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Abstract

Low levels of pharmaceutical compounds have been detected in aquatic environments worldwide,
but their human and ecological health risks associated with low dose environmental exposure is
largely unknown due to the large number of these compounds and a lack of information. Therefore
prioritization and ranking methods are needed for screening target compounds for research and
risk assessment. Previous efforts to rank pharmaceutical compounds have often focused on
occurrence data and have paid less attention to removal mechanisms such as human metabolism.
This study proposes a simple prioritization approach based on number of prescriptions and toxicity
information, accounting for metabolism and wastewater treatment removal, and can be applied to
unmeasured compounds. The approach was performed on the 200 most-prescribed drugs in the
U.S. in 2009. Our results showed that under-studied compounds such as levothyroxine and
montelukast sodium received the highest scores, suggesting the importance of removal
mechanisms in influencing the ranking, and the need for future environmental research to include
other less-studied but potentially harmful pharmaceutical compounds.

Keywords

pharmaceuticals; prioritization; screening; ranking; risk assessment; prescription drugs; water;
environment

1 Introduction

Low levels of pharmaceutically active compounds (PhACs) have been measured in surface
waters, groundwater, drinking water sources, and wastewater effluent throughout the world
(Vulliet et al., 2011; Dougherty et al., 2010; Fick et al., 2009; Zhao et al., 2009; Choi et al.,

Correspondence to: James P. Shine.

Conflict of Interest Statement
The authors declare that there are no conflicts of interest.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dong et al.

Page 2

2008; Roberts and Thomas, 2006; Karthikeyan and Meyer, 2006; Bendz et al., 2005;
Carballa et al., 2004; Yang and Carlson, 2004; Huggett et al., 2003; Calamari et al., 2003;
Sacher et al., 2003; Andreozzi et al., 2003; Kolpin et al., 2002; Hirsch et al., 1999; Belfroid
etal., 1999; Ternes, 1998). These compounds include antibiotics, analgesics,
antidepressants, beta-blockers, hormones and hormone-mimics. Because PhACs are
designed to target specific metabolic and biological pathways, there is concern that, even
though levels found in the environment are much lower than the therapeutically effective
doses (Webb et al., 2003), some compounds may disrupt key processes in sensitive non-
target organisms, including certain human populations such as children and pregnant
women.

Human PhACs enter aquatic environments primarily through the discharge of treated and
untreated wastewater to surface water bodies, or to aquifers from septic systems and
groundwater recharge. Following consumption of these drugs, both metabolites and
unmetabolized PhACs are generally excreted in urine and feces. Metabolism rates vary
greatly across compounds, from <1% to >95% metabolized before excretion (Physicians’
Desk Reference, 2009). Discharged into sewage or septic systems, these PhACs then
undergo additional transformations or physical removal (e.g., sorption to solids and settling)
within wastewater treatment plants (WWTPs), but removal efficiency is highly variable
across compounds and can be substantially less than 100% (Metcalfe et al., 2010; Batt et al.,
2006; Joss et al., 2006, 2005; Jones et al., 2005; Carballa et al., 2004; Ternes et al., 1999;
Ternes, 1998). Due to the relatively long half-lives and hydrophilic nature of many PhACs,
they cannot be treated by WWTPs as effectively as other contaminants (Batt et al., 2006),
resulting in their persistence and accumulation to measurable levels in aquatic ecosystems.
However, little is actually known about the potential human and ecological health risks that
PhACs or PhAC-mixtures pose at environmentally relevant concentrations.

This lack of knowledge is primarily due to the large number of PhACs used in the U.S. and
throughout the world. According to the Orange Book (Approved Drug Products with
Therapeutic Equivalence Evaluations) published by the U.S. Food and Drug Administration,
over 10,000 prescription drugs and about 300 over-the-counter drugs are currently in use
and produced. For a majority of these compounds, no data are available on their fate and
transport in the environment, their toxicity to organisms and humans at environmentally
relevant doses, or no measurement has been made yet to determine their environmental
concentrations. This is partly because chemical analysis methods for detecting and
determining most of these compounds in the environment are still under development, and
even for those that can be measured, the currently available analytical methods and toxicity
tests are expensive and time-consuming. Therefore, a prioritizing approach is crucial for
researchers to select the most important and relevant target compounds.

