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Abstract 

Human pharmaceuticals are extensively studied and assessed before marketing approval. Since 2006, this also 
includes an assessment of environmental risks. In the European Union, this is based on the guideline on the environ-
mental risk assessment of medicinal products for human use (EMEA/CHMP/SWP/4447/00 corr 2), which is currently 
under revision. For Germany, the German Environment Agency (UBA) is tasked with the evaluation of environmental 
risks of human pharmaceuticals. Applicants seeking approval of medicinal products need to submit fate and effect 
data, in case predicted environmental concentrations (PECs) exceed 10 ng/L in surface waters, or the substance is of 
specific concern through its mode of action or physico-chemical characteristics.

Over the last decade, this regulatory work resulted in an internal agency database containing effect data on approxi-
mately 300 active pharmaceutical ingredients (APIs). A considerable part of this data is currently not publicly available 
due to property rights held by the respective applicants. The database was evaluated to draw conclusions on how the 
current assessment approach may be improved.

The evaluation of aquatic effect data shows considerable variation in ecotoxic effect concentrations, but supports the 
current use of 10 ng/L as PEC action limit. For endocrine-active substances and antibiotics, a clear sensitivity profile 
was observed, which allows a more targeted assessment in the future. The conclusions drawn from terrestrial effect 
data are less clear, as the database itself is biased because information is only available for substances with high sorp-
tion. Further adaptations of the terrestrial assessment strategy, including action triggers, appear necessary. Fate data 
show a high persistence of many APIs: approximately 43% of all APIs are classified as very persistent; 12% of these 
show DT50 values in a range where abiotic or biotic degradation is not expected.

Overall, the evaluation has shown that improvements of the current guideline are possible.
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•	 Ca. 300 effect datasets of human pharmaceuticals 
evaluated

•	 Aquatic effect data support PEC action limit of 
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•	 Ca. 50% of human pharmaceuticals are persistent
•	 Terrestrial risk assessment needs to be improved.

Introduction
Pharmaceuticals as environmental contaminants
Pharmaceutical residues are widely recognised as con-
taminants in the environment [1–3]. Various active 
pharmaceutical ingredients (APIs) applied in human or 
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veterinary medicine are frequently found in the environ-
ment [4]. Many active ingredients reach surface waters 
because they are not or only partly removed in sewage 
treatment [5], while others enter soils via the dispersal of 
sewage sludge [6]. Some examples have also shown that 
pharmaceuticals can lead to adverse effects in non-target 
organisms (e.g. [7, 8]). European legislation has recog-
nised the problem of pharmaceuticals in the environment 
and consequently Article 8(3) of Directive 2001/83/EC 
demands the assessment of environmental risks in the 
authorisation process of human medicinal products [9]. 
For the European Union, the “Guideline on the environ-
mental risk assessment of medicinal products for human 
use” [10] describes the current requirement of an envi-
ronmental risk assessment (ERA) for human pharmaceu-
ticals. It is further supported by a questions and answers 
document [11], which provides clarification on several 
points left unclear in the guideline. Environmental issues 
concerning pharmaceuticals are still of great interest in 
the EU, however, the outcome of the environmental risk 
assessment is not part of the benefit–risk assessment in 
the authorisation procedure for human pharmaceuticals.

In March 2019, the European commission published 
a “European Union Strategic Approach to Pharmaceuti-
cals in the Environment” [12]. This approach proposes a 
variety of actions to improve the knowledge on the envi-
ronmental impact of pharmaceutical substances and to 
better manage them. The revision of the current guide-
line [10] is one of the possibilities to improve the quality 
and consistency of ERA of human pharmaceuticals.

Regulatory evaluation of the environmental risk of human 
medicinal products
In the current guideline of the European Medicines 
Agency (EMA) the evaluation is a tiered process [10]. 
In a first step (Phase I), active substances are screened 
to determine if assessment of persistence, bioaccumu-
lation and toxicity (PBT) is necessary or if exposure is 
high enough to necessitate further assessment of risk in 
the environment. Therefore, Phase I requires data on the 
octanol/water partitioning coefficient (logKow) and the 
calculation of an initial predicted environmental con-
centration in surface water (PECsw). The PECsw is based 
on the maximum daily dose, the fraction of market pen-
etration, the amount of wastewater produced per person 
and the dilution of wastewater in surface waters. If PECsw 
in Phase  I is greater than or equal to the action limit of 
10  ng/L, a more detailed environmental fate and effect 
assessment is required in Phase II. There is an exception 
for substances that may exert adverse effects at concen-
trations lower than 10 ng/L, like, e.g. potential endocrine 
disruptors [11]. These substances require Phase II assess-
ment irrespective of the calculated PECsw. Furthermore, 

substances with logKow exceeding 4.5 need to enter a full 
PBT assessment, regardless of whether or not a Phase II 
risk assessment is needed.

The Phase II environmental fate and effects analysis 
again consists of two tiers. Tier  A requires information 
on physico-chemical characteristics, environmental fate 
(studies on adsorption–desorption, ready biodegradability, 
transformation in water–sediment systems) and aquatic 
ecotoxicity (algal growth inhibition, Daphnia reproduc-
tion, fish development, and activated sludge respiration 
inhibition). Toxicity to groundwater organisms is based on 
the toxicity to daphnids only. Effect concentrations taken 
from these studies are used to derive predicted-no-effect-
concentrations (PNECs) by applying a safety factor of 10. 
PECs are divided by the respective PNEC value (surface 
water, groundwater) to form a risk quotient (RQ). In the 
following cases, a substance needs to enter an extended 
fate and effects analysis in Phase II Tier B:

•	 If the calculated risk quotient is greater than one, the 
PEC needs to be refined as much as possible, by using 
fate and metabolism data.

•	 If the substance shows high adsorption to sewage 
sludge (organic carbon normalised adsorption coef-
ficient (Koc) > 10,000 L/kg or Kd > 3,700 L/kg) and is 
not readily biodegradable, terrestrial fate and effect 
studies are required. These include studies on aerobic 
and anaerobic transformation in soil, nitrogen trans-
formation of soil microorganisms, seedling emer-
gence and growth of terrestrial plants, acute toxicity 
to earthworms and reproduction of collembolans.

•	 If the substance is not readily biodegradable and 
shows a significant shift to the sediment in the water 
sediment study, toxicity to sediment dwelling organ-
isms must be investigated.

•	 If the logKow is larger than 3, bioconcentration needs 
to be tested.

Currently, the guideline is under revision [13]. A draft 
guideline has been published in 2018 [14] and was open for 
comments until June 2019. Besides major structural changes, 
there are several proposed changes in the ERA procedure 
itself. The draft guidance strictly follows the requirements 
of Directive 2001/83/EC as amended [9], in requiring an 
ERA for every new application. The draft guideline includes 
strategies for a tailored risk assessment of antibiotics and 
endocrine-active substances. For antibiotics, this includes 
testing of two species of cyanobacteria and one species of 
green algae, while testing of fish is no longer required. Fur-
thermore, the definition of endocrine-active substances is 
broadened to not only include sexual endocrine disrupting 
compounds, but all active substances that may affect devel-
opment or reproduction via steroid hormone pathways. 
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Besides this, the assessment of secondary poisoning has been 
implemented for substances with a bioconcentration factor 
BCF > 100 L/kg. The previously mandatory test on transfor-
mation in aquatic sediment systems [15] for substances not 
meeting the criterion readily biodegradable was removed 
from Phase II Tier A. Instead, a test on sediment toxicity is 
now mandatory for all substances which enter Phase II—Tier 
A [16–19]. Groundwater risk assessment has been changed 
to be based on the effect concentration of the most sensitive 
aquatic taxon, and the PNEC is calculated using an addi-
tional safety factor of 10. Finally, the action trigger for soil 
assessment has been changed from a trigger solely based on 
Koc to one based on both Koc and the use of the substance, 
expressed as the resulting PEC. Moreover, the currently 
required acute earthworm toxicity test [20] is replaced with 
an earthworm reproduction test [21]. [13]

Evaluation of regulatory data
Within the European Union, the EMA is responsible for 
the scientific evaluation of centralised marketing authorisa-
tion applications for pharmaceuticals. Most new, innovative 
medicines are evaluated by EMA while most generic medi-
cines are assessed and authorised at national (mutual rec-
ognition and decentralised procedures) level in the EU [22]. 
The data requirements and standards governing the authori-
sation of medicines are the same in the EU, irrespective of 
the authorisation route. Marketing authorisation applicants 
are responsible for providing a dossier with an environ-
mental risk assessment and the respective studies, which 
is then assessed for quality and correctness by regulatory 
authorities. These assessments are performed by national 
competent authorities of the respective member states. In 
Germany, the German Environment Agency (UBA) is tasked 
with the evaluation of environmental risk assessments of 
pharmaceuticals. This allows UBA to evaluate a large num-
ber of studies and extract the most important informa-
tion for further analysis. Hence, this opportunity is used to 
explore the available information more closely, with the aim 
to help make informed changes in the new guideline. Topics 
of special interest are:

•	 Analysis of existent aquatic effect data to see whether 
the current action limit (PECsw = 10 ng/L), which was 
originally based on acute effect data [10], is appropri-
ate for human pharmaceuticals, or should be revised.

