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1 INTRODUCTION
With the growing of population, development and health level, also the amount of spending and
consumption for pharmaceuticals increased and is increasing nowadays (OECD, 2019, 2022). As few
examples, the spending in the USA in dollar per capita increased of ~700% from 1987 until 2020 (OECD,
2022). An even more drastic increase can be seen in Austria, where the dollar per capita spending
increased of ~667% between 1986 and 2018 and of 1852% from 1971 and 2018, and similarly in
Germany an increase of ~333% between 1987 and 2019 and 2080% between 1970 and 2019 (OECD,
2022). In this report, spenditure referred to the expenditure of prescribed and non-prescribed (overthe-counter) medicines and not those given in hospitals (OECD, 2022). This data could be considered
as an indicator for pharmaceutical consumption, and it certainly depends on and varies between
specific regions, due to the usage frequency, doses prescribed and the type of wastewater treatments
present, but also on the age interval (Arman et al., 2021). The large amount of pharmaceuticals on the
market (approved medicinal drugs on the EU market are currently 1505 (EMA, 2022)) together with
the high consumption rate may cause consequently an increase of their presence in the environment.
The sources of pharmaceuticals can be various like personal/human consumption, hospital use,
industrial production and animal use, as can be schematically seen in Figure 1. One of the pathways
leading pharmaceuticals into the environment is the excretion of still active drug and/or the flush of
old and unused pharmaceuticals through the household sewage. These then reach the municipal
wastewater treatment plants (WWTPs) and the possible absence or not adapt treatment may cause
the release and discharge into surface water bodies (Reyes, Nash Jett D. G. et al., 2021). According to
an OECD report, between 30 and 90% of the used pharmaceuticals are excreted still as active
compound (the body did not metabolize it) (OECD, 2019). Other similar pathways are the raw sewage
from hospitals and from the industrial production of the pharmaceuticals. The effluent from the
wastewater treatment plant might still contain some pharmaceuticals due to inadequate removal
efficiencies. Therefore, this together with untreated discharge, stormwater runoff and leachate from
misconnections or disruptions might end up in surface water bodies. Medicines can also originate
from agriculture diffuse sources, as livestock manure with pharmaceuticals residues is used as
fertilizer, or directly from livestock runoff, both potentially reaching the groundwater after leaching.
Old and/or unused medicines are often directly disposed in the trash bin, ending up then in landfills
and its leachate potential reaching the groundwater. Finally, both freshwater bodies and groundwater
are used as source for drinking water exploitation. Among those, the pathway that contributes the
most to the occurrences of pharmaceuticals in the aquatic environment or DW is the domestic sewage
(OECD, 2019; Reyes, Nash Jett D. G. et al., 2021).

Figure 1. Schematic representation of sources and pathways of pharmaceuticals in the aquatic environment.

The occurrence of pharmaceuticals in the aquatic system raised concerns about the potential adverse
effects on the ecosystem and potentially on human health, due to the consistent use and discharge
(OECD, 2019). If a substance is discharged in significant quantities is decided based on the relation
between the concentration measured (or predicted) to be present in the environment and the
effective concentration limit at which there are no adverse effects. Theoretically, if in this relation the
measured concentration exceed the concentration which should be harmless to the environment, the
said substance should be included in monitoring programmes, and a legally binding threshold should
be established (Environmental Quality Standard, EQS) (EC, 2003; von der Ohe et al., 2011). However,
the incredibly huge amount of substances, and in this case of pharmaceutical, on the market, does not
allow to perform monitoring including then thousands of products, only a small part can be detected
(Reyes, Nash Jett D. G. et al., 2021). For this reason, a system was thought to reduce the number of
substances to be monitored, through prioritizing and screening. This system is an Environmental Risk
Assessment (ERA) or Human Health Risk Assessment (HHRA) (von der Ohe et al., 2011).
This paper aims to summarize the current status of environmental and human health risk assessment
by delineating the current regulations. Furthermore, the paper discusses different real case studies
concerning the methods used to evaluate and assess the risk of selected pharmaceuticals in fresh
water bodies (aquatic environment), and the risk of selected pharmaceuticals in drinking water posed
to human health. The paper finally shows brief options of pharmaceutical in the aquatic environment
risk mitigation and draws some conclusions.

2 MATERIAL AND METHODS
A standard engine search was performed using the keywords “environmental risk assessment”,
“pharmaceuticals” to gather the official regulations concerning how to perform an environmental risk
assessment for pharmaceuticals. From this, the “guideline on the environmental risk assessment of
medicinal products for human use” from EMA 2015, the updated guideline but still draft from EMA
2018 were found and consulted.
Another standard engine search on google scholar and on ScienceDirect was performed using the
keywords “environmental risk assessment”, “pharmaceuticals”, “surface water”, “drinking water” and
the combination of them, to collect case studies of environmental risk assessment of pharmaceutical
in water bodies and of human health risk assessment in drinking water. Several case studies of
combination with sampling analysis pharmaceuticals in surface water bodies and the related risk
assessment analysis were found. Of those, only few were considered: those located within Europe or
those case studies which used European Guidelines, and the most recent studie in order to have an
up-to-date overview. Much less case studies concerning sampling analysis of pharmaceuticals in
drinking water and their risk analysis were found.

