of receiving waters of those plants. Further, the results also 

highlight the limitation of treatment systems to completely degrade the active 

pharmaceutical compounds that flow through their plants. Although the persistence of 
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drugs through wastewater treatment systems is already well established, the extent of the 

concentrations that do persist and the effects on stream ecosystems (e.g., codeine at over 

966.83% of the PNEC) are not as widely understood.  

Each WWTP will also have a variable dilution ratio of treated effluent-to-surface 

water at the discharging point into the receiving waters. These ratios can vary 

significantly in response to temporal and seasonal variations in the water cycle, such as a 

higher volume of water due to snow melt in spring. These differences are important to 

consider given that a greater level of dilution will minimize the concentration of drugs 

and risk to aquatic organisms. We noticed that one treatment plant in Montana discharges 

at a minimum dilution of approximately 1.6:1 (DEQ, 2011), which, as a worst case 

scenario, suggests effluent is being discharged at 60% dilution. In other plants where the 

dilution ratio may be as high as 400:1, the strength of contamination will be more limited. 

In regions across the US where dilution is low and contaminant concentrations are high, 

aquatic life is likely at greater exposure risk.  

The ecotoxicological effect of mixtures of these drugs, as well as other chemicals 

in the receiving waters, must also be considered. Although we investigated 

concentrations of drugs in isolation, we recognize the growing literature that notes the 

harmful ecotoxicological impact from mixtures of chemicals. Backhaus (2014) states that 

the joint toxic effects of pharmaceutical mixtures are a major issue for hazard and risk 

assessment. He notes that the “ecotoxicity of a pharmaceutical mixture is typically higher 

than the effects of each individual component” and that, consequently, “such a mixture 

can have a considerable ecotoxicity, even if all individual pharmaceuticals are present 
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only in low concentrations that do not provoke significant toxic effects if acting singly on 

the exposed organisms” (Backhaus, 2014). Given the values we detected, some of which 

were above the PNEC and many well above detectable levels, we also support further 

investigation into pharmaceutical mixtures. As some categories of drugs may also share 

similar mechanisms of action, the behavioral and physiological changes that might occur 

as a result of exposure to mixtures of these similar drugs may have a compounding effect 

well above the PNEC for any single chemical.  

The large discrepancy between CECs, calculated from human therapeutic doses 

and bioconcentration factors to approximate an effects concentration in fish, and PNECs 

that are determined in toxicology studies is worth noting. The effects of drugs on algae 

and invertebrate communities, as well as more subtle effects in fish, may be missed if 

CECs are the sole benchmark for analysis of effluent. This highlights the need to develop 

robust aquatic life benchmarks for illicit and prescription pharmaceuticals. 

In light of both the opioid crisis and the resurgence of methamphetamine and 

amphetamine abuse in recent years in Montana (MT DOJ, 2017), it is particularly 

interesting to note that the three drugs found at highest concentrations were codeine, 

morphine, and amphetamine. Each of these drugs may be categorized as prescription, 

illicit, and recreational (Table 1). It is important to consider that not only were these 

drugs considered to have the highest risk profile in terms of their potential harm to 

aquatic life, but given their “illicit” categorization, they may not fall within the scope of 

drugs accepted to takeback facilities. As one objective of the drug takeback laws is to 

divert the amount of pharmaceutical waste ending up in sewers and limit associated 
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environmental harm, these results suggest this oversight of the impact of illicit drugs 

should be addressed.  

The current literature highlights the demand for relevant ecotoxicity threshold 

data for illicit substances. According to Rosi-Marshall et al. (2015), despite the ubiquity 

of illicit-drug metabolites into receiving environments (with increasing population size 

and drug usage), the effects on human and environmental health from chronic low-level 

exposure are essentially unknown. Pal et al. (2013) note that the presence of illicit drugs 

and their metabolites needs attention from an ecotoxicological perspective because their 

possible negative effect on aquatic organisms, biota, and the ecosystem might be 

comparable with therapeutic drugs. Further, Pal et al. (2013) assert that information on 

ecotoxicity of illicit drugs in the scientific literature is scant and not systematic. We 

strongly support this claim given the lack of consistency and systemization in the 

available thresholds upon which to undertake the comparison in this study. As noted 

above in our Results section, we were not able to locate a PNEC or CEC for each of the 

drugs on our panel.  