•	 Comparison of sensitivity between the investigated 
aquatic taxa to identify if a tailored risk assessment is 
possible for certain substance groups.

•	 Analysis of the persistence of APIs.
•	 Examination of available terrestrial effect data and 

data on adsorption to sewage sludge to judge whether 
the current terrestrial risk assessment is appropriate.

The intention of the present study was to provide infor-
mation on the current state of knowledge, which can be 
used for the revision of the guideline on human medici-
nal products, but also to identify further knowledge gaps. 
While previous publications have mainly reviewed and 
assessed data that is publicly available, e.g. in scientific 
literature or European public assessment reports [23–26], 
our evaluation is focussed on data available to regulatory 
authorities, originating from the authorisation process of 
human medicinal products. Therefore, our analysis pro-
vides an evaluation based on an extensive set of standard-
ised and quality-checked data.

Methods
Database
The presented evaluation was based on the environmen-
tal data available to the UBA. The investigated effect and 
fate dataset came from studies submitted in the authori-
sation process of human medicinal products—in the fol-
lowing referred to as “regulatory data”. In the majority of 
cases, those were GLP-compliant studies according to 
Organisation for Economic Co-operation and Develop-
ment (OECD) test guidelines (TG). However, in several 
cases high-quality data from publicly available literature 
[27], which had previously been accepted during authori-
sation procedures, was also considered. No further litera-
ture search was performed. Thus, the analysis was based 
on regulatory accepted endpoints only. Data on human 
medicinal products for which the marketing authori-
sation in Germany was finalised after 2006 and before 
September 10th 2019 were considered. This includes 
centralised procedures (all EU-member states involved), 
mutual recognition, or decentralised procedures (several 
EU-member states involved) with Germany as reporting 
or concerned member state, and German national proce-
dures (only Germany involved). Hence, the data should 
cover the vast majority of fate and effect data available 
to EU regulatory authorities. The database also included 
data on APIs that underwent the authorisation process 
but are currently no longer marketed in Germany.

All presented data passed quality checks in accord-
ance to Moermond et  al. [28]. Data from studies which 
violated the validity criteria of the respective OECD 
test guideline, or whose results were judged as implau-
sible, and which were thus not used within their regu-
latory ERAs, were excluded from the analyses. Hence, 
the absence of effect data for an API can also be due to 
the fact that the submitted studies were not of sufficient 
quality to be accepted for this assessment.

Since a large portion of the data is based on confiden-
tial study reports from various pharmaceutical compa-
nies, the original data cannot be made publicly available. 
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Several of the effect values, but nowhere near all of them, 
are published in Public assessment reports (PARs) for 
decentralised procedures or European public assessment 
reports (EPARs) for centralised procedures. These PARs 
and EPARs can be found on the website of the EMA [29] 
or head of medicines agencies [30] and were, e.g. evalu-
ated by Gunnarsson et al. [26]. In the current publication, 
the evaluation of all confidential data available to Euro-
pean regulatory agencies allowed the use of a larger data-
set, with the unfortunate restriction of not being able to 
transparently display the raw data.

The overall number of APIs for which environmental 
fate and effect data were available from regulatory evalu-
ations at UBA and information on the different data sub-
sets evaluated in this study are listed in Table 1. A list of 
the APIs included in the analysis, without the respective 
endpoints, is given in Additional file 1: Table S6.

Grouping of APIs
Specific substance groups were defined for the further 
evaluation of the data: medicines used to treat alimen-
tary/metabolism disorders, antibiotics, antimycotics, 
antineoplastics (excluding those with endocrine mode of 
action), antiparasitics, (non-steroidal) anti-inflammatory 
drugs, antivirals, contrast agents, endocrine-active sub-
stances, neuroactives/analgesics/anaesthetics, vascular/
cardiac/blood therapeutic substances, and the category 
various. The grouping was in part inspired by the Ana-
tomical Therapeutic Chemical (ATC) Classification Sys-
tem, but put more focus on organising APIs according to 
similar mode of action than grouping based on the target 
organ. The primary intention of the grouping was to have 
a means of structuring the results, while not being able to 
show substance names. More detailed information on the 
chosen grouping is given in Additional file 1: Table S1. In 
the available dataset, the defined group of EAS included 

oestrogen-, androgen- and progesterone-receptor ago-
nists and antagonists, corticosteroids, steroid receptor 
modulators, as well as drugs influencing steroidogenesis.

Aquatic effect studies—action limit
Analysed aquatic effect data mainly consisted of tests 
performed according to study protocols published by the 
OECD:

–	 Freshwater algae and cyanobacteria growth inhibi-
tion test—OECD TG 201 [31]

–	 Daphnia magna reproduction test—OECD TG 211 
[32]

–	 Fish early life stage toxicity test—OECD TG 210 [33].

In certain cases, especially for substances with an endo-
crine mode of action, data on fish full life cycle tests [34] 
or fish sexual development tests (OECD 234) [35] were 
available instead of early life stage tests. For antibiotics, 
“algae tests” were usually conducted with cyanobacte-
ria, while for all other API the tests were conducted with 
green algae. For these tests, effect concentrations based 
on the endpoint growth were given preference over those 
based on yield. For daphnids and fish, depending on the 
study protocol, various endpoints could be assessed (e.g. 
mortality, growth, reproduction). The most sensitive of 
these endpoints was used for further analyses. All evalu-
ations of aquatic toxicity were based on the lowest reli-
able no observed effect concentration (NOEC) or 10% 
effect concentration (EC10) per substance and organism. 
If there was no effect at the highest tested concentra-
tion (e.g. in limit tests) the NOEC was set as greater than 
or equal to this concentration (= censored values, 40 of 
309 cases). Because they still provide the useful informa-
tion that no effect is to be expected at this concentration, 
these censored NOECs were retained in the dataset. The 

Table 1  Overview on the number of APIs for which environmental fate and effect data were available from regulatory evaluations, 
and the datasets used for the different evaluations in this study

The full dataset included all data available to the UBA. The other two datasets were subsets of the full dataset. For PEC action limit derivation, endocrine-active 
substances (EAS) and antiparasitics were excluded. For sensitivity analysis, only APIs for which data on all three taxa was available, and for which a definitive NOEC (no 
censored value) was available for the most sensitive taxon, were used. The three relevant aquatic taxa were algae, crustaceans and fish, the three relevant terrestrial 
taxa were plants, annelids and collembolans

Full dataset PEC action limit derivation 
(excluding EAS and antiparasitics)

Sensitivity analysis (excluding 
APIs without definitive lowest 
NOEC)

Aquatic effect data on at least one taxon 309 278 269

aquatic effect data on all three taxa 209 192 183

Data from water–sediment simulation tests 196 - -

Koc data available 165 - -

Terrestrial effect data on at least one taxon 47 - -

Terrestrial effect data on all three taxa 33 - -
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collected aquatic effect concentrations and their respec-
tive PNECs were used to assess the current action limit 
for the tiered risk assessment. The basic idea of an action 
limit is that this is a concentration, below which effects 
of APIs are very unlikely to occur. Only substances with 
PECs higher than the trigger value need to enter fur-
ther assessment. For some substance groups of APIs this 
approach is not feasible. Endocrine-active substances and 
antiparasitics are considered as highly toxic substances, 
for which a proposed action limit should not apply [14]. 
PNECs of these types of compounds could be lower than 
the action limit. Because of this, two different datasets 
were used. To provide a general scientific overview, the 
full dataset included effect data on all available APIs. In 
contrast, the adjusted dataset excluded all effect data on 
EAS and antiparasitics, to include only APIs for which 
the PEC action limit applies.