3 RESULTS
3.1 ENVIRONMENTAL AND HUMAN HEALTH RISK ASSESSMENT GUIDELINES FROM EC AND EMA
3.1.1

Environmental risk assessment in surface water of human and animal medicinal products
(EMA)
The European Medicine Agency (EMA) developed an environmental risk assessment (ERA) guideline
for human medicinal products (HMPs) (EMA, 2015, 2018). The first guideline was created in 2006 and
used until 2015, and a more updated version was finally newly published in 2018. Overall, the
procedure and the main steps are very similar in the two versions, but in the latest one a more detailed
process and a Persistent Toxic Bioaccumulative assessment are included. In general, the main purpose
of this guideline is to guide the producer of pharmaceuticals to perform an ERA for each new
pharmaceutical, in order to obtain the marketing authorization. In particular, for all new marketing
authorization a new ERA is required, and specifically for all products containing vitamins, electrolytes,
amino acids, peptides, proteins, carbohydrates, lipids as active ingredient of the medicine. In the case
of a renewal of authorization, an ERA is required only if the environmental exposure increased (e.g.
increase of product use). The goal of the guideline is to show how to perform an ERA and observe
potential risks for the environment, with the aim of protecting aquatic and terrestrial ecosystems
(including therefore surface water, groundwater, soil, secondary poisoning and microbial community
in the sewage treatment plants) (EMA, 2018). In relation to the scope of this paper, only the surface
water ERA part will be described. Generally, the ERA is based on the combination of two parts: an
exposure assessment and a toxicity assessment. The first is based on the evaluation of use of the
substance and the second on the evaluation of physico-chemical properties, ecotoxicological and fate
characteristics of the active substance.

For the scope of the paper, a summarized description of the ERA for HMPs in surface water approach
is described below. This is very similar to the general ERA in the Technical Guidance from European
Commission to perform for any chemical substance, and which is used in some of the case studies

found and described in the following chapter (EC, 2003). It was decided to refer to the guidelines
created by EMA, due to the mandatory aspect and the tailored procedure for pharmaceuticals.
ERA Phase I. The first part of the ERA HMP, named Phase I, consists of defining the potential exposure
of certain medicinal product. The general concept is that if the medicinal product has a limited use
and/or a limited environmental exposure, it is assumed to not be a risk for the environment, and
therefore it does not need a further evaluation of its environmental risk. On the other hand, if the use
of this medicinal product exceeds a certain threshold, it is considered of high use and/or high
environmental exposure and the environmental risk assessment should be further performed. To
understand this, a series of questions in a decision tree format should be answered: for instance if it
is a natural occurring substance, if an ERA is already existing, if an increase in environmental exposure
is expected, if it is readily biodegradable then the ERA is not necessary; on the other hand, if none of
the previous characteristics are met, an ERA is then necessary.
The environmental concentration value (exposure value) should be either obtained with real
measurements, as Measured Environmental Concentration MEC, or if this is not available, the
Predicted Environmental Concentration PEC should be calculated for surface water as in Equation 1
(EMA, 2015, 2018).
Equation 1

𝑃𝐸𝐶𝑆𝑊 =

𝐷𝑂𝑆𝐸𝑆𝑊 ∗ 𝐹𝑝𝑒𝑛
𝑊𝐴𝑆𝑇𝐸𝑊𝐴𝑇𝐸𝑅𝑖𝑛ℎ𝑎𝑏 ∗ 𝐷𝐼𝐿𝑈𝑇𝐼𝑂𝑁

where DOSEsw is the maximum daily dose of the medicinal product that an inhabitant can consume
per day; Fpen is the fraction of population that receive the medicinal product which is assumed to be
0.01 (1% of the population) assuming no metabolization in the patient; WASTEWATERinhab is the
average amount of wastewater produced per inhabitant per day, which is assumed to be 200
L/inhab*day, and sewage is considered to be the main pathway of entry of the product into surface
water and there is no biodegradation/retention in the wastewater treatment plant; and the DILUTION
is the dilution factor in surface water which is assumed to be 10. At this point, the value of the
calculated PEC will help deciding if a second step in the ERA procedure is needed or not, according to
the action limit method:
•
•
•

If PECSW < 0.01 µg/L, there is no apparent risk for the environment and therefore no further
ERA is necessary.
If PECSW ≥ 0.01 µg/L, there can be a potential risk for the environment and therefore the
second phase of the ERA should be performed.
If the medicinal product is classified as that can affect the environment also at concentrations
< 0.01 µg/L (Endocrine disruptors, antiparasitic), a tailored ERA is required.

In certain cases, the Fpen factor could be refined based on disease prevalence data or on treatment
regimen (considering worst-case treatment). The factor Fpen can be calculated as follows, and included
in the PECSW equation:
Equation 2

𝐹𝑝𝑒𝑛−𝑟𝑒𝑓𝑖𝑛𝑒𝑑 =

𝑃𝑟𝑒𝑔𝑖𝑜𝑛 ∗ 𝑡𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 ∗ 𝑝𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡
𝑁𝑑

where Pregion is the prevalent region where the medicine is used, ttreatment is the duration of a treatment,
ptreatment is the number of times of the treatment in a year, and Nd are the number of days in a year

(365 days). Once the PECSW-refined is calculated, the same threshold as described before applies (EMA,
2018).
ERA Phase II. The physico-chemical and fate properties and the toxicity behaviour describes properly
the tendency of the medicinal product in the environment, and they are therefore characteristics
which should be mandatory tested following official guidelines, mainly OECD tests. Among those,
there are tests for:
•

•

•

•
•

physico-chemical properties, such as
o water solubility
o octanol/water partitioning
o dissociation in water
o vapour pressure
o melting point
o UV visible absorption spectrum
Fate properties to predict the environmental exposure of the medicinal product, such as
o adsorption-desorption (mainly used for soil and groundwater assessment in Phase II)
o ready biodegradability
Aquatic toxicity, to give chronic ecotoxicity data like No Observable Effect Concentration
(NOEC), the concentration at which no effect was visible in the three trophic levels below, or
like 10% Effect Concentration (EC10). Both data will be necessary for the risk evaluation step
described below
o algae growth inhibition
o daphnia reproduction
o fish early-stage toxicity
functioning of the sewage treatment plant
sediment toxicity