Given the large number of PhACs, many environmental studies base their selection of
compounds on ease of measurement or detection (Schwab et al., 2005), brand name
recognition (Foster et al., 2010; Nieto et al., 2010; Redshaw et al., 2008), or certain
categories of concern (Schultz et al., 2010). Overall, current studies largely focus on
common antibiotics such as trimethoprim, ciprofloxacin, sulfamethoxazole and
erythromycin. This is not too surprising as antibiotics are the largest class of
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pharmaceuticals among all prescription, over-the-counter, and veterinary pharmaceuticals. A
large proportion of the studies that chose to look at pharmaceuticals other than antibiotics
focused on compounds with high consumption or prescription rates (e.g. atenolol,
furosemide, codeine, acetaminophen, carbamazepine, verapamil, metformin, amitriptyline).
However, a systematic approach that accounts for environmental loadings, fate and
transport, as well as toxicity of PhACs will be most helpful in screening of common PhACs
for potentially harmful compounds to the health of humans and aquatic organisms.

An increasing number of studies have proposed comprehensive approaches to rank or
prioritize the risk of PhAC compounds in the environment using different criteria and
models (Fick et al., 2010; Kumar and Xagoraraki, 2010; Cooper et al., 2008; Sanderson et
al., 2004). Most of these studies began with PhACs’ occurrences in the environment and
ranked their potential impacts based on toxicological information either from toxicity tests
or estimated with quantitative structure-activity relationship (QSAR) models. Therefore, the
compounds of which environmental measurements were not yet conducted or available
could not be included in the ranking. Only very few studies started their analyses from the
usage of PhACs (Cooper et al., 2008), and even fewer had considered influence on their
ranking of PhACs imposed by various removal mechanisms, such as human metabolism
(Perazzolo et al., 2010) and WWTP treatment (Lienert et al., 2007). We hypothesize that the
ranks for certain compounds estimated by these methods may actually change substantially
if attenuation terms were taken into consideration.

The main goals of this research are (1) to assess the feasibility of developing an approach
that uses readily available data to prioritize PhAC compounds based on potential risk to
ecological and human health, and (2) to use the developed approach to suggest a list of
priority compounds. In this study, we developed a quantitative risk-based ranking approach,
combining number of prescriptions, metabolism, WWTP removal, and multiple toxic
endpoints, in order to identify compounds that pose potentially high risk to human and
ecosystems. This approach can be used to provide guidance to both researchers and
regulators in a simple and meaningful way on the risk of PhACs to human and ecological
health, including previously unmeasured PhACs.

2 Methods

We started with a list of the top 200 prescription drugs (http://www.rxlist.com) in 2009
including both generic and brand name pharmaceuticals, and developed a ranking system for
the active ingredients in these 200 drugs to calculate a Toxic Load (TL), a risk-based metric
we developed incorporating annual mass production, human metabolism, WWTP removal,
and the toxicity of each compound. In general, the toxic load for a compound can be
described by the ratio of its mass loading into the environment and toxicity threshold of a
certain endpoint:

_ Mass Loading
~ Toxicity Threshold @
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Thus a compound with a large mass loading to the environment that also is toxic a low
thresholds will have a hihg toxic loading to the environment. Details of the TL calculation
wwre given below..

2.1 Estimating Mass Loadings

The mass loading of each PhAC to aquatic ecosystems was calculated as:

MLi(kg/yr)=P; x u; X e; X d; (2)

where ML; = mass loading of compound i to aquatic ecosystems after being consumed,
excreted, and passing through a WWTP; P; is the mass of compound i prescribed per year
(kg/yr) calculated from published prescription data; u; = the fraction of a compound i that is
actually utilized (ingested, inhaled, etc.) by the consumer as opposed to being disposed of (u;
was assumed to be equal to 1 in our study due to the lack of data); g = the fraction of
compound i that is excreted unmetabolized after ingestion or inhalation; d; = the fraction of
compound i that is discharged from a typical WWTP without being chemically transformed
or removed by sorption and settling.