Analyses always based on the lowest available NOEC/
EC10 per active ingredient. Hence, each API contributed 
only one single effect concentration to the dataset used 
for action limit evaluation. A distribution function was 
fitted to the datapoints, comparable to the approach used 
in species sensitivity distributions (e.g. [36]). APIs, for 
which only censored data were available, were kept in the 
dataset. An exclusion of these APIs would predominantly 
result in the exclusion of high NOECs, which would lead 
to an artificial shift of the fitted distribution into a lower 
concentration range (discussed for species sensitivity dis-
tributions (SSDs) by [37]). However, this has to be kept in 
mind when interpreting the results. As base value for the 
action limit an overall “5% NOEC” (the 5% quantile of the 
fitted distribution = a concentration lower than 95% of all 
lowest NOECs/EC10) and an overall “1% NOEC” (the 1% 
quantile of the fitted distribution = a concentration lower 
than 99% of all lowest NOECs/EC10) of all effect data was 
defined. To derive a “5% NOEC” and a “1% NOEC” the 
available effect data were arranged in ascending order 
and a suitable distribution was fit to the data. Two dif-
ferent models were used for fitting. For the first one, the 
original data were log10 transformed. For the other one, 
the most suitable transformation was determined via the 
Box–Cox method [38]. In both cases normal distribu-
tions were fitted to the transformed dataset by maximum 
likelihood estimation. The 95% confidence intervals (CI) 
were calculated via parametric bootstrapping (10,000 
iterations). Both models were visually inspected and their 
performance compared to each other.

All analyses were carried out using R 3.5.2 [39] and 
RStudio 1.1.463 [40], with the additional packages MASS 
[41], plotrix [42], fitdistrplus [43], car [44] and actuar 
[45]. The main results are based on distributions fit-
ted via the function “fitdist”. Additionally, a second cal-
culation based on distributions fitted via the function 

“fitdistcens” (designed for censored data) [43], is pro-
vided in the supplement. 5%  and 1%  NOECs and their 
respective 95% confidence intervals were calculated using 
the “quantile”-function.

Results from octanol/water partitioning coefficient 
tests were used to compare lipophilicity to toxicity. All 
values were derived experimentally by the shake-flask 
method [46], the slow-stirring method [47] or compara-
ble methods. The highest ion corrected logDow measured 
in environmentally relevant pH-range (pH 5 to 9) was 
used for analysis.

Aquatic effect studies—comparison of sensitivity
A comparison of sensitivity was done for APIs, for which 
data on all three taxa was available. In several cases the 
lowest NOEC originated from a study where no signifi-
cant effects were observed at the highest tested concen-
tration. Due to the lack of a definite endpoint, it could 
not be clearly determined which taxon was the most 
sensitive. Consequently, these cases were excluded from 
the dataset. For the evaluation, a distinction was made 
between cases where one taxon was clearly most sensi-
tive (difference in NOEC between most and second-most 
sensitive taxon larger than 3.2-fold) and cases where 
there was only a low difference between most sensitive 
and second-most sensitive taxon (smaller than 3.2-fold). 
This was done to highlight cases where the conclusion on 
the most sensitive taxon may not only be based on the 
organismic reaction, but may also be influenced by the 
experimental design of NOEC/LOEC studies. The factor 
3.2 was chosen because it is the maximum applied spac-
ing factor between test concentrations in the OECD TG 
201, 210 and 211.

Persistence assessment
In Phase II Tier A of the guideline, a stepwise approach 
is foreseen to assess the (bio-)degradability of active 
substances. In OECD TG 301 [48] or OECD TG 310 
[49] substances may meet the criterion “readily bio-
degradable” (at least 60–70% ultimate biodegradation 
required in a time frame of 10  d depending on test 
conditions), which means that these APIs are assumed 
to rapidly and ultimately biodegrade under aerobic 
environmental conditions [50]. Therefore, no further 
testing is required. Substances which do not meet this 
criterion are assumed to reach the surface water in 
relevant amounts after passing the sewage treatment. 
Here, the substance distributes between water and 
sediment phase and may be transformed. Studies on 
biodegradation and transformation are part of the fate 
assessment of human pharmaceuticals in Phase II Tier 
A, and covered by studies according to the following 
OECD study protocols:
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–	 Ready biodegradability—OECD TG 301 [48] or 
OECD TG 310 [49]

–	 The water–sediment simulation test—OECD TG 
308 [15], for all substances not classified as readily 
biodegradable.

It is possible to waive the test on ready biodegrada-
bility, if a water sediment simulation test according to 
OECD TG 308 [15] is performed. This test provides 
information on the distribution of a substance between 
water and sediment, as well as the transformation or 
mineralisation of a substance. Degradation half-lives 
derived from water sediment-simulation studies are 
used for persistence classification [51] within the PBT 
assessment. Normally two different sediments under 
aerobic conditions are demanded for pharmaceuticals 
[11]. To give an overview of the persistence of APIs, 
the results of the ready biodegradability tests and the 
highest reported total system half-lives DT50 (water 
and sediment combined, primary degradation) per API 
from all OECD TG 308 studies were summarised. DT50 
is defined as disappearance half-life of the parent com-
pound (primary degradation) in the water–sediment 
simulation test. Data evaluation and kinetic analy-
ses were conducted in accordance with FOCUS [52]. 
If the analysis in the study reports differed from the 
standards set under FOCUS, e.g. no single first order 
modelling was conducted, the data were recalculated. 
All reported values were extrapolated to 12  °C, which 
reflects the mean temperature in European surface 
waters [51]. A disappearance half-life is used because 
non-extractable residues (NER) were considered as 
degraded in the derivation of the DT50 values. Until 
now there is no clear guidance how to consider NER in 
the regulations [53, 54]. Persistence criteria were used 
in reference to the ECHA guideline [51], to provide a 
better description of the evaluated half-lives. There-
fore, the total system half-lives were compared to the 
criteria for the sediment compartment [55].

Terrestrial trigger evaluation and effect assessment
The decision criteria of a terrestrial assessment are based 
on the adsorption value derived with batch equilibrium 
method:

–	 Adsorption/desorption—OECD TG 106 [56]
–	 Activated sludge sorption isotherm—OPPTS 

835.1110 [57]

The distribution coefficient (Kd) and the Koc provide 
information on the binding affinity of APIs to sewage 
sludge and soil. For human pharmaceuticals, determining 

adsorption values for 3 soils and 2 sludges is recom-
mended [58]. APIs with high affinity for organic carbon 
may accumulate in sewage sludge, which in some coun-
tries is spread on soil.

To give an overview of the relationship between the 
fraction of substance partitioning to sewage sludge (Fstp) 
and the respective Koc value, the Fstp values were calcu-
lated via SimpleTreat  4.0 [59]. Biodegradation was not 
considered in these calculations.

A terrestrial assessment is required if the highest Koc 
derived for sludge is > 10,000 L/kg (or Kd > 3700  L/kg). 
We screened the literature for API concentrations deter-
mined in sewage sludge to compare the Koc values of 
APIs to the recent trigger value. In a further evaluation 
we determined the number of cases, in which APIs were 
detected in sewage sludge although their Koc value was 
below the terrestrial trigger. For the literature screen-
ing, the Google Scholar search engine [60] was used with 
the following keywords: sewage sludge, pharmaceuticals, 
wastewater treatment, biosolids. Only recent studies 
from 2012 to 2019 with data from industrialised coun-
tries, with comparable pharmaceutical consumption and 
sewage treatment technology to the EU, were considered 
[61–68]. In the case of multiple detections of pharma-
ceuticals in different studies the maximum concentration 
was considered as worst-case assumption. The results 
were summarised in Additional file  1: Table  S4. For the 
comparison, Koc values in sludge available from validated 
OECD TG 106 studies or high-quality literature refer-
ences were used.

