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Abstract. Interest in pharmaceuticals in the environment has increased substantially in recent years.
Several studies in particular have assessed human and ecological risks from human pharmaceutical
estrogens, such as 17α-ethinyl estradiol (EE2). Regulatory action also has increased, with the USA and
other countries developing rules to address estrogens and other pharmaceuticals in the environment.
Accordingly, the Center for Drug Evaluation and Research at the US Food and Drug Administration has
conducted a review and analysis of current data on the long-term ecological exposure and effects of EE2
and other estrogens. The results indicate that mean-flow long-term predicted environmental concentra-
tions (PECs) of EE2 in approximately 99% or more of US surface water segments downstream of
wastewater treatment plants are lower than a predicted no-effect concentration (PNEC) for aquatic
chronic toxicity of 0.1 ng/L. Exceedances are expected to be primarily in localized, effluent-dominated
water segments. The median mean-flow PEC is more than two orders of magnitude lower than this
PNEC. Similar results exist for other pharmaceutical estrogens. Data also suggest that the contribution of
EE2 more broadly to total estrogenic load in the environment from all sources (including other human
pharmaceutical estrogens, endogenous estrogens, natural environmental estrogens, and industrial
chemicals), while highly uncertain and variable, appears to be relatively low overall. Additional data
and a more comprehensive approach for data collection and analysis for estrogenic substances in the
environment, especially in effluent-dominated water segments in sensitive environments, would more
fully characterize the risks.
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INTRODUCTION

Since the early 2000s, there has been a significant
increase in the number of published scientific and policy
reports on pharmaceuticals and personal care products in the
environment. Indeed, about 15,000 such reports have been
published over the past 20 years, with about half published in
just the past four years (1,2). Topics range from the
development of analytical chemistry methods capable of
detection at below nanograms per liter levels to measures of
sublethal behavioral effects in aquatic organisms.
Pharmaceutical estrogens such as 17α-ethinyl estradiol
(EE2), which like most pharmaceuticals are released into

the environment predominantly via the human excretion →
wastewater treatment plant (WWTP) → surface water
pathway, have perhaps received the most attention due to
the potential adverse endocrine disrupting ecological effects
associated with their presence at very low levels. More
broadly, a new joint report on the state of the science of
endocrine disrupting chemicals (EDCs) by the World Health
Organization and the United Nations Environment
Programme concludes that human and environmental expo-
sure to EDCs, including hormonally active pharmaceuticals in
the environment, needs to be addressed (3).

The Center for Drug Evaluation and Research (CDER)
at the US Food and Drug Administration (FDA) has been
evaluating the impact of pharmaceuticals in the environment
since the early 1970s, following enactment of the National
Environmental Policy Act of 1969 (NEPA). In 1997, CDER
examined the available aquatic toxicity data for synthetic
estrogens in human drugs as part of a revised set of
regulations under NEPA (4). CDER concluded that, at the
expected level of exposure at the time, little potential existed
for significant effects on the environment. Since then, several
reviews and actions have addressed the significance of the
human and ecological health risks from estrogens in the
environment (5–9). The US Environmental Protection Agency
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(EPA) recently finalized a rule under the Safe Drinking Water
Act (SDWA) requiring public water systems to monitor EE2
and six other hormones (all endogenous) as part of the
Unregulated Contaminant Monitoring (UCM) program (10).
Similarly, the European Parliament recently voted to add EE2
and two other pharmaceuticals to the European Union’s watch
list under the Water Framework Directive, EU’s main water
policy instrument for setting antipollution strategies (11). Some
pharmaceuticals in the environment are being considered for
assessment as part of the EPA Endocrine Disruptor Screening
Program (EDSP) (12). EPA also recently proposed adding
pharmaceutical wastes to the Universal Waste Rule (13) and
began updating a series of guidelines to derive ambient water
quality criteria (AWQC) for aquatic life, using EE2 to illustrate
recommendations for data use (14,15).

Most of these initiatives addressing pharmaceuticals in
the environment have focused on aquatic life rather than risks
to human health (e.g., via drinking water). Indeed, most of
the studies examined to date have concluded that human
exposure to pharmaceutical estrogens in drinking water in the
USA is negligible, especially compared to other estrogenic
substances in water and to the estrogenicity of food and other
sources (5,7,8,16–18). This area continues to be assessed by
FDA and others (19–21), in part because of increased
pharmaceutical use in the US population and of exposure to
other “contaminants of emerging concern” such as from
water reuse for potable water purposes (18,22,23).

As part of its assessment of the impact of pharmaceuticals
in the environment, CDER conducted a review and analysis of
the current state of knowledge regarding the aquatic chronic
toxicity of EE2 and other prescribed estrogens to ecological
communities. This paper presents an overview of that study. The
study was organized and conducted using FDA and EPA
ecological risk assessment guidelines, which take into consider-
ation factors that are typically used in CDER environmental
assessments (EAs) within the regulatory framework established
under NEPA. This framework and the risk assessment guide-
lines are described briefly below. Given the many abbreviations,
acronyms, and terms used in these assessments, a glossary is
provided in Table I.

REGULATORY FRAMEWORK

As required by NEPA, FDA assesses environmental
impacts resulting from approval of individual drug applications.
The applications submitted to FDA ordinarily are required to
have either an EAor a claim for exclusion from the requirement
to prepare an EA (“categorical exclusion”). Most categorical
exclusions are for when the specific application either (1)
increases use of the active moiety, but the estimated concentra-
tion of the substance at the point of entry into the aquatic
environment—the expected introduction concentration
(EIC)—will be below 1 part per billion (ppb or milligrams per
liter) or (2) does not increase use of the activemoiety (24). If any
of the categorical exclusion criteria are not met, the applicant
must submit an EA. Since 1997, when the latest regulations were
revised (4), most individual drug applications for pharmaceuti-
cal estrogens—including EE2—have qualified for one or more
categorical exclusions based on information existing at the time.
Regardless of whether categorical exclusion criteria are met,
FDA may require an EA if “extraordinary circumstances”

indicate that the specific proposed action (e.g., drug application
approval) could significantly affect the quality of the human
environment. This provision generally has not been used for
new estradiol and EE2 drug applications because the applica-
tions are typically competing for shares of a mature market and
thus approval of individual applications generally do not
significantly change existing environmental concentrations or
risks. Consequently, approval of a specific application would not
be expected to result in a significant impact. Therefore, CDER
undertook this study in an attempt to assess the level of potential
ecological impact from all sources of EE2 and other human
pharmaceutical estrogens used in approved drugs.

