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Are pharmaceutical residues in crops a threat to human health?
Kirsten Earl, Harriet Sleight, Nahum Ashfield, and Alistair B. A. Boxall

Department of Environment and Geography, University of York, York, Heslington, UK

ABSTRACT

The application of biosolids, manure, and slurry onto agricultural soils and the growing use of
treated wastewater in agriculture result in the introduction of human and veterinary pharmaceu-
ticals to the environment. Once in the soil environment, pharmaceuticals may be taken up by
crops, resulting in consequent human exposure to pharmaceutical residues. The potential side
effects of pharmaceuticals administered in human medicine are widely documented; however, far
less is known regarding the risks that arise from incidental dietary exposure. The aim of this study
was to evaluate human exposure to pharmaceutical residues in crops and assess the associated risk
to health for a range of pharmaceuticals frequently detected in soils. Estimated concentrations of
carbamazepine, oxytetracycline, sulfamethoxazole, trimethoprim, and tetracycline in soil were
used in conjunction with plant uptake and crop consumption data to estimate daily exposures
to each compound. Exposure concentrations were compared to Acceptable Daily Intakes (ADls) to
determine the level of risk. Generally, exposure concentrations were lower than ADIs. The excep-
tions were carbamazepine, and trimethoprim and sulfamethoxazole under conservative, worst-
case scenarios, where a potential risk to human health was predicted. Future research therefore
needs to prioritize investigation into the health effects following exposure to these compounds

KEYWORDS

Acceptable daily intake;
uptake; crops; risk
assessment; wastewater;
pharmaceuticals

from consumption of contaminated crops.

Introduction

The quantity and diversity of pharmaceuticals being
administered to humans and animals is increasing
and will continue to rise as population growth persists
and as new pharmaceutical treatments continue to be
developed (Arnold et al. 2013; Carter et al. 2014;
NHSBSA 2019). Although pharmaceuticals are criti-
cal in the alleviation and prevention of disease, as
these compounds are designed to induce beneficial
biological effects at low concentrations, these agents
also possess the innate capability to act as potent
environmental contaminants (Arnold et al. 2013;
A. B. Boxall 2004; Boxall et al. 2006). This is of parti-
cular concern as (1) the lifecycle of a pharmaceutical
compound does not terminate at the time of dose
administration, and (2) there are numerous pathways
by which both human and veterinary pharmaceuticals
may be released into the natural environment
(Bartolo, Azzopardi, and Serracino-Inglott 2021;
A. B. Boxall 2004; Chung et al. 2019; Kostopoulou
and Nikolaou 2008; Mennigen et al. 2011; Prosser and
Sibley 2015).

Current wastewater treatment (WWT) processes
fail to completely remove all pharmaceuticals from
the influent (Carter et al. 2018; Wang and Wang
2016). Persistent and relatively sorptive pharmaceu-
ticals display a tendency toward partition onto acti-
vated sludge, which then settles out (Prosser and
Sibley 2015; Vinayagam et al. 2022). This waste by-
product is then often further treated, for example, by
anaerobic digestion, before being applied to agricul-
tural land as a fertilizer (Mordechay et al. 2021;
Oberoi et al. 2022; Shahriar et al. 2021; Wu et al.
2012), a practice that is expected to increase in the
future (Carter et al. 2014). Persistent and water-
soluble compounds might, on the other hand, pass
through the treatment process and then be emitted
in the effluent water (Prosser and Sibley 2015),
which many countries use for irrigation
(Garduno-Jiménez et al. 2023; Mordechay et al.
2018).

Globally, approximately 5.6 x 10° m”> of treated
wastewater (TWW) is used each year for irrigation
(Mordechay et al. 2018), with rising water
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insecurity further driving demand (Carter et al.
2014). TWW is supplied continually to irrigated
soils (Lees et al. 2016; Palli et al. 2019), whereas
biosolid applications occur periodically in line with
growing seasons (Mordechay et al. 2018). Once in
the soil, some pharmaceuticals might persist for
months to years (Boxall et al. 2006; Samarasinghe
et al. 2021).

Veterinary pharmaceuticals have also been
detected in soils, chiefly due to the application of
manure and slurry from treated livestock (Boxall
et al. 2006; Keerthanan et al. 2021; Kumar, Gupta,
Baidoo, et al. 2005; Prosser and Sibley 2015). With
antibiotics readily added to feedstuffs in a bid to
promote livestock growth (Kumar, Gupta, Baidoo,
et al. 2005; Prosser and Sibley 2015), manure was
found to contain antibiotics at concentrations as
high as 216 mg/L (Kumar, Gupta, Chander, et al.
2005). It is, therefore, not surprising that multiple
investigators have documented the occurrences of
a large number and wide range of types of pharma-
ceuticals in various soil environments across the
world (Albero et al. 2018; Aus Der Beek et al. 2016;
Keerthanan et al. 2021; Samarasinghe et al. 2021).

