
Long-term tracking of opioid consumption in two United States 
cities using wastewater-based epidemiology approach

Adam J. Gushgaria, Arjun K. Venkatesanb, Jing Chena, Joshua C. Steelea, and Rolf U. 
Haldena

aBiodesign Center for Environmental Health Engineering, The Biodesign Institute, and School of 
Sustainable Engineering and the Built Environment, Arizona State University, 1001 S. McAllister 
Avenue, Tempe, AZ 85287-8101

bCenter for Clean Water Technology, Department of Civil Engineering, Stony Brook University, 
Stony Brook, New York, 11794, USA

Abstract

Access to near-real time opioid use data is essential to the effective management of the U.S. opioid 

crisis. Current narcotic data collection methods are limited by time delay and would be 

complimented by a rapid data acquisition technique. Use of wastewater-based epidemiology 

(WBE) analysis may offer access to near real-time data on opioid consumption but application in 

the United States has been limited. From 2015–2017, monthly 24-hour time-weighted composite 

samples of municipal raw wastewater from two Midwestern U.S. cities were routinely analyzed 

using liquid chromatography-tandem mass spectrometry for morphine, codeine, oxycodone, 

heroin, fentanyl, and select opioid metabolites. Concentrations of opioids (ng/L) in raw wastewater 

from City 1 and 2, respectively, were: morphine (713 ± 38; 306 ± 29; detection frequency (DF): 

100%), oxycodone (17.8 ± 1.1; 78 ± 6; DF: 100%), codeine (332 ± 37; 100 ± 27; DF: 93%), 

heroin (41 ± 16; 9 ± 11; DF: 81%), an d fentanyl (1.7 ± 0.2; 1.0 ± 0.5; DF: 62%). Average opioid 

consumption rates estimated using WBE ranged between 9 to 2,590 mg/day/1,000 persons. 

Anticipated overdoses and overdose-deaths calculated from analyte concentrations in wastewater 

forecasted 200 opioid-related overdoses/year and 39 opioid related overdose-deaths/year across the 
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two cities during the year 2016, which aligned well with observed coroner-reported opioid deaths. 

This long-term U.S. screening study of opioids in wastewater was the first to utilize wastewater 

epidemiological data to estimate the number of expected overdose and overdose-deaths, and to 

identify detectable levels of the powerful synthetic opioid fentanyl in wastewater.
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1. Introduction

The United States is in the midst of an unprecedented opioid epidemic that claims 

approximately 42,000 U.S. lives annually (Kounang 2017, Rudd 2016, Schuchat et al. 2017). 

Opioids were responsible for 67% and 63% of all drug overdose fatalities in 2014 and 2015, 

with death rate increases from 12.3 to 16.3 per 100,000 population being attributable to 

increased consumption of heroin (+21%) and the 50-times more powerful synthetic opioid, 

fentanyl (+72%) (Rudd 2016, Warner et al. 2016). In the U.S., 10.3 million residents 

reported using prescription opioids for nonmedical purposes in 2014, and a nine-fold 

increase of young adults using heroin has been observed from 2002 to 2014 (Martins et al. 

2017). Positive correlations between non-medical opioid use and heroin use have also been 

observed (Compton et al. 2016). While exact percentages vary by study and city, studies cite 

that between 39% to 86% of heroin users admitted to nonmedical use of pharmaceutical 

opioids before beginning heroin use (Lankenau et al. 2012, Mateu-Gelabert et al. 2015, 

Peavy et al. 2012, Pollini et al. 2011, Siegal et al. 2003). Despite recent successful efforts by 

public health and medical professionals to curb opioid prescription rates (Dowell et al. 2016, 

Frieden and Houry 2016, Schuchat et al. 2017), drug related overdose deaths have continued 

to increase in the United States (Katz 2017).

With such widespread opioid use, obtaining relevant information related to opioid 

consumption is vital to developing effective substance abuse prevention strategies. Current 

data analysis involves a combination of population surveys, crime statistics, medical records 

and narcotic seizure data (Zuccato et al. 2008), but these methods are often costly, 

cumbersome, and may be subject to bias. Wastewater-based epidemiology (WBE) was first 

proposed in 2001 as a method for obtaining population health metrics by back-calculating 
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health metrics from concentrations of related biomarkers within composite wastewater 

samples (Daughton 2001). In 2005 it was tested as a complementary approach to current 

narcotic data collection methods of cocaine use (Zuccato et al. 2005), and since has 

experienced widespread use in Europe (Baker et al. 2014, Baz-Lomba et al. 2016, Gatidou et 

al. 2016, Kankaanpää et al. 2014, Lindberg et al. 2005, Postigo et al. 2011, Terzic et al. 

2010, Van Nuijs et al. 2011b, Vuori et al. 2014, Zuccato et al. 2008, Zuccato et al. 2005), 

Asia (Kim et al. 2015, Lai et al. 2013), Africa (Archer et al. 2018) and Australia (Lai et al. 

2016, Tscharke et al. 2016) in order to obtain anonymous prescription and illicit narcotic 

consumption data in near-real time. The WBE approach has been further expanded under the 

umbrella of urban metabolism metrology (UMM) (Halden 2016), which studies multiple 

process flows within the natural and built water environment to obtain diagnostic 

information on activities, sustainability and the health statistics for a human population. 