ECOLOGICAL RISK ASSESSMENT

Assessing the presence of pharmaceutical estrogens in the
aquatic environment, the subsequent exposure to aquatic
organisms, and the resulting impact of exposure, is a complex
process. This complexity is due in part to themultiple estrogenic
substances arising from various sources, the difficulties of
developing toxicity profiles for the various substances and
organisms, and the unknown andmultifaceted aspects of human
metabolism, wastewater treatment, and environmental fate. To
help address these complexities and limitations, this analysis was
organized and conducted using FDA and EPA ecological risk
assessment guidelines (24,25). In general, these guidelines
recommend four main steps:

1. Problem formulation. This step defines the problem
and presents the plan for analyzing and characterizing
risk from specific hazards, such as pharmaceutical
estrogens, to specific assessment endpoints, such as
self-sustaining populations of aquatic organisms. This
step includes a review and an understanding of the
peer-reviewed literature and the development of a
hypothesis. Selection of a toxicological endpoint is
based on the potential of the stressor to negatively
impact survival of local populations and, by extension,
aquatic community dynamics.

2. Effects characterization. This step examines stressor–
response relationships and benchmark exposure con-
centrations, the evidence for causality, and the rela-
tionship between measures of effect and assessment
endpoints. A key goal of this step for purposes of this
analysis is to develop a predicted no effect concentra-
tion (PNEC) for aquatic chronic toxicity for use
during the risk characterization. EPA generally de-
scribes such values as being based on the most
sensitive, scientifically acceptable toxicity endpoint
available for a given taxon (26). These values have
been established to generally protect ≥95% of species
within an aquatic community under the assumption
that some species loss (≤5%) is tolerable due to
functional redundancies among species (25,26).

3. Exposure characterization. This step assesses the
sources of stressors, the distribution of stressors in
the environment in terms of measured environmental
concentrations (MECs) and predicted environmental
concentrations (PECs), and the extent of co-occur-
rence between the stressor and organisms identified in
the assessment endpoints.
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4. Risk characterization. This step involves examining all
available evidence, including laboratory and field studies,
to characterize ecological risks using a weight-of-evidence
approach. Risk (or hazard) quotients (RQs), which
compare exposure concentrations (MECs and/or PECs)
withPNECs, are used to present risk estimates.AnRQ less
than one generally indicate that the contaminant alone is
unlikely to cause adverse ecological effects. If a simple
screening-level analysis is conducted, an RQ of one or
higher only indicates that additional analysis is needed, not
that adverse effects are likely. Risk characterization
concludes with discussion of the confidence in the risk
estimates and of the likely magnitude and severity of
ecological effects.

Problem Formulation

A review of the literature suggests that environmental levels
of estrogenic substances downstream of WWTPs are causing
adverse effects in natural fish populations (14,27,28). Reports in

Table I. Glossary

Definition

Abbreviations/
acronyms
AF Assessment factor
ANDA Abbreviated new drug application
API Active pharmaceutical ingredient
AWQC Ambient Water Quality Criteria (USA)
AWQG Ambient Water Quality Guideline

(British Columbia)
CDER Center for Drug Evaluation and Research
CWA Clean Water Act
E1 Estrone
E2 17β-estradiol
E2-eq E2 equivalent factor
EE2 17α-ethinyl estradiol
E3 Estriol
EA Environmental assessment
EC50 Median effective concentration
EDC Endocrine disrupting chemical
EDSP Endocrine Disruptor Screening Program
EEC Expected environmental concentration
E-FAST Exposure and Fate Assessment

Screening Tool
EIC Expected introduction concentration
ELISA Enzyme-linked immunosorbent assay
EPA Environmental Protection Agency
FDA Food and Drug Administration
GC-MS/MS Gas chromatography, tandem

mass spectrometry
GREAT-ER Geography Referenced Regional

Exposure Assessment Tool for
European Rivers

IND Investigational new drug
LC-MS/MS Liquid chromatography, tandem mass

spectrometry
LC50 Median lethal concentration
LOEC Lowest observed effect concentration
log Kow logarithm of the octanol/water partition

coefficient
MEPBC The Ministry of Environment

for the Province of British Columbia
MEC Measured environmental concentration
MS Mass spectrometry
NCCT National Center for Computational Toxicology
NCGC NIH Chemical Genomics Center
NEPA National Environmental Policy Act
NIH National Institutes of Health
NIEHS National Institutes of Environmental

Health Sciences
NDA New drug application
NOEC No observed effect concentration
NTP National Toxicology Program
NWIS National Water Information System
OECD Organisation for Economic Co-operation

and Development
PEC Predicted environmental concentration
PhATE Pharmaceutical Assessment and

Transport Evaluation
PhRMA Pharmaceutical Research and Manufacturers

of America
PNEC Predicted no effect concentration
RIA Radioimmunoassay
RQ Risk quotient
SDWA Safe Drinking Water Act
SPE Solid-phase extraction

Table I. (continued)

Definition

SSD Species sensitivity distribution
STORET STOrage and RETrieval
UCM Unregulated Contaminant Monitoring
USGS United States Geological Survey
WWTP Wastewater treatment plant

Terms
Conjugated

estrogen
Mixture of sodium salts of sulfate esters

of estrogenic compounds
E2-equivalent

(E2-eq)
Measurement of estrogen-induced activity

using E2 activity as a referenced
standard where estrogenic activity
of E2 is equal to 1

Effluent Water runoff exiting waste water
treatment plants

Endogenous
estrogens

Estrogens of human or animal origin

Environmental
estrogens

Estrogenic substances, including
endogenous estrogens and natural
and synthetic substances with
estrogenic properties, in the
environment

Esterified estrogen Mixture of sodium salts of esters of
estrogenic compounds

Estrogenicity/
estrogenic activity

Refers to the estrogenic biological activity
of a substance or the degree to which a
substance elicits an estrogenic biological
response

