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Abstract

Pharmaceuticals are increasingly recognized as contaminants of emerging concern, yet mon-
itoring strategies often do not reflect actual consumption patterns or ecological risk. Greece
presents a particularly relevant case due to high pharmaceutical use and fragmented mon-
itoring data. In the present study, 359 pharmaceuticals, metabolites, and transformation
products were reviewed, as reported in monitoring studies in Greek wastewater, surface
waters, and drinking water. Consumption data (from the Organization for Economic Co-
operation and Development, OECD), environmental occurrence (from 55 studies), and
ecotoxicity thresholds (i.e., from the NORMAN Database) were integrated to calculate risk
quotients (RQs) and assess monitoring gaps. RQ values were derived for 241 compounds:
38 (16%) high-risk, 60 (25%) medium-risk, and 143 (59%) low-risk. High-risk substances
included several NSAIDs, macrolide and fluoroquinolone antibiotics, synthetic hormones,
contrast agents, and triclosan. Major under-monitoring was observed for widely consumed
classes A and B, while antibiotics, NSAIDs, antidepressants, and analgesics were dispropor-
tionately targeted. Several metabolites showed higher RQs than their parent compounds
but were rarely analyzed. These findings reveal significant mismatches between pharma-
ceutical use, environmental occurrence, and ecological risk in Greece. Results support
adopting risk-based prioritization for environmental monitoring and align with ongoing
updates to EU water policy.

Keywords: environmental monitoring; pharmaceuticals; ecological risk assessment;
emerging contaminants; Greece; wastewater

1. Introduction

The global pharmaceutical market has undergone a significant increase over the past
two decades. According to worldwide revenue data, the global pharmaceutical market
was valued at approximately USD 1.42 trillion at the end of 2021, while in 2001, the market
was valued at USD 390 billion [1]. This trend is also evident based on Research and
Development (R&D) efforts within the pharmaceutical industry. For example, the total
global spending on pharmaceutical R&D has increased from USD 137 billion in 2012 to USD
238 billion in 2021 [2], although such efforts are not reflected in the number of novel drug
products approved annually, which tends to fluctuate between years and does not follow
a similar increasing trend over time [3]. More recent data on global R&D spending for
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large pharmaceutical companies have been reported, with USD 190 billion in 2024, which
increased by over 16% compared to the previous year [4]. With the projected increase in
the human population [5], it is expected that the pharmaceutical sector and discovery of
new drugs will continue to grow in the coming decades.

While the improved availability of pharmaceutical products is undoubtedly linked to
an improved quality of life, several researchers have highlighted the negative aspects of
pharmaceutical production in terms of environmental degradation [6-10]. In an attempt to
make the pharmaceutical sector “greener”, significant efforts have been made to improve
the production process, such as by replacing solvents [11], switching catalysts (e.g., from
chemical catalysis to enzymatic catalysis) [12], decreasing energy consumption [13], and
switching from batch to continuous manufacturing [14]. However, the environmental
impact of pharmaceuticals does not stop at production. One important negative effect of
increased production and consumption of pharmaceuticals is the release of active pharma-
ceutical ingredients (APIs), metabolites, and degradation products (e.g., via wastewater
treatment) to the environment [15-21]. Several routes have been described for how phar-
maceuticals end up in the environment (see Figure 1). Among these, it has been estimated
that a large percentage originates from the consumption of pharmaceuticals, which can be
partially metabolized by the human body, and the rest is eliminated via feces and urine [22].
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Figure 1. Routes of exposure to pharmaceuticals and environmental release along their life cycle.

Once released, pharmaceuticals and their metabolites enter wastewater treatment
plants (WWTPs), where, depending on the technologies used in each facility, the chemical
structure of each individual compound, as well as external factors such as climate, they
are (bio)degraded, adsorbed on solids/sludge, transformed, and finally released to the
environment via the WWTP effluent [23-30]. A concentrated stream of (partially metab-
olized) pharmaceutical waste includes hospitals, nursing homes, and hospices [31-41],
facilities that may include a separate wastewater treatment unit [41-44]. Eventually, the
(treated) wastewater from these sources, as well as individual households, is led to munici-
pal wastewater treatment plants [31-41], where it undergoes most commonly primary and
secondary wastewater treatment, while some WWTPs may also include more advanced
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tertiary treatment options, such as chlorination, ozonation, or adsorption with activated
carbon [45—47]. In addition to pharmaceuticals that have been consumed and excreted,
another important source of pharmaceuticals in WWTPs includes improperly disposed of
(expired) products, which may be directly discarded in the sink or toilet [48].

Many scientific studies have been conducted on the fate and risk of pharmaceutical
products in the environment [16,17,49-56]. While pharmaceuticals are detected in the envi-
ronment at low concentrations, up to a few pg/L, they are considered emerging pollutants
of high importance [57], given the fact that they are designed to result in significant effects
on organisms, even at low concentrations [21]. Another factor that makes pharmaceuticals
an important threat to natural ecosystems is their tendency to bioaccumulate, thus resulting
in increasing concentrations in the biomass along trophic chains [58-60]. In addition to the
negative effects of released pharmaceuticals across the food web, the consumption of food
exposed to pharmaceuticals can also pose health risks to humans [61,62]. Nevertheless,
despite the known risks of pharmaceuticals ending up in the environment, harmonized
legislation on a European and global scale has not included, as of yet, specific targets for the
maximum allowable concentration of pharmaceuticals in water, and, with a few exceptions,
there is no recommendation for the monitoring of wastewater effluents or natural waters
in terms of pharmaceuticals. According to the most recent update in 2025, the EU Surface
Water Watch List under the Water Framework Directive (2000/60/EC) was revised to
include several new pharmaceutical substances, namely fluoxetine, propranolol, and a
group of tetracycline antibiotics (tetracycline and oxytetracycline), alongside three pharma-
ceutical azole antifungal agents (climbazole, ketoconazole, and itraconazole). Previously
listed substances such as sulfamethoxazole, trimethoprim, venlafaxine and its metabolite
O-desmethylvenlafaxine, three pharmaceutical azoles (clotrimazole, fluconazole, micona-
zole), and the fungicides dimoxystrobin and famoxadone were removed following the
completion of the monitoring period and upcoming risk assessments. On the other hand,
the fungicide azoxystrobin added in 2022 was removed due to the high-quality monitoring
data available, while the veterinary pharmaceutical fipronil, the antibiotics clindamycin
and ofloxacin, and the human pharmaceutical metformin and its metabolite guanylurea
remained on the list for further monitoring [63]. Prioritization of pharmaceutical substances
was also recently proposed for the Urban Wastewater Treatment Directive (91/271/EEC),
which, according to the most recently published Directive (EU) 2024 /3019, will require
monitoring of amisulpride, carbamazepine, citalopram, clarithromycin, diclofenac, hy-
drochlorothiazide, metoprolol, venlafaxine, candesartan, irbesartan, and benzotriazole and
its derivatives (which are commonly used as drug precursors) [57].

In order to propose a list of priority pharmaceutical substances for monitoring in envi-
ronmental waters and treatment in WWTPs, the following criteria should be considered:

(@) The total amount of sales/consumption for specific pharmaceuticals in a certain region
should be known to predict the compounds with the highest expected environmental
concentrations. Interestingly, it has been reported that pharmaceutical removal efforts
are often not motivated by market trends in pharmaceutical consumption [64].

(b) The metabolism of pharmaceuticals needs to be considered in order to determine
whether unmetabolized pharmaceuticals or their metabolites are expected to be found
in wastewater and natural waters receiving the final effluent of WWTPs.