Knowledge on terrestrial effect data might be helpful to 
derive a trigger value for soil. Therefore, ecotoxicity data 
were collected and analysed. Terrestrial effect data are 
tested according to OECD study protocols:

–	 Earthworm acute toxicity test—OECD TG 207 [20]
–	 Terrestrial plant seedling emergence and seedling 

growth test—OECD TG 208 [69]
–	 Collembolan reproduction tests in soil—OECD TG 

232 [70].

In very rare cases data on earthworm reproduction 
tests—OECD TG 222 [21] were available. All evaluations 
on acute earthworm toxicity were based on the lowest 
derived 50% lethal concentration (LC50), all evaluations 
on plants, collembolans and earthworm reproduction 
were long-term tests and thus based on the lowest reli-
able NOEC or EC10. As in the aquatic assessment, if there 
was no significant effect at the highest tested concentra-
tion (e.g. in limit tests), the NOEC was set to be “greater 
than or equal to” ( ≥) this concentration, or the LC50 was 
set to be greater than this concentration.
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Results
Aquatic effect studies—action limit
The database contains 309 APIs for which at least one 
reliable effect study was available. Reliable effect stud-
ies for all three organism groups were available for 209 
APIs. Effect concentrations (NOECs/EC10) ranged from 
1 pg/L to 3.2 g/L, illustrating the high variation in ecotox-
icity of APIs. For 87 APIs the NOEC or EC10 was lower 
than 0.01 mg/L, the threshold for a substance to be clas-
sified as “toxic” (T) in PBT assessment according to the 
REACH Regulation [51]. In particular, substances with 
endocrine mode of action showed high toxicity, with 
numerous NOECs below 1 µg/L and even below 0.1 µg/L. 
However, several substances such as antibiotics, antineo-
plastics, anti-inflammatory drugs, antiparasitics and neu-
roactive substances, which do not target the endocrine 
system, also evoked effects in non-target organisms at 
concentrations below 1 µg/L. In general, substances with 
high logDow tended to have higher toxicity. However, 
there were several examples of APIs with low logDow (< 3) 
which still had NOECs lower than 1  µg/L (Additional 
file 1: Figure S1) (Fig. 1).

If endocrine-active substances and antiparasitics were 
excluded, 278 APIs remained for which at least one 

reliable NOEC/EC10 was available. The calculated 5% 
and 1% NOECs varied, depending on whether the full 
or adjusted dataset was used, and which transforma-
tion was applied. Both investigated models produced a 
fairly good fit. However, the fit of the theoretical distri-
bution based on the Box–Cox-transformed dataset was 
slightly better than that based on log10-transformed 
data. Using the Box–Cox transformation, the 5% NOEC 
was 0.449 µg/L (CI: 0.228–0.894 µg/L) and the 1% NOEC 
was 0.0315 µg/L (CI: 0.013–0.079 µg/L). If distributions 
were fitted via the method for censored data, 5% and 1% 
NOECs were even lower than estimated with the stand-
ard method (Box–Cox: 5% NOEC = 0.312  µg/L, CI: 
0.143–0.689  µg/L; 1% NOEC = 0.016  µg/L, CI: 0.005–
0.046  µg/L). Additional information on model results 
is provided in Additional file 1: Table S2, model perfor-
mance is shown in Additional file 1: Figures S3–S6.

Aquatic effect studies—comparison of sensitivity
For 209 APIs effect data on all three taxa were avail-
able. However, 26 APIs, where the lowest NOEC was 
a “greater than”-value, were excluded. Hence, a direct 
comparison was possible for 183 APIs. Overall, fish 
were most sensitive in 86 cases (large difference: 50, 
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endocrine-active substances and antiparasitics were excluded (278 APIs). Further information on model metrics is given in Additional file 1: Table S2
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low difference: 36), green algae or cyanobacteria in 52 
cases (large difference: 35, low difference: 17) and crus-
taceans in 42 cases (large difference: 19, low difference: 
23). In 3 cases, daphnids and fish were equally sensitive 
(Fig.  2). There were certain pharmaceutical classes for 
which a distinct sensitivity profile could be observed. 
Cyanobacteria and green algae were highly sensitive 
to antibiotics—and were the most sensitive taxon for 
this substance group in all but one single case (15 of 16 
cases). In the one diverging case, fish were slightly more 
sensitive than algae, but the NOECs were very close to 
each other. A similar trend was visible for antimycotics 
(in 3 of 4 cases algae were most sensitive). However, 
the total number of APIs in this group was too low to 
make a general conclusion. Furthermore, fish reacted 
very sensitively to endocrine-active substances (most 
sensitive in 14 of 15 cases). In one case, sensitivity of 
daphnids and fish was in a comparable range, albeit the 
NOEC for daphnids was slightly smaller. It is impor-
tant to notice that most studies evaluating the effect of 
endocrine-active substances on fish were not fish early 

life stage tests, but rather fish sexual development or 
even fish full life cycle studies, as requested according 
to the guideline. For other pharmaceutical groups, such 
a clear sensitivity profile was not visible. For some, such 
as antiparasitics or contrast agents, a general conclu-
sion was not possible since there was only one single 
data point for each of these groups.

Persistence assessment
Data on ready biodegradability were available for 248 
APIs. Around 5% (13 API) fulfilled the criteria of ready 
biodegradability. Data on biodegradation in water–
sediment systems according to OECD TG 308 were 
available for 196 APIs. The distribution of the half-lives 
(Fig. 3) showed that more than 50% of APIs (101 of 196 
APIs) were persistent (17 APIs) or very persistent (84 
APIs) in the environment referring to the criteria given 
in the REACH guidance [51]. 23 APIs (12%) had half-
lives above 1000 d. It was not possible to relate long 
or short half-lives to specific groups of pharmaceu-
ticals. All groups contained APIs with short and long 
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Fig. 2  Number of cases in which algae/cyanobacteria (green), daphnids (orange) or fish (blue) were the most sensitive taxon for APIs of the 
respective substance group. The cases depicted in light colours indicate that the difference between most sensitive and second-most sensitive 
taxon was smaller than 3.2. Cases depicted in grey indicate that the lowest effect concentrations for fish and daphnids were exactly the same. Only 
APIs for which reliable effect data on all three taxa was available were included in this analysis (n = 183). Antiparasitics and contrast agents were 
excluded due to the low number of data points for these groups
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half-lives (see Additional file 1: Figure S11). This might 
be explained by the fact that chemical structures are 
not necessarily similar for substances within the same 
group.

To provide an overview of possible concerns for the 
environment, persistence and toxicity were compared for 
the persistent substances. For 70 of the APIs which were 
identified as environmentally toxic, DT50 values were 
available. Of these, 30 were persistent and toxic, of which 
25 showed half-lives longer than 180  d (vP criterion is 
reached).

Terrestrial trigger evaluation and effect assessment
Data on sorption and desorption to sewage sludge were 
available for 165 APIs. In Fig. 4 the following paragraph 
the terms Koc or logKoc are always used for values derived 
in sewage sludge.

For the majority of substances (125 out of 165), logKoc 
was below the current trigger value for a soil assess-
ment (logKoc = 4). Seven substances were highly mobile 
with logKoc values below 1, which signifies that there is 
a low elimination during sewage treatment. If there is 
also a low sorption to soils or sediments, such substances 
could easily leach into groundwater if no biotic or abiotic 

degradation occurs (high persistence). In reference to the 
7 extremely mobile substances, one was highly persistent 
and one was persistent in view of data from OECD 308. 
For the other substances no data were available on bio-
degradation or they showed a moderate biodegradation. 
Around 20% of the substances with logKoc values below 
2 were very persistent in reference to the ECHA criteria. 
LogKoc for most of the substances ranged between 1.5 
and 4.5, meaning that they all tend to adsorb to organic 
carbon during sewage treatment and in the environment, 
but could also be present in surface or groundwater 
depending on the overall use.