Ethinyl estradiol
(EE2)

Synthetic derivative of estradiol, the
endogenous human estrogen

Mycoestrogens Estrogenic substances of fungal origin
Phytoestrogens Estrogenic substances of botanical origin
Risk quotient (RQ) The ratio of the PEC to a PNEC and an

indicator of the level of environmental risk
Surface water Water collected on the ground, in streams,

rivers, lakes, and ponds
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these studies of feminized male fish and the absence of male fish
led many investigators to hypothesize that estrogenic chemicals,
perhaps pharmaceutical EE2 and/or other estrogens released
from WWTPs, might be responsible for the effects. Such effects
could result in failure of the fish species to successfully reproduce
and in local extirpation of one or more species, which is of
particular concern for threatened or endangered species and
sensitive ecosystems. Thus, the problem, or hypothesis, to address
is whether existing levels of pharmaceutical estrogenic chemicals
in rivers and streams might be responsible for significant adverse
effects in natural populations or might pose a significant risk at
some future time. An assessment endpoint suggested by the
observations also was selected. To evaluate this assessment
endpoint, several measurement endpoints (or measures of effects)
were selected.

Selected Pharmaceutical Estrogens

Estrogens of pharmaceutical origin are prescribed for indica-
tions such as oral contraceptives, hormone replacement therapies,
motor deficits associated with menopause, hypoestrogenism, and
the management of some pre- and postmenopausal symptoms.
Pharmaceuticals prescribed for such indications include EE2, 17β-
estradiol (E2), and various conjugated and esterified estrogens.
The primary urinary and fecal metabolites of pharmaceutical and
natural estrogens include estrone (E1), E2, EE2, and estriol (E3).
As a result of their usage and subsequent excretion, pharmaceutical
estrogens are introduced through WWTP effluents into US
streams, rivers, and lakes where exposure to aquatic organisms is
possible. These introductions are considered as “pseudo-persis-
tent” since these pharmaceuticals and metabolites are introduced
into the environment on a continuous basis.

EE2 is a highly potent estrogen receptor agonist and a
derivative of the natural hormone E2. Oral contraceptives
containing EE2 recently ranked among the top 15 US active
pharmaceutical ingredients (APIs) in terms of frequency of use
(daily dose equivalents) (16). Greater than 150 new and generic
drug products containing EE2 have been approved by FDA since
the first approval of Estinyl in 1943 (29). Many of these drugs have
beendiscontinued, andover the years the dosage amount ofEE2 in
birth control formulations has greatly decreased, with dosages
today generally ranging from 20 to 30μg/day. Production values for
EE2-containing drugs also are relatively low compared to many
other APIs and indeed production has seen a five-year downward
trend. Nevertheless, oral contraceptives currently are the leading
method of contraception in the USA. From 2006 to 2008, this
methodwas used by 10.7million females aged 15–44 years (17%of
females aged 15–44) (30). Sales amounts for EE2-containing drugs
in the USA remain relatively low, with API levels below 100 kg/
year (31). For comparison, approximately 1 million kg/year of the
antibiotic amoxicillin are sold.

E2 is an endogenous sex hormone that also is indicated for
motor deficits associated with menopause, hypoestrogenism,
and the management of some postmenopausal symptoms. Sales
for E2 have declined slightly from 550 kg/year in 2006 to 497 kg/
year in 2011 (31).

Conjugated and esterified estrogens are indicated for the
management of symptoms associated with vulvar and vaginal
atrophy, motor deficits associated with menopause,
hypoestrogenism, and the management of some postmenopausal
symptoms. In 2011, 378 and 21 kg/year were produced for

conjugated estrogens and esterified estrogens, respectively (31).
Use of these estrogens for postmenopausal hormone therapy has
declined significantly since 2002 after theWomen’s Health Initiative
clinical trial of conjugated equine estrogens plus
medroxyprogesterone acetate was terminated when health risks
were shown to exceed the benefits of combined hormone therapy
(32).

To compare the estrogenic activity of different estrogens and
other estrogenic substances and thus select which of these
substances to assess in this study, a reference estrogen approach
was used (6,7,28). In this approach, the average excretion rate per
person for each estrogen is multiplied by a rough estimate of the
fraction resulting from prescriptions—reported as an overestimate
in the cited study—and by a standard equivalence factor for
relative estrogenic activity for that estrogen, using human
endogenous estrogen, E2, as the reference. The E2-equivalence
factor (E2-eq) for each estrogen is based on fish chronic
reproductive toxicity and other data. The excretion rates,
prescription fractions, specific E2-eqs, and products of this
approach are shown in Table II. As seen in this table, EE2
presents the majority of the excreted prescription-based
estrogenicity. EE2 also is known to be more persistent in the
environment (33). Therefore, EE2 will be the focus of this paper.
One caveat to this approach is that the E2-eq potency factors are
subject to variability and uncertainty depending on the specific
effect measured, target organism, and other factors. Regarding the
EE2 E2-eq factor, while some estimated factors range up to 31,
they also range as low as 0.17 (5,7,28,34,35). The value of 20 is the
mean of the more sensitive in vivo vitellogenin induction studies
and thus believed to be the most representative value to use (7).

Assessment and Measurement Endpoints

Compounds with known potent estrogenic activity have
been associated with the broader class of EDCs, which are
defined as exogenous agents that interfere with the production,
release, transport, metabolism, binding, action, or elimination of
the natural hormones in the body responsible for the mainte-
nance of homeostasis and the regulation of developmental
processes (36). Estrogens in the environment, including those of
pharmaceutical origin, can be EDCs because they may influence
coordinated gene expression patterns under control of the
endocrine system, possibly resulting in adverse effects on
development and reproduction (37–39). Moreover, because the
use of a diffuse endocrine system to coordinate developmental
and reproductive processes is highly conserved evolutionarily
among vertebrates and invertebrates, there is a broad taxonomic
spectrum of organisms that may be potentially threatened by
exposure to EDCs (14).