While the ecotoxicity data may indeed be lacking, there is no doubt that the 

presence of illicit drugs in our waterways is gaining greater interest. Yadav et al. (2017) 

highlight that 40 studies between 2004 and 2016 have detected illicit drugs in wastewater 

influent and effluent. As more investigations highlight the levels of illicit drugs detected, 

particularly in the context of their potential ecotoxicological risk, this may further 

encourage policy and regulatory action on pharmaceutical pollution. The implementation 

of widespread monitoring of these emerging contaminants and the enforcement of 
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existing measures (such as drug takeback laws) to ensure limited environmental impact of 

pharmaceutical use on our waterways are required. We recognize the multitude of 

stakeholders’ interests and the legal and financial hurdles related to this situation do not 

lend themselves to a one-size-fits-all solution. Our results do, however, highlight that, for 

these policies to truly address the harm that drug residues in sewers may be having on 

downstream aquatic life, illicit and recreational drugs must also be included in the mix.  

 

Limitations  

 

We recognize that our study only included two sample locations over a short time 

frame. While this sampling protocol provides an interesting snapshot, it is not as 

representative as weekly sampling over a 12-month period protocol. Our chemical suite 

of drugs analyzed for our risk assessment only included those drugs found consistently 

across sites at meaningful levels. We measured treated effluent at the plant, not after 

dilution into receiving waters. There was a lack of consistency in the application of 

thresholds as noted in the Discussion section above.  
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Abstract 

 

Recent drug takeback and monitoring laws are intended to divert prescription 

drugs from public accessibility and flushing into sewer systems ill-equipped to sequester 

pharmaceuticals. These laws are shaping new compliance responsibilities for the 

healthcare industry that may be aided by wastewater-based epidemiology tools.  
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Introduction 

 

Recent legislation affecting drug disposal practices in healthcare facilities and the 

pharmaceutical industry include drug takeback laws and the U.S. Environmental 

Protection Agency’s (EPA) new Management Standards for Hazardous Waste 

Pharmaceuticals [1]. Drug takeback laws have passed in several U.S. states leading to 

widely implemented drug takeback programs. The objectives of these laws are two-fold: 

to limit access to unused prescription drugs in the home and to divert drugs from sewer 

systems where pass-through may lead to environmental risk in receiving surface waters. 

Second, EPA’s new Management Standards for Hazardous Waste Pharmaceuticals and 

Amendment to the P075 Listing for Nicotine [1] strictly prohibits the disposal of 
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hazardous waste pharmaceuticals into sewer drains effective August 22, 2019. The laws 

represent the emerging product stewardship trend in the US, emphasizing responsibility 

by companies for the environmental impact of products throughout their full life cycle. 

Pharmaceutical pollution can detrimentally impact aquatic life, particularly downstream 

from wastewater treatment plants [2] and may also impact human health by persistence 

into ground water sources [3]. 

Both sets of legislation are driving new responsibilities for hospitals, long-term 

care facilities, and the pharmaceutical industry to monitor drug disposal. Though an 

unlikely partner, local community wastewater treatment plants may offer a strategic role 

in this compliance. Over the past decade, the detection of pharmaceuticals and 

corresponding metabolites in wastewater influent samples has enabled wastewater-based 

epidemiology investigations to estimate the per capita drug-consumption rates within a 

community. This emerging public-health tool is gaining traction with states and 

communities seeking strategies to profile community drug use and divert drugs from 

sewer systems. This review discusses the capacity of wastewater epidemiology tools 

available to the healthcare industry and governments to objectively monitor and measure 

the impacts of these laws.  