Analysis composited raw sewage samples obtained from wastewater treatment plant 

(WWTP) may provide important epidemiological insights as usage prevalence statistics 

could theoretically be obtained for any commonly consumed product within a population 

(Dove 2006). The validity of this technique has been demonstrated through the comparison 

of wastewater epidemiological analysis of therapeutic drugs and known amounts consumed 

by the population (Heberer and Feldmann 2005, Lindberg et al. 2005).

Compared to European and Asian countries, WBE analysis in the United States has seen 

limited use (Subedi and Kannan 2014). Studies which have examined U.S. wastewaters for 

drug use prevalence have primarily focused on United States Drug Enforcement Agency (US 

DEA) schedule I and II narcotics (Banta-Green et al. 2009, Gerrity et al. 2011, Subedi and 

Kannan 2014). Some U.S. based studies have screened wastewater for prescription and illicit 

parent opioids and/or metabolites, with positive detections of morphine (Heuett et al. 2015, 

Subedi and Kannan 2014), codeine (Heuett et al. 2015), oxycodone (Chiaia et al. 2008, 

Heuett et al. 2015), and heroin (Heuett et al. 2015) being recorded. Despite the recent drastic 

increase in fentanyl-related deaths (CDC and University 2017), U.S. studies on the 

occurrence in wastewater of fentanyl are thus far lacking. Furthermore, small U.S. 

communities have been significantly impacted by the opioid crisis due to additional 

circumstances which do not impact larger communities, such as: outdated substance abuse 

infrastructure, shortages in emergency medical technician (EMT) personnel, long travel 

times of the same, lack of regional coordination, lack of physicians administering programs 

on substance abuse and medication-assisted treatment, and various administrative barriers 

(Hancock et al. 2017). Some of these locations have also been identified as areas with 

strikingly high opioid prescription rates compared to the number of residents within the 

service area (Whitaker 2017). Therefore, the goal of the present study was to examine opioid 

abuse trends in two moderately sized (<200,000 population) cities in the American Midwest, 

a U.S. region that has experienced the highest percentage increase of reported fentanyl abuse 

from 2014–2015 (CDC 2016). Opioid and metabolite compounds were selected due to their 

potential for misuse and include: morphine, morphine-3-glucuronide, codeine, norcodeine, 

oxycodone, noroxycodone, fentanyl, norfentanyl, heroin, and 6-acetylmorphine. Specific 

objectives of the study were to: (i) obtain the first wastewater monitoring data for U.S. cities 

to determine city-wide chemical-based fentanyl consumption estimations, (ii) to generate for 

participating municipalities wastewater-based data on opioid use prevalence for informed 
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decision making, and (iii) to use wastewater epidemiological data as a tool to forecast 

expected opioid related overdose and overdose-deaths.

2. Materials and Methods

2.1 Study locations and wastewater sampling methods

Influent from centralized wastewater treatment plants in two Midwestern U.S. cities was 

collected in 24-hour time-weighted composites using automated samplers by WWTP 

personnel from March 2015 to March 2017. The WWTP of City 1 serves an approximate 

130,000 residents, while that of City 2 serves an approximate 45,000 residents. 

Demographic data was obtained from the U.S. Census Bureau (SI Table S1) (USCB 2010). 

Both cities feature a sewer system designed to separate municipal wastewater from 

stormwater inputs. Both climate range and reported water use per resident were similar 

across both participating cities. Sampling occurred on one day per month during the 24-

month study period; the day of collection varied and was entirely at the discretion of 

sampling personnel. Samples were stored in polyethylene terephthalate (PET) bottles and 

shipped to Arizona State University in Styrofoam shipping containers containing either ice 

or dry ice. Upon receipt, samples were stored at −20°C until analysis.

2.2 Target analytes

Five parent opioids and their respective metabolites were monitored in raw wastewater. The 

investigated opioids were morphine (MOR), its major metabolite morphine-3-glucuronide 

(M3G), codeine (COD), its major metabolite norcodeine (NCOD), oxycodone (OXY), its 

major metabolite noroxycodone (NOXY), fentanyl (FENT), its major metabolite norfentanyl 

(NFENT), heroin (HER), and its minor but exclusive metabolite 6-acetylmorphine (6-AM). 

High purity (>97%) standard solutions of the target compounds originated from Sigma 

Aldrich (Milwaukee, WI) and were prepared by Cerilliant (Round Rock, TX, USA) as 

solutions in methanol or acetonitrile. Five deuterated compounds, one for each of the parent 

opioid target compounds were also purchased from Cerilliant for use as internal standards 

for quantification: heroin-d9 (HER-d9), morphine-d6 (MOR-d6), codeine-d6 (COD-d6), 

oxycodone-d3 (OXY-d3), and fentanyl-d5 (FENT-d5).