Recognition that pharmaceuticals are released
into, and occur in, soil environments has raised
concerns over the potential for plants to take up
these compounds (Pullagurala et al. 2018; Wu et al.
2012). Several investigators have demonstrated the
ability of plants to take up pharmaceuticals from
their surroundings (Boxall et al. 2006; Carter et al.
2014, 2018; Keerthanan et al. 2021; Kumar, Gupta,
Baidoo, et al. 2005; Madikizela, Ncube, and Chimuka
2018; Mordechay et al. 2018; Sabourin et al. 2012;
Wu et al. 2012). The observed uptake of pharmaceu-
ticals into plants has raised concerns over potential
impacts on human health (Boxall et al. 2006; Duarte,
Oldenkamp, and Ragas 2022; Egbeyemi et al. 2023;
Shahriar et al. 2021). The consumption of contami-
nated crops has been recognized as a primary path-
way of human exposure to pharmaceuticals in the
environment (Keerthanan et al. 2021; Liu et al. 2020).
It is of interest that Schapira et al. (2020) reported
that carbamazepine was detected in the urine of up to
84% of healthy Israeli individuals attributed to con-
sumption of crops that had unknowingly been con-
taminated by TWW irrigation. It is well established
that direct administration of pharmaceuticals to
humans results in side effects. Investigation by

Pirmohamed et al. (2004) suggested that adverse
drug reactions represent up to 1 in 16 hospital admis-
sions, or 4% of hospital bed capacity. However, it has
also been noted that consumption of pharmaceuti-
cals via contaminated crops might also pose a risk to
human health (Egbeyemi et al. 2023; Keerthanan
et al. 2021; Liu et al. 2020; Meffe et al. 2021), yet the
potential toxicological impacts in humans inadver-
tently consuming pharmaceutical residues via crops
are still to be established.

Since the publication by Boxall et al. (2006), the
first notable study to quantify the human health
risk posed by pharmaceutical residues in crops,
various investigators have consistently projected
relatively low concentrations of pharmaceuticals
in crops and, as such, deemed there to be no
appreciable human health risk (Boxall et al. 2006;
Carter et al. 2014; Castafo-Trias et al. 2024; Liu
et al. 2020; Meffe et al. 2021; Ponce-Robles et al.
2022; Prosser and Sibley 2015; Sunyer-Caldu,
Quintana, and Diaz-Cruz 2023). Despite the
Comprehensive European Food Consumption
Database highlighting the age-based variation in
consumption patterns (EFSA 2018), risk assess-
ments have not considered these age-based con-
sumption statistics in estimations of dietary
intakes.

Although early experimental work in this field
focused on a restricted number of compounds and
crops, recent reviews have expanded assessments to
include more than 50 different compounds
(Sunyer-Caldt, Quintana, and Diaz-Cruz 2023).
Published literature has also been documented to
facilitate investigation of a broader spectrum of
compounds (Prosser and Sibley 2015). However,
with some 200 plant species consumed by humans
(FAO 1999), approximately 2000 active pharma-
ceutical ingredients authorized for use in the UK
(Burns et al. 2018) and the potential for combined
exposure from both veterinary and human use,
previous risk studies might not provide
a comprehensive or accurate assessment of the
real risks to human health.

Human health risk assessment studies, to
date, have also not completely exploited the
wealth of literature on the uptake of pharma-
ceuticals into plants. However, Sleight et al.
(2023) recently performed a systematic review
of plant uptake data for pharmaceuticals and
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developed a single database of plant uptake fac-
tors (UFs). The UTOPIC database holds stan-
dardized UFs that are unique to both plant
species and pharmaceuticals, necessary for the
investigation of the role of crop type in risk
assessment (Sleight, Boxall, and Toet 2023).
This database provides a useful resource for
improved human health risk assessments for
pharmaceuticals released to soil environments
and accumulated by plants.

The aim of this study therefore was to use the
UTOPIC database alongside comprehensive con-
sumption statistics for vegetables and fruits, to
assess the level of risk posed to human health by
exposure to pharmaceutical residues in crops.
Published uptake factors, specific to pharmaceu-
tical and crop type, were collated and employed
to predict environmental concentrations of
a range of commonly detected pharmaceuticals
in different crop types. This study addressed the
following specific research questions: (1) Do
residues of human or veterinary pharmaceuticals
in crops pose a risk to human health? (2) Is
crop type a driver of the potential human health
risk from pharmaceutical residues in crops? (3)
Does potential risk level vary between age
groups?

Methods

Human health risks associated with exposures to
carbamazepine, sulfamethoxazole, oxytetracycline,
trimethoprim, and tetracycline residues in crops
were assessed. These five human and veterinary
pharmaceuticals were primarily selected for inves-
tigation based upon data availability as these drugs
were identified as having the most data available in
the published literature on accumulation into
plants. Principally, these pharmaceuticals were the
most frequently studied compounds in the
UTOPIC database that also held published accep-
table daily intakes (ADIs) (Prosser and Sibley 2015;
Schwab et al. 2005; Sleight, Boxall, and Toet 2023)
and sufficient usage data to estimate environmental
exposure concentrations according to European
Medicine Agency Guidelines (EMA 2016, 2018).

Data collection - consumption, crop uptakes, and
toxicological thresholds

Human pharmaceutical consumption rates were
estimated using 2018 National Health Service com-
munity prescribing statistics for England (NHSBSA
2019), while consumption rates for veterinary
pharmaceuticals were determined from maximum
treatments for intensively reared livestock detailed
in the 2021 NOAH Compendium prescribing data-
sheets (NOAH 2021).

Uptake factors (UFs) were obtained from the
UTOPIC MS Access database (Sleight, Boxall, and
Toet 2023). This unique database used a novel sys-
tematic review process to comprehensively collate
and standardize UFs from published research and
facilitate identification of both pharmaceutical-
specific and crop-specific UFs for this study.
Maximum, minimum, and median UFs were
extracted for each combination of pharmaceutical
and crop type under investigation (grains and grain-
based products; fruit, vegetables, and their products;
starchy roots and tubers; and other crops) to ensure
UFs were representative of the large range of pub-
lished values held within the database. For any com-
bination of crop type and pharmaceutical without
a published UF, a mean was obtained from the
available crop types. The database contains data for
a range of exposure pathways, including from spiked
soil, spiked irrigation water, biosolids, and manure.
In this study, only UFs from studies using spiked
soils were used due to limited data availability for
other exposure pathways and a lack of standardiza-
tion in experimental methodology and data report-
ing limiting the validity of comparisons between
studies using different exposure pathways.