These physico-chemical and fate properties are necessary for those substances entering the Phase II
of the ERA mainly because if the values are above certain selected threshold values the risk
assessment should be performed also for groundwater, soil and secondary poisoning. Due to the
scope of the present paper, no further detailed description of this part will be made.
The second part of the ERA aims to characterize the potential risk for the surface water compartment.
To do this, the exposure assessment for surface water (calculated previously as PECSW) is compared to
the effect assessment values for surface water, as Predicted No Effect Concentration (PNEC). In
general, if the ratio PEC/PNEC is then ≥ 1, a potential risk to the aquatic environment is assumed.
To obtain the PNEC value, the ecotoxicity data for the three trophic levels (algae, daphnia, fish) are
consulted, in particular the lowest EC10 and NOEC values are considered. To obtain the PNECSW an
assessment fact (AF) of 10 is applied, in order to take into account the degree of uncertainty for the
extrapolation from a limited number of tests, and the inter-species variations in sensitivity and intraspecies variability, and laboratory data extrapolation. The Phase II is further divided into two levels:
Tier A and Tier B.
In Tier A:
Exposure assessment = PECSW previously calculated Equation 1
Effect assessment = PNECSW

Risk characterization = the risk quotient for surface water (RQSW) is calculated as ratio of the two
previous values
Equation 3

𝑅𝑄𝑆𝑊 =

𝑃𝐸𝐶𝑆𝑊
𝑃𝑁𝐸𝐶𝑆𝑊

If RQSW ≥ 1, an environmental risk is identified, and the assessment must proceed with the Tier B.
If RQSW < 1, it is assumed that no environmental risk is posed to surface water, and no further testing
is required.

In Tier B:
Exposure assessment = refinement of PECSW according to one of those point
•

PECSW -refined using consumption data
The fraction Fpen in Equation 1 can be refined (if not already done as described previously in
Equation 2) considering new consumption data, available from a reliable source, as follows:

Equation 4

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝐷𝑂𝑆𝐸𝐴𝑆 ∗ 𝑖𝑛ℎ𝑎𝑏𝑖𝑡𝑎𝑛𝑡𝑠 ∗ 365
where Consumption corresponds to the amount of consumed medicinal product in a region
in a year (mg/year), DOSEAS is the maximum daily dose which is consumed per inhabitant
(mg/inh*day).
𝐹𝑝𝑒𝑛−𝑟𝑒𝑓𝑖𝑛𝑒𝑑 =

•

PECSW -refined using metabolism data
In this case the total residue approach (assuming that there is no human metabolism of the
medicinal product and the whole substance is excreted as a whole) is not considered.
Therefore, for each metabolite which constitute 10% of the active medicine a full risk
assessment should be performed both for the metabolite and for the parent medicine. If this
is not possible, the ERA total approach should be considered. If it is not possible to refine the
refine the risk by testing the metabolites, the PECSW should be refined as follows:

Equation 5

𝐷𝑂𝑆𝐸𝐴𝑆 ∗ 𝐹𝑝𝑒𝑛 ∗ 𝐹𝑒𝑥𝑐𝑟𝑒𝑡𝑎
𝑊𝐴𝑆𝑇𝐸𝑊𝐴𝑇𝐸𝑅𝑖𝑛ℎ𝑎𝑏 ∗ 𝐷𝐼𝐿𝑈𝑇𝐼𝑂𝑁
Where Fexcreta corresponds to the fraction of the excreted substance.
𝑃𝐸𝐶𝑆𝑊−𝑟𝑒𝑓𝑖𝑛𝑒𝑑 =

•

PECSW -refined using STP modelling (SimpleTreat)
In this case, the assumption of no biodegradation/retention in the wastewater treatment
plant is not considered anymore. The guideline suggests also using a model simulation
(SimpleTreat) in order to calculate the emission concentration, taking into account the
adsorption of the medicine to the sewage sludge and the biodegradability of the substance
occurring in the STP.

The emission of medicinal product per day (Assumptions are that there is one point source
and influent equals to effluent flow), as release to wastewater sewage treatment plant (STP)
with a capacity of 10.000 inhabitants is calculated as follows:
Equation 6

𝐸𝑙𝑜𝑐𝑎𝑙𝑤𝑎𝑡𝑒𝑟 = 𝐷𝑂𝑆𝐸𝐴𝑆 ∗ 𝐹𝑒𝑥𝑐𝑟𝑒𝑡𝑎 ∗ 𝐹𝑝𝑒𝑛 ∗ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑇𝑃
The concentration of medicinal product in STP influent is calculated as follows:
Equation 7

𝐶𝑙𝑜𝑐𝑎𝑙𝑖𝑛𝑓 =

𝐸𝑙𝑜𝑐𝑎𝑙𝑤𝑎𝑡𝑒𝑟
𝑊𝐴𝑆𝑇𝐸𝑊𝐴𝑇𝐸𝑅𝑖𝑛ℎ𝑎𝑏 ∗ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑇𝑃

The concentration of medicinal product in STP effluent, as a fraction (FSTP water) of the influent
concentration will be present in the effluent.
Equation 8

𝐶𝑙𝑜𝑐𝑎𝑙𝑒𝑓𝑓 = 𝐶𝑙𝑜𝑐𝑎𝑙𝑖𝑛𝑓 ∗ 𝐹𝑆𝑇𝑃 𝑤𝑎𝑡𝑒𝑟
The fraction can be simulated with a modelling software, like SimpleTreat (used to estimate
the STP emission and exposure to surface water), using essential parameters like molecular
mass, water solubility, vapour pressure, adsorption to sewage sludge and biodegradability in
the active sludge of the STP.
The concentration of the medicinal product in surface water after the STP effluent is then
calculated considering the dilution and adsorption to suspended matter as Kp SUSP calculated
from Koc (partition coefficient between organic carbon in soil and water, depending on the
product and the type of soil) and from the fraction of organic carbon in suspended matter Foc
susp, which is assumed to be 0.1.
Equation 9

𝐾𝑝 𝑠𝑢𝑠𝑝 = 𝐹𝑜𝑐 𝑠𝑢𝑠𝑝 ∗ 𝐾𝑜𝑐 𝑠𝑜𝑖𝑙
The factor taking into account the adsorption to suspended matter is calculate as follows,
considering the adsorption to suspended matter and the concentration of suspended matter
(dry weight) assumed as 15 mg/L.
Equation 10