(¢) Once excreted by the patient, the unmetabolized compounds and metabolites can
undergo transformation in the WWTP, which can result in complete elimination
from the aqueous phase (i.e., via degradation or adsorption), or the formation of
transformation products, particularly when advanced water treatment techniques
are applied (e.g., chlorination, ozonation) [23-30]. To that end, valuable information
can be gained from scientific literature and databases concerning the detection of
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pharmaceuticals, metabolites, and transformation products in the environment and
in WWTPs.

(d) Finally, the ecotoxicity and bioaccumulation potential of these compounds on various
organisms ought to be considered to prioritize pharmaceuticals with the most severe
expected effects in ecosystems and human health.

Although pharmaceuticals as emerging contaminants constitute a global problem, an
assessment taking into account these criteria cannot be realistically applied on a global
or European level, due to the immense number of publications related to the presence of
pharmaceuticals in natural waters, groundwater, drinking water, and wastewater. Another
limiting factor in performing such an evaluation on the global level is the difference
in pharmaceutical consumption patterns [65] and disposal practices [66] encountered in
different countries. To that end, Greece is selected as a case study for several reasons. Firstly,
considering the high levels of pharmaceutical consumption among European countries, it
is reasonable to assume increased pressure on natural waters and ecosystems in Greece
from released pharmaceutical compounds, metabolites, and transformation products. A
recent statistical analysis published by the Organization for Economic Co-operation and
Development (OECD) revealed that, among the 41 countries considered (European and non-
European), Greece had the highest pharmaceutical spending (expressed as the percentage of
gross domestic product) based on data from 2018 to 2021 [67]. An earlier statistical analysis
regarding data from 2013 has also revealed high consumption of pharmaceuticals, and
more specifically antibiotics, in Greece, with the highest population-weighted consumption
data (expressed as defined daily doses per 1000 inhabitants per day) among 30 EU/EEA
countries included in the analysis [68].

Besides pharmaceuticals and their metabolites released to the environment after con-
sumption, another entry route via improper disposal of (expired) products is also prominent
in Greece. According to a recent report, only 45% of unused and/or expired household
pharmaceutical waste is being returned to the pharmacies [69]. In a survey conducted in
four European countries, Greece had the highest percentage (>30%) of improper pharma-
ceutical disposal (flushing them down the drain or throwing them away in garbage bins)
and the second-lowest percentage of returning them via the implemented take-back scheme
(46%) or being aware of the existence of take-back schemes (<54%) [69]. Environmental
degradation and bioaccumulation of pharmaceutical products in Greek waters are of par-
ticular concern due to the protected status of several biotopes in the country. For example,
Greece was ranked 5th among 27 European countries in terms of the terrestrial portion (in
%) of Natura 2000 areas [70] and was reported to have the sixth-highest marine area among
22 EU member states designated as Special Protected Areas within the Natura 2000 network
in 2019 [71]. Finally, high levels of pharmaceutical consumption pose a risk not only to
ecosystems but also to human health of citizens and tourists, particularly considering
that Greece is a popular tourist destination during the summer months. For example, a
statistical analysis for 2018 revealed that Greece had the 5th highest net occupancy rates (in
%) of bed places in hotels and similar accommodation establishments in the peak summer
month (August) among 28 European countries [72].

The objective of the present research is to provide an extensive overview regarding
the presence and associated risks of pharmaceuticals in the environment. Particularly, by
considering information regarding the consumption of pharmaceuticals, as well as infor-
mation regarding the monitoring of pharmaceuticals in wastewater and environmental
water samples, this research attempts to bridge the gap between the consumption and
detection of these emerging micropollutants, and to predict classes of pharmaceuticals that
warrant further monitoring in environmental samples. Taking into account the previously
described ecotoxicity potential of pharmaceuticals, in correlation with the reported concen-
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trations in WWTP effluent and environmental water samples, a list of priority compounds
is generated, which can help guide future legislative efforts on a European level regarding
the monitoring of pharmaceuticals in water and wastewater, as well as the effort to develop
and apply wastewater treatment techniques, which can target specific micropollutants of
high risk.

The present review study demonstrates clear, quantifiable discrepancies between phar-
maceutical consumption, environmental occurrence, and ecological risk in Greece. A total of
359 APIs, metabolites, and transformation products were evaluated based on consumption
statistics, environmental monitoring data, and risk quotients (RQs), considering the actual
concentrations measured in environmental samples and the predicted no-effect concentra-
tion (PNEC) for each compound. Of the 241 compounds for which RQs could be calculated,
38 (16%) were categorized as high-risk (RQ > 1), 60 (25%) as medium-risk, and 143 (59%)
as low-risk. High-risk substances mainly included nonsteroidal anti-inflammatory drugs
(NSAIDs, e.g., diclofenac, ibuprofen), antibiotics (macrolides, fluoroquinolones), synthetic
hormones, contrast agents, and triclosan, driven by either high concentrations in wastewa-
ter or very low toxicity thresholds. A clear monitoring imbalance was observed. Classes A
and B, although widely consumed, are scarcely monitored, while antibiotics, NSAIDs, an-
tidepressants, and analgesics are monitored more frequently than their consumption levels
would predict. Metabolites remain under-investigated: most were analyzed only once or
twice, and several (e.g., O-desmethylvenlafaxine, norfluoxetine) showed higher risk than
their parent compounds. These findings highlight significant gaps between pharmaceutical
use, environmental detection, and ecological hazard, underscoring the need for risk-based
prioritization in future monitoring frameworks.

2. Materials and Methods
2.1. Case Study Description: Pharmaceutical Market and Disposal in Greece

According to a recent publication of the Economic and Industrial Research Founda-
tion (IOBE) in cooperation with the Hellenic Association of Pharmaceutical Companies
(SEE) [73], the total health expenditure in Greece for 2020 was EUR 15.7 billion, of which
EUR 9.7 billion was public health expenditure, with an average per capita total health
expenditure equal to EUR 1468 for 2020, lower than the EU average of EUR 3595. Of the
average household’s monthly health expenditure in Greece during 2020, which equals EUR
105.9, 34% corresponds to pharmaceutical products, 31.5% to hospital services, 10.8% to
medical services, and 7.6% to therapeutic appliances and equipment. The total expenditure
for pharmaceuticals and other medical non-durable goods in Greece was reported at EUR
4.7 billion for 2020. Compared to the EU average, using data from 2019, the per capita
public expenditure for pharmaceuticals and other medical non-durable goods was lower
in Greece (EUR 226, compared to EUR 319), whereas the private expenditure was higher
than the EU average (EUR 172, compared to EUR 132). A total of 106 facilities that produce
or import pharmaceutical products were reported, with products being distributed to the
population via 10,427 private pharmacies, 128 hospital pharmacies, and 32 pharmacies
of the National Organization for the Provision of Health Services (EOPY). Greece has the
highest ratio of pharmacies per capita (96 per 100,000 inhabitants in 2020) among the EU27
countries (with an average of 32 per 100,000 inhabitants in 2020 for EU27). Using data from
2020, it was reported that most sales of pharmaceuticals in Greece take place via private
pharmacies and wholesalers (i.e., 481 million packages), compared to sales via the hospital
or EOPY pharmacies (88 million packages) [73]. The market share of pharmaceuticals
for 2020 (in volume) was reported per different patent protection status categories and
corresponded to 8.3% for on-patent pharmaceuticals, 33.8% for off-patent, and 35.1% for
generics [74]. In Greece, it is legally required to return unused or expired medications, as
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established by the government take-back schemes, for which collection bins are installed in
pharmacies [75,76]. Collected medications are classified as hazardous waste and are treated
via incineration [77].

2.2. Pharmaceutical Sales and Usage in Greece

Information regarding the annual consumption and sales of pharmaceuticals in Greece
from 2010 to 2021 was retrieved from the OECD website [78] as aggregated values for
several Anatomical Therapeutic Chemical (ATC) classification system categories. It should
be noted that data were not reported for all pharmaceutical classes every year. Data
reported by OECD were retrieved by EOPY and do not include over-the-counter (OTC)
medication, drugs dispensed in hospitals, and non-reimbursed drugs. Annual data for
which all pharmaceutical classes were reported are shown in the Results (Section 3.1).