For each pharmaceutical, risk to health was
assessed using the ADI, which is defined as the
amount of pharmaceuticals that a human might
consume over their lifespan without experiencing
adverse toxicological effects (Carter et al. 2014;
Prosser and Sibley 2015; Schwab et al. 2005). ADI
values are widely available in published literature;
however, there is a marked variation in calculation
methods and published values (Schwab et al. 2005;
Sinclair et al. 2006). For the present study, ADIs
were extracted from the two extensive compendia
of ADIs reported by Prosser and Sibley (2015) and
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Schwab et al. (2005) and, as per the recommenda-
tion of Sinclair et al. (2006) for a conservative
assessment of risk, the lowest magnitude ADI
value was selected if the two sources presented
conflicting values. The ADIs (pg/kg/day) were
derived from a combination of a lowest possible
dose, and a series of uncertainty or safety factors
(SF) to account for uncertainties in the calculation,
using Equation 1 (Prosser and Sibley 2015) or
Equation 2 (Schwab et al. 2005)

LTD x SF
ADI = ——— < >Ta (1)
70

POD x 1000

ADI =
SF; x SF, x SF3 x SE4 x SFs

()

where LTD is the lowest therapeutic dose (mg/
day); 70 is the average bodyweight of adults (kg);
SF, was comprised of three safety factors of 10 for
all pharmaceuticals in this study (Prosser and
Sibley 2015); the point of departure (POD) (lowest
doses resulting in pharmacological effects in
human clinical trials, mg/kg/day); 1000 is a mass
conversion factor; and SF;_s5 are uncertainty fac-
tors, selected based upon the individual POD
(Schwab et al. 2005). PODs were either the lowest
observed effect level (LOEL) or the lowest observed
adverse effect level (LOAEL). For more details on
the values used in the derivation of ADIs using
Equation 1 and Equation 2, see (Prosser and
Sibley 2015) and (Schwab et al. 2005), respectively.
Equation 2 was not used for the derivation of ADIs
for both oxytetracycline and tetracycline, but rather
published values were obtained directly from the
World Health Organization (FAO and WHO
1998). A full list of ADIs employed in this study
and their sources is provided in Table 1.

Crop consumptions were estimated using level
one of the Comprehensive European Food
Consumption Database (EFSA 2018). Daily

consumption statistics (g/kg BW/day) were
extracted for grains and grain-based products;
fruit and fruit products; vegetables and vegetable
products; starchy roots and tubers; legumes, nuts,
and oilseeds; and herbs, spices, and condiments
were extracted for adolescents (10-17 years old),
adults (18-64 years old), elderly (65-74 years old),
and very elderly (>75 years old). All other subpo-
pulations in the database were deemed unrepresen-
tative of the 70 kg average bodyweight used in the
derivation of ADIs. Consumptions were then com-
bined into the five crop types of interest: grains and
grain-based products; fruit, vegetables, and their
products (fruit and fruit products with vegetables
and vegetable products); starchy roots and tubers;
and other crops (legumes, nuts, and oilseeds with
herbs, spices, and condiments).

Estimation of concentration in soils

Worst-case scenario predicted environmental
concentrations of pharmaceuticals based upon
human (PECyyman) and veterinary (PECyeterinary)
use were estimated using EMA guidelines (EMA
(2016) (for human-use) and EMA (2018) (for
veterinary-use)). Concentrations of pharmaceuti-
cals in soil resulting from the treatment of inten-
sively reared livestock were determined. The
calculations were based upon the highest daily
dose (mg/kg BW/day) and the longest treatment
length (days) to provide a conservative estima-
tion of exposure. When dosage data were only
reported for the salt form of a pharmaceutical,
these were converted into the non-salt form
using a molecular mass correction. Worst-case
PECs resulting from human use of pharmaceu-
ticals were estimated for all compounds, however
a PEC for the veterinary use of carbamazepine
was not estimated as it is not used as a livestock
medicine. Estimated removal during wastewater

Table 1. ADI and PEC values used in the calculation of human health risk from pharmaceutical residues in crops

Acceptable daily intake

Predicted environmental concentration (mg kg™")

Pharmaceutical (ug kg of BW™" day™) Human Veterinary
Carbamazepine 2.9 (Prosser and Sibley 2015) 7.30E-02 -
Sulfamethoxazole 5.7 (Prosser and Sibley 2015) 3.00E-03 1.51E+ 01
Oxytetracycline 30 (Schwab et al., 2005) 2.40E-02 13
Trimethoprim 4.2 (Schwab et al. 2005) 1.00E-02 3.03
Tetracycline 5.7 (Prosser and Sibley 2015) 1.00E-03 1.80E-01
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treatment for each compound (Fgj,gge) Was taken
from Singer et al. (2016).

Concentration in the sludge (PECg,gge, mg/
kg) was then estimated using Equation 3, and,
tinally, concentration in the soil (PECy,man, mg/
kg) estimated using Equation 4

Fsludge X Mppd X Fexr

PECSludge = (3)

Sludge,roa

PECSludge X Asludge
Dyoit X RHOsi1

PEChuman = (4)
where Mg is mass of pharmaceutical consumed
per person per day (mg), calculated from mass
used in England in 2018 (NHSBSA 2019), popula-
tion of England in 2018 (55,977,178) and using 365
days in year; F.,, is fraction of pharmaceutical
excreted, as estimated by (Singer et al. 2016);
Agludge 1s sludge application rate to land (0.5 kg/mz/
year); Dy, is soil mixing depth (0.2 m); and RHO,y
is bulk density of soil (1700 kg/m3). The exact data
used to calculate PECy ., values have been sum-
marized in Table S1.