𝐹𝐴𝐶𝑇𝑂𝑅 = 1 + 𝐾𝑝 𝑠𝑢𝑠𝑝 ∗ 𝑆𝑈𝑆𝑃𝑤𝑎𝑡𝑒𝑟
Finally, the refined predicted environmental concentration is calculated as follows:
Equation 11

𝑃𝐸𝐶𝑆𝑊−𝑟𝑒𝑓𝑖𝑛𝑒𝑑 =

𝐶𝑙𝑜𝑐𝑎𝑙𝑒𝑓𝑓
𝐷𝐼𝐿𝑈𝑇𝐼𝑂𝑁 ∗ 𝐹𝐴𝐶𝑇𝑂𝑅

Effect assessment = PNECSW-refined
Risk characterization = the risk quotient for surface water (RQSW) is calculated as ratio of the PECSWrefined and PNECSW-refined values, as:

Equation 12

𝑅𝑄𝑆𝑊 =

𝑃𝐸𝐶𝑆𝑊−𝑟𝑒𝑓𝑖𝑛𝑒𝑑
𝑃𝑁𝐸𝐶𝑆𝑊

If RQSW ≥ 1, an environmental risk is identified, and the applicant (medicine product producer) should
suggest precautionary and safety measures to protect the aquatic environment.
If RQSW < 1, it is assumed that no environmental risk is posed to the aquatic environment.
EMA also provided of a guideline on how to conduct an ERA for veterinary medicinal products (VMPs).
This has an overall similar structure to the before mentioned ERA for HMP: it is a decision tree,
including a series of questions to help understand if the VMP would need to go to Phase I of the ERA,
or if the type and amount of use will not alter the environmental exposure and therefore it would not
need to go into Phase I of the ERA (if it is natural substance, used in non-food animals, used for a minor
species, used for a very small part of the flock, extensively metabolized by animals). After the first
general part, it provides questions related to either aquatic or terrestrial branches (EMA, 2000). A
second guideline was created to explain how to conduct the Phase II of the ERA for VMP. This includes
the calculation of the exposure with the PECSW, as well and the combination with the physico-chemical
properties and the fate of the products, the extrapolation of ecotoxicity data as EC10 or NOEC, and
finally the risk characterization as risk quotient RQ, to evaluate if the substance would pose a risk or
not to the aquatic environment (EMA, 2005).

3.1.2 Human health risk assessment in drinking water of medicinal products (WHO)
Concerning the human health risk assessment (HHRA) of pharmaceuticals in drinking water, only a
summary with two main methods was found in a report “Pharmaceuticals in drinking water” from the
World Health Organization (WHO, 2012). An HHRA is mainly performed for water which is meant for
potable use, therefore for reused gray or black water or for drinking water. The general concept is
very similar to the ERA: two values are compared, one indicating the measured or modelled exposure
concentration in drinking water, and one indicating the maximum concentration which would be safe
for the human health, and if the ratio value is above a certain threshold the potential risk is low or not
assumed (WHO, 2012).
The report from WHO (WHO, 2012) describes two methods to obtain the margin of exposure (MOE),
equivalent to RQ for ERA. One method uses the acceptable daily intake or tolerable daily intake (ADI
or TDI), which corresponds to the dose at which no adverse effects are observed (NOAEL) and lowest
adverse effects are observed (LOAEL). To these some uncertainty factors are applied, to count the
extrapolation from animal tests to human levels. The preferred data are those with a clear doseresponse relationship and those from human trials. The usual assumptions that are made are the body
weight of an adult is of 60 kg, the water daily intake of an adult is 2 L, and other sources (food/air)
than drinking water for pharmaceuticals as intake are negligible (WHO, 2012).
The second method uses the minimum therapeutic dose (MTD), which is the lowest clinically effective
dose that is ingested. This MTD value is also divided by a safety factor (SF), to assure that
pharmacological or toxic effects would be extremely unlikely. These screening values are used as
starting point for HHRA and as reference against which the monitoring (or modelling in case of scarcity
of real data) values can be evaluated. Similarly to ERA, if the monitoring/modelling values exceed the
screening value (MTD/SF), further evaluation of the toxicity and occurrences of the medicinal product
might be performed. On the other hand, if monitoring/modelling values are below the screening

value, it is highly likely that no adverse human health effects and therefore no risk are posed (WHO,
2012).