2.3. Presence of APIs, Metabolites, and Transformation Products in the Environment

A thorough screening of the available literature regarding the detection of pharmaceuti-
cals, metabolites, and transformation products in the environment and in WWTPs in Greece
was performed on Google Scholar from 1 October to 25 October 2022 using the keywords
“pharmaceuticals” or “drugs” and “effluent”, “in wastewater”, “in sewage”, “in water”,
“in environment”, and “in drinking water”. Based on this, 55 scientific papers [79-133]
were selected to be included in this paper, providing data on the quantification of 359
APIs, metabolites, and transformation products in municipal and hospital wastewater and
sludge samples (influent and effluent), environmental samples (i.e., water and sediment
from the sea, lakes, rivers, and stormwater), and bottled water. A detailed overview of the
reported findings from the selected publications is given in the Supplementary Information
(Table S1) and includes, for each API or metabolite/transformation product, the number of
times included in research papers and detected in different (waste)water bodies, as well as
the maximum concentration in wastewater effluent and environmental water samples. The
reported compounds were also grouped based on the pharmaceutical classes used by the
OECD (Section 2.2) in order to correlate the presence of APIs in the environment with their
usage, and the analyzed data are reported in the Results section.

2.4. Ecotoxicity of APIs, Metabolites and Transformation Products in the Environment

The final fate of pharmaceuticals and their metabolites and transformation products is
to be released to the environment after wastewater treatment. Final receivers of the treated
effluents include the sea, rivers, lakes, and groundwater reservoirs. Once released to the
environment, these pollutants have been associated with varying degrees of ecotoxicity for
several organisms. To assess the environmental risk posed by the identified APIs, metabo-
lites, and transformation products in the samples investigated, the risk quotient (RQ) was
calculated as the ratio between the measured environmental concentration (MEC) and the
predicted no-effect concentration (PNEC). For each compound, the MEC corresponds to
the highest concentration detected in WWTP effluents, hospital effluents, or natural water
bodies. The use of the maximum observed MEC represents a conservative, screening-level
approach that captures worst-case exposure scenarios, consistent with common practice
in preliminary environmental risk assessments [79,100,109,118]. Pharmaceutical concen-
trations in effluents and receiving waters are highly variable, and the use of maximum
values minimizes the risk of underestimating potential ecological effects and aligns with the
precautionary principle. However, this approach may overestimate typical environmental
risk under average exposure conditions.

To gather information on ecotoxicity for the target compounds, the NORMAN
Database System was selected [134]. The NORMAN Network is a European platform
providing harmonized, quality-controlled information on contaminants of emerging con-
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cern, integrating both experimental and modelled ecotoxicity data. Established originally
as an EU-funded initiative, it now operates as a collaborative network supporting the
assessment and prioritization of emerging contaminants across Europe. Ecotoxicity values
were specifically retrieved from the Substance Database (SusDat) and the Ecotoxicology
Database, which compile validated experimental results (from databases such as US EPA
ECOTOX, the REACH portal, and regulatory sources) with in silico predictions, and apply
the CRED (Criteria for Reporting and Evaluating Ecotoxicity Data) framework to ensure
reliability, predominantly calculated for freshwater environments. The lowest PNECs
were used as toxicity threshold values for prioritization purposes, as agreed by Europe-
wide expert consultation [135]. NORMAN was selected for this assessment because it
offers reliable, standardized, and comparable ecotoxicity thresholds suitable for evaluating
the environmental hazard of pharmaceuticals on the European scale. It should be noted
that NORMAN often provides the most conservative ecotoxicity thresholds compared to
values derived from individual studies or tools such as the ECOTOX database, which is
advantageous for the prioritization of APIs in this review.

Of the 359 compounds identified in the samples, 340 were found in the NORMAN
database, while the remaining 19 compounds were not available and were excluded from
the risk assessment. An overview of the reported findings is given in the Supplemen-
tary Information and includes the lowest PNEC, the maximum MEC in the wastewater
effluent and environmental water samples, and the resulting RQ for each API or metabo-
lite/transformation product (Table S2). The potential risk was categorized as high if RQ > 1,
medium if 1 > RQ > 0.1, and low if RQ < 0.1.

3. Results and Interpretation
3.1. Consumption Data for Pharmaceuticals in Greece

The daily dosage per 1000 inhabitants for different classes of pharmaceuticals was
retrieved from the OECD website for different years (Section 2.2), and the results are shown
in Figure 2. As can be observed, an increasing trend in total pharmaceutical consumption
is recorded over the years, while the relative percentage of each class to the total sales
remains relatively stable. Specifically, the total daily dosage metric has increased from
1096 to 1408 (per 1000 inhabitants) between 2013 and 2020, with class B (Blood and blood
forming organs) having the highest consumption (18% on average over the displayed years),
followed by class C09 (agents acting on the renin—angiotensin system, 14%), class C10
(lipid-modifying agents, 10%), class A10 (drugs used in diabetes, 7%), class A (alimentary
tract and metabolism), and class A02B (drugs for peptic ulcer and gastro-esophageal
reflux diseases, both at 6% on average). The only notable deviations over the years can be
observed for class A, wherein the percentage increases from 2% (2013) to 9% (2020), and
class C09, decreasing from 26% (2013) to 12% (2020).

3.2. Pharmaceuticals Detected in the Environment, Drinking Water, and WWTPs in Greece

In total, 359 APIs, metabolites, and transformation products were included in the
analysis, based on the literature on pharmaceuticals detected in different water bodies
in Greece (Section 2.3). An overview of the times included in each research paper and
times detected (in general and in wastewater samples) is shown in Figure 3. Some of the
compounds included from the literature do not correspond to a selected therapeutic class
for this analysis (based on the categories included in the OECD results for consumption,
included in Figure 2). These are excluded from Figures 3 and 4. With some minor excep-
tions (e.g., number of times diuretics—class C03 are detected), all three categories follow a
similar trend for the different classes. Antibacterials (i.e., class J01) are the most commonly
researched and detected category, followed by anti-inflammatory and antirheumatic com-
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Figure 2. Daily usage of different pharmaceutical classes in Greece from 2010 to 2021.
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included in a research study. Left axis, black bar: number of times a compound was included in the
research study. Right axis: number of times a compound was detected (in any water body, red bar),
and specifically in wastewater samples (municipal and hospital, yellow bar).
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Figure 4. Overview of different APIs, metabolites, and transformation products detected in Greece,
organized in therapeutic classes and sorted in decreasing order based on the number of times they
were detected in any water sample ((a), grey bar, left axis), or the number of times they were detected
in WWTP effluent ((b), grey bar, left axis). On the right axis, the total counts in natural water samples
((a)) and the maximum concentration detected in wastewater are shown (in (b)). For each metric,
for the data on the right axis, the red bars indicate therapeutic classes where the contribution to the
metric on the right axis differs by >5% from the expected proportion based on the left-axis metric.
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The number of times detected in any water body was correlated with the number of
times a therapeutic class was detected in natural water bodies. Furthermore, the number of
times per therapeutic class detected in WWTP effluent samples was correlated with the
maximum concentration detected in effluents, and the results are shown in Figure 4a and b,
respectively. Here, a few outliers were observed, wherein the number of times detected
in nature (Figure 4a) or the maximum concentration (Figure 4b) was higher or lower than
expected, compared to the corresponding metric on the y-axis for a certain therapeutic
class (i.e., number of times detected in any water sample in Figure 4a, or number of times
compounds were detected in wastewater effluents in Figure 4b). The contribution of
each class to the total measurements per metric (i.e., times detected, concentration) was
calculated and compared among the x-axis and y-axis metrics in Figure 4 to identify outliers
(i.e., classes that differed more than 5% in percentage between metrics), which are displayed
in red in the figure.