Equation 5 was used to estimate PEC,cterinary
values (mg/kg) for all intensive livestock treat-
ments in the NOAH Compendium (2021) that
contain a pharmaceutical of interest where D is
the maximum daily dose (mg/kg BW/day),
obtained from (NOAH 2021); Ad is the maximum
treatment length (days), obtained from (NOAH
2021); BW is animal bodyweight (kg), P is animal
turnover rate (place/ year), 170 is the EU nitrogen
spreading limit (kg/N/ha); Fh is fraction of herd
treated, 1500 is bulk density of dry soil (kg/m’);
10000 is the area of 1 ha (m*/ha); 0.05 is the depth
of penetration into soil (m); Ny is yearly nitrogen
production per place (kg of N place’year); and H is
a housing factor (EMA 2016). See (EMA 2016) for
the livestock-specific variables and selection cri-
teria. The maximum (worst-case) PEC,cterinary
value was then selected for each pharmaceutical.
A summary of the treatments (NOAH 2021) asso-
ciated with each worst-case PECyeterinary Value are
located in Table S2.

D x Ad x BW x P x 170 x Fh
1500 x 10000 x 0.05 x Ny x H

(5)

PECVeterinary =

Potential degradation of the pharmaceuticals

within the soil was estimated using
Equations 6-8 (EMA 2016).

((—1n2x365))
DT,
PECsoillyear = PECsoilinitial X € * (6)

(PECsoil initial — PECsoillyear)

F. = ”
S PECSOil initial
PECioitimitial
PECutpaean =~ (8)
S

Where PECqyi 1 year is the predicted environmental
concentration in soil 1 year after spreading (mg/
kg) PECsoil initial is the PEChuman or PECveterinary
value calculated in Equations 4 and 5. DT5 is the
half-life of pharmaceuticals in soil (days), deter-
mined from the literature (Table S4, Table S5). F;
is the fraction degraded in soil 1 year after applica-
tion, and PECgjipiateaun is the predicted environ-
mental concentration in soil at plateau
concentration (mg/kg).

Estimation of concentration in crops

The product of UF and PEC was used to predict the
concentration of each pharmaceutical within each
crop type (CC, mg/kg). For each crop type, this was
repeated applying the minimum, median, and
maximum uptake factor.

Estimation of human exposure

Human exposures (HE, mg/kg BW/day) were esti-
mated using Equation 9 where C,op, is daily human
consumption of crop type (g/kg BW/day), calcu-
lated from the European Food Safety Authority
consumption statistics (EFSA 2018); 1000 is
a mass conversion factor; and CC is the predicted
concentration of pharmaceuticals in the crop

(mg/kg).

Ccrop

HE =
1000

x CC (9)
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Risk assessment

Level of risk was assessed by comparing the
ratio of HE to ADI, a common approach taken
when risk assessing biological compounds
(Burns et al. 2018; Schwab et al. 2005; Sinclair
et al. 2006; Topaz et al. 2020). HE values were
converted into ug/kg BW/day before being divided
by the pharmaceutical-specific ADI to derive a risk
quotient (RQ) for each combination of crop type
and pharmaceutical at a minimum, median, and
maximum risk scenario (Equation 10).

HE

RQ = ADI (10)

The acceptable risk threshold was set at a risk quo-
tient of 1, where human exposure is equal to the

ADI. The greater the magnitude above this thresh-
old, the greater the risk to health.

Results

Acceptable daily intakes, predicted environmental
concentrations, and uptake factors

A summary of the ADIs, PECs, and UFs used to
calculate risk is given in Tables 1 and 2, with
associated raw data found in the Supplemental
Data. ADIs were available for all pharmaceuticals
and ranged from 2.9 ug/kg BW/day (carbamaze-
pine) to ug/kg BW/day (oxytetracycline) (Table 1).

Worst-case PECs resulting from human use of
pharmaceuticals were estimated for all com-
pounds, however a PEC for the veterinary use
of carbamazepine was not estimated as it is not
used as a livestock medicine. PECy man values
ranged from 1x 10> mg/kg (tetracycline) to
7.03x 107> mg/kg (carbamazepine). Maximum
daily consumption was estimated as 2.01 mg/kg
(carbamazepine) and excretion ranged between

Table 2. Median, Minimum, and Maximum UFs Used in the Calculation of Risk from Pharmaceutical Residues in Crops. UFs Were
Obtained from the UTOPIC Database (Sleight, Boxall, and Toet 2023), with Their Source Publication Referenced. ** For Any
Combination of Crop Type and Pharmaceuticals without Published UF Data, a Mean Average Was Taken from All Crop Types with