 

Existing Measures to Limit Levels of Pharmaceuticals in our Water 

 

There are currently no mandatory requirements in the US to monitor the majority 

of pharmaceuticals entering our wastewater treatment systems and potentially 

contaminating the watershed. Pharmaceuticals fall outside criteria considered 
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contaminants for monitoring standards under the Safe Drinking Water Act and Clean 

Water Act. Despite the lack of legislation, there is a growing concern to understand 

concentrations of pharmaceuticals and other emerging contaminants in wastewater 

sources, with some states undertaking their own monitoring efforts [4]. Many wastewater 

treatment systems simply do not have the technology to adequately remove all trace 

amounts of these chemicals in their treatment process, and doing so would require 

millions of dollars in upgrading expenditure. This reality is what drives the proactive 

approach to reducing the amount of drugs that are entering the sewer in the first place via 

drug takeback programs, rather than reactionary treatment plant upgrades.  

  

Drug Takeback Laws 

 

In recent years, legislation and policy initiatives have been introduced to 

specifically address the amount of pharmaceuticals entering waters and to limit the risk to 

both aquatic and human health. These include various federal and state-based laws 

underpinning drug takeback and safe medication return interventions and hospital waste 

disposal. A vast number of U.S. states and municipalities are involved in the 

implementation of safe pharmaceutical disposal programs. Given the patchwork of 

jurisdictional hurdles and inconsistent regulatory frameworks across states and counties, 

it is not surprising that the Product Stewardship Institute notes that “varying regulations, 

funding mechanisms, and outreach and education strategies make each state’s approach 

to handling home-generated pharmaceutical waste unique” [5]. This “unique” approach 

across states implies that there is no set standard or necessary “best practice” model for 



93 

 

 

these programs. The capability to evaluate which of these programs are considered the 

most successful in meeting their objectives would be valuable to ensure focused spending 

and implementation by governments and industry toward these efforts, given that the 

question of whether pharmaceutical takeback programs make a difference does not yet 

have a clear answer [6]. 

 

Manufacturer Funded Programs 

 

Not all medications dispensed to patients are consumed, which means the 

patient’s medication supply may accumulate due to stopped therapy, medication 

switches, or the patient dies leaving behind a supply of medication. It is reported that 

67% to 92% of postoperative prescription opioids are largely unused, 73% to 77% of 

patients did not secure their prescriptions, while 30% or less planned to dispose of 

remaining pills [7]. Altogether, this creates an environment of opportunity for 

nonmedical use of prescription pharmaceuticals [7]. In some states, legislatures have 

implemented drug takeback laws that require the manufacturers (that is, the 

pharmaceutical manufacturers) to fund and participate in drug takeback laws. California, 

Washington, and Vermont are examples of states that have introduced legislation and 

programs to ensure drugs can be safely returned to community repositories. The goals of 

these laws are to not only limit drug abuse by reducing accessibility and prevent 

accidental poisoning, but to also protect the environment by ensuring that flushed 

medications do not pollute water and soil [8]. 
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[Text Box 1] 

Extract from WA State Drug TakeBack Law 2018: 

 

Home medicine cabinets are the most common source of prescription drugs that are 

diverted and misused. Studies find about seventy percent of those who abuse prescription 

medicines obtain the drugs from family members or friends, usually for free. People who 

are addicted to heroin often first abused prescription opiate medicines. Unused, 

unwanted, and expired medicines that accumulate in homes increase risks of drug 

abuse, overdoses, and preventable poisonings. 

 

A safe system for the collection and disposal of unused, unwanted, and expired medicines 

is a key element of a comprehensive strategy to prevent prescription drug abuse, but 

disposing of medicines by flushing them down the toilet or placing them in the 

garbage can contaminate groundwater and other bodies of water, contributing to 

long-term harm to the environment and animal life. 

  

EPA’s Recent Legislation and Hazardous Waste Pharmaceuticals 

 

The EPA is also seeking to limit the amount of hazardous waste pharmaceuticals 

from hospitals and healthcare facilities via the Management Standards for Hazardous 

Waste Pharmaceuticals and Amendment to the P075 Listing for Nicotine [1]. This rule 

has been regarded as a breakthrough in placing a regulatory focus on the need to better 

control the levels of pharmaceuticals entering the environment by the healthcare industry 

[9]. The EPA notes the objective of this rule is to “reduce the amount of hazardous waste 

pharmaceuticals entering our waterways by 1,644 to 2,300 tons on an annual basis by 

prohibiting all facilities subject to the rule from sewering them…address the issue 

highlighted by a growing body of publicly available studies documenting the presence of 
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pharmaceuticals in drinking and surface waters as well as their negative impacts to 

aquatic and riparian ecosystems” [1]. The rule strictly prohibits the disposal of hazardous 

waste pharmaceuticals into sewer drains. 