3.2 CASE STUDIES OF ENVIRONMENTAL AND HUMAN HEALTH RISK ASSESSMENT
3.2.1 ERA case studies
The study from Duarte et al. (2022) aimed to evaluate the ERA of 8 pharmaceuticals in surface water.
The study area was the catchment of the transboundary Dutch and German river Vetch. The total
catchment of the river is about 6100 km² and the total length of 167 km. The parts of the catchment
in Germany (Lower Saxony-North Rhine-Westphalia) and in the Netherlands (Over Ijssel and Drenthe)
differ in terms of population density, 160 inhabitants/km² (400.000 inhabitants) and
260 inhabitants/km² (1.000.000 inhabitants) in Germany and Netherlands, respectively; and in terms
of potential sources of pharmaceuticals, counting of 25 WWTPs and 6 hospitals with 1200 intensive
care beds in Germany, and of 32 WWTPs and 7 hospitals with 2000 intensive care beds in the
Netherlands. The pharmaceuticals considered were eight and belonging to different therapeutic
classes (e.g. antibacterial, hormone, anti-inflammatory etc). They characterized the environmental
risk of those pharmaceuticals using the risk quotient method (RQ) described above, assessing the
environmental exposure (PEC) and the environmental effect (PNEC).
The predicted environmental concentration in surface water PECSW was estimated for two scenarios
(low- and average-flow) using a fate model, GREAT-ER (geo-referenced regional exposure assessment
tool for European rivers). This is the combination of a geographical information system (GIS) and
chemical models, able to calculate and model substance loads and surface water concentrations from
the emission point source (household drain sewage, WWTP effluent), through the sewer system, until
the river network, as a “down-the-drain” fate model. It is composed of a hydrological network part,
an emission and a fate model part. The first allowed to estimate the river flow rate for two scenarios:
low- (as dry weather during summer months) and average-flow. The emission model part estimated
the concentration of each substance in each segment of the river (up to 2 km), as the ratio between
the WWTP effluent load and the river flow rate, for both the two scenarios. To obtain the effluent
load, first the pharmaceutical consumption, as an average per-capita consumption, was estimated
from data of regional pharmaceutical sales and statistics, by dividing the annual prescription date with
the total number of inhabitants. The pharmaceutical consumptions from hospitals were estimated
from the available prescription per-bed data, for each facility. Afterwards, the loads of each
pharmaceutical to each WWTP influents were estimated multiplying the per-capita or per-bed
consumption with the number of inhabitants or beds connected to the specific WWTP, taking into
consideration only the excreted fraction. All the WWTPs in the catchment were equipped with
biological treatment and the removal rate was assumed to be equal for all and estimated from
literature. Finally, the fate model part estimated the physicochemical loss processes (biodegradation,
adsorption to sedimentation and photolysis) of each substance along the river, for each segment,
estimating then the final surface water environmental concentration (PECSW), as shown in Figure 2.
These predicted results were then compared with previously performed measurements, in order to
evaluate the model performance. The PECSW in the dry summer scenario showed concentrations ~4-6
higher than concentrations in the average-flow scenario due to different dilution. Furthermore, the
pharmaceutical ciprofloxacin was subjected to dissipation processes, such as photolysis, along the
river. The “Median symmetric accuracy” and “Symmetric signed percentage bias” methods were used
and both shoed acceptable comparison values (Duarte et al., 2022).

Figure 2. Graph taken from Duarte et al. (2022), showing the predicted concentration values for the 8 pharmaceuticals for
each segment of the river and for both flow rate scenarios.

The predicted no effect concentration values were collected from open-source databases. The
assessment factor approach was considered for the extrapolation of the data, therefore the lowest
effect concentration values were considered and divided by an assessment factor between 10 and
1000. The considered concentrations are shown in Figure 3.

Figure 3. Graph taken from Duarte et al. (2022), showing the PNEC extrapolated values for each pharmaceuticals, in salmon
the considered values for the study and in blue the available values from literature.

The RQ ratios were then calculated for each pharmaceutical and for each sampling site, as ratio
between the just estimated PECSW and PNEC. The sum of each individual RQ provided then the risk
index (RI) of a mixture of pharmaceuticals, called conservation addition approach. In this study, they
used the following threshold: RQ < 0.1 indicates no potential risk (no concern for chemical pollution),
0.1 < RQ ≤ 10 indicates a potential risk (concern), and RQ > 10 indicates a serious risk for the
environment. According to their results, considering both flow scenarios as seen in Figure 4, five
pharmaceuticals showed individual RQ < 0.1, with no potential risk, and other three individual RQ >
0.1, showing potential risk, and for some case even > 10. The RI for the dry flow scenario were between
6 and 22, and for the average scenario were between 23 and 104 (Duarte et al., 2022).

Figure 4. Graph taken from Duarte et al. (2022), showing their RQ results for each individual pharmaceutical for the two flow
scenarios and in function of the cumulative percentage of water.

Another study performed an ecological risk assessment of selected pharmaceuticals in rivers and
wastewater treatment plants effluents in Peru (Nieto-Juárez et al., 2021). Since no specific guidelines
are present at a national level, they followed the Technical Guidance Document from European
Commission (EC, 2003), hence comparing the PEC or MEC to the PNEC and obtaining the ratio value
as RQ for the risk characterization. The case study site was located in three districts, Lima, Cusco and
Puna, including four WWTPs and the related surface receiving waters. The main goal of the paper was
to investigate the occurrence and removal of selected pharmaceuticals in the WWTPs. Therefore, they
performed sampling and analysis, and they used these results as Measured Environmental
Concentrations (MECs) instead of the PEC. In particular, the highest concentration values found for
each pharmaceutical either in the receiving body or in the WWTP effluent was used to simulate a
worst-case scenario. To the concentrations measured in the WWTP effluents, a dilution factor of 132.7
was applied to the MEC (related to the volume of freshwater available and the average discharge of
WWTPs in the country). Finally, the PNEC values were obtained from literature consultation and an
assessment factor (AF) was applied to the lowest chronic toxicity values (NOEC), as 100 if only one
value was available, or 50 and 10 if more than one value were available, or if applied to the lowest
acute (EC50 or LC50) toxicity values, as 1000. They used a similar risk characterization as in Duarte et
al. (2022), however the intervals were adapted from those established in the studies of Hernando et
al. (2006), Lopes de Souza et al. (2009) and Verlicchi et al. (2012), as follows:
•
•
•

If RQ ≤ 0.1, the environmental risk is assumed to be low, with potentially no adverse effects
If 0.1 < RQ < 1, the environmental risk is assumed to be medium, with probable adverse effects
If RQ ≥ 1 the environmental risk is assumed to be high, with potential adverse effects

Generally, the sampling results showed that the majority of the selected pharmaceuticals were
detected and quantified in the WWTPs effluents and therefore potentially posing a risk for the aquatic
environment. However, this study is a good example of how an ERA is fundamental to confirm if a risk
is actually present. As can be seen in Figure 5, in many cases even if a certain pharmaceutical was
detected and quantified in the WWTPs effluent or in the receiving water, the RQ was calculated to be
≤ 0.1, hence no adverse effect to the aquatic environment. The cases in which the RQ of surface water
is higher than the related effluent wastewater is due to a higher quantified concentration value, most
probably due to environmental background (Nieto-Juárez et al., 2021).

Figure 5. Tables taken from Nieto-Juaréz et al. (2021) which shows the RQ results obtained from the calculated MEC values
in the effluent wastewater (EWW) of the WWTPs and the surface water.