Available UFs
Uptake factor
Crop type Pharmaceutical Median Minimum Maximum
Grains and grain-based products Carbamazepine**  1.74E + 01 1.11E+01 7.13E+ 01
Sulfamethoxazole ~ 1.85E-03 1.05E-03 8.00E-02
(Uddin et al. 2020) (Uddin et al. 2020)
Oxytetracycline 1.59E + 00 6.15E-01 3.02
(Hawker, Cropp, and Boonsaner 2013)  (Hawker, Cropp, and Boonsaner 2013)
Trimethoprim 3.17E-02 3.60E-03 7.61E-02
(Uddin et al. 2020) (Uddin et al. 2020)
Tetracycline** 2.28E-02 1.60E-02 3.63E-02
Fruit, vegetables, and their products ~ Carbamazepine 1.26E + 01 1.56E + 00 1.41E+ 02
Knight et al. (2018) (Carter et al. 2015)
Sulfamethoxazole ~ 3.54E-02 4.20E-04 1.56E + 02
(Chitescu, Nicolau, and Stolker 2013) (Holling et al., 2012)
Oxytetracycline 2.30E-02 4.00E-03 5.45E-01
(Lee et al. 2018) Sun et al. (2021)
Trimethoprim 5.50E-03 2.55E-03 8.45E-03
Uddin et al. (2020) Boxall et al. (2006)
Tetracycline 2.28E-02 1.60E-02 3.63E-02
Yu et al. (2019) (Yu et al. 2019)
Starchy roots and tubers Carbamazepine 9.20E + 00 1.60E + 00 4.30E + 01
(Li et al. 2020) (Carter et al. 2014)
Sulfamethoxazole ~ 2.97E-02 8.90E-03 1.22E + 00
(Li et al. 2019) (Kipper et al. 2010)
Oxytetracycline 1.80E-02 9.30E-03 3.38E-02
(Li et al. 2019) (Li et al. 2020)
Trimethoprim 4.04E-01 5.45E-03 2.90E + 01
(Boxall et al. 2006) (Li et al. 2019)
Tetracycline** 2.28E-02 1.60E-02 3.63E-02
All crop types Carbamazepine 1.25E+ 01 1.56E + 00 1.41E+02
Sulfamethoxazole ~ 2.69E-02 4.20E-04 1.56E + 02
Oxytetracycline 3.02E-01 4.00E-03 3.02E + 00
Trimethoprim 9.08E-02 2.55E-03 2.90E + 01
Tetracycline 2.28E-02 1.60E-02 3.63E-02
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20% (sulfamethoxazole) to 100% (oxytetracy-
cline). PECycterinary Vvalues were consistently
greater than their human counterparts, ranging
from 0.18 mg/kg (tetracycline) to 15 mg/kg (sul-
famethoxazole). Leporine treatments resulted in
the highest PECs, producing the worst-case PEC
for two of the four veterinary pharmaceuticals
(sulfamethoxazole and trimethoprim), while
treatments for weaner pigs and cattle over 2
years old produced the remaining worst-case
PECs  (oxytetracycline and tetracycline,
respectively).

UFs for carbamazepine into grains and grain-
based products, sulfamethoxazole into other crops,
trimethoprim into other crops, tetracycline into
grains and grain-based products, tetracycline into
starchy roots and tubers, and tetracycline into
other crops were not held in the UTOPIC database
and were, therefore, substituted with the mean of
the rest of the available data. The maximum and
minimum UF values highlighted the large variation
in UF values published in the literature (Table 2).
UFs ranged from a minimum value of 4.2 x 10™*
(sulfamethoxazole into fruit, vegetables, and their
products) to a maximum of 1.56 x 10> (sulfa-
methoxazole into fruit, vegetables, and their pro-
ducts). Median UFs had a smaller range, from
1.85x 107 (sulfamethoxazole into grains and

a) carbamazepine b) sulfamethoxaxole

grain-based products) to 12.6 (carbamazepine
into fruit, vegetables, and their products).

Predicted human exposure to pharmaceutical
residues

On comparison of adolescent (10-17 years-old),
adult (18-64 years-old), elderly (65-74 years-old),
and very elderly (>75 years-old) dietary exposures
to pharmaceutical residues in crops, all age groups
were predicted to be exposed to comparable con-
centrations of pharmaceuticals (Figure la-le).
Humans were predicted to be exposed to pharma-
ceutical concentrations between 2.04 x 10™* pg/kg-
“BW/day (human tetracycline, adults) and 17.2 pg/
kg"BW/day (carbamazepine, adolescents), with
adolescent, adult, elderly, and very elderly exposure
concentrations of the same order of magnitude for
each pharmaceutical.

For all pharmaceuticals administered in both
a human and veterinary context, veterinary usage
was predicted to result in greater exposure.
Exposures to all human-use pharmaceuticals were
predicted to be below ADI, with the exception of
carbamazepine. Veterinary-use pharmaceutical
exposures were predicted to be between 54 (oxyte-
tracycline) and 5.04 x 10° -fold (sulfamethoxazole)
greater than their human-use counterparts.
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Figure 1a-1e. Median predicted daily exposure of adolescents (10-17 years old), adults (18-64 years old), elderly (65-74 years old),
and very elderly (>75 years old) to pharmaceutical residues in crops. Error bars represent maximum and minimum exposure scenarios
derived using maximum and minimum plant uptake factors, respectively.



780 K. EARL ET AL.

Exposure over the ADI was projected with the
veterinary use of sulfamethoxazole and trimetho-
prim, with a maximum risk scenario pointing
toward human exposure of up to 1.15x 10* pg/
kg"BW/day (sulfamethoxazole, very elderly) and
1.63 x 10° ug/kg BW/day (trimethoprim,
adolescents).

Do residues of human or veterinary
pharmaceuticals in crops pose a risk to human
health?

Age-specific risk quotients associated with the expo-
sure to different human and veterinary pharmaceu-
tical residues in crops are illustrated in Figure 2a-2e.
Risk quotients ranged from 2.5 x 10> (human tetra-
cycline, adults) to 2.01x 10 (veterinary sulfa-
methoxazole, elderly and very elderly), with similar
risk quotients projected for all age groups. For com-
pounds used in both veterinary and human treat-
ments, the veterinary risk quotients were always
greater than the human risk quotients. For the
human-use pharmaceuticals, median risk quotients
were below the acceptable risk threshold for all
compounds except carbamazepine. Risk quotients
for the veterinary use of oxytetracycline and

a) carbamazepine

sulfamethoxazole

tetracycline were also below the acceptable risk
threshold, with median risk quotients for veterinary
use of these tetracycline antibiotics predicted to be
(2.08 x 107'-3.15x 107") for oxytetracycline and
(6.42 x 10°-7.84 x 107°) for tetracycline.