As can be observed in Figure 4a, anti-inflammatory and antirheumatic products
(class M01A) and analgesics (class N02) were detected more times, while antidepressants
(class NO6A) were detected fewer times in natural waters than expected, assuming a
proportional relationship to the overall number of times compounds are detected in the
included literature. Within class M01A, the APIs mainly detected in natural waters are
diclofenac, naproxen, ibuprofen, and ketoprofen, all of which are NSAID medications that
are available over the counter in Greece. For class N02, the primary compounds detected
in natural waters are paracetamol, salicylic acid, and phenazone, i.e., common analgesic
and antipyretic medications that are also available over the counter in Greece. Likely, the
frequent detection of these compounds in natural waters near anthropogenic activities is
due to their widespread use.

In Figure 4b, medications for the nervous system (class N), analgesics (class N02),
hypertension, and heart failure (i.e., agents acting on the renin-angiotensin system, class
C09), and diuretics (class C03) have higher concentrations, while antibacterials (class J01)
and antidepressants (class N06A) have lower concentrations than expected, assuming
a proportional relationship to the overall amount of times compounds are detected in
wastewater effluent samples. For analgesics, as discussed in the previous paragraph, the
class includes several popular over-the-counter products, which are not included in the
OECD list of consumption data, likely explaining the deviation between the two metrics.
For class N, the deviation is primarily due to valproic acid, which is detected only nine
times but reaches a maximum reported concentration in effluent samples of 17 ug/L
(highest recorded among all examined APIs investigated in this study), compared to, for
example, the component with the second highest concentration in this class (carbamazepine,
at 2.2 ng/L), which is detected 71 times. Among the compounds contributing to the high
wastewater concentration for class C09, valsartan has the second-highest concentration
among all APIs investigated in this study (11 ug/L), and irbesartan has the seventh-
highest (around 7.5 pg/L), while the total number of times detected does not exceed
30 for either compound, compared to, for example, ibuprofen (class MO1A, 10.7 ug/L,
third-highest concentration in wastewater, with 59 total times detected). Similarly, for
class C03, furosemide is primarily responsible for this trend, as it has by far the highest
effluent concentration among the five APIs included (10 pg/L, fifth-highest concentration
in wastewater) and only 24 total counts for detection in any water sample.

3.3. Expected Concentrations of Pharmaceutical-Related Pollutants Based on Consumption—Is
There a Gap Between Consumption and Detection?

The correlation between the number of times pharmaceuticals were detected in efflu-
ents or their maximum effluent concentration per therapeutic class and the daily dosage
data retrieved from the OECD was investigated, and the results are presented in Figure 5.
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Several therapeutic classes were identified as outliers when correlated with the correspond-
ing dosage, and these are indicated in red in the figure. To identify outliers (i.e., classes that
differed more than 5% in percentage between metrics), the contribution of each class to the
total measurements per metric (i.e., dosage, times detected, concentration) was calculated
and compared among the x-axis and y-axis metrics.
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Figure 5. Overview of different APIs organized in therapeutic classes and sorted in decreasing order
based on the daily dosage per 1000 inhabitants (data from OECD, grey bar, left axis). On the right
axis, different metrics are shown based on APIs, metabolites, and transformation products researched
in Greek water bodies (black bars). For the data on the right axis, the red bars (or red arrows, when
red bars are too small to be visible) indicate therapeutic classes where the contribution to the metric
on the right axis differs by >5% from the expected proportion based on the left-axis metric. (a): total
counts in WWTP effluent samples (municipal and hospital). (b): maximum concentration in effluents
of WWTPs.
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Several classes were identified as common outliers between the times detected in
WWTP effluents (Figure 5a) or the effluent concentrations (Figure 5b) compared to the
corresponding predicted metric assuming a correlation with the dosage for the class.
Specifically, class B (blood and blood-forming products) and class A (alimentary tract and
metabolism) were both under-detected, whereas class N (nervous system), class MO1A
(anti-inflammatory and antirheumatic products), and class N02 (analgesics) were all over-
detected, when compared to the dosage for each class. Some of the classes identified
as outliers follow a different trend between the counts and the concentration in effluent
samples. Specifically, class NO6A (antidepressants) and class J01 (antibacterials) were
over-detected in terms of counts but not in terms of effluent concentration, while class C03
(diuretics) was over-detected only in terms of concentration. On the contrary, class C09
(agents acting on the renin—angiotensin system) and class C10 (lipid-modifying agents)
were under-detected only in terms of counts and concentration, respectively.

Medications in class B have the highest daily dosage among the API classes in the
OECD dataset and include 71 APIs in the ClinPGx Database [135] (excluding salicylic acid
and sulfamethizole, which have been included in other API classes here). Nevertheless,
only four APIs have been included from that therapeutic class in the literature researching
pharmaceuticals in different water bodies, namely clopidogrel, rivaroxaban, tranexamic
acid, and warfarin. Likely, the under-detection of this class is due to compounds being
prescribed and consumed in Greece, while not included in literature studies estimating
concentrations in the environment and WWTPs. Similarly, for APIs in class A [136], 203
APIs belong to this class, which is recalculated to 176 (excluding substances included in
other classes), while only six APIs have been included in literature testing WWTP and
natural waters for pharmaceuticals in Greece. For class C09, 10 APIs have been investigated
in WWTP and natural water measurements in Greece, compared to the total of 23 APIs
included in this class ([136], corrected to exclude compounds from other classes). Similarly,
for class C10, 9 APIs have been investigated, compared to the total of 25 APIs included in
the class ([136], corrected to exclude compounds from other classes).

Overall, regarding API classes that are under-represented in the literature, either in
terms of wastewater counts or concentration, two groups can be observed. For class A
and class B medications, relatively few compounds have been investigated compared
to the total number of APIs included in the respective classes. For compounds retrieved
from the ClinPGx database, a screening of PNEC values is performed to identify potential
priority compounds with high ecotoxicity potential that are currently not considered for
monitoring. On the other hand, classes C09 and C10 are better represented in monitoring
campaigns, comparing the number of APIs investigated and the total number of APIs
in each class. Class C09, taking into account both the higher concentration (Figure 4b)
and the higher daily consumption (Figure 5a), compared to the number of times detected
in wastewater, contains potential priority compounds for monitoring. For class C10, the
lower-than-expected concentration compared to the dosage (Figure 5a) may indicate the
metabolic breakdown or transformation of APIs, or that the APIs selected for monitoring
do not fully represent the entire class in terms of consumption in Greece. Therefore, for
this class, other compounds from the ClinPGx Database are screened in terms of PNEC to
identify potential hotspots that are currently excluded from monitoring in natural waters
and wastewater.

Considering the API classes that were over-detected, either in terms of counts or in
terms of concentration, compared to the daily dosage data, different trends can be observed.
For class M01A, 20 APIs have been investigated in water and wastewater, compared to
the 35 APIs included in the class [136]. For class N02, 16 APIs (or their corresponding
metabolites) have been investigated, compared to the 47 APIs included in the class [136]. As
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also discussed in Section 3.2, both classes contain several common OTC medications, and
therefore, one possible explanation for the trend observed in Figure 5 is that daily dosage
data are underestimated, compared to pharmaceutical classes that require a prescription
and are therefore easier to track in terms of sales. Importantly, the OECD consumption data
used here do not include OTC medication, drugs dispensed in hospitals, or non-reimbursed
drugs. For class N06A, 19 APIs have been investigated, out of the 38 APIs included in
the class [136], while for class C03, only 5 APIs have been investigated, compared to the
22 APIs included in the class [136]. As was also discussed in Section 3.2, both class N06A
and J01 have been investigated (and counted) disproportionately many times, compared
to their effluent concentration (Figure 4b), and this is also the case when compared to the
daily dosage (Figure 5a), while class N0O6A is also well represented in terms of number of
APIs investigated compared to the total APIs in the class. The reason why these classes
are over-represented in the literature could be related to their high consumption and
ecotoxicity potential [137] or the scope of the literature included in this analysis, which
contained six papers reporting measurements at a psychiatric hospital [95-100]. Whether
the research effort of quantifying these compounds in nature and effluent samples is
warranted should be considered in terms of their ecotoxicity potential. Similarly, for class
C03, the disproportionately high effluent concentration, compared to the daily dosage and
effluent counts, should be taken into account during the ecotoxicity assessment of different
APIs, particularly for furosemide, which is the primary compound responsible for the high
effluent concentration of class C03.