Calculations with SimpleTreat  4.0 (Table  2) showed the 
degree of sorption to sewage sludge for different Koc values 
considering no biodegradation (biodegradation rate con-
stant = 0 h−1). This approach was justified by the outcome of 
the OECD TG 301 evaluation as only a minority of the sub-
stances were readily biodegradable. The fraction adsorbed 
to sludge (Fig. 4 and Table 2) showed that at a Koc value of 
1000 L/kg, the sorption of the API to sewage sludge is clearly 
higher than 10% of the total amount present in the system. 
This is followed by a strong increase of sorption until a Koc 
value of 20,000 L/kg. For higher Koc values, the increase in 
sorption is less pronounced. At the current trigger value of 
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10,000 L/kg approximately 60% of the substance is adsorbed 
to sewage sludge. However, for Koc values lower than 
10,000 L/kg, sorption to sewage sludge is also substantial. For 
example, at a Koc value of 5000 L/kg, a fraction of approxi-
mately 40% of the API in the system is adsorbed to sludge.

A PECsoil value depends on the degree of adsorption to 
sewage sludge and on the total amount of the substance 
present in wastewater (Elocal = local emission to the sew-
age treatment plant (STP)). This means that APIs with a 
moderate adsorption behaviour (Koc < 10,000  L/kg), but 
used in large amounts could have a higher PECsoil than 
APIs with a Koc > 10,000 L/kg but lower usage. To inves-
tigate this relation, a literature screening was performed 
for concentrations of APIs determined in sewage sludge. 
In sewage sludge, 110 APIs were detected (see Additional 
file 1: Table S4). For only 25 of those substances, validated 
Koc values in sludge were available from environmental 
risk assessments. For the majority of the substances (22 
of 25), Koc values for sludge were below the soil assess-
ment trigger of 10,000  L/kg; for some substances even 
below 1000 L/kg. This indicates that risks for soils might 
be overlooked because there is a high influence of the use 
of a substance.

Terrestrial effect data were available for 47 human 
APIs  (Fig.  5). For 33 of those, this included valid effect 
data on all three taxa relevant for ERA (plants, earth-
worms and collembolans). In all evaluated acute earth-
worm tests (42), the highest tested concentration 
did not result in a significant effect on mortality, and 
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Table 2  Influence of adsorption on emission to soil-based on 
modelling with SimpleTreat 4.0 (no biodegradation assumed)

*Fstp fraction sorbed to sewage sludge

Koc [L kg-1] logKoc Fstp*_sludge [%]

1 000 000 6.0 98.0

100 000 5.0 92.0

50 000 4.7 86.0

20 000 4.3 73.0

10 000 4.0 57.7

7 500 3.9 50.9

5 000 3.7 40.7

2 500 3.4 25.5

2 000 3.3 21.5

1 000 3.0 12.0

500 2.7 6.0

100 2.0 3.6
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consequently the resulting LC50 was higher than the 
tested concentration range. Plants and collembolans 
showed more sensitive NOEC values than the acute 
earthworm tests. Still, in 13 of 38 plant studies and 
21 of 38 collembolan studies, no significant effect was 
observed at the highest tested concentration. Overall, 
39 of 43 APIs, for which long-term terrestrial effect data 
were available, showed NOECs higher than 1 mg/kg. For 
two APIs, NOECs were smaller 1 mg/kg, for two others, 
NOECs were equal to 1  mg/kg (more detailed informa-
tion is given in Additional file 1: Figure S9). As the data 
base was considerably smaller and suffered from a sys-
tematic bias (see discussion section) an analysis as con-
ducted for the aquatic effect data to derive the 1% and 5% 
NOEC was not conducted for terrestrial data.

Discussion
One drawback of our evaluation is that the original data-
base cannot be disclosed due to confidentiality issues. 
This has the disadvantage that the analyses cannot be 
fully retraced, and the database is not openly available. 
When comparing our database and the one used by Gun-
narsson et al. [26] (detailed comparison of the databases 

is provided in supplementary information), it became 
clear that only a part of the data available to regulatory 
authorities is published in (European) public assess-
ment reports and available for evaluations by others. This 
problem and the respective background were recently 
discussed by Oelkers, Floeter [71]. Future efforts should 
aim at improving the public availability of environmental 
data on pharmaceuticals in the EU.

Aquatic effect studies—action limit
The available aquatic effect data illustrate the wide range 
in ecotoxicity of APIs. While certain substances elicit 
effects in the pg/L to ng/L range, others do not cause 
effects even in the high mg/L range. Substances influenc-
ing the hormonal system and antiparasitics can be con-
sidered to be the most potent pharmaceutical groups in 
general. Although the database for the latter group was 
very limited, other published data support this assess-
ment [72]

The 5 and 1% lowest NOECs (Fig. 1) and their resulting 
PNECs serve as a scientific basis to evaluate the currently 
existing PEC action limit of 0.01 µg/L for surface water. 
However, several factors have to be kept in mind when 
interpreting the data:
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1) The used dataset contained censored NOECs from 
tests that did not find a LOEC at all (e.g. limit tests). For 
SSDs, the benefits of including censored data were dis-
cussed [37]. While these data are not as informative as 
unbounded EC10 or NOEC values, they still provide use-
ful information that no effect occurred at the highest 
tested concentration. Excluding these data would mean 
that mainly APIs with high effect concentrations are dis-
regarded, with a shift of the overall distribution towards 
a lower concentration range. Including censored NOECs 
leads to some uncertainty in the fit, but is preferable 
to completely omitting relevant information from the 
analysis.

2) The analysis is based on a sample set of 278 APIs, in 
which some pharmaceutical groups are under- and oth-
ers overrepresented. Full effect datasets of all three rele-
vant taxa were available for 192 APIs. Both fitting models 
show that very low and very high values have consider-
able leverage on the calculated fit. The addition of further 
data on additional APIs, if these are in the low or high 
toxicity range, may influence the derived fit and result-
ing 5% and 1% quantiles. However, considering the large 
database, the overall estimation of the quantiles and their 
95% confidence intervals should be sufficiently robust.

3) The calculated 5 or 1% NOECs mean that still 5 or 
1% of all NOECs are below these values. A certain pro-
portion of substances may always be missed when an 
action limit is based on these quantiles. For a regulatory 
guideline, it has to be decided to which degree harmful 
effects can be tolerated. For SSDs, the 5th percentile of 
the derived distribution (HC5) is normally used as rel-
evant effect concentration, though this practice can also 
be questioned from an ecological point of view [73]. A 
prospective risk assessment should achieve a high degree 
of protectiveness. Hence, it would be a valid option to 
derive the action limit from the 1% NOEC.

As intended in the guideline, variability and uncer-
tainty should be addressed by using an assessment factor 
to calculate a PNEC. The PNEC is calculated by apply-
ing an assessment factor of 10 to the lowest NOEC or 
EC10 [10]. If the specific sensitive groups of substances, 
like endocrine-active substances and antiparasitics, are 
excluded, this results in 5% and 1% PNECs of 45 ng/L (CI: 
22.8–89.8 ng/L) and 3.2 ng/L (CI: 1.3–7.9 ng/L), respec-
tively. These values are in a close range to the current 
PEC action limit of 10 ng/L. Furthermore, when looking 
at the original NOEC data, only one of 278 APIs (exclud-
ing endocrine-active substances and antiparasitics) had a 
NOEC below 10 ng/L and seven of the APIs, belonging to 
the groups of antineoplastics, neuroactives, anti-inflam-
matory drugs and vascular/cardiac/blood therapeutic 
substances, had a NOEC below 100  ng/L (with a cor-
responding PNEC of 10  ng/L). This indicates that the 

10 ng/L action limit can be assumed to be protective with 
sufficient certainty in the majority of cases, which sup-
ports the approach of both the existing guideline [10] 
and the new guideline draft [14]. An increase of the PEC 
action limit would result in overlooking a larger portion 
of potentially relevant pharmaceuticals.