Production (P;), or consumer use of prescription pharmaceuticals, in kilograms per year, was
calculated in two ways: (1) based on published sales data, as done in other published studies
(Zuccato et al., 2006; Calamari et al., 2003), or (2) the number of prescriptions filled. The
two methods were compared and the results were linearly related (R?=0.82, p<0.001). More
data were available for the drugs on the list for the “# of prescriptions filled" method, thus
data from this method was used for all subsequent calculations.

The number of prescriptions filled (#Rx) along with estimates of prescription type and dose,
were used to convert #Rx to total production (kg/yr) in the U.S.. A maximum daily
maintenance dose for an average adult was obtained for each drug on the 2009 list from
Rxlist.com and, if available, the average time period for taking the drug (per prescription
filled) was specified. If this information was not available or the drug was indicated for
long-term use (months or longer), it was assumed that each prescription supported the
patient for 30 days, with the exception of antibiotics, anti-inflammatory agents and opiate
agonists. In these latter categories, an average time period of 14 days was used. The total
production of each prescription drug from 2009 was then calculated as follows:

P(kg/yr)=#prescriptions filled
xMaximum daily maintenance dose(mg/day)xTime period for taking the drug(days)/10°

The percentage of excretion as unchanged (unmetabolized) parent compound (g;) was found
for each drug in either the Rxlist website, PDR (Physicians’ Desk Reference, 2009) or
AHFS Drug Information (American Society of Hospital Pharmacists, 2007). Zero
metabolism was applied to topically and opthalmically used drugs (assuming no absorption
into the human body). As a result of no experimental data for removal rates through
wastewater treatment for many of the PhACs, the STPWIN module in the EPI Suite
software (U.S. EPA, 2011) was used to estimate removal rate percentages (d;), based on an
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EPA draft method using Kows. This program predicts the removal of chemicals in a typical
activated sludge-based sewage treatment plant. Three processes that may contribute to
removal are considered: biodegradation, sorption to sludge, and air stripping. The program
assumes a standard system design and set of default operating conditions.

2.2 Toxicity Dose (TD)

No single toxicity estimate was used for the final analysis because of the multiple target
organisms considered, multiple potential toxicity endpoints, and the limited consistency in
data availability across compounds for each endpoint and organism. Thus, twelve different
toxic endpoints were considered: (1) Adult Minimum Initial Dose, (2) Human LOAEL
(Lowest-Observed-Adverse-Effect-Level), (3) Rat LD50 (lethal dose for 50% of test
population), (4) Rat LOAEL, (5) Mouse LD50, (6) Mouse LOAEL, (7) Algae 96-hr EC50
(concentration at which 50% of test population exhibit toxic effect), (8) Algae Chronic
Value (ChV, concentration showing no significant toxic effect during a 30-day exposure
period), (9) Daphnid 48-hr LC50 (lethal concentration for 50% of test population), (10)
Daphnic Chronic Value, (11) Fish 96-hr LC50, and (12) Fish Chronic Value. Ideally, human
NOAEL (No-Observed-Adverse-Effect-Level) data, perhaps the most relevant endpoint for
human health, should also be considered in this analysis. However, these data were not
available for most of the compounds.

LD50s from acute rat and mouse studies were accessible for the majority of the
pharmaceuticals on the 2009 list. Most of the rat and mouse LD50s, as well as some of the
human, rat and mouse LOAELS (reported as TDLo, or Lowest Published Toxic Dose;
reproductive and endocrine disrupting effects were included for hormones or hormone-
mimics) were obtained from the RTECS database (http://ccinfoweb.ccohs.ca/rtecs/
search.html). Adult minimum therapeutic initial dose, considered as a potentially useful
indicator for the threshold impact on the general healthy population, were obtained from
either Rxlist.com or PDR (Physicians’ Desk Reference, 2009) for all the drugs except those
which took effect through non-oral pathways (i.e. topical, ophthalmic, or inhalant drugs).
Experimental data for ecological effects were not available for most of the drugs on our list;
therefore toxicity information was obtained from the ECOSAR module of the EPI Suite
(U.S. EPA, 2011), which estimates 96-hr EC50 and ChVs for algae, 48-hr LC50s and ChVs
for daphnid and 96-hr LC50 and ChVs for fish. These estimations were based on structure-
activity analysis of these compounds.