In all age groups, exposures to veterinary-use
trimethoprim and sulfamethoxazole were pre-
dicted to exceed the acceptable risk threshold, sug-
gesting all ages are subject to an unacceptable level
of risk from these pharmaceuticals. However, the
ADI values were only exceeded under a maximum
risk scenario for these compounds. Under
a maximum risk scenario, risk quotients associated
with these pharmaceuticals were projected up to
3.88 x 10" (adolescents, trimethoprim) and 2.02 x
10° (very elderly, sulfamethoxazole).

Is crop type a driver in the human health risk from
pharmaceutical residues in crops?

The relative contributions of grains and grain-
based products; fruit, vegetables, and their pro-
ducts; starchy roots and tubers; and other crops,
to health risk associated with pharmaceutical resi-
dues in crops ranged from 0.04% (starchy roots and
tubers, oxytetracycline, adolescents) to 97.7%
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Figure 2a-2e. Median risk from pharmaceutical residues in crops to adolescents (10-17 years old), adults (18-64 years old), elderly
(65-74 years old); and very elderly (>75 years old). Error bars represent maximum and minimum risk scenarios derived using

maximum and minimum UFs, respectively.



JOURNAL OF TOXICOLOGY AND ENVIRONMENTAL HEALTH, PART A e 781

(grains, and grain-based products, oxytetracycline,
adolescents) (a—3e). Pharmaceutical residues
within fruit, vegetables, and their products were
the greatest contributors to health risk from sulfa-
methoxazole across all age groups and tetracycline
risk in all age groups except adolescents. Grains
and grain-based products were the largest contri-
butors to risk from oxytetracycline, whilst starchy
roots and tubers were the most significant contri-
butors to risk for trimethoprim. When comparing
age-based risk, little variation was observed in the
make-up of risk between age groups.

Discussion

Over the past decade, the occurrence of human and
veterinary pharmaceuticals in the environment has
been widely documented, resulting in concerns
over the uptake of such substances by crops
intended for consumption and potential impact
on human health (Keerthanan et al. 2021). This
study also predicted pharmaceutical residues to
contaminate human diets, with pharmaceutical
residues indicated to be present in crops consumed
by adolescents, adults, elderly, and very elderly.
Human exposure to oxytetracycline and tetracy-
cline was predicted to be below the acceptable
risk threshold in all scenarios, including when con-
sidering maximum uptake and maximum risk.
This supports the general consensus that, although
present, residues of these pharmaceuticals in crops
are insufficiently concentrated to pose a threat to
human health (Boxall et al. 2006; Carter et al. 2014;
Castafo-Trias et al. 2024; Ponce-Robles et al. 2022;
Prosser and Sibley 2015). Contrary to these find-
ings, however, this assessment estimated human
exposure concentrations to pose an unacceptable
risk to adolescents, adults, elderly, and very elderly
for residues of carbamazepine, trimethoprim, and
sulfamethoxazole in crops resulting from their use
in human and veterinary treatments. However, it is
important to recognize that our estimations of risk
are likely to be conservative as these calculations
assume that an individual’s plant diet is derived
entirely from systems receiving carbamazepine, tri-
methoprim, and sulfamethoxazole.
Carbamazepine is an anticonvulsant medica-
tion used predominantly in the treatment of
epilepsy and neuropathic pain. Carbamazepine

had the greatest total mass prescribed of the
compounds assessed. This meant that, despite
having a relatively low excretion factor (0.26),
the predicted environmental concentration of
carbamazepine was the highest of the com-
pounds investigated in this study. In addition,
carbamazepine is known to be persistent in
soils, with the DTs, values ranging between 40
and >1000 days (Table S4). The persistency of
carbamazepine in soils infers that there is poten-
tial for carbamazepine concentrations to increase
over time with successive applications of sludge
or contaminated irrigation water, even when
applications are temporally separated (equations
5-7). The ADI of carbamazepine was also the
lowest of the compounds assessed. The relatively
high predicted environmental concentration
combined with the known affinity for uptake
into crops and relatively low ADI led carbama-
zepine to have the highest risk quotient of the
compounds assessed.

Trimethoprim and sulfamethoxazole are fre-
quently administered in combination to treat
urinary tract, respiratory system, and gastroin-
testinal infections in humans (Wishart et al.
2018). However, the use of these antibiotics
may also produce deleterious side effects such
as harmful bone marrow depression, which
manifests as blood cell disorders including
thrombocytopenia, leukopenia, or megaloblastic
anemia and, more rarely, severe adverse reac-
tions resulting in death (FDA 2012). As such,
the levels of exposure predicted in this study
should not be ignored.