In general, the evaluation shows that pharmaceuticals 
with higher logDow tend to have lower effect concentra-
tions (Additional file  1: Figure S1). It must be kept in 
mind that the ecotoxicity tests, on which the evaluations 
were based, were not necessarily conducted at the pH 
which results in the maximum logDow of the tested sub-
stance. This may be partly responsible for the observed 
variance of the correlation. However, the high variabil-
ity also suggests that other factors besides lipophilicity 
influence ecotoxicity. Similar conclusions were drawn by 
Vestel et  al. [74]. In view of such connections between 
lipophilicity and toxicity, Gunnarsson et al. [26] proposed 
the prioritisation of legacy pharmaceuticals based on 
consumption-based PEC and logDow: in the PEC range 
between 10 and 100 ng/L, APIs with logDow > 3 would be 
considered high priority and APIs with logDow < 3 would 
be considered medium priority. On the other hand, our 
dataset featured several APIs with logDow < 3 and PNECs 
below 100 ng/L, indicating that less lipophile substances 
can still have relevant effects. Furthermore, recent stud-
ies, e.g. Bittermann et al. [75], proposed that it is of lim-
ited usefulness to base toxicokinetic models for ionisable 
substances, e.g. most pharmaceuticals, on the partition 
coefficient in water and octanol. Instead, these models 
should rather utilise the membrane–water partition coef-
ficient or liposome–water partition coefficient.

Considering this, triggering based on a combination of 
environmental concentration and logDow of 3 is not suit-
able in a prospective risk assessment like the ERA for 
marketing authorisation. It may however be used as one 
of the variables when substances are prioritised for retro-
spective risk evaluation.

Aquatic effect studies—comparison of sensitivity
Several conclusions can be drawn from comparing effect 
concentrations between the three standard taxa used for 
aquatic toxicity testing (green algae/cyanobacteria, daphnids, 
and fish). Variation in sensitivity were very large for certain 
APIs, and reached up to a factor of 4 × 107 between the test 
species, for a single substance. Although fish were the most 
sensitive taxon for roughly 50% of APIs, algae and daphnids 
were also relevant in a considerable proportion of cases. This 
confirms the current procedure of investigating all three taxa 
in Phase II. However, for antibiotics and endocrine-active 
substances a specifically sensitive taxon was clearly observed 
(Fig.  2). For these groups of substances, a tailored testing 
strategy should be used.
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For antibiotics, fish were hardly ever the most sensi-
tive species (except for one case, where the sensitivity of 
cyanobacteria and fish was in a very similar range). Thus, 
further testing of fish species for antibiotic ERA is unnec-
essary and not in line with the 3R strategy to reduce ver-
tebrate testing [76]. Rather, testing of ecotoxicity should 
focus on algae and cyanobacteria. This is in line with the 
pharmacological modes of action of APIs belonging to 
this group, and confirms previous analyses comparing 
sensitivity of different organisms groups to antibiotics 
[77]. These drugs act, e.g. on bacterial cell wall synthesis 
or bacterial protein biosynthesis. Drug targets are there-
fore likely to be present in the prokaryotic cyanobacteria, 
but not in vertebrates. In some cases, green algae show 
higher or similar sensitivity compared to cyanobacteria 
(e.g. [78]). Thus, a wider array of different green algae 
and cyanobacteria should be assessed, as proposed in the 
draft guideline [14].

However, additional effort is necessary to adapt the 
ERA procedure to further protect microbial communities 
in the environment, which is not currently the protection 
goal for the ERA [79, 80], and potentially also incorporate 
the risk of antimicrobial resistance development [81]. 
Tell and colleagues have shown that the PNEC for anti-
microbial resistance may be even lower than the PNEC 
for aquatic ecotoxicity in a large proportion of cases [82]. 
Focussing solely on ecotoxicological effects may not suf-
fice to cover the risk of antimicrobial resistance devel-
opment. Consequently, an adapted approach will be 
necessary.

For substances affecting the endocrine system, Fig.  2 
shows that algae are never the most sensitive species. 
Thus, regulatory risk analyses should focus on fish, while 
the testing of algae does not seem necessary. Addition-
ally, depending on the mechanism of action, testing 
aquatic invertebrate taxa might be appropriate due to the 
phylogenetic conservation of mechanistic target units 
in vertebrates and groups of invertebrates [83]. Steroid 
hormones and their receptors, as well as steroidogenic 
pathways, play major roles in the development of verte-
brates, while not being functional in algae and often to 
a lesser degree in invertebrates [84, 85]. Again, this is in 
line with the pharmaceutical modes of action. Further-
more, the fact that the effect concentrations for this sub-
stance group were mainly derived from long-term fish 
sexual development or fish full life cycle studies, instead 
of fish early life stage tests, could also contribute to the 
observed highly sensitive reactions. From a scientific 
point of view, the application of these elaborate tests is 
reasonable, because hormone-active substances are likely 
to affect endpoints like reproduction and sexual develop-
ment, which are not covered by short term or early life 
stage tests.

For other groups of substances, such strategies for “tai-
lored risk assessment” are not supported by the current 
database. Either the tests showed comparable sensitivity 
of the taxa for a single substance, or different taxa were 
most susceptible to different APIs of the same group—
indicating that the testing of all three taxa is necessary 
(see Fig. 2). Sometimes, there were only data on one or 
very few APIs of a group, which does not allow a sound 
conclusion on the group as a whole. It has to be kept in 
mind that these analyses are based on a rough grouping 
into twelve different categories. When these are divided 
into even smaller subgroups, this results in a vast array 
of groups, with only very few data points in each group 
and no conclusions possible. Approaches with grouping 
based on specific pharmacological modes of action [26, 
86, 87] may help in this respect, but will also need more 
data to allow conclusions to be drawn. As more data 
will become available in the future, further tailored risk 
assessment strategies for other substance groups may be 
developed.

The current conclusions on sensitivity are only based 
on the three aquatic taxa used in environmental risk 
assessment of human pharmaceuticals—algae, daph-
nids and fish, and the respective established endpoints. 
However, other organism groups, like, e.g. molluscs or 
amphibians, may also be highly susceptible to certain 
substances [83, 88, 89]. Further scientific research in 
this area will help to decide on adding further organism 
groups and alternative endpoints to future risk assess-
ment strategies.

Persistence assessment
The evaluation of persistence showed that just a few APIs 
were readily biodegradable. This means that the majority 
of the substances have no potential to ultimately degrade 
during sewage treatment [50], but are just transformed or 
persist in their original form in sewage water or sludge. 
This result is in line with studies about the elimination of 
pharmaceuticals during sewage treatment (e. g. [61, 90, 
91] [92]). In these studies, transformation or persistence 
of the APIs was shown, but only in few cases was a com-
plete elimination (mineralisation) observed. Substances 
which were not readily biodegradable were classified as 
potentially persistent.

The results of the water–sediment simulation tests 
showed that more than 50% of the tested substances are 
persistent; the majority of those are even very persistent. 
This is one explanation besides continuous emission by 
production and use for findings of APIs all over the world 
[93, 94]. Mathematical simulations of the concentra-
tion of APIs in the Rhine River have shown that degra-
dation depends highly on the physical conditions in the 
stream. Degradation was especially for larger streams no 
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significant sink for APIs in the environment [95]. Meas-
urements in the river Thames also showed increasing 
concentrations of pharmaceuticals downstream, with 
decreasing concentrations for samples in the estuary 
because of higher dilution [96].

It should be noted that the available database is only 
sufficient to make conclusions on persistence of the APIs 
themselves. Therefore, transformation products (TPs) 
were not included in this evaluation. Studies on the 
occurrence and fate of TPs show that, in addition to the 
API, many environmental organisms are exposed to TPs 
(e.g. [97–99]).

More than a half of the tested substances will be availa-
ble in their pharmaceutically active form for four months 
and longer, which is considerably longer than the dura-
tion of the standard effect tests in Phase II. Addition-
ally, for a relevant proportion of substances half-lives 
are extremely long (12% of APIs have a DT50 > 1000 d). 
It should be noted that the recommended test dura-
tion of OECD TG 308 studies is 100 d. Consequently, all 
depicted half-lives above 100 d were based on extrapola-
tions, with increasing uncertainty for higher values. Fur-
thermore, limitations of the OECD 308 were discussed in 
recent literature [55, 100]. This was addressed by using 
the total system half-lives as persistence indicator. Still, 
one must be careful when comparing specific results 
from different tests in detail. Different environmental 
conditions in each test system and variations in the tech-
nical guidance, e.g. different geometrical dimensions of 
test vessels, can influence the outcome.