2.3 Estimating Toxic Loads

As mentioned above, in order to quantify and compare the potential health impacts of
pharmaceuticals, we calculated a compound’s “toxic load" as:

ML,

Tli=7p,, |

4)

where ML; is the mass loading of compound i (kg/yr), TDj; is the toxic dose of compound i
for toxicity endpoint j (smaller TD indicates a more toxic compound), and TL; is the toxic
load of compound i considering toxicity endpoint j (mg/day for human endpoints, mg/kg for
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mouse/rat endpoints, mg/L for aquatic endpoints). TL was used as the metric for ranking
PhACs and was log-transformed in order to obtain a normal distribution of the data.

2.4 Calculating Priority Scores

3 Results

Because TLs for different endpoints have different units, standard normal deviates were
calculated for each log-transformed TL value, in order to standardize and compare ranks
between endpoints. This is named as a priority score (PS) of compound i for endpoint j:

logTL;; — logTL;

PSj=—"12
K Std(log TL;) ®)

where logTL;; is the log transformed toxic loading of drug i for endpoint j; log TL; is the

mean of log transformed toxic loads of all drugs for endpoint j; Sd(logTL;) is the standard

deviation of log transformed toxic loads of all drugs for endpoint j.

We also calculated overall priority scores and combined priority scores for human, mammal
and aquatic endpoints by averaging the PSs across all endpoints or for endpoints within the
same category. Overall and categorical priority scores for different drug classes were
calculated similarly; but instead of using individual toxic loads, these were calculated by
summing toxic loads of all drugs in the same class, assuming that drugs in the same
therapeutic class have similar modes of action. In this case, i in equation (5) refers to class i
instead of an individual compound.

3.1 Annual prescribed mass (P) and mass loading (ML)

The mass prescribed per year (P; kg/yr) was estimated for all top 200 U.S. prescription
pharmaceutical compounds in 2009. P ranged over 8 orders of magnitude, from less than 1
kglyr to over 107 kg/yr (Figure 1(a); P estimates for all compounds are provided in Table
S1).

Metabolism and WWTP-removal substantially attenuate the input (mass loading) of most
PhACs into the environment. For half of the compounds investigated, less than 10% of P
will be delivered to aquatic environments (Table S1) assuming 100% of prescribed
pharmaceuticals are consumed by the patient and that all human excreta undergoes
secondary wastewater treatment.

The unaltered fraction, e;xd;, varies over several orders of magnitude (10~° to over 0.9), but
some general trends are observable across drug classes (Figure 2). Contraceptives,
antiulcers, and non-steroid anti-inflammatory drugs (NSAIDs) are removed to the greatest
degree (xd;=1074 to 1073). There is intermediate removal of antihypertensives,
anticonvulsants and antidepressants (exdi=1073 to 1071), and relatively low removal of
bronchodilators, antiinfectives, antidiabetics and antibiotics (gxdj=1071 to >0.9).

Despite the substantial removal of many compounds, 46 PhACs are loaded to the aquatic
environment at rates greater than 104 kg/yr, with a maximum ML of 108 kg/yr (Metformin
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HCI). Of the top 20 compounds in mass loadings, only 12 also appeared on the list of top 20
produced compounds and 7 on the list of top 20 prescribed drugs (Table 1). This indicates
that including metabolism and WWTP removal substantially shifted the relative ranking of
compounds. For example, divalproex sodium was ranked at #10 in P, but its rank in ML
moved to #77; in the meanwhile, risperidone had a rank of #162 in P, but was ranked at #89
in ML (Figure 1(a) and 1(b). This showed how much the ranks could be affected when
additional information was incorporated into the ranking scheme.