Effects from EDCs can occur at very low concentrations
over long periods of time. Typically, however, for CDER EAs,
only short-term acute ecotoxicity effects testing data are available,
such as median lethal or effective concentrations (LC50 and EC50,
respectively). These short-term values generally are divided by an
assessment factor (AF) of 1,000 to result in PNECs for chronic
toxicity, or as illustrated in CDER guidance, the toxicity data are
divided by an expected environmental concentration (EEC)
proxy—a PEC, MEC, or EIC—and the result compared to the
AF (24). Either way, extrapolations related to acute-to-chronic
toxicity, species-to-species differences, and laboratory-to-field
toxic effect levels are being directly or indirectly used to
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determine whether environmental concentrations may cause a
significant impact. Recent research for hormonally active
chemicals such as EDCs, however, indicate that a larger AF
would be needed for extrapolating acute to chronic values in the
approach noted above. The CDER guidance recommends that
chronic toxicity testing be conducted if either (1) sublethal effects
at the maximum expected environmental concentration indicate
that chronic toxicity testing should be performed or (2) the
logarithm of the octanol/water partition coefficient (logKow) of a
compound—a measure of a substance’s lipophilicity—is≥ to 3.5.
Thus, EE2, with its hormonal activity at environmentally relevant
concentrations and with a logKow of 4.15 (40), was examined for
chronic toxicity.

Based on an initial literature review for EE2, fish were
identified as the most sensitive species in aquatic communities,
which was expected for a synthetic hormone that binds with
estrogen receptors on estrogen-sensitive tissues. Therefore, the
assessment endpoint selected for this study is successful fish
reproduction that allows for self-sustaining populations, which is
in agreement with a recent EPA analysis of EE2 (14). Commonly
selected measurement endpoints for this assessment endpoint
include the induction of vitellogenin (an egg yolk precursor protein
normally expressed only in females) in male fish, a reduction in
intensity or absence of secondary sexual (e.g., breeding coloration
and tubercles) and sex-specific behaviors (e.g., courtship and
defense of spawning sites), the presence of ovarian tissue and eggs
in the testes (testis-ova or intersex), skewed sex ratios frommale to
female, and complete sex reversal of males.

Effects Characterization

This step involved developing the biological effect (or hazard)
levels associated with EE2 and other estrogen exposures. As is
typically the case when attempting to characterize the inherent
effects of a specific environmental chemical or other stressor, the
stressor is simultaneously associated with a large number of other
stressors that have the same effects.As such, anyfield data linking a
specific measurement endpoint in fish with a specific pharmaceu-
tical estrogen concentration downstream of a WWTP generally
would be insufficient to assign causation to the pharmaceutical
estrogen. Characterizing the actual dose–response relationship
would be additionally difficult. Consequently, laboratory measures
of the same effects in organisms exposed to known concentrations
of EE2 and other pharmaceutical estrogens also were sought to
assess whether these estrogens could contribute to or are the
principal causes of effects in the field, and if so then what the dose–
response relationship would be.

A focused literature search approachwas used for this effort.
In addition, data from the EPA ECOTOX database (41) were
obtained for effects of EE2 on aquatic organisms. Studies were
selected and reviewed for endpoints related to growth, survival,
reproduction, and development and viewed at the species and
effect level. Laboratory tests for the biological effects of EE2
relevant to aquatic ecosystemswere available on fish, amphibians,
invertebrates, and algae. Several studies also were found for
effects in the field. These studies were used to develop a PNEC
for this report. Table III presents this PNEC along with other

Table II. Primary Urinary and Fecal Metabolites of Prescription and Natural Estrogens

Metabolite
Average excretion
(μg/day/person)a

Fraction from
prescriptionsb

E2-equivalence
(E2-eq)a

E2-eq average excretion
from prescriptions (μg/day/person)

Estrone (E1) 19 0.2 0.33 1
17β-estradiol (E2) 7.7 0.1 1 0.8
17α-ethinyl estradiol (EE2) 0.41 1 20 8
Estriol (E3) 81 0.00075 0.033 0.002

a From Anderson et al. (6)
bEstimated using ratios of prescribed estrogens to dietary and naturally produced estrogens from Table I of Caldwell et al. (8), and reported as
overestimates due to the omission of phytoestrogen contributions

Table III. EE2 PNECs for Chronic Toxicity in Aquatic Life

PNEC (ng/L) Derivation Source and year

0.5 Based on studies reporting a multi-species LOEC of 1.0 ng/L for
reproduction and egg production, along with an added AF of 2

British Columbia (42), 2009

0.35 Based on available chronic toxicity data, no observed effect concentration
data (NOEC), and a species sensitivity distribution (SSD) approach,
which fits a distribution to the NOECs from available studies across
multiple taxa to determine the hazardous concentration of EE2 at which
5% of all the species tested are affected (referred to as the HC5)

Caldwell et al. (43), 2008

0.1 Based on a LOEC of 0.19 ng/L that corresponds to a 25% increase in
mortality of fertilized zebrafish eggs in a two-generation study (44),
with an added AF of 2

CDER-commissioned literature
review (see text), 2011

0.1 Used the same SSD methods as Caldwell et al. in 2008 (above),
but based on the most current chronic reproductive toxicity data available
and argument that the robustness of the data supports an AF of 1

Caldwell et al. (7), 2012

0.035 Developed using an SSD approach to obtain an HC5 of 0.07 ng/L,
which is less than the above HC5 of 0.1 ng/L due apparently to the
use of two different data sets. Also, EC applied an AF of 2, while
Caldwell et al. argued that an AF of 1 was sufficient

European Commission
(proposed) (45), 2012
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PNECs developed for EE2 chronic toxicity. These values are
discussed below.

In 2011, CDER commissioned a study (as noted in the
“Acknowledgements”) to examine the available toxicity data
and apply the methodology described previously in this paper
for a PNEC for assessing long-term EE2 exposure impacts.
That study concluded that the most relevant data on EE2
were from Soares et al. (44), which demonstrated a lowest
observed effect concentration (LOEC) of 0.19 ng/L that
corresponded to a 25% increase in mortality of fertilized
zebrafish eggs in a two-generation study. The 0.19 ng/L value
was rounded to 0.2 ng/L and an AF of 2 applied, as was done
during British Columbia (BC) and European Commission
(EC) PNEC development, described below. The result was a
PNEC of 0.1 ng/L for aquatic chronic toxicity. As seen in
Table III, this is equal to the PNEC developed by Caldwell et
al. (7), lower than both a previously established PNEC by
Caldwell et al. (43) and a PNEC established by the Ministry
of Environment for the Province of British Columbia
(MEPBC) (46), and higher than the PNEC recently proposed
by the EC (45). Finalization of the EC value currently is on
hold pending further review (47).