2.3 Isotope dilution liquid chromatography tandem mass spectrometry (ID-LC-MS/MS)

Briefly, 200 mL of WWTP composite influent was loaded onto Oasis HLB 150 mg solid 

phase extraction (SPE) cartridges (Waters, Barcelona, Spain) at a rate of 1.5 mL/min using 

automated extraction with a Dionex Autotrace 280 (Sunnyvale, CA, USA). Prior to 

extraction, all composite influent samples were spiked with a mixture of the deuterated 

compounds at a concentration of 5 ng/mL for HER-d9, MOR-d6, COD-d6, OXY-d3, and 

FENT-d5. Following sample loading, cartridges were washed with water at a rate of 5 

mL/min for five minutes and dried under a stream of nitrogen gas for 10 minutes. Drip-wise 

elution of analytes from the SPE cartridges was accomplished using 4 mL of a 50:50 

mixture of acetone and methanol containing 0.5% formic acid.

Mass spectrometric analyses were carried out on an API 4000 instrument (Applied 

Biosystems, Framingham, MA, USA), in series with a Shimadzu Prominence HPLC 
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(Shimadzu Scientific Instruments, Inc., Columbia, MD, USA) that was controlled by 

Analyst 1.5 software (Applied Biosystems, Framingham, MA, USA). Chromatographic 

separation was attained with a Symmetry C18 3.5 µm by 6.4 mm by 75 mm analytical 

column preced ed by a guard column of the same material, both supplied by Waters 

(Massachusetts, USA), and a mobile phase consisting of gradient methanol/water with 0.2% 

formic acid at a 0.35 mL/min flow rate. Samples were introduced into the mass spectrometer 

using an electrospray ionization probe operating in positive mode. Multiple reaction 

monitoring (MRM) was used for qualitative analysis (SI Table S2).

2.4 Calculation of opioid mass loadings

Parent opioid compounds were selected as indicators of drug consumption in samples 

collected over the course of the sampling campaign, lasting from March 2015 to March 

2017. Starting in June 2016, metabolite compound concentrations also were tracked as 

indicators of drug consumption until the end of the monitoring program in March 2017. 

Opioid mass loadings to the WWTP were calculated from influent wastewater flow and 

corresponding concentration using equation 1:

Mass Load mg
day = In f luent Concentration ng

L * In f luent WW Flow L
d * 1 mg

1, 000, 000 ng

Eq. 1

2.5 Estimation of mass and dose per-capita opioid consumption

To determine population normalized mass and dose consumption values (Table 1), the 

following equations were used:

M . C . mg
day * 1, 000 persons = M . L . mg

day * 1, 000
Population * C . F . Eq. 2

D . C . dose
day * 1, 000 persons = M . C . mg

day * 1, 000 persons * Dose dose
mg Eq. 3

Where M.C. refers to mass consumption, D.C. refers to dose consumption, M.L. refers to 

mass load, and C.F. refers to the analyte correction factor. Wastewater epidemiological data 

was then compared to opioid consumption and excretion data obtained from peer-reviewed 

literature to estimate the number of opioid users. The number of estimated opioid abusers 

were then compared to national opioid use statistics. Per the National Drug Intelligence 

Center’s report on Heroin Consumption in the United States (NDIC 2000), average daily use 

of pure heroin mass was assumed to equal 50 mg/day per user. Prescription opioid mass use 

was obtained from Mayo Clinic prescription guidelines at an ingestion rate of two doses per 

day, equaling 60 mg/day for morphine, 60 mg/day for codeine, and 20 mg/day for 
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oxycodone (Mayo 2017). Since unknown exposure to fentanyl is thought to drive the 

increase in fentanyl use (CDC and University 2017) it is difficult to estimate the average 

dose a recreational user may receive. Therefore, fentanyl was omitted from dose 

consumption analysis.

The following assumptions were factored into every portion of the study analysis: (i) no 

sewage loss due to leaks or pipe degradation; (ii) no transformation or degradation within 

sewer lines; and (iii) no direct drug addition to the sewer system (Zuccato et al. 2008). In 

most cases, the major drug metabolite was selected as the consumption indicator – 

morphine-3-glucoronide was selected to estimate morphine consumption, noroxycodone was 

selected to estimate oxycodone consumption, norcodeine was selected to estimate codeine 

consumption, and norfentanyl was selected to estimate fentanyl consumption. The major 

metabolite of heroin is morphine, but occurrence of morphine in wastewater can be the result 

of a number of occurrences and doesn’t necessarily indicate heroin consumption, therefore 

the minor but human specific heroin metabolite, 6-acetylmorphine, was used to estimate 

heroin consumption (Postigo et al. 2011).

2.6 Overdose-death and black-market value estimates

In order to estimate the number of overdose-deaths from wastewater data, data provided 

from state dashboards related to opioid abuse, overdoses, and deaths was compiled into a 

spreadsheet, and ratios between opioid related overdose deaths and overdoses (SI Table S3) 

were computed (AZDHS 2017, CCPDAP 2017, MNDH 2017, OHA 2017, RIPO 2017, 

VDH 2017). The average of this ratio (5.35 overdoses/death) was then compared to data 

related to overall U.S. opioid abuse prevalence (heroin: 3.8 million persons (Martins et al. 

2017); prescription opioids: 11.5 million persons (Thompson 2017)) in order to estimate the 

ratio of opioid-related deaths and overdoses compared to a single opioid user in the United 

States. This ratio of opioid users to opioid-related overdoses and fatalities was then 

compared to the estimated number of heroin and fentanyl users computed from the original 

opioid consumption indicator compound concentrations observed in wastewater to estimate 

the number of overdoses and overdose deaths from the chemical measurements. These 

estimated opioid-related overdoses and deaths were then compared to coroner data from the 

two cities for opioid-related overdose deaths to check for method accuracy – opioid-related 

overdose informati on was not available for either city so this comparison could not be 

attempted. The black-market value of heroin was calculated by comparing the observed 

mass load of heroin to its street value (NBC 2017).