3.2 Toxic Load (TL) and Priority Score (PS) Ranking

TLs are presented for 197 out of the 200 compounds across the 12 toxicity endpoints (Table
S1). For the other three drugs (omega-3 acid ethyl esters, insulin and influenza
hemagglutinin), removal and toxicological data were not available. Thirteen PhACs
(ranitidine HCI, atenolol, clopidogrel bisulfate, furosemide, tramadol HCI, levothyroxine
sodium, simvastatin, hydrochlorothiazide, trimethoprim, acetaminophen, bupropion HCI,
lamotrigine, and levetiracetam) appear in the top 20 in at least 6 of the 12 endpoint
categories, suggesting potential toxicity across a broad range of endpoints. Of particular note
is ranitidine HCI, which ranked in the top 20 in all 12 TL categories.

The compounds that rank highly in multiple TL categories and those that tend to be toxic for
both human and aquatic species should receive more attention. To combine the TLs into a
single ranking metric, priority scores were generated for all 197 compounds. The approach
used took into account missing TD data, which led to an inability to calculate TLs in some
categories for some compounds. The top 20 overall compounds are presented in Table 2,
assuming all TL categories can be weighted equally. Table 2 also presents the top 20
compounds in PS for adult humans, mouse/rat or aquatic species. Overall, 11 of the top 20
compounds are also in the top 20 list for mass loading. However, only 7 of these top 20
compounds were in the top 20 list for production (Table 1). This indicates further shifts in
relative ranks due to the introduction of toxicity information into the ranking scheme. For
example, ranks of divalproex sodium and risperidone further in-/decreased to #141 and #19
in PS, respectively, from #77 and #89 in ML (Figure 1 (b) and (c).

Average priority scores for compound classes showed a larger span than single compound
priority scores (Table 3). Thyroid hormone ranked high in both the human and the overall
priority scores, although only one drug belonged to this class (levothyroxine sodium).
Analgesic and antihypertensive drugs showed up in the top 10 of all four categories,
followed by antidiabetics, antibiotics, antiulcers, bronchodilators, antidepressants and
diuretics, which showed up in the top 10 of overall and two of the combined endpoint
categories. The antiasthmatic class, which also contained only one compound, montelukast
sodium, ranked first in the overall priority scores, resulting from its high rankings in aquatic
endpoints.

4 Discussion

This study was based on the 2009 top 200 prescription drug list in the U.S. (Rxlist). A
preliminary study was conducted from 2004 to 2006, examining a similar list of top
prescribed drugs in 2003 (data not shown). A comparison between the two lists revealed
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large discrepancies, that is, more than 30% of the drugs on the 2009 list did not appear on
the 2003 list. Furthermore, it seems that the amounts and types of anti-depresssants, anti-
hypertensives and birth control drugs used have been increasing over the years, as well as
many relatively new drugs that have only been on the market for less than two decades, such
as montelukast and carvedilol. For example, of the top 10 ranked drugs across all endpoints
(Table 2), 8 were “new" drugs that did not show up on the 2003 list (levothyroxine sodium,
fluticasone propionate, montelukast sodium, clopidegrel bisulfate, simvastatin, telmisartan,
rosuvastatin calcium, levitiracetam), of which 4 (montelukast sodium, clopidegrel bisulfate,
telmisartan, rosuvastatin calcium) were only prescribed in branded forms. This may further
contribute to the lack of information on these compounds, and to our lack of understanding
of the environmental impact of changing PhACs as a whole over time.

Basing the prioritization on prescription rather than occurrence data allowed us to examine
these “new" drugs, for which measurements in the natural water systems rarely exist In
addition, occurrence or measurements data are usually site-specific, which can be an
advantage for site-specific studies, but may become inappropriate in prioritization methods
which tend to study PhACs on a broader scale, as these data are often associated with large
spatial and temporal variation and uncertainties.