Exposure Characterization

This step involved examining the literature and several
databases for distributions of MECs and PECs for EE2 and
other estrogens. Based on the initial studies reviewed, the
degree of variability and uncertainty in the measured data
appears to be significant. Furthermore, precisely defining the
lower and mid-points of the EE2 statistical distribution in
surface waters and wastewater effluents is difficult given that
most such waters have not been sampled, and for those that
have, the samples often are below the analytic detection limits
for EE2. Simulation modeling, on the other hand, can estimate
likely distributions of EE2 concentrations over time and space,
although these often are difficult to corroborate against
measured values, particularly at the lower ends of the distribu-
tions. Nonetheless, the literature reviewed for this paper
identified an upper end (e.g., approximately 99th percentile) of
the distribution of EE2 measurements in surface waters, with
maximum values that are caveated with the knowledge that
episodic releases of untreated wastewater or low or effluent
dominated stream flow might result in higher levels.

The relative contribution of estrogenic substances from
human and other sources in terms of E2-eq also was
examined. Concentration data were converted based on
estrogen potency relative to E2 (i.e., E2-eq) as described
previously. Adjusted values were also corrected to reflect
removal rates from passing through WWTPs (6).

Measured Concentrations of EE2 and Other Estrogens

WWTP effluents and the locations where effluents are
introduced to surface waters are expected to have higher
concentrations of estrogens than other areas where in-stream
dilution and loss processes have reduced the levels of the
compounds. Therefore, to properly assess the impact that
pharmaceutical estrogens and specifically EE2 may be having
on aquatic systems, it is necessary to determine the current
state of EE2 levels across all waters.

A fairly recent paper by Hannah et al. (48) compiled all of
the approximately 1,650 MECs for US and non-US WWTP
effluents and surface waters that were available at the time
across 52 peer-reviewed English language papers published
through the end of 2006. The results of these studies varied
widely. For example, a study using a detection limit of 0.5 ng/L to
analyze surface water samples from ten sites along Boulder
Creek, Colorado reported no detectable levels of EE2 in any of
the samples (49). Similarly, a study with a lower detection limit,
0.05 ng/L, analyzed three samples from the Colorado River and
the Sacramento River Delta, detecting EE2 in only one sample,
at a concentration of 0.067 ng/L (50). More recent studies, not
included in Hannah et al. (48), reflect the earlier data. For
example, a study utilizing a detection limit of 1 ng/L analyzed
levels in 19 surface water samples, finding only one detectable
level, 1.4 ng/L (51), while Washington State, utilizing a range of
detection limits, analyzed 266 samples from lakes and streams
and detected EE2 in 66 samples, with a maximum concentration
measuring 4 ng/L (52).

Hannah et al. (48) developed a cumulative probability
distribution of the data, with concentrations ranging from
nondetectable to 273 ng/L, a 90th percentile concentration of
1.7 ng/L, and approximately 70% of the measurements as
nondetectable with limits of detection ranging from 0.01 to
30 ng/L. Due to concerns that mass spectrometry (MS)
measurement can lead to an overestimation of the concen-
tration of EE2 from an overlap of the EE2 peak in the
chromatogram with impurities of similar mass-to-charge ratio
(e.g., fulvic and humic acids), the authors examined a subset
of samples (n=360) that were analyzed by gas chromatogra-
phy/tandem mass spectrometry (GC-MS/MS) or liquid chro-
matography/tandem mass spectrometry (LC-MS/MS) with an
additional cleanup step following the extraction. This subset
resulted in concentrations ranging from nondetectable to
4.6 ng/L, a 90th percentile concentration of 0.43 ng/L, and
87% of measurements as nondetectable, with limits of
detection ranging from 0.1 to 1 ng/L. A comparison of the
analytical methods using split samples would provide a useful
contribution to this discussion.

In addition to data from the literature, two databases
were examined: the EPA “STOrage and RETrieval” database
(STORET) (53) and the US Geological Survey (USGS)
National Water Information System database (NWIS) (54).
Together, these sources contain data for 286 samples from
various US surface waters. Only three of the samples had
EE2 concentrations above the level of detection, and these
were from the same location and on the same day.

As seen by these data, EE2 concentrations in US surface
waters are highly variable, with the majority of the samples
below detection levels. While these data do not represent
national averages for EE2 concentrations, they do indicate that
for most ecosystems, EE2 concentrations in surface water are
lower than PNECs. Considering the limitations of the analytical
methodologies used to measure EE2 surface water levels and
the variability reported, more data are needed to better define
spatial and temporal concentrations of EE2.

Modeling Approaches to Determining EE2 Concentrations

Several computer models have been developed and used
to estimate PECs of EE2 in surface waters. The use of models
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has helped to overcome many of the limitations associated
with only using traditional measurements. One such limita-
tion is the often cost prohibitive chemical analysis of water
samples, which can impact the range of locations incorporat-
ed into a study. Another is the limits of detection imposed by
current analytical methods. By utilizing appropriate assump-
tions and data about per capita EE2 usage, per capita
wastewater outputs, metabolic and wastewater treatment
removal rates, and instream dilution and loss processes in
water bodies, models can provide relatively accurate esti-
mates of the concentration distributions of EE2 in wastewa-
ters and surface waters. Two models used to generate data
(Pharmaceutical Assessment and Transport Evaluation
(PhATE) and Geography Referenced Regional Exposure
Assessment Tool for European Rivers (GREAT-ER)) have
been described previously (55,56) and are summarized below.