Present veterinary usage estimates for sulfa-
methoxazole and trimethoprim are indicative of
consumption over the ADI of up to 1.15x 10*
ug/kg BW/day and 1.63x 10> pg/kg BW/day,
respectively, compared to prior studies where
exposures to these pharmaceuticals were pre-
dicted to be below the ADI and presented no
undue health risk (Boxall et al. 2006; Prosser
and Sibley 2015). This discrepancy in findings
may be explained by the fact that the present
study included comprehensive use of UFs and
consumption data in its calculations of risk quo-
tients, whereas previous investigations were lim-
ited by only considering uptake and
consumption data pertaining to a few crops.
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Pharmaceutical concentrations in soils were
consistently predicted to be considerably larger as
a result of veterinary use than as a result of human
use. This reflects data availability, as veterinary
PECs assume all animals are treated, whereas
human PEC calculations were based upon pre-
scription data. There are also differences in meta-
bolism and absorption efficiency between humans
and livestock. Approximately 30% of the carbama-
zepine administered orally to humans is excreted
unaltered (Zhang, Geiflen, and Gal 2008), while up
to 90% of veterinary antibiotics are excreted
unchanged into the environment (Kumar, Gupta,
Chander, et al. 2005). The PEC,eterinary Values esti-
mated in this study were also markedly higher than
historic predictions. For example, Boxall et al.
(2006) estimated veterinary use of oxytetracycline
and trimethoprim to yield soil concentrations of
3.05x 10> pg/kg and 0.5pg/kg, respectively,
whereas larger concentrations of 1.3 mg/kg and
3.03 mg/kg were predicted in this study. These
comparatively high concentrations might consti-
tute a function of the conservative, worst-case sce-
nario method used in this study to calculate
PECyeterinary Values as, based upon EMA guidelines
(2016), it was assumed that 100% of all veterinary
pharmaceutical residues might be released into the
environment. Pharmaceutical usage has also signif-
icantly increased since these earlier predictions
were made (NHSBSA 2019), therefore some rise
in soil concentrations was expected (Boxall et al.
2006).

Previously investigators established that the
pharmaceutical uptake process in crops is
a composite procedure, unique to both the con-
cerned plant species and pharmaceutical substance
(Carter et al. 2014, 2018; Wu et al. 2012), and the
large range in UFs obtained from the UTOPIC
database is indicative of this unique nature of
uptake (all UFs used in this study are found in
Table 2). When comparing the uptake of tetracy-
cline and oxytetracycline, median UFs were of the
same order of magnitude within all crop types
except grains and grain-based products.
Comparable UFs were expected for these two che-
mically similar, broad-spectrum tetracycline anti-
biotics, as  investigators = showed  that
pharmaceutical substance and crop species are
both important controllers of the pharmaceutical

uptake process in crops (Carter et al. 2014, 2018;
Wu et al. 2012). The lack of conformity of oxyte-
tracycline and tetracycline uptake by grains and
grain-based products may be a result of limited
data availability. Although the UTOPIC database
has comprehensively collated the uptake data for
the first time, there are still wide gaps in the
research and, of the five study pharmaceuticals,
tetracycline data were most limited (Table 2).
These data gaps also indicate that, with rising con-
cern surrounding pharmaceuticals in the environ-
ment (Keerthanan et al. 2021), further research is
warranted to improve understanding in this field.

Human health risk from pharmaceutical resi-
dues in crops was demonstrated to be comparably
complex. Not only was the list of contributing
factors varied, including the concentration of phar-
maceuticals within the soil, crop uptake, consump-
tion, and ADI, but the relative importance of each
factor as a driver of risk was also dependent upon
both the type of crop and the pharmaceutical
involved. For example, the presentation of carba-
mazepine as the pharmaceutical with the largest
median risk quotient was primarily driven by the
potentially toxic combination of high uptake and
high consumption in fruit, vegetables, and their
products and grains and grain-based products.
The median UFs associated with the uptake of
carbamazepine into all crop types were greater
than all other UFs (Table 2) while, at the same
time, fruit vegetables and their products were the
most consumed crop type in all age groups except
adolescents (Table S3). However, the health risk
presented by sulfamethoxazole is more likely
a symptom of the high soil concentrations pre-
dicted to arise from its veterinary usage. The
PEC,cterinary value for sulfamethoxazole (15.1 mg/
kg) was the largest PEC of the study, while its
PEChuman Vvalue (3.03 x 107° mg/kg) was
the second lowest PEC of the study. This was
reflected in the associated risk quotients, with
only veterinary use of sulfamethoxazole pointing
toward an unacceptable level of risk to health
(Figure 2a-2e).

The importance of each crop type as a driver of
risk from pharmaceutical exposure varied consid-
erably between pharmaceuticals. Over all, fruit
vegetables and their products and grains and grain-
based products were found to contribute the most
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Figure 3a-3e. Relative contribution of grains and grain-based products; fruit, vegetables and their products; starchy roots and tubers;
and other crops to the median risk posed by pharmaceutical residues in crops to adolescents (10-17 years old), adults (18-64 years

old), elderly (65-74 years old), and very elderly (>75 years old).

to risk, while starchy roots and tubers and other
crops contributed the least. (Figure 3a-3e). No sin-
gle crop type was individually found to pose a
disproportional risk to human health. This con-
trasts with previous findings into the significance
of plant species in pharmaceutical uptake and risk,
where it was indicated that crops that grow below
ground pose a greater threat to human health than
crops that grow above ground (Boxall et al. 2006;
Carter et al. 2014). Exposure concentrations used
in these previous investigations, however, were not
always representative of natural soil environments,
using uniform concentrations to spike soils, rather
than calculating PECs for each pharmaceutical.
No age group was deemed to be at an elevated
level of risk from exposure to pharmaceutical
residues, with adolescents, adults, elderly, and
very elderly each found to be at comparable levels
of exposure risk from contaminated crops. This
agrees with evidence from human trials that
demonstrated the presence of pharmaceuticals in
human diets at all stages of adulthood, and indi-
cated that the potential health risks associated
with the consumption of pharmaceutical residues
do not increase with age (Paltiel et al. 2016;
Schapira et al. 2020). Schapira et al. (2020) noted
no significant relationship between age and

carbamazepine concentration in the urine of
Israeli adults not actively ingesting pharmaceuti-
cals, suggesting that carbamazepine residues in
the TWW used in Israeli agriculture pose an
equal risk level to consumers of all ages. The
results from the present investigation indicate
that human trials might demonstrate similar
observations for a wide selection of
pharmaceuticals.