Overall, based on the analysis in Sections 3.2 and 3.3, the following classes are identi-
fied as potential priority groups to examine due to their high counts, effluent concentration,
daily dosage, and representation of the total number of APIs per class in the number of APIs
selected for monitoring: class N02—potential hotspot due to high effluent concentration;
class C03—potential hotspot due to high effluent concentrations, particularly furosemide;
class N—potential hotspot due to high concentration, particularly valproic acid; class
C09—potential hotspots due to high daily dosage and effluent concentration; classes A,
B, C10—potential hotspots due to high dosage and being under-represented in monitor-
ing; and classes J01, N06A, M01A—over-represented in monitoring and may need to be
reconsidered as hotspots.

3.4. Ecotoxicity Assessment for Detected Compounds

A total of 359 APIs, metabolites, and transformation products were considered in
the ecotoxicological assessment. For 340 of these substances, a freshwater PNEC could
be retrieved from the NORMAN Ecotoxicology Database, whereas 19 substances were
not listed and were therefore excluded from the quantitative risk assessment. These
substances are mainly metabolites across several pharmaceutical classes, with most of them
(6 out of 19) falling into calcium channel blockers (C09 class). For each compound, the
highest concentration measured in Greek WWTP effluents or natural waters was used
as the MEC, and the corresponding RQ was calculated (Section 2.4). For 77 substances
that were analyzed in effluent samples but never detected, no RQ could be determined
because no measurable concentration above the analytical limit of detection (LOD) was
available. These undetected substances span several therapeutic classes, including J01, N,
NO02, N06, G, and MO1A, as well as compounds categorized outside the OECD classes. A
further 22 substances, including compounds from the J class and “NOT IN LIST”, had
been analyzed only in influent samples, and therefore no RQ was presented due to the
focus on effluent samples. Overall, RQs were successfully derived for 241 compounds,
whereas 118 substances could not be assigned an RQ due to missing PNEC values or the
absence of detectable MECs. An overview of these results is provided in the Supplementary
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Material (Table S2). Among the 241 compounds with available RQs, 38 substances (16%)
fell into the high-risk category (RQ > 1), 60 substances (25%) into the medium-risk category
(0.1 £ RQ < 1), and 143 substances (59%) into the low-risk category (RQ < 0.1). Figure 6
illustrates the distribution of RQ categories across therapeutic classes.

The classes contributing the highest proportion of medium- and high-risk substances
were antibacterials (class J01), anti-inflammatory and antirheumatic products (class M01A),
antidepressants (class N06A), and a group of compounds outside the OECD classes (“NOT
IN LIST”). To further analyze their contribution, the individual substances driving the
risk within these classes are discussed, while Figure 7 presents the 38 substances with the
highest RQ values of the samples investigated.

Number of comounds

W High Medium ®Low

Figure 6. Distribution of RQ categories (low, medium, high) across therapeutic pharmaceutical classes.
The height of each bar indicates the total number of substances in each class, while colors represent
the proportion assigned to each risk category.
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Figure 7. Highest-risk pharmaceuticals in WWTP effluents based on RQ values (log scale).

Antibacterials (class J01) contributed the largest number (12 in total) of high-risk
compounds (Figure 7), including dicloxacillin, ciprofloxacin, moxifloxacin, azithromycin,
clarithromycin, amoxicillin, and metronidazole (antibacterials and antibiotics). Many
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of these antibiotics did not necessarily appear at the highest measured concentrations in
WWTP effluents or water samples (up to 2 pg/L), but their low PNECs (0.005-0.13 ug/L)
yielded high RQs (up to 22) even at moderate MEC values. This class also contained the
highest number of medium-risk compounds (11 substances), including ofloxacin, tetracy-
cline, norfloxacin, and erythromycin. A similar pattern was observed for anti-inflammatory
and antirheumatic drugs (class M01A), where seven of the fifteen evaluated NSAIDs ex-
hibited high RQs. Ibuprofen and diclofenac constitute the two most toxic compounds
in the entire dataset (Figure 7), combining high effluent concentrations (up to 10 ug/L)
with low PNECs (0.01-0.04 ug/L). Nimesulide, naproxen, and niflumic acid also reached
high effluent concentrations (up to 10 ug/L), but their PNECs were comparatively higher
(0.14-1.7 ug/L), resulting in lower but still significant positions within the high-risk rank.

Several substances classified as “NOT IN LIST” also appeared among the highest-
risk chemicals. These include the radiocontrast agent diatrizoic acid, the disinfectant
triclosan, and the contrast medium iopamidol. The first two compounds appear in the
top five highest-risk compounds. Their elevated RQs are attributed to both high effluent
concentrations in Greece (especially for triclosan) and to relatively low PNECs. Although
fewer in number, hormonal pharmaceuticals (class G03) were among the most hazardous
substances assessed. 17 x-ethinyl estradiol and etonogestrel reached some of the highest
RQs in the dataset (Figure 7), despite MECs often in the low or sub-ng/L range, reflecting
their extremely low PNECs and potent risk effects. Beyond these major groups, several
additional compounds complete the list of the top 20 highest-risk pharmaceuticals. These
include sildenafil (class G), sertraline (class N06A), and gemfibrozil (class C10). The
G and C10 classes each include only one high-risk compound, whereas NO6A contains
two (sertraline and O-desmethylvenlafaxine). The broader N0O6A class also includes seven
medium-risk substances (out of 19), such as doxepin and venlafaxine, whose RQs approach
1 even though environmental concentrations recorded in Greece are comparatively low
(Figure 4b).

On the other hand, some therapeutic categories contributed predominantly low-risk
substances, notably class N (nervous system) and class J01, despite the latter’s substantial
contribution to the high-risk group. Both classes contained 18 low-risk compounds each.
Low-risk nervous system pharmaceuticals include prilocaine, rivastigmine, sulpiride, and
oxcarbazepine, while low-risk antibacterials include sulfonamides (sulfathiazole, sulfame-
thizole), clindamycin sulfoxide, and desmethyl-clarithromycin. It is worth noting that
within class N, valproic acid exhibited the highest MEC in the entire dataset (Figure 4b).
However, its PNEC is not particularly low, and therefore, its RQ does not place it within the
top 20 most toxic compounds, although it still falls within the high-risk category (Figure 7).
The “nervous system (rest)” subgroup similarly contains mainly low-risk substances, in-
cluding 10-hydroxycarbazepine, 9-OH risperidone, amantadine, and amphetamine.

Opverall, the ecotoxicity assessment indicates that a subset of the investigated pharma-
ceuticals in Greece are likely to pose a high risk to aquatic ecosystems at present environmen-
tal levels. These high-risk compounds include several widely used NSAIDs, antibiotics, and
sex hormones, as the dominant drivers of ecological risk in Greek aquatic environments.