The studies on which Nieto-Juaréz et al. based the risk characterization also performed an ERA of
pharmaceuticals in wastewater, surface water and sediments (Hernando et al., 2006), in secondary
wastewater effluents (Verlicchi et al., 2012), and the effluents of an hospital (Lopes de Souza et al.,
2009). All these three studies followed the guidelines on how to perform an ERA for human medicinal
products from EMA (EMA, 2015). Hernando et al. (2006) performed a first-tier ERA, with the level of
concerns PECs from literature data, and a second-tier ERA based on acute ecotoxicity data, such as
EC50 or LC50 (algae, daphnia, fish) divide by an AF of 1000. Lopes de Souza et al. (2009) performed a
two-phase-ERA. In Phase I, they used Equation 1 and Equation 4, which were adapted to the case: for
instance instead of inhabitants, hospital patients were considered; or the volume of wastewater
produced by each patient and not inhabitants per day. As suggested in the guidelines, they calculated
also a refined PEC taking into account both the data of urinary excretion percentage of pharmaceutical
and the removal rate in the WWTP. Verlicchi et al. (2012) performed sampling analysis at WWTP
effluents and these were used as MEC and literature PNEC values for the calculation of the RQ values

of selected pharmaceuticals. In the studies from Hernando et al. (2006) and Lopes de Souza et al.
(2009) used the following risk characterization:
•
•
•

if 0.01 < RQ < 0.1, low risk
if 0.1 < RQ < 1, medium risk
if RQ > 1, high risk

Verlicchi et al. (2012) used an adapted but very similar version of this classification, the same used
afterwards by Nieto-Juaréz et al. (2021) as follows:
•
•
•

RQ < 0.1, low risk
if 0.1 < RQ < 1, medium risk
if RQ > 1, high risk

As it can be seen in Figure 6, from the study and results of Hernando et al. (2006), the RQ were
calculated for those showing a MEC > 0.01 µg/L. According to this, out of 13 pharmaceuticals, for 11
the RQ were calculated considering the MEC values in the sewage treatment plant and 10
pharmaceuticals showed high risk and one low risk. Out of the total 13 pharmaceuticals, for 6 the RQ
in surface waters were calculated, and 5 of them showed high risk and one medium risk.

Figure 6. Table taken from Hernando et al. (Hernando et al., 2006) showing the studied pharmaceuticals and the QR values
in STP, surface waters and sediments compartments.

As can be seen in Figure 7, from the Lopes de Souza et al. (2009) study and results, out of 28
pharmaceuticals considering the refined PEC values, 14 were evaluated as high risk (RQ > 1), 4 as
medium risk (0.1 < RQ < 1) and only 2 with low risk (0.01 < RQ < 0.1).

Figure 7. Table taken from Lopes de Souza et al. (Lopes de Souza et al., 2009) showing the studied pharmaceuticals, the values
needed to calculate the PEC (PEC1) and PEC refined (PEC2), the PNEC values taken from literature, and the QR values and the
related risk level characterization.

As can be seen in Figure 8, from the study and results of Verlicchi et al. (2012), out of 67 studied
pharmaceuticals, 14 of them resulted having a high risk (RQ > 1) for the environment, 19 of them
showed a medium risk (0.1 < RQ < 1) and for 34 of them a low risk was assumed (RQ < 0.1, 16 were
excluded from the graph because RQ < 10-2).

Figure 8. Graphs taken from Verlicchi et al. (Verlicchi et al., 2012) showing the studied pharmaceuticals on the x axis and the
related calculated RQ values and the risk characterization classification on the y axis.

Another interesting study, by Molnar et al. (2021), aimed to assess not only the single and mixed
environmental risk of certain 42 pharmaceuticals, but also to assess their temporal and in particular
seasonal variations in a freshwater lake in Europe. The case study area consisted of a freshwater lake
(Balaton) in Hungary, popular touristic destination (e.g. guest nights of ~900.000 during summer down
to ~300.000 in winter), and more than 40 WWTPs are situated in the catchment area of the lake. They
performed sampling analysis at 6 different sites, for seven months 4 in summer and 3 in autumn
spring. The maximum concentration for each pharmaceutical from the sampling site was considered
to calculate the monthly MEC, which were then used to calculate monthly RQ (maxRQ in Figure 9). To
calculate the PNEC values, ecotoxicological data of aquatic organisms (algae, daphnia, fish) such as
E(L)C50 or NOEC were used, and they were divided by a tailored AF, for instance if only the acute
toxicity E(L)C50 was available the AF was 1000, if one value of NOEC the AF was 100, if there were two
trophic values of NOEC the AF was 50, if all three trophic levels were known the AF was 10, and the
smallest values was considered. If no ecotoxicological data was available, the predicted data was used
from a modelling software ECOSAR (US EPA), with an AF of 1000. The MAX RQ values were calculated
for each pharmaceutical over the whole period, defining then the level of risk. This resulted in 4
substances with high risk, 3 with medium risk and 9 with negligible risk. From the measured
concentration, they assumed that the touristic season strongly influenced the environmental presence
of selected pharmaceuticals. Furthermore, the highest RQ also change seasonally, for instance: the
pharmaceutical diclofenac changed from 5.58 in June 2018, up to 39.5 in August 2018 and slowly
decreasing to 30.6 in October 2018 (Molnar et al., 2021).

Figure 9. Table taken from (Molnar et al., 2021) showing the maximum MEC and calculated RQs and the related risk
evaluation.