The PhATE model developed by the Pharmaceutical
Research and Manufacturers of America (PhRMA), was used
by Hannah et al. (48) to predict the concentration of
chemicals, particularly estrogens, in stream and other surface
water segments of 11 US watersheds. PhATE generates data
based on input parameters that account for water volume,
flow, and proximity to WWTPs. Only water segments located
below a WWTP (i.e., segments potentially impacted by
WWTP effluents) were used in the data analyses. An in-
water depletion rate of zero was used for the model runs as a
conservative assumption in light of limited available data to
estimate this parameter. Using PhATE, Hannah et al. (48)
indicated that under mean flow conditions representing
chronic or long-term exposure scenarios, the median, 90th
percentile, 99th percentile, and maximum PECs for EE2
would be about 0.00064, 0.0075, 0.1, and 0.46 ng/L, respec-
tively, according to Figure 1 of Hannah et al. Thus,
approximately 1% of affected water segments (approximately
99th percentile) downstream of WWTPs exceed 0.1 ng/L.
While the PhATE PECs were compared extensively with
MECs and theoretical maximum concentrations in Hannah et
al. (48) for model validation purposes, a recent paper by EPA
scientists on WWTP influent allows for a more recent
comparison (57). In particular, the EPA paper provides a
99th percentile estimate for EE2 in influent of 6 ng/L, which
when reduced due to treatment (e.g., 82% removal for
secondary treatment in Hannah et al.) and dilution (e.g., at
least tenfold) would result in a stream concentration approx-
imately equal to or < 0.1 ng/L.

The GREAT-ER was developed as a model for environ-
mental risk assessment and management of chemicals in
European river basins (58). Hannah et al. (48) used GREAT-
ER to estimate EE2 concentrations in European watersheds
under mean flow conditions. Specifically, these authors
estimated that the median, 90th percentile, 99th percentile,
and maximum PECs for EE2 would be about 0.054, 0.13, 0.5,
and 0.62 ng/L, respectively, with about 23% of water
segments exceeding 0.1 ng/L. This percentage is substantially
higher that the approximately 1% exceedance of 0.1 ng/L
obtained using PhATE because the two models and respec-
tive inputs were developed and used for waters and EE2 uses
that are specific to the two different areas and populations
(USA and Europe). For example, a key model input that
differs significantly between these two model applications is
the approximately 50% lower per capita use of EE2 in the

USA compared to the EU. Also, the average per capita water
use in the US watersheds is approximately 50% higher than
in the EU watersheds, resulting in greater dilution, while at
the same time there is greater in-stream dilution in US
watersheds compared with EU watersheds.

Several other relevant models exist that could be used to
assess EE2. For example, the American Cleaning Institute
developed the web-based model, iSTREEM, to predict
environmental concentrations of chemicals, including phar-
maceuticals, from consumer products in river segments
receiving wastewater discharges (59). EPA designed the
Exposure and Fate Assessment Screening Tool (E-FAST) to
estimate environmental concentrations of chemicals from
consumer products, including antimicrobial pesticides, re-
leased into surface waters for use in screening level assess-
ments (59,60). Only the PhATE and GREAT-ER models
appear to have been used thus far, however, to generate
robust datasets reporting pharmaceutical concentrations in
surface waters.

Risk Characterization

This step involved comparing available data on exposure
and effects in order to characterize the potential for EE2 to
adversely affect aquatic communities at current environmen-
tal levels and at possible future environmental levels. The
studies noted above, in “Effects Characterization”, of effects
downstream of WWTPs indicate that feminization or com-
plete sex reversal of male fish is occurring in some locations
and that estrogenic compounds are present in the same
waters. As with most field studies, the presence of other
chemical constituents in WWTP effluents, in this case other
well-known estrogenic substances, such as E2 (the natural
estradiol), E1 (estrone, an estrogen metabolite), industrial
chemicals, phyto/mycoestrogens, and other substances with
estrogenic properties, prevents accurate quantifying of the
contribution of EE2 to the observed effects. Therefore,
CDER conducted this risk assessment by first commissioning
an ecological effect assessment, which resulted in a literature
review-derived PNEC of 0.1 ng/L for EE2 aquatic chronic
toxicity, and then obtained a distribution of PECs for EE2
based on limited EE2 surface water monitoring data along
with surface water characteristics and other data as inputs to
an exposure model.

As discussed in the “Modeling Approaches to
Determining EE2 Concentrations”, an RQ is the ratio of an
environmental concentration, in this case PECs, to a PNEC.
An RQ of < 1 generally indicates that the contaminant alone
is unlikely to cause adverse effects. An RQ of 1 or higher
indicates either that the contaminant is likely to cause adverse
effects or, in the case of a screening assessment using worst-
case or high-end assumptions and/or data, as in this case, that
additional analysis is needed to obtain a more realistic
assessment of risk.

The RQs obtained from this study are shown in Table IV.
In the first row is the median mean flow RQ of 0.0064 (i.e.,
the predicted mean flow median concentration of 0.00064 ng/
L divided by the PNEC of 0.1 ng/L). This RQ is more than 2
orders of magnitude below an RQ of 1, indicating that the
predicted median EE2 concentration in US surface waters is
highly unlikely to cause adverse effects. In the second row is
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the 90th percentile RQ of 0.075, which also is substantially
below an RQ of 1 and thus also indicative of a low likelihood
of adverse effects even at the relatively high 90th percentile
level. The third row in Table IV is the approximately 99th
percentile RQ of 1, which indicates that predicted mean flow
concentrations of EE2 in approximately 99% (or more) of the
US stream and other water segments located below WWTPs
(i.e., segments potentially impacted by EE2 in WWTP
effluents) are less than a PNEC of 0.1 ng/L. The last row in
Table IV is the maximum RQ of 4.6, which indicates that in
some locations the maximum mean flow concentration of
EE2 in US surface waters is expected to exceed the EE2
chronic toxicity PNEC of 0.1 ng/L by close to fivefold. Such
exceedances may be important if they overlap with critical
habitats, such as those containing endangered or threatened
(“listed”) species. As noted previously, conservative, screen-
ing-level assumptions were used in the exposure modeling,
and thus additional refinements of this EE2 analysis likely
would only reduce these RQs and result in PECs that are less
than the 0.1 ng/L PNEC in more than 99% of the modeled
effluent-affected stream segments.