3.5. Correlations Between Ecotoxicity Assessment, Dosage, and Detection in the Environment

To better contextualize the ecotoxicological patterns described in Section 3.4, an inte-
grated assessment was performed examining how pharmaceutical consumption, monitor-
ing intensity, and detection and ecotoxicity relate. The combined interpretation highlights
areas of agreement between environmental occurrence and ecotoxicological relevance, but
also potential mismatches that influence prioritization of pharmaceuticals in Greece.
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Figure 8 illustrates the overlap between the fifty most frequently detected compounds
in WWTP effluents and natural water samples, and those classified as high- or medium-risk.
A large proportion of both risk categories appears among the most frequently detected sub-
stances, with a substantial number of compounds falling within the intersection of frequent
detection and elevated risk. Notably, 18 medium-risk compounds are included among
the top 50 most detected chemicals, indicating that many pharmaceuticals with moderate
ecotoxicological concern are also widely present. Furthermore, the proportion of high-risk
compounds represented in the top 50 is considerable. Although the total number of high-
risk compounds in the dataset is relatively small (38 in total), 20 of them appear among
the most frequently detected pharmaceuticals. Among these, 12 compounds are ranked
within the top 20 highest-risk substances (RQ up to 3.4), as discussed in Section 3.4. These
include several NSAIDs (i.e., class MO1A, ibuprofen, diclofenac, nimesulide, and naproxen),
antibiotics (i.e., class J01, ciprofloxacin, moxifloxacin, azithromycin, clarithromycin, and
metronidazole), a biocide (triclosan), a psychiatric medication (class NO6A, sertraline), and
a lipid regulator (class C10, gemfibrozil). These compounds are detected between 8 and 57
times, with relatively high detection-to-search ratios. Conversely, fourteen pharmaceuticals
appear frequently in effluent samples but fall into the low-risk category. These include,
among others, agents acting on the renin angiotensin system (i.e., class C09, such as telmis-
artan, valsartan, irbesartan, and losartan). Notably, valsartan and irbesartan exhibit some
of the highest effluent concentrations in the dataset (Figure 4b), yet their RQs remain low,
demonstrating that frequent detection alone does not necessarily correspond to elevated
ecological risk. Their high detection frequency is more likely explained by widespread
consumption, consistent with the high dosage observed for the C09 class (Figure 5b),
combined with routine analytical inclusion.

50 most detected
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Figure 8. Venn diagram for the overlap between the 50 most frequently detected compounds (gray)
and the pharmaceuticals categorized by environmental risk levels (high risk in red, medium risk
in yellow).

Figure 9 compares the daily dosage of each pharmaceutical class with the lowest
PNEC value identified within that class. The lowest PNECs are observed for the hormonal
pharmaceuticals (class G03), reaching values down to 0.037 ng/L, which are several orders
of magnitude lower than those of any other class, followed by classes such as C09, A10,
Jo1, and J, which present moderate PNECs. In contrast, most highly consumed classes,
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such as blood and blood-forming organs (class B), lipid-modifying agents (class C10), and
antidiabetics (class A10), exhibit comparatively higher PNECs. When considered together
with their generally low MECs (Figure 5b), these classes tend to fall within the low to
medium ecotoxicity range. Agents acting on the renin—angiotensin system (class C09)
also show moderate PNECs, and despite some compounds exhibiting elevated MECs, the
majority of substances in this class (6 out of 8) remain in the low-risk category. In contrast,
even the low environmental concentrations of hormonal pharmaceuticals (class G03) result
in high RQs because of their exceptionally low PNECs. This illustrates the strong influence
of intrinsic toxicity on overall risk characterization, independent of dosage. Overall, this
comparison shows that consumption alone is not indicative of ecotoxicological relevance.
Because dosage and MEC patterns may vary across classes (as discussed in Section 3.3),
meaningful evaluation of environmental impact requires consideration of both MEC and
PNEC.

100
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0.01
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0.00001
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Figure 9. Comparison of daily dosage (black bars) and the lowest PNEC value (grey bars) among
compounds within each pharmaceutical class.

To evaluate the alignment between monitoring effort and environmental occurrence, a
detection ratio (times detected divided by times searched in effluent) was calculated for
each compound (as shown in the Supplementary Information, Table S2). Pharmaceuticals
showing low detection ratios despite extensive monitoring were classified as over-analyzed,
whereas compounds with comparatively high detection ratios but limited monitoring
coverage were considered under-analyzed. Substances analyzed only once or twice were
classified as inconclusive, even where very high detection ratios were observed. The results
are presented in Figure 10.

Across most classes, a large proportion of compounds fall into the inconclusive cat-
egory, indicating that many APIs were searched in only one or two studies or detected
infrequently to establish reliable monitoring trends. This is particularly evident in sub-
stances in the nervous system (class N), antidepressants (class N06A), and antibacterials
(class J01), where a substantial number of compounds have been analyzed sporadically.
Several classes also present notable proportions of over-analyzed substances, such as
classes J01, M01A, and NO5C and compounds outside the OECD list. These APIs are
frequently searched despite low or inconsistent detections, likely due to their historical
prominence or analytical convenience. While such monitoring reflects established analytical
focus, it contributes little to improving environmental risk understanding, as many of these
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substances are associated with low RQs and low environmental concentrations. In contrast,
a number of classes include under-analyzed compounds, substances with comparatively
high detection ratios but limited monitoring effort. Notably, these appear in the nervous
system (class N) and antidepressant (class N06A) classes. For these, the available detections
suggest environmental relevance, yet the low frequency of analytical inclusion indicates
insufficient coverage. Many of these under-analyzed compounds, however, exhibit low
RQs and fall within the low-risk category. For those substances, additional monitoring is
not an immediate priority.

The combined interpretation of monitoring coverage (Figure 10) and ecotoxicological
risk (as shown in Figure 11) allows identification of APIs that should be prioritized for
future monitoring. Only a small subset of under-analyzed compounds also exhibit high
or medium RQs, making them environmentally relevant yet insufficiently monitored.
These include O-desmethylvenlafaxine, iopamidol, eprosartan, iomeprol, and valproic
acid (high-risk category), as well as norsertraline and nortriptyline in the medium-risk
category. The inconclusive group also contains twelve medium-risk substances, including
triamterene and phenacetin, both exhibiting RQs close to 1. Targeted monitoring of these
APIs is therefore recommended to clarify their environmental occurrence and refine their
risk characterization. However, the majority of under-analyzed or inconclusive compounds
fall into the low-risk category, indicating that despite limited analytical inclusion, their
ecotoxicological relevance is likely minor. These substances do not require immediate
prioritization under current environmental conditions, but further analysis for validation
purposes should be considered.
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Figure 10. Distribution of pharmaceuticals across ATC classes according to monitoring evaluation
status. Bars represent the total number of compounds within each ATC category, categorized into
balanced, inconclusive, over-analyzed, and under-analyzed substances.

In addition, several classes contain subsets of balanced compounds for which moni-
toring effort is appropriately aligned with environmental occurrence. Examples include
selected APIs in the antibacterials (class J01), anti-inflammatory drugs (class M01A), and
antidepressants (class N06A), where the most frequently detected compounds are also
routinely searched.
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Figure 11. Venn diagram of ecotoxicological risk categories (high, medium) and monitoring coverage
(under-analyzed and inconclusive).

Overall, the integration of monitoring coverage and ecotoxicological risk indicates fur-
ther improvement is needed to capture actual environmental relevance. While many APIs
are over-represented in monitoring campaigns despite low risk (37 out of 62 compounds),
several environmentally significant compounds remain under-monitored. Future moni-
toring strategies should therefore adopt a risk-based approach that prioritizes APIs that
are both ecotoxicologically relevant and insufficiently monitored to ensure that substances
with the greatest ecological impact are adequately assessed.