3.2.2 HHRA case studies
The Drinking Water Inspectorate of England and Wales performed a human health risk assessment
(desk-based review) for 396 pharmaceuticals and 11 illegal drugs (DWI et al., 2007). They used the
margin of exposure (MOE) and minimum therapeutic dose (MTD) approach, comparing the MTD of
each pharmaceutical to the theoretical maximum intake from drinking water (DWI et al., 2007; WHO,
2012). To calculate the latter, they used first a deterministic approach, using the following formula:
Equation 13

𝑃𝐸𝐶𝐷𝑊 =

[ A ∗ (100 − R) ∗ (100 − M) ∗ (100 − W)]
[365 ∗ P ∗ V ∗ D ∗ 100 ∗ 100 ∗ 100]

where PECdw is the predicted concentration in drinking water (mg/L); M is the percentage metabolised
in humans; A is the amount of active ingredient used per year in the catchment (mg/year); R is the
removal rate in sewage treatment (set as a percentage); P is the population under consideration (i.e.
for the UK; 59600000 or the population equivalent [PE] for each catchment scenario); V is the volume
of waste water produced per capita per day (assumed to be 200 L); W is the removal rate in the
appropriate Drinking Water Treatment Plant (DWTP) scenario and D is the dilution factor in the
environment (derived from the 5%ile flow rate). They also considered the following assumptions: no
metabolism in the body, no removal loss in STP, no loss during transport, no loss in DWTP. The safety
factors used was 1000, for a more precautionary approach. The assumed MTD values were 10 mg/day,
and 1 mg/day for the pharmaceuticals with no information. The margin of exposure was calculated as
follows:
Equation 14

MOE =

MTD
theoretical maximum of intake from DW

From the results, out of 396 pharmaceuticals and 11 illegal drugs, only 10 pharmaceuticals showed a
MOE < 1000, only 1 with a MOE < 100. This means that even with worst-case scenario, the human

health was not significantly at risk. Afterwards, the top 24 substances with the lowest MOE values
from the first assessment, were further evaluated using a probabilistic approach. This used the same
Equation 13, but they considered more detailed assumptions, such as: metabolism after consumption,
loss in the STP (removal), dilution factor from STP, no further dilution factor during transport in river,
loss in DWTP. Furthermore, they selected combination of input values randomly between each range
of this input parameters, and estimated the PECdw for each combination. The results showed that all
the top 24 “critical” substance had significantly higher MOE values, only 2 were < 1000 (DWI et al.,
2007; WHO, 2012).
The Australian guidelines for water recycling (NHMRC, 2008) performed human health risk assessment
for 69 chemicals, and of which 20 pharmaceuticals. They used the health endpoint as MTD, divided
the lowest daily therapeutic dose by a safety factor, between 1000 and 10000 (which is the product
of the following safety factors: 10 for sensitive humans, 10 for infants/babies, 10 for lowest
therapeutic dose not being no-effect levels, then other 10 was added for those cytotoxic drugs). These
values were then compared to the highest concentration measured in secondary treatment effluent
to obtain the MOE. Most of the resulted MOE were > 1000, meaning that in general no adverse effects
on human health was observed (NHMRC, 2008; WHO, 2012).
A human health risk assessment was performed for pharmaceuticals in drinking water and its water
sources samples in Portugal by de Jesus et al. (2015). The human health risk characterization was
based on the calculation of the RQ, as:
Equation 15

𝑅𝑄 =

𝐶𝑠
𝐷𝑊𝐸𝐿

where Cs is the concentration of the pharmaceutical in the sample; and DWEL is the drinking water
equivalent level. They performed sampling activities in the water sources (surface water and
groundwater wells) and also all along the water supply network until the tap consumer water. The
used the maximum concentration found in the drinking and source water samples as the Cs (MEC) for
the calculation of the RQ. The DWEL was obtained using the acceptable daily intake (ADI), and the
following formula:
Equation 16

DWEL =

[ADI ∗ BW ∗ (HQ = 1)]
[DWI ∗ (AB = 1) ∗ (FOE = 350d/365d = 0.96)]

where the Body Weight (BW) was taken from the different age groups from the US EPA guidelines;
the value of the Acceptable Daily Intake was taken from literature, and it represents the lowest
therapeutic dose or on toxicological effects with uncertainty factors applied; HQ is the hazard quotient
assumed to eb 1; DWI is the daily water intake; AB is the gastrointestinal absorption rate, assumed as
1; and FOE is fequency of exposure assumed as 0.96. There is often a lack of toxicity endpoints to
assess the ADI, and for this reason the Minimum Therapeutic Dose is often used (value below which
rare cases of unacceptable or toxic adverse effects occur, meaning of a conservative approach). They
underlined the need of future research in mixture of pharmaceuticals, long-term and low
concentration exposure, and to sensitive population (pregnant) (de Jesus Gaffney et al., 2015). The
results showed that the highest RQ was for the group age 0-3; no pharmaceutical showed RQ equal to
1 nor to 0.1; the highest RQ were for carbamazepine, gemfibrozil, and diclofenac pharmaceuticals
(0.01, 0.003, 0.002), all the rest the RQ < 0.0001 (de Jesus Gaffney et al., 2015).

Another human health risk assessment was performed for pharmaceuticals in drinking water samples
in Hungary, in the Budapest area by Kondor et al. (2021). The HHRA was performed similarly to the
previous case study, calculating the hRQ (human risk quotient) considering measured concentration
in drinking water samples. However, in this case, they considered both the maximum concentration
and the mean concentration to observe the results in the worst-case scenario and the normal scenario,
respectively. This value was then divided by the DWEL, which was calculated as
Equation 17

DWEL =

[(ADI = from literature) ∗ (BW = 76kg) ∗ (HQ = 1)]
[(DWI = 2L/d) ∗ (AB = 1) ∗ (FOE = 365d/365d = 1)]

The ADI was collected from literature, and it was considered as – lowest oral therapeutic dose, - lowest
observed effect level, - occupational exposure limit; if more data was available, the lowest value was
considered. To assess the risk of mixture of pharmaceuticals, the additive model was considered,
calculating Mixture Risk Quotient MRQ as
Equation 18

𝑀𝑅𝑄 = ∑ ℎ𝑅𝑄
If hRQ < 1 and/or MRQ < 1, no human risk can be assumed. From the results, and among the monitored
pharmaceuticals, no human risk was assessed (Kondor et al., 2021).