In spite of the limitations, it is expected that the over-
all picture of the distribution of persistence gives valuable 
information on the environmental behaviour. It may be 
assumed for substances with such high degradation half-
lives that nearly no biotic or abiotic degradation will be 
observed in the environment. Thus, these APIs persist 
(and thus accumulate if constantly released to the envi-
ronment). Consequently, with the constant exposure due 
to continuous emission from STP linked with high per-
sistence, long-term effects for environmental organisms 
cannot be excluded. The comparison with the T-criteria 
showed that 30% of the persistent substances exert toxic 
effects to environmental organisms at low concentra-
tions; the majority of these substances had half-lives 
longer than 6 months. In a risk assessment approach, it 
may not be possible to derive reliable PEC values as there 
is a continuous increase in environmental compartments 
over decades. Cousins et  al. (2019) [101] discussed that 
high persistence alone should be established as sufficient 
basis for regulation, and named this the “P-sufficient 
approach”. At the moment there is no scientifically sound 
solution how to treat such substances in risk assess-
ments. Currently, only substances which are persistent, 

bioaccumulative and toxic (PBT), or very persistent and 
very bioaccumulative, are categorised to be PBT or vPvB 
in a hazard assessment.

Terrestrial trigger evaluation and effect assessment
For the soil compartment two questions should be 
answered. Is the current trigger value suitable for the soil 
risk assessment? If a PECsoil trigger is more reliable, can 
the recent data base be used for the derivation of such a 
trigger value?

The results of the SimpleTreat  4.0 modelling and the 
literature screening show that risks for soils might be 
overlooked because some substances accumulate in rel-
evant concentrations in sewage sludge, which may then 
be applied on land, but currently do not have to undergo 
a soil risk assessment. These findings are supported by 
a review from Verlicchi and Zambello about the occur-
rence of APIs in different forms of sewage sludge [6]. 
Many APIs were reported, which have not been subjected 
to terrestrial assessment due to the fact that their Koc 
was below the trigger value. They were found in sewage 
sludge in quantifiable concentrations—especially APIs 
with high dosage and high market penetration like ibu-
profen and diclofenac [6, 63, 64]. Finally, terrestrial risks 
were calculated particularly for hormones and antibiot-
ics [6]. However, the risk assessment differs much from 
that in the guideline as data from aquatic toxicity were 
extrapolated to terrestrial PNECs, so a comparison with 
the data in the present study is not scientifically sound.

In the new draft guideline [14], the trigger for soil 
assessment is expanded by a modified trigger value com-
bining adsorption with the PECsw from Phase I, which 
also considers possible refinements. Decisive input val-
ues for the calculation of PECsoil are the fraction sorbed 
to sludge and the local emission to wastewater (Elocal) 
which correlates with the PECsw. Both known parameters 
are used as simple stepwise trigger systems instead of 
directly calculating a PECsoil in Phase II Tier A. However, 
the two parameters can be easily transformed into PECsoil 
values. For trigger values proposed in the guideline, the 
resulting PECsoil would range from 15 to 34  µg/kg (see 
Additional file 1: Table S5).

Knowledge on terrestrial effect data might be helpful to 
derive a trigger value for soil. However, due to the struc-
ture of the current guideline, ecotoxicity data for the ter-
restrial compartment were only available for substances 
with high Koc values (> 10,000 L/kg). This leads to a bias of 
the dataset. An estimate of the ecotoxicity of substances 
with lower Koc, but still high potential concentrations in 
soil (e.g. through high overall consumption), is not pos-
sible. The ecotoxicity data are not fully suitable to derive 
a trigger value based on possible effects as provided for 
the aquatic risk assessment. Maynard et al. [102] derived 
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a PEC-soil trigger for human pharmaceuticals based on 
terrestrial effect data for 40 APIs, available from EPARs 
and internal company databases. In total, 92.5% of low-
est PNECs (36 of 39 APIs, excluding data on soil micro-
organisms) were higher than 100 µg/kg. This is a similar 
finding to the 43 of 47 APIs with NOEC/EC10 higher than 
1 mg/kg in the present publication, given that an assess-
ment factor of 10 was used to calculate PNECs from 
NOECs. This finding is not surprising, considering that 
there is most likely a large overlap in the databases used 
for both analyses. However, this also means that both 
analyses also suffer from the same bias of only includ-
ing data on highly adsorbing APIs. Maynard et al. [102], 
proposed a PEC action limit of 100 µg/kg for terrestrial 
ERA as an alternative to the approach proposed in the 
draft guideline [14, 102] as the majority of investigated 
PNECs for human APIs are larger than this trigger and 
would be in line with the approach for veterinary medici-
nal products [103]. However, it has to be considered that 
for approx. 7.5% of APIs the PNEC is below this pro-
posed action limit. Hence, the question arises if this pro-
posed action limit achieves the desired protection level, 
especially considering the aforementioned restrictions of 
the database. Furthermore, previous evaluations of regu-
latory data available to the UBA have shown that more 
than 20% of veterinary APIs have PNECs below 100 µg/
kg [104]. Hence, it may not be appropriate to align a new 
PEC action limit for human APIs to an outdated action 
limit for veterinary APIs, which is likely not protective 
enough. However, it must be kept in mind that veterinary 
APIs mainly belong to the pharmaceutical groups of anti-
biotics and antiparasitics. This complicates a comparison 
between the entirety of veterinary APIs and human APIs, 
which consist of a more diverse array of pharmaceutical 
groups.

Generally, a PECsoil trigger considers the amount of a 
substance in sewage sludge in a scientifically sound way. 
Two APIs showed PNECs below 100 µg/kg, but none was 
lower than 34 µg/kg, which is the maximum PECsoil cor-
responding to the terrestrial trigger in the draft guide-
line. The trigger approach proposed in the draft guideline 
[14] offers a higher level of protection. Terrestrial effect 
data on further APIs, obtained in compliance to the data 
requirements of the new guideline, will possibly allow a 
refinement of the trigger value at a later time stage. In 
addition, it should be checked in the future if the resi-
dues of APIs in soils are influenced by wastewater reuse 
for irrigation, which is practised in several EU-member 
states and considered for expansion by the EU [105].

One conclusion that can be drawn is that the test on 
earthworm acute toxicity does not yield relevant results 
for the assessment of human pharmaceuticals. In none 
of the cases were effects observed at the highest tested 

concentration, which was usually much higher than pre-
dicted environmental concentrations. From this perspec-
tive, it seems appropriate that the new draft guideline 
[14] proposes to replace the test on earthworm acute 
toxicity [20], with a test on earthworm reproduction [21]. 
Additionally, long-term testing in soil treated with APIs 
better fits the exposure scenario, where the active sub-
stances enter soil via sewage sludge application and are 
available in the soil over a long duration. Most human 
APIs have shown DT50 values longer than 14 d (test dura-
tion of the acute earthworm test). Replacing acute with 
long-term testing will help to base the evaluation of ter-
restrial risk on more relevant effect testing. For the same 
scientific reasons long-term data are also used in the 
assessment of veterinary medicinal products [106].

Conclusions
The environmental risk assessment during the regulatory 
marketing authorisation process for human medicinal 
products, which started in 2006, has generated a consid-
erable data base. Although there was a data gap for sev-
eral substance classes, the used data base still allowed a 
sound scientific evaluation. The results of our analyses 
strengthen some approaches in the current guideline 
[10], while others are in need for revision. These are the 
lessons we have learnt:

Aquatic effect studies: action limit
10 ng/L are appropriate as PEC action limit.

As stated in the current guideline for environmen-
tal risk assessment, the present action limit for a more 
detailed Phase II assessment—10 ng/L—“may be revised 
in future versions of the guideline when a sufficient 
amount of chronic data is available” [10]. The data on 
long-term aquatic toxicity evaluated in our publication 
show that the current PEC action limit of 10  ng/L is in 
a relevant range. Therefore, the established action limit 
should not be changed. The new draft guideline [14] pro-
poses to use the same action limit.

Aquatic effect studies: comparison of sensitivity
Tailored risk assessment for antibiotics and endocrine-
active substances possible.