Due to the (metabolic) transformation of many pharmaceuticals in humans and within
wastewater systems, it is essential to consider not only parent APIs but also their metabolites
when evaluating environmental monitoring data. Although 49 metabolites and transfor-
mation products were included in the dataset (Supplementary Material, Table S1), most
were analyzed only once or twice in effluent samples (44 compounds) and thus fall into
the “inconclusive” category based on the monitoring assessment. This limited analytical
coverage prevents a robust evaluation of their environmental occurrence and associated
risk. For 19 of those which fell into this category (only a single search and detection), no
PNEC value was available, and they were excluded from the quantitative risk assessment,
as discussed in Section 3.4. Figure 12 summarizes the detection frequency and RQ values
for selected parent APIs and their corresponding metabolites that were among the more
frequently monitored in effluent samples. Overall, the figure highlights that parent APIs
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Number of times detected
[9)]

Venlafaxine (parent)
O-desmethyl venlafaxine

Venlafaxine

(metabolite)

are generally searched for and detected more often than their metabolites, yet metabolites
may contribute disproportionately to ecological risk.

Among them, O-desmethylvenlafaxine, the primary metabolite of venlafaxine, shows
the strongest environmental significance, combining a limited detection frequency with a
high RQ. Although its parent APl is present several times, the metabolite is under-analyzed
and needs further investigation due to its potential high risk. A similar pattern is observed
for losartan and its metabolite losartan carboxylic acid, with both compounds detected in
effluents, and the metabolite exhibiting a noticeably higher RQ but an extremely limited
search (only one time), not leading to robust conclusions. In contrast, metabolites such as
norfluoxetine (from fluoxetine) and desloratadine (from loratadine) show low detection
frequencies and low RQs. Desloratadine is an example of an over-analyzed compound,
being searched in eight effluent samples but only detected in three. Within the venlafaxine
group, venlafaxine (parent) shows the highest detection frequency among the compounds
displayed (20 detections) and falls within the medium-risk category, whereas its primary
metabolite O-desmethylvenlafaxine exhibits a higher RQ, placing it in the high-risk category
despite being monitored fewer times. This indicates that the metabolite may pose greater
ecological concern than the parent compound but remains comparatively under-analyzed.
A similar pattern appears for the fluoxetine group, where fluoxetine (parent) is detected
frequently, whereas norfluoxetine shows a lower detection frequency but a higher RQ. This
again suggests enhanced toxicological relevance of the metabolite relative to the parent APL
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Figure 12. Detection frequency and risk quotient (RQ) of selected API-metabolite pairs detected in
WWTP effluents. Bars represent the number of detections per compound, while the line shows RQ
values (log scale).

In contrast to these patterns, metformin and its transformation product guanylurea
show the opposite trend. Metformin (parent) is detected more frequently and displays
a higher RQ than its transformation product, in agreement with previous findings that
guanylurea is typically less toxic and less environmentally persistent than the parent API,
and both remain in the low-risk category. For the flunitrazepam group, both the parent
compound and its metabolite 7-aminoflunitrazepam show low detection frequencies and
fall within the low-risk category. Both compounds are classified as over-analyzed, having
been searched several times but detected infrequently. This suggests that neither compound
currently represents a major ecotoxicological concern, although their repeated analytical
inclusion (up to 5 times) indicates continued interest in this therapeutic group. For fluni-
trazepam, the metabolite 7-aminoflunitrazepam is detected less often than flunitrazepam
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but has a noticeably higher RQ, indicating closer attention due to its potential increased eco-
toxicity risk. Finally, loratadine and its metabolite desloratadine both show low detection
frequencies and low RQs. Desloratadine is an example of an over-analyzed compound, as it
was searched several times but detected rarely (3 out of 8), suggesting limited environmen-
tal relevance under current conditions. Overall, Figure 12 demonstrates that metabolites
can differ from their parent compounds in both environmental occurrence and toxicity. In
several cases (e.g., O-desmethylvenlafaxine, norfluoxetine, 7-aminoflunitrazepam), metabo-
lites show higher RQs but lower monitoring effort, indicating that current monitoring
practices underestimate the potential contribution of transformation products to overall
ecological risk.

4. Discussion

Taking into account the consumption of different pharmaceutical classes (Section 3.1),
the frequency of monitoring and detection in (waste)water samples (Section 3.2), the
correlation between these two metrics (Section 3.3), the reported ecotoxicity potential for the
different pharmaceuticals investigated (Section 3.4), and the correlation of ecotoxicity with
the consumption and monitoring (Section 3.5), several potential hotspots were identified,
i.e.,, compounds or pharmaceutical classes that ought to be examined as priority targets for
environmental monitoring. The identified substances and the criteria for their inclusion as
priority substances are summarized in Table 1 and are further discussed in this section.

Three classes were proposed as potential hotspots based on the high concentrations
detected in wastewater effluent samples (Section 3.3), and these are class N02, class C03
(particularly furosemide), and class N (particularly valproic acid). Nevertheless, despite
the high concentration, classes N02 and C03 do not contain any high-risk compounds
based on the calculated RQ values (Figure 6), with furosemide (the main compound
causing the observed trends for class C03) itself classified as medium-risk. On the contrary,
class N contains both high-risk and medium-risk compounds (Figure 6), with valproic
acid in particular being classified as a high-risk compound in terms of ecotoxicity, while
also including a significant percentage of inconclusively monitored and under-analyzed
compounds (Figure 10). Based on these findings, class N is classified as a hotspot class. It
should be noted that class N02 also contains a relatively high percentage of inconclusively
monitored compounds, while at the same time being relatively under-represented in
monitoring literature, compared to the total number of compounds that belong to this class.
Therefore, to conclusively propose any of the compounds of this class as potential hotspots,
additional analysis of PNEC values ought to be performed on compounds that belong to
this class but are currently not considered in environmental monitoring, as these could be
present but not yet identified in natural water and wastewater.

Class C09 was proposed as a potential hotspot due to the high consumption in
Greece and the high concentrations recorded in wastewater effluent samples (Section 3.3).
While the majority of compounds in this class are characterized as low-risk in terms
of ecotoxicity (Figure 6), some medium- and high-risk compounds are also included
in class C09. Considering that this class is well represented in monitoring campaigns
compared to the total number of compounds belonging to the class, no additional effort
is recommended based on the analysis performed in the present work. On the contrary,
based on the analysis presented in Sections 3.2 and 3.3, three classes were identified as
over-represented in the monitoring campaigns, despite their relatively low consumption
and effluent water concentration, namely classes J01, N06A, and M01A. Nevertheless, the
significant percentage of high-risk compounds in these classes (Figure 6), as well as the
high percentage of under-analyzed and inconclusive compounds for classes J01 and NO6A
(Figure 10), indicates that all three should be considered hotspot classes.
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Table 1. Summary of priority pharmaceutical compounds, grouped by therapeutic pharmaceutical
classes, key environmental risk drivers, and recommended monitoring frequencies. Exposure and
effect categories were defined using a percentile-based screening approach, with high exposure
defined as MEC > 95th percentile, moderate exposure as MEC between the 50th and 95th percentiles,
low effect thresholds as PNEC < 25th percentile, and moderate effect thresholds between the 25th
and 50th percentiles.