Concerns have long been raised upon the interactions among different pharmaceuticals in
the aquatic environment. An early USGS study (Kolpin et al., 2002) found that the detection
of multiple drugs was common, with a median of 7 and up to 38 found in one sample,
indicating that interaction between compounds may be important. However, the ability of
individuals PhACs or PhAC-mixtures to induce toxic effects at these concentrations, and the
most appropriate toxicity endpoints and indicator organisms, remain topics of on-going
investigation and debate. A study that exposed human cell lines to a suite of PhACs at
environmentally relevant concentrations found that the drug mixture inhibited the growth of
human embryonic cells, activated stress response signaling protein kinases, produced
morphological changes, and induced over expression of glutathione S transferase P1 gene,
suggesting that a mixture of drugs at ng/L levels can inhibit cell proliferation by affecting
their physiology and morphology (Pomati et al., 2006). On the other hand, Webb et al.
(2003) argue that the potential daily exposure to approximately 60 PhACs in water supplies
is at least three orders of magnitude lower than the daily therapeutic dose and therefore
exposure to these PhACs through drinking water does not pose an unacceptable human
health risk. Other studies have come to similar conclusions, finding no environmental PhAC
human health risks (World Health Organization, 2012; Bruce et al., 2010; Schwab et al.,
2005; Webb et al., 2003; Schulman et al., 2002; Christensen, 1998). However, few other
studies have explored on such additive, synergistic or antagonistic effects (Escher et al.,
2005).

As a preliminary consideration on the potential risk of drug mixtures, we calculated the
priority scores of different therapeutic classes, assuming additive effect due to similar modes
of action, which could be a source of potential uncertainties due to oversimplification.
However, the results still provide some meaningful implications. Many of the drug classes
that ranked high in priority scores (Table 3) have not drawn much attention in previous
environmental studies, which tended to focus on the most commonly used and/or largest
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groups such as antibiotics (Figure 3). For example, the environmental impact of the
potentially harmful antiasthmatic drug to aquatic organisms, montelukast sodium (Tables 2
& 3), has not been studied at all. It is also worth noting that summed TL of a certain
category does not necessarily increase with increasing number of drugs, indicating that
common consumption or detection of a number of different drugs in a specific usage
category is not a strong enough criterion to justify the concentration of studies that have
been previously performed on such drug groups.

For the sake of simplicity, this study focused on generic human prescription pharmaceuticals
and did not include veterinary or over-the-counter drugs, as prescription or sales data were
largely unavailable for these compounds. This may result in an underestimation of the health
impact of PhACs as a whole. However, in conjunction with our main goals, the approach
developed can be easily applied to other compounds such as patented drugs, chemotherapy
drugs, and other drugs utilized or prescribed in hospital settings, as the data become easily
accessible. In addition, this study only considered certain toxicity outcomes, but our
approach can also be applied to other important toxicity endpoints, such as carcinogenicity
and endocrine disruption.

Only the unmetabolized portions of the parent compounds are considered here. While
metabolism makes many lipid soluble drugs more water soluble, it also can render them
them inert. There are not enough data at this time to consider metabolites for all the drugs.
Drugs with active metabolites should be examined in the future, as many drugs have active
metabolites that are more potent than original or parent drug (Sherer, 2006).

This paper utilized only currently available and readily accessible data, in order to assess the
feasibility of our general approach. This would inevitably introduce uncertainties that are
commonly associated with data-intensive studies. One uncertainty lies in the assumption that
all filled prescriptions were completely consumed by the patient, because detailed
information on the disposal of un-consumed pharmaceuticals is not available. In fact, it is
possible that the actual disposal rate of such un-consumed drugs is a large fraction of the
total production that was calculated and used in this study. Previous studies have showed
that consumers may throw away the unused pharmaceuticals immediately after treatment is
finished (Slack et al., 2005). Thus, PhACs may enter the environment through direct
disposal into the sewage system. If drugs that are disposed of, especially through the sewage
system, make up a significant portion of the total yearly production amount, excluding such
information may result in an underestimation of the health impact. However, it is most
likely, as several studies have demonstrated, that only a small percentage of pharmaceuticals
are actually released into environment through household disposal (Bound et al., 2006;
Bound and Voulvoulis, 2005).