2.7 Statistical analysis

Statistical analysis of the data was performed with a combination of Microsoft Office suite 

products, Analyst 1.5 software (Applied Biosystems, Framingham, MA, USA), JMP Pro 

12.1.0 (SAS, Phoenix, Arizona), and IBM SPSS 25 (IBM, Armonk, NY). Normality of the 

datasets was determined through two analyses run in IBM SPSS 25; (1) an analysis of 

skewness and kurtosis z-values, and (2) the Shapiro-Wilk test for normality. Following 

previously outlined WBE statistical testing (Brewer et al. 2016, Tscharke et al. 2016), two-

tailed t-tests were used for comparison of parent-metabolite excretion rates, as well as opioid 

concentrations in raw wastewater between study locations.
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3. Results and discussion

3.1 Method performance

Method detection limits (MDLs) for the various opioids and metabolites ranged between 0.3 

and 1.1 ng/L (SI Table S4, Figures S1–S11), data that were in line with previous U.S. studies 

(Heuett et al. 2015, Subedi and Kannan 2014). All MDLs were determined based on EPA 

guidelines described in 40 CFR 136, Appendix B (EPA 1986). Potential loss of opioids and 

metabolites from wastewater during sample extraction was corrected for by using labeled 

internal standards and the isotope dilution method. Absolute and relative recoveries from 10-

sample matrix spike experiments for the various analytes averaged 85% (range: 66%−104%) 

and 114% (range: 91%−139%) (SI Table S5), respectively. Analysis precision expressed as 

relative percent difference (RPD) for non-blinded duplicates of composite wastewater 

samples averaged ±30% (range: 1%−200%). A detailed explanation of procedures to 

experimentally determine recovery rates is available in the supporting information (Section 

S-1.1).

3.2 Concentrations of opioids and metabolites in raw wastewater

Opioid parent compounds were identified in composite wastewater samples for each city 

once per month from March 2015 to April 2017 (SI Table S6). Ratios of concentrations in 

raw wastewater (in ng/L) of the parent drug and its metabolite compounds were observed to 

be similar across both cities (Figure S12). Morphine concentrations in raw wastewater were 

determined to be 713 ± 38 ng/L (City 1) and 306 ± 29 ng/L (City 2), and morphine-3-

glucoronide concentrations in raw wastewater were determined to be 7.0 ± 2.5 ng/L (City 1) 

and 7.6 ± 1.8 ng/L (City 2). Morphine presence in wastewater can be attributed to 

consumption of morphine (Hasselström and Säwe 1993), consumption of heroin (Cone et al. 

1993), consumption of codeine (Vree and Wissen 1992), or as result of narcotic disposal 

(Daughton and Ruhoy 2009). Further analyte degradation (Skopp et al. 2001) and 

metabolization in the sewer system is likely and may influence parent-metabolite ratios 

(O’Brien et al. 2017). The discrepancy between the morphine parent and metabolite 

concentrations in raw wastewater suggest that the morphine concentrations are influenced by 

one of the alternative sources of morphine occurrence in wastewater and could suggest illicit 

drug use. Average concentrations in raw wastewater of codeine were determined to be 322 

± 37 ng/L (City 1) and 100 ± 27 ng/L (City 2); average concentrations in raw wastewater of 

oxycodone were determined to be 17.8 ± 1.1 ng/L (City 1) and 78 ± 6 ng/L (Cit y 2); the 

codeine metabolite norcodeine concentrations were determined to be 162 ± 27 ng/L City 1) 

and 48 ± 8 ng/L (City 2); observed noroxycodone concentrations were determined to be 73 

± 5 ng/L (City 1) and 105 ± 7 ng/L (City 2). Both codeine and oxycodone showed similar 

detection frequencies for both parent and metabolite compounds.

Average concentrations in wastewater of heroin were determined to be 41 ± 16 ng/L (City 

1), and 19 ± 11 ng/L (City 2), and observed fentanyl concentrations were found to be 1.7 

± 0.2 ng/L (City 1) and 1.0 ± 0.5 ng/L (City 2). The corresponding fentanyl metabolite 

norfentanyl concentrations were found to be 30 ± 2 ng/L (City 1) and 48 ± 2 ng/L (City 2), 

and 6-acetylmorphine concentrations were found to be 43 ± 15 ng/L (City 1) and 21 ± 3 

ng/L (City 2). Both of these metabolites were detected at a higher frequency than their 
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respective parent compounds (Table 2). In both cities, concentrations of the fentanyl 

metabolite norfentanyl were significantly larger (2-times and 48-times) than the 

corresponding concentrations of parental fentanyl, a finding that potentially could be due to 

the previously observed rapid in vivo degradation and transformation of fentanyl following 

administration (Labroo et al. 1997).