Pharmaceutical Class Priority Compounds Key Risk Drivers R.eco'mmended
Monitoring Frequency
. Moderate MEC
Class MO1A Diclofenac Low PNEC Monthly
High MEC
Ibuprofen Low PNEC Monthly
Naproxen High MEC Monthly
. . Moderate MEC
Class J01 Ciprofloxacin Low PNEC Monthly
. . Moderate MEC
Moxifloxacin Moderate PNEC Monthly
. . Moderate MEC
Azithromycin Low PNEC Monthly
. . Moderate MEC
Clarithromycin Moderate PNEC Monthly
Metronidazole Moderate PNEC Quarterly
NOT IN LIST (Biocide) Triclosan Moderate MEC Quarterly
e Moderate MEC
NOT IN LIST (Contrast agents) Diatrizoic acid Low PNEC Quarterly
Iopamidol Low PNEC Quarterly
Class G03 17 x-ethinyl estradiol Low PNEC Monthly
Etonogestrel Low PNEC Quarterly
Class N Valproic acid High MEC Quarterly
Class NO6A Sertraline Moderate PNEC Quarterly
O-
desmethylvenlafaxine Moderate MEC Quarterly
Class C10 Gemfibrozil Moderate MEC Quarterly

Finally, class A, class B, and class C10 were proposed as potential hotspots (Section 3.3)
due to their significant consumption compared to other examined classes, and the fact
that they are under-represented in monitoring campaigns, both in terms of monitoring
effort (i.e., counts in monitoring literature compared to the high dosage) and in terms
of representation of the class (i.e., the total number of compounds belonging to the class
compared to the number of different compounds researched in (waste)water). For classes A
and B, all the examined compounds were shown to have low risk, while for class C10, the
majority of compounds fall into the medium-risk category in terms of ecotoxicity (Figure 6).
Nevertheless, when additional compounds for these categories are examined in terms of
toxicity, besides the compounds retrieved from monitoring literature, potential hotspots
are identified that have significantly lower PNECs compared to the compounds identified
in monitoring literature. Specifically, for class A, when sorting all compounds from the
ClinPGx Database in decreasing order of PNEC, the compound with the lowest PNEC
(rifaximin, 0.0025 pug/L, no RQ calculated due to a lack of data on effluent concentration)
is, in fact, included in the monitoring campaigns, while the next compound investigated
in (waste)water is ondansetron, ranked 55th in terms of PNEC at over 0.99 ng/L. Clearly,
several compounds belonging to this class could be potential hotspots based on their PNEC
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values but may not have been identified as such yet due to lack of inclusion in monitoring
campaigns. Similarly, for class B, when all compounds from the ClinPGx Database are
sorted based on increasing order of PNEC, warfarin is the first compound included in
monitoring campaigns at a PNEC concentration of 1.2 ug/L, while 17 compounds have
lower PNEC values, ranging between 0.0018 (for dabigatran etexilate and lusutrombopag)
and 0.79 pg/L. For class C10, fluvastatin has a PNEC value 128 times and 38 times higher,
respectively, than lomitapide and probucol (i.e., the compounds belonging to this class
that have the lowest retrieved PNEC values). For all three classes, the results indicate
that potential hotspots exist, and therefore, it is recommended to include these classes on
the priority list and perform screening on wastewater effluent samples for the individual
compounds with the lowest retrieved PNEC values.

Besides the potential hotspot groups and compounds identified based on the mon-
itoring and consumption data (i.e., Sections 3.2 and 3.3), several priority groups and
compounds were also proposed, considering the ecotoxicity of different components
(Sections 3.4 and 3.5). For example, the compounds presented in Figure 7, which fall
under the high-risk category with a calculated RQ > 1, ought to be considered as potential
hotspots, as their measured concentration in the environment significantly exceeds their
corresponding PNEC values. While the measured environmental concentration is an im-
portant metric to consider, it does not necessarily provide a meaningful metric by itself,
considering that an individual high concentration value may have been due to analytical
errors, reporting errors, or specific events that took place around the time of sampling,
resulting in high concentrations. Therefore, both the frequency of detection, as well as
the representativeness of a certain class or compound in monitoring campaigns, were also
correlated with the RQ values, as presented in Figures 8 and 11, highlighting six distinct
groups of compounds that ought to be considered as hotspots, namely the overlapping
compounds between the frequently detected and high- or medium-risk pharmaceuticals
(Figure 8), as well as the overlapping compounds between the high- or medium-risk phar-
maceuticals with the under-analyzed and inconclusive groups (Figure 11). Finally, while
most metabolites included in monitoring literature were under-represented compared to
parent compounds, analysis of selected metabolites with sufficient measurements allowed
the calculation of RQ values, which were shown to exceed the RQ value of the parent
compound. To that end, an additional assessment of possible metabolites and transfor-
mation products of the most frequently detected pharmaceuticals ought to be performed
(using one of the several available in silico prediction tools, e.g., [138-142]), which can be
correlated with the reported PNEC values for individual metabolites, in order to create a
priority list for monitoring.

Several methodological limitations should be acknowledged when interpreting
consumption—detection relationships. First, the assumption of proportionality between
pharmaceutical usage and environmental detection does not account for differences in
metabolism, excretion rates, WWTP removal efficiencies, or environmental persistence,
all of which vary widely across therapeutic classes and individual APIs. Second, the
available monitoring data are heterogeneous across studies, with considerable variation
in sampling locations, analytical methods, seasonal coverage, and detection limits. This
restricts direct calculation of numerical correlation coefficients and necessitates reliance on
qualitative alignment categories. Third, many metabolites and transformation products
lack reported PNECs or were monitored only once or twice, limiting the robustness of
their risk characterization. Finally, consumption data from the OECD are aggregated in
therapeutic classes, thus not allowing investigation of the consumption patterns of indi-
vidual compounds of interest, and exclude non-reimbursed and OTC medications, which
likely leads to underestimation of real consumption for certain high-frequency pollutants,
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such as NSAIDs and analgesics. These limitations should be considered when interpreting
consumption, environmental detection, and ecotoxicity relationships, and when designing
future monitoring programs.

5. Conclusions

This review reveals clear gaps between pharmaceutical consumption, environmental
occurrence, and ecological risk in Greece, highlighting the need for a targeted, risk-based
monitoring strategy. By correlating consumption data for different pharmaceutical classes,
detection frequency, measured environmental concentrations of different pharmaceuticals
in wastewater and the environment, and ecotoxicity data (i.e., calculated MEC/PNEC risk
results for different identified pharmaceuticals), 17 priority substances were identified in
this work, which require routine monitoring in wastewater and the environment. These
include the NSAIDs diclofenac, ibuprofen, and naproxen; the antibiotics ciprofloxacin,
moxifloxacin, azithromycin, clarithromycin, and metronidazole; the biocide triclosan; the
contrast agents diatrizoic acid and iopamidol; the hormones 17x-ethinyl estradiol and
etonogestrel; and the pharmaceuticals valproic acid, gemfibrozil, and sertraline and its
metabolite O-desmethylvenlafaxine.

To make monitoring more efficient, it is recommended to include these priority com-
pounds in at least quarterly monitoring of WWTP influent, effluent, and downstream
surface waters. NSAIDs, macrolide and fluoroquinolone antibiotics, and synthetic estro-
gens should be monitored monthly because they consistently show high RQ values. In
addition, ATC classes A (alimentary tract) and B (blood and blood-forming organs) need
broader analytical coverage, as they are widely consumed but remain largely absent from
current environmental monitoring data. Finally, some metabolites demonstrate higher
ecotoxicological relevance than their parent APIs yet are rarely monitored.

Future research should prioritize (i) acquiring specific consumption data per API,
instead of aggregated data per therapeutic group, particularly for classes with high con-
sumption and ecotoxicity potential; (ii) systematic inclusion of major human metabolites in
monitoring; (iii) improved national data on improper disposal of pharmaceuticals; and (iv)
seasonal and targeted monitoring to capture consumption or detection spikes (e.g., tourism-
driven consumption, accidental release of pharmaceuticals). Overall, these findings support
better alignment of national monitoring programs with upcoming EU requirements (WFD
Watch List; Urban Wastewater Treatment Directive 2024/3019) and can help Greece allocate
monitoring resources more efficiently in future wastewater surveillance efforts.
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and natural waters in Greece, calculated RQs with associated risk categories, detection ratios, and
corresponding monitoring classifications for each compound.
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