Several caveats exist regarding these results: (1) the
concentration data represent the stream segments down-
stream of WWTPs and thus likely overstate the impact
upstream or nationally; (2) metabolic and environmental
factors contributing to reduction or enhancement of EE2 or
metabolite concentrations, such as the metabolism of the
product in humans, the conjugation (biological inactivation)
of EE2 or metabolites enteringWWTPs, and the deconjugation
(reactivation) within WWTPs, are not addressed; (3) screening-
level simplifications were used in the exposuremodeling, such as
the use of zero-depletion assumptions and the focus only on
waters downstream of WWTPs, which would tend to overesti-
mate the true exposure; (4) extrapolating PNECs from the
available toxicity data is inherently limited and could over- or
underestimate the true effects; and (5) synergistic and antago-
nistic effects have not been assessed, which also could either
over- or underestimate the true effects. Given the conservative
assumptions used in this analysis, these results would appear to
be a reasonable screening-level assessment that likely does not
underestimate the risks from EE2 in the environment.

Cumulative (additive) effects from EE2 and other
estrogenic substances in the environment were examined
briefly. Anderson et al. (6) recently showed how total
estrogenicity from human-derived estrogens (endogenous

and pharmaceutical) compares to an overall PNEC for E2-
eq. E1, E2, E3, and EE2 concentrations were modeled using
PhATE and by converting the estrogenicity of these com-
pounds to E2-eq using potency factors of 0.3, 0.03, and 20 for
E1, E3, and EE2, respectively, based on fish chronic
reproductive toxicity and other data. These authors derived
a long-term E2-eq PNEC of 2.0 ng/L, which is equivalent to
the EE2 PNECs of 0.1 ng/L noted in Table III, assuming an
E2-eq potency factor of 20 for EE2. The authors estimated
that approximately 98.9% of stream segments have a mean
flow E2-eq concentration from human endogenous and
pharmaceutical estrogens that is lower than their derived
long-term E2-eq PNEC. As would be expected because of the
inclusion of these other, though less potent, estrogens, this
percentage is slightly lower than the approximately 99%
estimated above for EE2 alone.

While EE2’s contribution to direct human sources of
estrogenicity from excretion of endogenous and pharmaceu-
tical estrogens has been studied in some detail, its contribu-
tion to total estrogenicity from other sources in the aquatic
environment has received relatively little attention. These
other sources of estrogenicity include agriculture (livestock
excretions and pesticides), industry (chemicals), and natural
sources (myco/phytoestrogens and wildlife excretions). Only
a few studies could be found that have examined and
compared these various other sources. Johnson et al. calcu-
lated that human excretion of estrogens in the UK is about
20% of farm animal excretion (61). In contrast, the human
excretion of estrogens in the USA is about 3% of farm animal
excretion, using an estimated total excreted estrogens from
farm animals in the USA of 49,000 kg/year (62), and an
estimated total excreted estrogens from humans of 4.4 kg/
year/million inhabitants, which for the 2012 US population of
about 313 million is about 1,400 kg/year of estrogens (63).
The pathways through which excreted animal estrogens reach
surface waters, however, and the extent to which estrogens
instead remain or are degraded in the soil, contribute
substantial uncertainty to these proportions and to estimates
of farm animal estrogens reaching surface waters. Much of
the farm waste enters waste collection and treatment systems
or enters the soil directly or indirectly (e.g., as a soil
amendment) and is degraded naturally. Farm waste also runs
off into surface waters, enters surface water through ground-
water pathways, or is discharged from collection systems with
little treatment. Thus, the exact amounts or even broad
ranges of farm waste that enter these various pathways are
difficult to estimate.

Vajda et al. (28) (corrected per personal communication,
January 9, 2013) estimated that EE2 as a fraction of a broad
range of estrogenic substances in a WWTP effluent in
Colorado ranges from 8 to 38%, based on E2-eqs for EE2
that ranged up to 20. These percentages would likely
decrease as the effluent becomes diluted in the receiving
water, which is expected to contain other estrogenic sub-
stances. For example, Kolodziej et al. (64) reviewed data on
agriculture, aquaculture, and natural spawning fish as sources
of estrogens and found levels from these sources that in some
cases were comparable to estrogenic levels detected in
municipal wastewater effluent. More recently, Kolpin et al.
(65) conducted sampling in the upper reaches of the Potomac
River watershed, where a high presence and severity of

Table IV. Summary of EE2 Screening-Level Risk Quotients (RQs)
Under Mean-Flow Assumptions Based on a PNEC of 0.1 ng/L

Measurement PEC (ng/L) RQa

Median 0.00064 0.0064
90th percentile 0.0075 0.075
99th percentile (approx.) 0.1 1
Maximum 0.46 4.6

aRQ, or risk quotient, is the ratio of the predicted environmental
concentration (PEC) to a predicted no effects concentration (PNEC)
and is an indicator of the level of environmental risk. A risk quotient
over 1 suggests that either additional analysis is needed (for screening
level assessments) or that adverse ecological effects are likely (for
robust, comprehensive assessments)
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intersex disorders in fish have been documented. This study
indicated that agriculture (pesticides, veterinary drugs, and
phyto/mycoestrogens) appears to be the primary cause of
these effects.

As indicated by this small sample of studies on total
estrogenicity, the contribution of EE2 to the total estrogenicity
of surface waters from all sources, while still highly uncertain
and variable, appears to be relatively low overall. The compar-
ison of local, regional, or national estimates of total estrogenicity
with national estimates of EE2, however, is only useful for
providing a rough sense of the overall contribution of EE2 to
total estrogenicity at this time and not for developing mitigation
or response plans. Nevertheless, these comparisons do highlight
the areas for additional study to better characterize estrogenicity
of environmental factors.

DISCUSSION

Evidence indicates that there is a correlation between
exposure to estrogenic substances in the environment—including
human and animal endogenous and pharmaceutical estrogens,
and other natural and anthropogenic substances—and disruption
of the endocrine system in some aquatic biota. Regarding EE2 in
particular, recent studies and data noted in this paper suggest that
the mean flow long-term PECs for EE2 in approximately 99% or
more ofUS surfacewaters downstreamofWWTPs are less than a
PNEC of 0.1 ng/L, and that the median PEC is more than two
orders of magnitude less than this PNEC. The approximately 1%
of exceedances are in localized, effluent-dominated stream
segments. Similar results are foundwith pharmaceutical estrogens
more broadly.