Most opioids show a relatively consistent concentration pattern when compared over the 

two-year period. An exception of this is the dataset obtained for City 2 codeine 

concentrations from March 2015 – January 2016 where concentrations varied from 260 ng/L 

to below the method detection limit. This variation was not observed from June 2016 to 

March 2017 for City 2, but this observation lacks a definitive explanation. The concentration 

data was then converted to mass load data for further analysis outlined in the subsequent 

sections of this manuscript (Table S7, Figure S13).

3.3 Estimated opioid consumption

Opioid consumption (in mg/day/1,000 persons) was estimated from opioid mass loads 

(Table 3) and determined to be stable throughout the sampling campaign for all opioids (SI 

Table S8) aside from City 1’s oxycodone consumption which showed a statistically 

significant increase (565%, p-value: <0.01) from the March 2015 – Jan 2016 to th e June 

2016 – March 2017 sampling periods. In order to compare estimated opioid consumption 

rates between the two cities, two tailed t-tests were computed for all available estimated 

opioid mass loads normalized to the contributing population at the α=0.05 confidence 

interval. Population normalized mass loads for morphine in City 1 were found to be 

statistically higher (p-value = 0.048) than those observed in City 2, and this observation was 

also mirrored by the population-normalized mass load data for morphine-3-glucoronide data 

(p-value = 0.016). Population normalized mass loads for codeine in City 1 were also 

statistically higher (p-value = 0.0002) than those calculated for City 2, which was also 

mirrored by the metabolite norcodeine population normalized mass loads (p-value = 0.023). 

Calculated oxycodone mass loads normalized to the contributing population were 

determined to be statistically higher in City 2 (p-value = 0.00002) than those computed for 

City 1, which was again mirrored in the data computed for the metabolite noroxycodone (p-

value = 0.0006). Interestingly, neither parent fentanyl (p-value = 0.734), the fentanyl 

metabolite norfentanyl (p-value = 0.155), nor the heroin metabolite 6-acetylmorphine (p-

value = 0.629) showed any statistical differences between the two cities, which may inform 

on the possible uniformity of usage patterns of these black market specific narcotics within 

these two cities.

Estimated morphine consumption values (2,590 ± 157 mg/day/1,000 persons, 1,970 ± 255 

mg/day/1,000 persons) were in-line with other WBE values from a New York study (range: 

1,610–2,240 mg/day/1,000 persons) (Subedi and Kannan 2014) but higher than international 

consumption estimates (range: 13.8–310 mg/day/1,000 persons) (Baker et al. 2014, Baz-

Lomba et al. 2016, Tscharke et al. 2016, Vuori et al. 2014, Zuccato et al. 2008). Estimated 

morphine consumption from morphine-3-glucuronide (26 ± 8 mg/day/1,000 persons, 3.8 ± 1 

mg/day/1,000 persons) was lower than estimated consumption values from the New York 

study, but in line with international studies conducted. Morphine excretion as a result of 
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codeine (0–15%) (Thorn et al. 2009) or heroin (7%) (Yeh et al. 1976) consumption likely 

influenced wastewater morphine concentrations (Cone et al. 1993, Cone et al. 1991), and 

suggest that a stable morphine specific metabolite would be preferable for morphine 

consumption estimations.

Codeine consumption estimated from parent codeine was 2-times higher in City 1 (204 ± 13 

mg/day/1,000 persons) compared to City 2 (102 ± 21 mg/day/1,000 persons), and 

oxycodone consumption estimated from parent oxycodone was nearly 8-times higher in City 

2 (556 ± 89 mg/day/1,000 persons) compared to City 1 (72 ± 12 mg/day/1,000 persons). 

When compared to a multi-regional U.S. study, oxycodone consumption estimates for City 1 

were in-line with other U.S. consumption estimates (U.S. range: 8–170 mg/day/1,000 

persons) (Chiaia et al. 2008), but estimates for City 2 were significantly higher than 

previously reported values. When compared to international studies, oxycodone 

consumption estimates were higher across both cities (international range: 20–50.5 mg/day/

1,000 persons) but codeine consumption estimates were in-line with international studies 

(international range: 164–927 mg/day/1,000 persons) (Tscharke et al. 2016, Vuori et al. 

2014). Using norcodeine for consumption estimation purposes resulted in higher codeine 

consumption estimations across both cities (8-times higher) compared to parent codeine 

which resulted in U.S. consumption estimation exceeding international values. This 

observation was not mirrored with the noroxycodone:oxycodone relationship, as both values 

provided similar results (RPD: 53–60%).

Heroin consumption estimates obtained from the metabolite 6-acetylmorphine (1,294 ± 296 

mg/day/1,000 persons, 1,127 ± 163 mg/day/1,000 persons) were between 10 to 281 times 

higher than other estimated consumption values obtained from literature (range: 4.6–115 

mg/day/1,000 population) (Heuett et al. 2015, Tscharke et al. 2016). This suggests that 

heroin consumption within these two midwestern cities may exceed both international and 

U.S. estimated use rates. While only one study has reported positive detection of fentanyl 

and its metabolite in U.S. wastewater (Gushgari et al. 2018), the estimated consumption 

unearthed by this analysis from both fentanyl (10 ± 1.2, 9 ± 2.7 mg/day/1,000 persons) and 

norfentanyl (18 ± 7, 47 ± 18 mg/day/1,000 persons) are still higher than data published in a 

Southwestern campus study (REF and range) and the average fentanyl consumption (0.5 

mg/day/1,000 persons) estimated by WBE data from Adelaide, South Australia (Tscharke et 

al. 2016). While fentanyl concentrations were consistently the lowest of any analyte detected 

in this study, any detectable presence of synthetic fentanyl or its analogs should be 

considered significant due to the strength of the opioid (Donner et al. 1996), its prevalence in 

opioid-related fatalities (CDC and University 2017), and its ties to the illicit drug trade 

(CDC 2016). Furthermore, this study has identified the first frequent detections of fentanyl 

(DF: 62%) and norfentanyl (DF: 100%) in U.S. wastewater which is necessary for 

comparison purposes of future U.S. opioid-related wastewater epidemiological work. 