4 MITIGATION STRATEGY
The guidelines from EMA clearly state that when the environmental risk cannot be avoided, a proper
mitigation strategy with safety and precautionary measures should be proposed by the applicant
(EMA, 2015, 2018). The mitigation strategy aims to minimize the exposure of the medicinal product
to the environment, therefore trying to minimize the discharged quantity to the environment. These
measures include first the indication of the potential environmental risks that the medicinal product
could pose. They should specify on the medicinal product label, to which compartment in specific the
pharmaceutical could pose a risk and if there is a potential persistency, toxicity and bioaccumulation
characteristic. Furthermore, the producer/applicant is encouraged to share any analytical results that
found concerning the specific pharmaceutical in report, on a website or a general database, in this
way water manager can decide if monitoring potentially risky substances. Second, the appropriate
storage and most importantly disposal should be clearly stated. In particular, it should be labelled to
not dispose of unused or old medicines through the sewage nor to dispose them in the household
solid waste, and therefore to ask to the closest pharmacist how to properly dispose them. Finally, the
guideline recommends to include proper use of the medicinal product (EMA, 2015, 2018).
The report from OECD “Pharmaceuticals residues in freshwater – policy highlights” (2019)
recommends a detailed policy strategy for pharmaceutical mitigation and management in the
environment, that governments should take. This strategy follows the life cycle of the medicinal
product itself; they encourage mitigation strategies at the early stages of the life of the product rather
than consider end-of-pipe solutions, with the concept of “prevention is better than cure”. As a matter
of a fact the first step should be to improve the knowledge, understanding and reporting of
occurrence, fate, toxicity and environmental and human health risks of pharmaceutical residues, by
performing ERA, sharing ERA information and results, encouraging the use of modelling and decision
support tools, and using the precautionary principle when scientific knowledge is not available or not

sure. The OECD report than suggests a second mitigation step as source-directed approach, mainly
targeted to medicinal manufacturers during the design, manufacturing, marketing and authorization
life cycle phase. This means that for example good manufacturing practices with environmental
criteria should be encouraged, together with incentives to green and personalized pharmaceuticals,
or to guarantee robust and consistent ERA. The third step of pharmaceutical mitigation is use-oriented
approaches, mainly directly targeted to physicians, veterinarians, pharmacists, patients and farmers
with the aim to reduce inappropriate and excessive consumption of pharmaceuticals, during the
prescription and use phase of the life cycle of a pharmaceutical. This includes for instance reducing
infections and disease risk by having access to safe and clean water, optimizing the prescription of
pharmaceuticals, reducing self-prescribed pharmaceuticals, promoting best practice of storage and
use of livestock manure. Only as last and complementing stage of the previous three, the end-pipe
measures, promoting improved waste and wastewater treatment to increase the removal of
pharmaceuticals residues, during the life cycle stage of collection and disposal. This include the
improvement of WWTPs only in complement to the other preventive measures since this might not
be a sustainable solution, or to promote the correct disposal of pharmaceuticals and to promote the
best practice of biosolids from WWTPs. Finally, it is encouraged the adaption of all the four previous
life-cycle-based strategies (OECD, 2019).
The same concept of preventing pharmaceuticals to enter the environment during the production,
use and disposal phases is a key principles stated in the report from the WHO “Pharmaceuticals in
drinking water, since measured at the end-of-pipe are not sustainable from both a human and
expenses point of view (WHO, 2012). The correct disposal at authorized collection point instead of
household waste or sewage would strongly help to minimize the entrance of pharmaceuticals in the
aquatic environment. For instance, in Australia, the waste produced by health-care facilities should
not be incinerated nor sent to landfills or flushed into the sewage. In the USA, certain pharmaceuticals
are labelled as hazardous and must follow specific regulations. They also created guidelines on how
to manage hazardous pharmaceuticals and unused pharmaceuticals. Another mitigation measure
consists of take-back measures, which are programmes in which consumers can return unused
pharmaceuticals, on a special event or on a day-to-day facility. Finally, the mitigation measure of
consumers awareness should be considered as a fundamental part (WHO, 2012).
Based on the HHRA performed by de Jesus Gaffney et al. (2015), they also suggested some risk
management options. The sampling analysis and the evaluation of the human health risk assessment
helped identifying the critical points in the catchment and helped to understand that even if some
pharmaceuticals occur the risk to human health is extremely low. This let them understand that a
monitoring programme performed on a quarterly basis is sufficient. Furthermore, they established
some pharmaceuticals as indicators, which shows the source of the occurred substance/pollution, the
efficiency of the DWTP (if working or not), representing those high frequency substances. These
indicators were chosen to be sulfamethoxazole, sulfadiazine (for veterinary origin), because these are
susceptible to chlorination, so if they are detected it means that the treatment is not working;
carbamazepine and caffeine, which indicate the disruption of the quality of the water sources (de
Jesus Gaffney et al., 2015).

5 SUMMARY
The consumption of pharmaceuticals has been increasing, and therefore as a consequence also their
occurrence in the environment. For this reason and environmental risk assessment should be
fundamental to understand the risk that these substances may pose. The EMA created guidelines for

the producers/applicants of medicinal products on how to perform an ERA, as a mandatory
requirement to eb included with the marketing authorization. This is based on the comparison of two
concentrations: the exposure concentration as the measured or predicted environmental
concentration in surface water, and effect concentration as the concentration at which no effect can
be observed. The value obtained by their ratio help characterizing the environmental risk. Different
research studies applied the same ERA method based on the risk quotient calculation, to understand
how the detected/quantified pharmaceuticals in the specific case study area might pose a risk to the
aquatic environment. A very similar method is applied for the human health risk assessment. The only
difference is that the exposure concentration is measured or predicted in drinking or potable use
water, and the effect concentration refers to the acceptable or tolerable amount that a human can
intake daily. The concept of the pharmaceutical risk mitigation is to promote preventive measures
rather than end-of-pipe ones.
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