Some uncertainty–both model- and variable-based—is
associated with the PECs, PNEC, and assessment of cumula-
tive or additive effects of estrogenic mixtures that share the
same or similar mode of action (66,67) or are synergistic with
other substances (68,69). In addition, this analysis focuses on
long-term, chronic risks and not the potential for acute
toxicity from short-term episodic peak concentrations, such
as from the release of untreated wastewater due to WWTP
problems or “combined sewer overflows” (whereby storm
water and untreated sewage are combined), or in highly
effluent-dominated streams. This analysis also does not assess
whether any of the known or predicted exceedances, short- or
long-term, overlap with critical habitats, such as those
containing endangered or threatened (“listed”) species.
These uncertainties and limitations are addressed to some
extent via the use of worst-case assumptions and uncertainty
factors in the risk assessment, but additional research and
refinement are needed to more fully understand the environ-
mental impact in a specific aquatic environment.

One scientific area undergoing significant discussion
recently is dose–response mechanisms of estrogenic sub-
stances. The traditional paradigm of environmental toxicolo-
gy assumes that environmental contaminants as evaluated by
dose–response curves have effects that are monotonic in
nature (i.e., the slope of the dose–response curve does not
change sign). Estrogens, however, have been shown to exhibit
nonmonotonic physiological responses at some doses (i.e., a
nonlinear relationship between dose and effect, whereby the
slope of the curve changes sign somewhere within the range
of doses examined) (70–75). In response, EPA is investigating

the implications of the nonmonotonic dose response to EPA
testing and risk assessment procedures (76), recently con-
cluding in a draft state-of-the-science paper that current
testing strategies are unlikely to mischaracterize, as a
consequence of nonmonotonic dose responses, a chemical
that has the potential for adverse perturbations of the
estrogen (or androgen or thyroid) pathways (72).

A related research area is the use of acute toxicity
studies for estimating chronic environmental toxicity. As
noted in CDER guidance (24), evaluation of the potential
ecological toxicity of drugs with either sublethal effects at
maximum environmental concentrations or that are lipophilic
should include studies focusing on long-term effects at lower
doses. This approach has recently been utilized by some non-
US regulatory entities, which have begun including direct
testing for long-term reproductive and endocrine-related
toxicity in aquatic organisms in addition to extrapolating
from short-term studies (77). New understanding and tools
are also being developed in the USA (2,78–80). For example,
EPA is currently implementing a two-tier EDSP (12). More
broadly, the Tox21 program, which is a collaboration among
multiple federal agencies—EPA’s National Center for
Computational Toxicology (NCCT), the National Institutes
of Environmental Health Sciences (NIEHS)/National
Toxicology Program (NTP), the National Institutes of
Health (NIH) Chemical Genomics Center (NCGC), and
FDA—is designed to accelerate the development of mecha-
nism-based in vitro screens to ultimately reduce the use of
low-throughput, high-cost conventional toxicity testing that
uses animal models (79,81). The pilot-phase collection of
approximately 3,000 compounds already have been screened
against the estrogen nuclear receptor ERα, along with nine
other receptors, with promising results (82).

The other key area within the pharmaceutical estrogen
risk assessment paradigm that is undergoing improvement is
the exposure assessment. A more comprehensive approach
utilizing uniformity in both measuring technologies and
longitudinal time points, in conjunction with an inclusive
geographical distribution, will provide a more accurate
representation of the current state of EE2 and other human
and natural estrogenic substances in US WWTP effluents and
surface waters. As data improve, it may be possible to
quantify estrogenic substances in the environment and
conduct a more comprehensive evaluation of total environ-
mental estrogenicity, which in turn will support the develop-
ment of any needed preventive and mitigative measures by
municipalities and other responsible parties.

EE2’s future impact on the environment is uncertain.
Although population increase is a driver for increased EE2
use, other factors, such as increased contraception options,
may lower use. In addition, EE2 dosing regimens have been
decreasing over the years, and EE2 has been targeted by
some for possible replacement by E2, which is more
biodegradable (83). More broadly, CDER currently is
involved with a number of activities aimed at assessing and
minimizing potential impacts from pharmaceuticals, including
continuing to evaluate how CDER’s NEPA program is
implemented. These efforts include partnerships and collab-
orations both internally with other FDA centers, and
externally with other federal agencies and groups, including
EPA, the US Geological Survey, the US Department of
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Agriculture, and the White House Office of National Drug
Control Policy (84,85). CDER also is collaborating with other
government agencies on several projects, including prioritiz-
ing pharmaceuticals for research on environmental and
human health exposure and effects (21,86), conducting
additional analysis for drugs with hormonally active proper-
ties, developing methods for assessing the clinical endocrine
disruption potential of drugs (87), and examining the results
of recent efforts to identify and address the most critical
questions remaining about drugs in the environment (88).
New initiatives such as personalized medicine and “green
pharma” are being studied by CDER, the American Medical
Association, and others (83,85,89–97). Also, wastewater
treatment systems continue to improve and be replaced (98–
100), which in turn likely will improve the removal of
estrogens and other pharmaceuticals from human waste.

CONCLUSION

Based on measured and modeled surface water concen-
tration data and published chronic ecotoxicity data, the levels
of EE2, the most potent of the human pharmaceutical or
endogenous estrogens, in approximately 99% or more of
surface waters downstream of WWTPs are expected to be
less than a PNEC of 0.1 ng/L. Exceedances are expected to be
primarily in localized, effluent-dominated stream segments.
The median mean flow concentration of EE2 is estimated to
be more than two orders of magnitude below this PNEC.
Similar results are found for other pharmaceutical estrogens.
The contribution of pharmaceutical estrogens more broadly
to total estrogenic load in the environment, while still highly
uncertain and variable at this time, appears to be low
compared to other sources. While the current approaches
for evaluating the environmental impact of pharmaceutical
estrogens remain appropriate, it will be valuable to revisit the
toxicity of and state of exposure to these substances,
especially for sensitive environments, as analytical methods,
monitoring strategies, models, and estrogenicity testing stan-
dards for acute and chronic studies used to predict aquatic
population-level effects improve. These improvements will
refine risk estimates and provide a basis for any next steps.
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