 

[Text Box 2] 

No Consensus on Value of Regulations 

 

The pharmaceutical industry and governments do not share the same view on the value of 

drug takeback laws and their ability to decrease pharmaceutical pollution. The Consumer 

Healthcare Products Association (CHPA) a “member-based trade association 

represent[ing] the leading manufacturers and marketers of over-the-counter medicines 

and dietary supplements” advocates their opposition to legislation mandating drug 

takeback programs:  

CHPA opposes legislation mandating drug take-back programs, which do 

not address the primary source of trace amounts of pharmaceuticals found 

in the water supply, as more than 90 percent of those substances are from 

human use and excretion. [10] 

 

Adding to the confusion, the Food and Drug Administration promotes a “flush list” [11] 

of prescription drugs recommended for sewer disposal if takeback options are not 

available, and other reports caution against flushing drugs due to their impacts to aquatic 

life.  

 

Regardless of the position taken regarding source responsibility, or the extent of exposure 

risks, the laws are unequivocal in their objective to reduce the amount of drugs being 

flushed into sewers.  

The ability to test wastewater in locations where drug takeback schemes are being 

implemented can aid in the evaluation of each of the criteria. 
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Compliance Tool for Healthcare 

 

Compliance professionals within the healthcare and pharmaceutical industries are 

already familiar with regulatory mechanisms to control the management of 

pharmaceuticals within their facilities. For instance, oversight of the proper inventory 

tracking and management of all pharmaceuticals in hospitals and long-term care facilities 

is provided by the Office of Diversion Control, Drug Enforcement Administration [12]. 

The Joint Commission provides federal oversight for hospitals and also implements 

standards for managing pharmaceuticals. To receive Joint Commission accreditation, 

hospitals must follow standards (MM.01.01.03-Medication Management and 

EC.02.02.01-Environment of Care) to “minimize risk associated with disposing of 

hazardous medications” [13]. The generation of prescription drug waste in hospitals and 

long-term care facilities renders these sites as potential point-source pollutants [14]. 

These recent laws impose an additional layer of obligations on healthcare and 

pharmaceutical industries to limit the impact of pharmaceutical waste on the 

environment, recognizing the key role they may play as potential polluters. 

  

Broader Opportunity for Wastewater Analysis  

to also be used by the Healthcare Industry 

 

 

Wastewater analysis provides a prime opportunity to support compliance by the 

healthcare industry and monitoring by governments within the scope of the new laws. 

Without such objective measurements, the evaluation of the true efficacy of these 

programs for environmental health purposes (i.e., the determination of whether drugs are 
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indeed no longer being flushed down sewers) remains subjective. Wastewater 

epidemiology can aid the healthcare industry by providing near real-time surveillance 

data representing behavioral patterns of pharmaceutical disposal. The tool allows 

healthcare companies to demonstrate their ability to meet regulatory requirements and 

indicate their efforts to limit the impact of their pharmaceutical waste on the 

environment. Ultimately, this ability for companies to prove their commitment to the 

product stewardship of pharmaceuticals, either manufactured by them or used in their 

services, could also prove valuable as a public relations and/or competitive business edge 

within their community and markets.  

Even though we can test wastewater, there is still much to learn about optimizing 

these methods. Key limitations of the tool include the capacity to only test several dozen 

analytes at once and a lack of suitable standards for drug metabolites [15]. However, with 

more recent attention and funding devoted to wastewater epidemiology, scientists, 

including our team, have begun optimizing strategies and defining limitations of 

preanalytical and analytical measurements that more accurately define drug consumption 

and disposal behaviors. The potential utility of wastewater epidemiology data to inform 

public and environmental health initiatives is amassing. So much so, that in 2019, the 

U.S. Department of Justice, the U.S. National Institute of Drug Abuse, and the Water 

Research Foundation each announced requests for multidisciplinary proposals to further 

understand the capabilities of wastewater analysis.  
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