Population normalized mass load data was then converted to dose-estimated data for further 

data analysis of user count and estimated overdose-deaths (Table S9).
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3.4 User count, estimated overdose-deaths, and monetary black-market contribution

The number of heroin addicts within the two study locations were estimated at 3,400 (city 1) 

and 1,000 (city 2) persons. Considering the national average of 0.21% current habitual 

heroin users (SAMHSA 2013) these values are 1,135% and 982% higher than the calculated 

expectancy. These values were 61% and 41% higher than the national average of lifetime 

heroin use of 1.6% (Martins et al. 2017). The number of codeine users were determined to 

be 3,600 (city 1) and 600 (city 2) persons. Oxycodone users were determined to be 800 (city 

1) and 660 (city 2) persons. Number of morphine users estimated from parent morphine 

were determined to be 5,600 (city 1) and 1,500 (city 2) persons but does not account for 

morphine occurrence due to heroin or codeine consumption. A cost estimate for black-

market heroin consumption was also attempted for the two cities, with the average street 

value of heroin estimated to be $240/gram (NBC 2017). This analysis resulted in annual 

black-market contributions of $1.14 million (city 1) and $990 thousand (city 2) from heroin 

users. These estimates may be overly conservative, as a city with 100,000 individuals and a 

0.21 addict rate could theoretically exceed an annual black-market contribution of 11.5 

million USD from heroin alone. Cost estimations for the remainder of the opioids were not 

attempted due to uncertainties with rates of medical vs. nonmedical use, and uncertainties in 

pharmaceutical vs. black market costs.

For the first time in literature wastewater epidemiological data was used to forecast the 

number of opioid-related overdose and deaths expected given the concentrations of opioid 

consumption indicator compounds observed. The number of estimated heroin users were 

compared to state opioid overdose death data to estimate the number of expected heroin and 

prescription opioid overdoses. Data obtained from state opioid dashboards suggested that on 

average one thousand estimated daily heroin users translated to an estimated 3.4 heroin 

overdose deaths and 18.3 heroin related overdoses. Consequently, one thousand estimated 

daily synthetic opioid users translated to an estimated 1.8 synthetic opioid overdose deaths 

and 9.4 synthetic opioid related overdoses.

From this analysis 12 heroin attributable deaths, 62 attributable heroin overdoses, 18 

synthetic opioid attributable deaths, and 94 synthetic opioid attributable overdoses were 

estimated for City 1. City 2 was estimated to incur 4 heroin attributable deaths, 18 

attributable heroin overdoses, 5 synthetic opioid attributable deaths, and 26 synthetic opioid 

attributable overdoses. When compared to reported coroner data, the estimated attributable 

death counts of both cities were within 30% of the true number identifying a similarity 

between the statistics unearthed through this analysis and municipal data. The estimated 

opioid-related overdose deaths calculations performed here considered the opioids heroin 

and fentanyl, which could have contributed to the lower estimation across both communities. 

This suggests that WBE data may also be used as a tool to forecast overdoses and deaths 

based upon narcotic indicators found in wastewater, furthering the value of wastewater 

analytical data to government and health personnel.

3.5 Study Limitations

While narcotic use and trend data collection via wastewater monitoring has been shown a 

viable tool both domestically and internationally (Baker et al. 2012, Kankaanpää et al. 2014, 

Gushgari et al. Page 10

Water Res. Author manuscript; available in PMC 2020 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Subedi and Kannan 2014), there are shortcomings which factor in a level of uncertainty 

within the analysis. The most robust data that can be obtained from wastewater monitoring 

are analyte concentrations in raw wastewater (mass per volume) and daily mass loads (mass 

per day). These sources of data are subject to the smallest source of possible error mainly 

stemming from analyte degradation in-sewer and during sample collection but also limit the 

knowledge that can be obtained from the dataset without further analysis. Previous literature 

has reported WBE data through usage statistics (in mass or doses per day per population) 

(Lai et al. 2013, Zuccato et al. 2008), monetary units (black market or overall economic 

impact) (Zuccato et al. 2011), and health statistics (attributable users, overdoses, or overdose 

deaths) (Terzic et al. 2010), but these analyses likely increase the associated error. Variations 

in individual narcotic mass usage (Harocopos et al. 2016, Warner et al. 2016), 

pharmacokinetic metabolization and narcotic excretion rates (Andes and Craig 2002, Cone 

et al. 1993, Jenkins et al. 1994, Schwartz 2003), and the extent of in-sewer analyte 

degradation and/or metabolization/hydrolyzation by fecal bacteria present in untreated 

wastewater (Postigo et al. 2011) can have a marked effect on estimating drug use statistics 

from WBE data. This phenomenon has been thoroughly proven with respect to morphine-3-

glucoronide (van Nuijs et al. 2011a), and may account for the low concentrations observed 

with respect to observed morphine concentrations at both locations. It should also be noted 

that the use of 6-Acetylmorphine for estimation of heroin consumption has been shown to 

produce higher values of estimated heroin consumption, and therefore the results presented 

in this manuscript for heroin consumption may constitute overestimations (EMCDDA 2016). 