For most APIs the environmental risks should be 
assessed based on a wide ecological range of test organ-
isms and trophic levels, e.g. algae, invertebrates and fish 
for the aquatic compartment. However, the effect data 
evaluated in our study also show that a more specific tai-
lored risk assessment should be performed for antibiot-
ics and endocrine-active substances. The proposal in the 
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new draft guideline considers a tailored assessment for 
these two substance groups.

Persistence assessment
APIs show high persistence in the environment.

Data for ready biodegradability show that the majority 
of APIs or their transformation products reach the sur-
face water after sewage treatment as mineralisation is 
low. The data from water sediment simulation tests dem-
onstrate that around half of the APIs are persistent or 
very persistent and a significant part is highly persistent. 
The combination of very high persistence and continu-
ous emission may lead to accumulation in environmental 
media, particularly sediments and soils. These substances 
will remain in the environment. In the draft guideline, 
such substances cannot be identified anymore, because 
the water–sediment simulation test is no longer part of 
the base dataset. A scientifically sound solution how to 
identify and treat highly persistent APIs in risk assess-
ments is needed.

Terrestrial fate and effects assessment
Terrestrial assessment strategy needs to be improved.

The current trigger value for terrestrial ERA may 
overlook relevant substances in sewage sludge, and the 
required ecotoxicity tests are not fully adequate. An 
adjusted strategy should include a trigger value that 
not only considers physico-chemical properties of the 
API, but also the amount of usage. Furthermore, effects 
assessment should be based on long-term toxicity instead 
of acute toxicity. The proposed approach of the new draft 
guideline [14] could help generate more relevant data in 
the future, to identify risks of APIs that were formerly 
overlooked.

Outlook
Most of these points are, to a certain extent, addressed 
in the proposed draft guideline [14]. The proposed 
approaches for the risk assessment are supported by our 
evaluated data. Therefore, these changes will hopefully 
also find their way into the upcoming final guideline.
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 Additional file 1: Figure S1. Correlation of lipophilicity (highest logDow 
in environmentally relevant pH-range) and toxicity (lowest NOEC or EC10) 
in human APIs (n=172). Substances with high logDow tend to have lower 
effect concentrations. However, there are still several APIs with logDow < 
3 and NOEC < 1 μg/L. Figure S2. Depiction of the lowest available NOEC 
or EC10 available per API, arranged in ascending order. The plot is based 
on the full dataset (309 APIs). APIs with logDow larger than 3 are coloured 
orange, APIs with logDow lower than 3 are coloured black. If no reliable 
data on the logDow is available, the API is coloured grey. Two theoreti-
cal distributions are fit (normal distribution based on either log10 or on 
Box–Cox-transformed dataset). The fitted distribution and calculated 5 % 
and 1 % NOECs are marked in blue (log10) and red (Box–Cox). The 95 % 
confidence interval (CI) for the “Box–Cox” model is shown as dashed black 
line. The 1 %, 5 % and 50 % level are depicted as dashed grey lines. Figure 
S3. Information on the fitted distribution and goodness-of-fit, based on 
the Box–Cox-transformed (λ = 0.0202) adjusted dataset (excluding endo-
crine-active substances and antiparasitics). Figure S4. Information on the 
fitted distribution and goodness-of-fit, based on the log10-transformed 
adjusted dataset (excluding endocrine-active substances and antiparasit-
ics). Figure S5. Information on the fitted distribution and goodness-of-fit, 
based on the Box–Cox-transformed (λ = 0.0606) full dataset (including 
all API groups). Figure S6. Information on the fitted distribution and 
goodness-of-fit, based on the log10-transformed full dataset (including 
all API groups). Figure S7. Overview of the lowest NOECs/EC10s, sorted by 
pharmaceutical group. Bold lines depict the median, boxes the 25 % and 
75 % percentiles, whiskers the 1.5 interquantile ranges. Each black dot rep-
resents a single API. A detailed description of the pharmaceutical groups 
is given in Table S1. Figure S8. Overview of the sensitivity difference 
between most and least sensitive taxon for 182 APIs, displayed as the quo-
tient of the highest NOEC divided by the lowest NOEC per API. Bold lines 
depict the median, boxes the 25 % and 75 % percentiles, whiskers the 1.5 
interquantile ranges. Each black dot represents a single API. A detailed 
description of the pharmaceutical groups is given in Table S1. Contrast 
agents and antiparasitics are excluded because there was data on no, or 
only one API per group, respectively. Figure S9. Overview of terrestrial 
effect concentrations, sorted by pharmaceutical group. Bold lines depict 
the median of the lowest overall effect concentrations, boxes the 25 % 
and 75 % percentiles, whiskers the 1.5 interquantile ranges. Endpoints for 
each organism group are illustrated by coloured dots (uncensored values) 
or crosses (censored values). Green represents plant NOECs/EC10s, orange 
collembolan NOECs/EC10s and blue annelid LC50s. A detailed description 
of the pharmaceutical groups is given in Table S1. Figure S10. Depiction 
of the lowest available NOEC or EC10 available per API, arranged in ascend-
ing order. The plot is based on an adjusted dataset only including API with 
data on all three aquatic taxa; excluding antibiotics, antivirals, antimy-
cotics, antiparasitics and endocrine-active substances (147 APIs). APIs 
with logDow larger than 3 are coloured orange, APIs with logDow lower 
than 3 are coloured black. If no reliable data on the logDow is available, 
the API is coloured light grey. Two theoretical distributions are fit (normal 
distribution based on either log10 or on Box–Cox-transformed dataset). 
The fitted distribution and calculated 5 % and 1 % NOECs are marked in 
blue (log10) and red (Box–Cox). The 95 % confidence interval (CI) for the 
“Box–Cox” model is shown as dashed black line. The 1 % and 5 % level are 
depicted as dashed grey lines. Figure S11. Overview on the total system 
DT50 (12 °C) of 196 APIs, sorted by pharmaceutical group. Bold lines 
depict the median, boxes the 25 % and 75 % percentiles, whiskers the 1.5 
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interquantile ranges. Each black dot represents a single API. The criteria 
for classification as “persistent” (DT50 ≥ 120 d) and “very persistent” (DT50 ≥ 
180 d) are illustrated in blue and red, respectively. A detailed description 
of the pharmaceutical groups is given in Table S1. Table S1. Description of 
the pharmaceutical groups and the respective substances, which are cat-
egorised in these groups. Table S2. Metrics and results of fitted theoretical 
distributions for API effect concentrations (NOEC/EC10). Two different 
datasets were explored: the full dataset and an adjusted dataset excluding 
endocrine-active substances and antiparasitics. Two different models 
were chosen: a normal distribution fitted to the Box–Cox-transformed 
dataset, and a normal distribution fitted to a log10-transformed dataset. 
The depicted model metrics are based on the transformed data, 5 % and 
1 % NOECs/percentiles and confidence intervals are backtransformed. 
AICs are not directly comparable between models, because both are 
based on differently transformed datasets. Table S3. Percentiles of total 
system DT50 (12 °C) of 196 APIs displayed in Figure 3. Data originated from 
OECD 308 “Aerobic and Anaerobic Transformation in Aquatic Sediment 
Systems” studies. DT50 values higher than 100 d are extrapolated. Table S4. 
Maximum concentrations of APIs in sewage sludge, reported in publicly 
available literature. Table S5. Combined trigger values Koc and PECsw 
for substances entering a risk assessment for soil organisms and their 
corresponding values as Fstp*_sludge, DOSEAS, Elocal and PECsoil. Table S6. 
List of substances with at least one valid aquatic NOEC/EC10 available. The 
respective pharmaceutical group (explained in Table S1) is indicated for 
each substance. The column “effect data” describes whether aquatic (A) 
and/or terrestrial (T) effect data were available. When data were available 
for all three organism groups, this is indicated by (3). The columns “Water–
sediment simulation data” and “Koc data” indicate whether reliable half-lives 
from OECD308, and reliable adsorption coefficient data were available. 
All substances with aquatic effect data were included in the “full dataset”, 
endocrine-active substances and antiparasitics were excluded from the 
“adjusted dataset”, which was used for the derivation of an aquatic PEC 
action limit. The last column indicates whether the API was also evaluated 
in the publication of Gunnarsson et al. (2019) and if the same lowest 
aquatic NOEC was used (=) or not (≠). (PDF 1378 KB)
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