The uncertainty from relying on model estimations, as substitutes for the mostly non-
existing measured data, such as the WWTP removal rates and ecotoxicity, is largely
unknown. For example, the STP model used for estimating WWTP removals assumes a
standard wastewater treatment plant setting and is not appropriate for predicting removal
rates at a specific plant. While WWTP removal rates have been measured for a few
pharmaceuticals in several studies (Castiglioni et al., 2006; Clara et al., 2005; Joss et al.,
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2005), these rates are likely to vary significantly among different WWTPs or different
treatment procedures, thus for the purpose of developing a generalizable screening method
they were not used here. However, for those PhAC compounds of which measured WWTP
removal rates were available, our model outputs are generally within the range of measured
data (Gros et al., 2010; Onesios et al., 2009; Bound and Voulvoulis, 2005), and for the few
compounds that have different model and measured removal rates, the model tends to
predict smaller removal rates, rendering more conservative results. In addition, around 20%
of the households in the U.S. utilize septic systems (U.S. Census Bureau, 2008), although
PhAC removal rates in septic systems are less studied (Conn et al., 2010). Furthermore,
PhACs can enter the environment through WWTP sludge (Jelic et al., 2011), thus using
WWTP removal rates alone may lead to an underestimation of their risk. Finally, the
ecological risks posed by PhACs are difficult to assess because of the multiple organisms -
from microbes to vertebrates and multiple possible endpoints (reproductive success, growth
rate) that comprise a healthy ecosystem. Of the thousands of PhACs used in the U.S. and
throughout the world, aquatic toxicity studies have been conducted for relatively few
compounds and organisms.

Significant uncertainties may also rise from using the toxicity data that are currently
available. With regards to the adult human toxicity dose data, because therapeutic dose
varies with such factors as age and health status, it is possible that the health impact was
overestimated. The reduced accountability of using “lowest reported™ toxic doses as
LOAELSs rather than developing LOAELSs from studies may result in an underestimation of
the health impacts. Incomplete toxicity dose information results in incomplete TLs, therefore
each category of TLs does not contain the same number of compounds, presenting a major
difficulty. Moreover, it is known that there are significant interspecies and intraspecies
uncertainties in regards to toxicity doses. Very few studies to date have explored
extrapolating toxicity of pharmaceuticals amongst species, especially between organisms
and human (Schreiber et al., 2011; Berninger and Brooks, 2010). Even metabolism and adult
doses, which are derived from human pharmacological studies, show a significant variation
among individuals. All of our calculations were based on the most conservative single-point
estimates (e.g. maximum daily dose, lowest metabolism rate), aimed at making protective
predictions but probably resulted in an overestimation of the effect on potential health
impacts.

In general, although there might be large uncertainties associated with many different
aspects and parameters of this approach, it is unlikely that these uncertainties would affect
the final ranks significantly, due to the remarkably large range of production, attenuation
and toxicity terms used in ranking (Figure 1). For instance, using model estimates for
WWTP removal rates may result in one of the largest uncertainties discussed above, and the
measured rates generally vary within a factor of 10 among different WWTPs and conditions
(Rosario-Ortiz et al., 2010), which is outweighed by differences in the final priority scores
among compounds spanning over several orders of magnitude. Therefore, our prioritization
method can still be considered a robust approach under the influence of various
uncertainties.
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5 Conclusions

In this paper, a simple, quantitative risk-based ranking approach was developed and
evaluated for prioritizing environmental PhACs. This approach combines estimates of
production, attenuation and toxicity thresholds for multiple endpoints, and draws on publicly
available data to quantitatively rank PhACs based on their potential ecological and human
health impacts. While there were a lot of uncertainties associated with this approach, we
hypothesized that differences in our ranking metrics amongst these compounds would be
large enough to overcome the given uncertainties, and this simple and environmentally
relevant approach may be used as a valuable tool for screening of target PhACs in future
environmental research and regulations.
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Figure 1.
Relationship and difference between (a) production, (b) mass loading and (c) priority scores.

Changes in the ranks of divalproex sodium (circle) and risperidone (diamond) are
highlighted.
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