While these observations certainly have an impact on results obtained through this method, 

the alternative use of morphine as an indicator compound is also associated with certain 

limitations which factor a great deal of uncertainty into WBE analyses. Therefore, instead of 

abandonment of 6-AM as a heroin indicator compound, it would be more advantageous for 

the field to fine-tune the parameters used in 6-AM estimations in order to make estimations 

from this compound more robust. Analysis of specific narcotics with various limiting factors 

such as low urinary and fecal excretion profiles or rapid in/ex vivo degradation may provide 

additional challenges for the quantification of certain narcotics in wastewater.

The use of time-weight samplers and the sampling frequency used in this study also 

constitutes limitations. The use of time-weighted sampling will not account for the diurnal 

wastewater flow patterns which could result in an underrepresentation of narcotic 

concentrations in raw wastewater. Due to budgetary constraints participating WWTP 

operators opted to sample for one randomly selected weekday 24-hour period per month. 

While this frequency of sampling can provide insights into long-term trends, annual 

averages, and baseline usage patterns obtaining more intricate trend analyses of the data (i.e. 

variation in weekly use trends) is not possible. An ideal study would sample for a set 

number of consecutive days throughout a longer timeframe to obtain data for both short and 

long-term drug use trends, and administration of self-reporting surveys for comparison 

purposes (Heuett et al. 2015, Moore et al. 2014). Similar to previous wastewater-based 

epidemiology studies the particulate phase of collected wastewater was not analyzed for 

narcotic indicators which could result in the underestimation of observed total consumption 

within these communities. Large relative percent differences observed for some samples as 

well as increase in parent oxycodone observed for City 1 between the two sampling 
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campaigns could have been impacted by analyte sorption on storage containers and sampling 

equipment, in-sewer analyte degradation, matrix interference, and analysis system losses - 

but the lack of analyte detection and internal standard loss within process and method blanks 

suggest this is unlikely. While these factors contribute a level of uncertainty in this analysis 

data derived from these methods should still be considered a powerful analytical tool and 

considered alongside additional viable methods of data collection that are currently 

implemented within municipal communities.

4.0 Conclusion

The results of this study indicate that the observed higher opioid consumption in the United 

States is reflected in opioid analyte concentrations observed in U.S. wastewaters, which have 

produced some of the highest opioid consumption estimations presented in WBE literature. 

Implementing WBE monitoring within a community requires minimal adjustment to 

wastewater infrastructure but would result in pertinent information related to opioid use. 

This study also provides the first reported U.S. occurrence of fentanyl and its metabolite 

norfentanyl in wastewater in published literature. Screening for fentanyl and its metabolites 

should be viewed as a mandatory practice in future U.S. WBE studies due to the association 

between fentanyl and the rise in opioid-related fatalities in the United States (Warner et al. 

2016). This study has also shown that WBE results could be further used to forecast opioid-

related overdose and deaths attributable to a measurable concentration of drug analyte within 

wastewater. While the WBE process may be subject to some uncertainty the technology 

remains a valuable analytical tool to be used alongside current data acquisition approaches 

by providing location specific wastewater-based epidemiological data in near real-time.

With the continued increase in national overdose-deaths due to the ongoing opioid crisis, 

and other health related crises such as the resurgence of methamphetamine consumption, the 

value of wastewater-based epidemiological data to cities and communities has never been 

higher. In order to make true change within our communities, community leaders and 

stakeholders need access to the most up-to-date and pertinent information possible – a need 

which can be, in part, fulfilled through routine wastewater monitoring for chemical and 

biological indicators of public health concern. This sentiment has started to be reflected 

through municipal action, most notably through the recent partnership between the City of 

Tempe and Arizona State University (Pineda 2019), but the vast majority of municipalities 

within the United States still do not employ this valuable technology. If WBE were to 

experience national implementation, public health officials and stakeholders would be able 

to understand the impact of their decisions on the community much quicker than currently 

possible, and would also be able to address shortcomings of said education and policy 

implementation – reducing the significant time and monetary input normally associated with 

these campaigns, ultimately leading to a healthier community and more lives saved.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Two-year WBE study of opioid use in the American Midwest.

• Analysis of cities with known and identified opioid abuse problems.

• First estimation of overdoses and deaths from WBE data.

• First routine detection of fentanyl and norfentanyl in U.S. wastewater.
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Figure 1. 
Parent opioid concentrations determined in 24-hour time-weighted composite wastewater 

samples for the two cities over the sampling campaign from March 2015 to April 2017. 

Non-detects are represented by empty symbols within the graph. Months within the 

sampling campaign where samples were not received are not represented.
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Figure 2. 
Estimation of per-capita consumption values for codeine, oxycodone and fentanyl derived 

from opioid parent compound analysis. Populations were estimated by population served by 

the wastewater treatment plants, and correction factors used are listed in Table 1. Per-capita 

consumption estimations are a factor of the observed concentration, wastewater flow, 

estimation of number of contributing residents, and correction factors based upon excretion 

rates and pharmacokinetic data.
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Figure 3. 
Estimated and actual opioid-related overdose deaths for the two cities. Actual overdose 

statistics were obtained from state coroner data for confirmed opioid-related fatalities.
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Table 1 -

Opioid narcotics, respective consumption indicator compounds, excretion rate of respective consumption 

indicators, correction factors used for each consumption indicator, and average prescribed oral dose per opioid 

per Mayo Clinic doctor guidelines.

Drug Consumption Indicator Excretion Rate (%) Correction Factor Average Dose (mg)

Morphine
Morphine 10 

a 10.0

30 
g

Morphine-3-Glucuronide 75 
a 0.8

Codeine
Codeine 57.5 

b 1.7

30 
g

Norcodeine 3.77 
c 27.8

Oxycodone
Oxycodone 8.9 

d 11.2

10 
g

Noroxycodone 22.1 
d 4.7

Fentanyl
Fentanyl 6 

e 16.7

0.1 
g

Norfentanyl 91.08 
e 1.6

Heroin
Heroin n/a n/a

30 
g

6-Acetylmorphine 1.3 
f 86.8

a.
Hasselström, Jan, and Juliette Säwe. “Morphine phar macokinetics and metabolism in humans.” Clinical pharmacokinetics 24.4 (1993): 344–354.

b.
Thai, Phong K., et al. “Refining the excretion factors of methadone and codeine for wastewater analysis—Combining data from pharmacokinetic 

and wastewater studies.” Environment international 94 (2016): 307–314.

c.
Lafolie, Pierre, et al. “Urine and plasma pharmacokinetics of codeine in healthy volunteers: implications for drugs-of-abuse testing.” Journal of 

analytical toxicology 20.7 (1996): 541–546.

d.
Lalovic, Bojan, et al. “Pharmacokinetics and pharmacodynamics of oral oxycodone in healthy human subjects: role of circulating active 

metabolites.” Clinical pharmacology & therapeutics 79.5 (2006): 461–479.

e.
Labroo, Rita B., et al. “Fentanyl metabolism by human hepatic and intestinal cytochrome P450 3A4: implications for interindividual variability in 

disposition, efficacy, and drug interactions.” Drug Metabolism and Disposition 25.9 (1997): 1072–1080.

f.
Postigo, Cristina, Miren López de Alda, and Damià B arceló. “Evaluation of drugs of abuse use and trend s in a prison through wastewater 

analysis.” Environment international 37.1 (2011): 49–55.

g.
Mayo Clinic Guidelines
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Table 2 -

Detection frequency, average analyte concentrations in raw wastewater ± standard deviations (SD), and 

concentration range per opioid consumption indicator of all sample concentrations.

Consumption Indicator Frequency of Detection (%)
Concentration (ng/L)

Average ± SD Range

Morphine 100 (n=45) 514 ± 268 159 – 1,310

Morphine-3-glucuronide 90 (n=21) 7.3 ±6.6 <MDL - 26

Codeine 93 (n=45) 218 ± 154 <MDL - 571

Norcodeine 95 (n=21) 107 ± 90 <MDL - 397

Oxycodone 100 (n=45) 47 ± 52 3 – 251

Noroxycodone 100 (n=21) 88 ± 34 47 – 171

Fentanyl 62 (n=45) 1 ± 0.9 <MDL - 4.4

Norfentanyl 100 (n=21) 38 ± 49 11 – 198

Heroin 81 (n=21) 27 ± 30 <MDL - 120

6-Acetylmorphine 100 (n=21) 32 ± 28 7 – 115
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Table 3 -

Average ± standard error, minimum, and maximum analyte population normalized mass load consumption 

across the two cities.

City 1

Analyte
Average Concentration Minimum Concentration Maximum Concentration

all concentration in mg/day/1,000 population

Morphine 2,590 ± 157 1,170 4,603

Oxycodone 72 ± 12 14 192

Codeine 204 ± 13 111 341

Fentanyl 10 ± 1.2 4 21

Morphine-3-Glucuronide 26 ± 8 <MDL 103.8

Noroxycodone 124 ± 6 105 171

Norcodeine 1,630 ± 284 169 4,169

Norfentanyl 18 ± 7 7 87

6-Acetylmorphine 1,294 ± 296 441 3,257

City 2

Analyte
Average Concentration Minimum Concentration Maximum Concentration

all concentration in mg/day/1,000 population

Morphine 1,970 ± 255 974 6,754

Oxycodone 556 ± 89 147 1,859

Codeine 102 ± 21 0.9 398

Fentanyl 9 ± 2.7 0.9 34

Morphine-3-Glucuronide 3.8 ± 1 <MDL 11.5

Noroxycodone 300 ± 35 128 487

Norcodeine 790 ± 180 <MDL 1,726

Norfentanyl 47 ± 18 10 191

6-Acetylmorphine 1,127 ± 163 404 1,844
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