Keerthanan et al. (2021) suggested that crop
consumption may be the most important path-
way through which humans become exposed to
pharmaceuticals. Comparison of predicted
human exposures to pharmaceuticals via crops
(estimated in this study) and via drinking water
(estimated by Webb et al. 2003) supports this
and demonstrates crop consumption to be the
predominant exposure pathway (Figure 4).
Drinking water contamination was predicted to
expose humans to lower concentrations than
crop consumption for all pharmaceuticals, with
veterinary pharmaceuticals in crops responsible
for >99% of the total predicted exposure to all
pharmaceuticals, excluding carbamazepine,
which is not used in a veterinary context
(Figure 4). Thus far, drinking water has been
the focal point of the majority of environmental
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Figure 4. Relative contributions of human and veterinary pharmaceutical residues in drinking water (Webb et al. 2003); human
pharmaceutical residues in crops; and veterinary pharmaceutical residues in crops to the environmental exposure of humans to
carbamazepine, sulfamethoxazole, oxytetracycline, trimethoprim, and tetracycline.

exposure research (Keerthanan et al. 2021),
although this permits the placement of crop con-
tamination and consumption at the forefront of
future research.

Regional differences in dietary consumption
also need to be considered. This study estimated
dietary consumption from the Comprehensive
European Food Consumption Database (EFSA
2018). Whilst these data are applicable as
a best estimate for risk assessment at the
European scale, dietary consumption is likely
to be highly variable on both regional and indi-
vidual scales. A study of four European coun-
tries (Denmark, France, Italy, and the Czech
Republic) found clear geographic variability in
consumption of fruit and vegetables between
countries, with mean fruit intake ranging from
118 to 199 g/day and vegetable consumption
ranging from 95 to 239 g/day (Mertens et al.
2019). Variations in consumption were also
identified within countries according to socio-
economic factors such as age, gender, and edu-
cational level. Potential risks posed by consump-
tion of contaminated crops might vary
according to these differences in dietary con-
sumption, alongside regional differences in
pharmaceuticals prescribed and consumed,
WWT, and agricultural practice. This investiga-
tion presents our best estimate of potential
human health risks associated with consumption

of contaminated crops at the European scale,
but further study is required to understand the
exposure risk to sub-populations at a finer scale.

The exposure pathway of pharmaceuticals to
crops also needs to be carefully considered in
future risk assessments. Pharmaceutical uptake by
crops and associated potential risk to human health
may vary depending on the source of pharmaceu-
ticals, including from manure, biosolids, or con-
taminated irrigation water. The route of entry of
antibiotics into agricultural soils through irrigation
water or manure amendment was noted to exhibit
important implications for behavior and resultant
availability of antibiotics in agricultural soils
(Albero et al. 2018). An assessment of the influence
of agronomic practices on exposure and human
health risks of antibiotics in commercially grown
vegetable crops found that irrigation with contami-
nated water and fertilization with manure were the
most important factors driving uptake, but that
crop type, productivity, and growing time also
played a significant role (Tadi¢ et al. 2021).
Alongside the exposure pathway, the timing and
frequency of application are important. In
England, Wales, and Northern Ireland, treated
sludge cannot be applied to land within 10 months
of harvest if crops are normally in direct contact
with soil and are eaten raw (Defra 2018). The mean
DTsq of carbamazepine in soil was found to be 210
days (Table S5), indicating that concentrations of
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carbamazepine may increase over time with
repeated sludge applications. This emphasizes the
importance of potential long-term considerations
in future risk assessments.

Further research is warranted to address the
gaps in UF data indicated by the present study
(Table 2). Of some 2000 pharmaceuticals in use in
the UK (Burns et al. 2018), only the 5 pharmaceu-
ticals with the greatest availability of data were
investigated; however, UFs were not available
across the range of crops consumed in the human
diet, with fruits, vegetables, and their products the
only crop type with a full complement of UFs.
Furthermore, the wide disparity between mini-
mum and maximum UFs obtained from the litera-
ture was indicative of the lack of experimental
protocols and variable quality in data in this field
(Fantke, Arnot, and Doucette 2016). To provide
high-quality uptake data, Fantke et al. (2016)
described the merits of setting standardized para-
meters in uptake experiments. It is also vital that
future studies on pharmaceutical uptake into crops
clearly state the crop part analyzed (e.g. roots, stem,
leaves), such that the risk for edible parts of crops
may be evaluated. Burns et al. (2018) also recom-
mended the use of relevant pharmaceutical data,
such as prescription dispensing statistics and meta-
bolism rates, to prioritize study compounds based
upon potential release into soils.

Whilst investigating the pharmaceutical com-
pounds with the greatest data availability in terms
of plant uptake enabled a comprehensive evalua-
tion of potential risk, these compounds are not
necessarily the priority in terms of potential
human health risk. Compounds may be better
prioritized in terms of their affinity for uptake,
with the UTOPIC database suggesting propranolol,
norfloxacin, diclofenac, and metronidazole have
the potential to accumulate in crops. Compounds
might also be prioritized in terms of consumption
data or associated predicted environmental con-
centrations. Alternatively, compounds may be
prioritized in terms of their potential adverse
effects. For example, many cytotoxic drugs used
to treat cancer are teratogenic and therefore may
be of greater concern, even with lower uptake
potential or lower predicted or measured environ-
mental  concentrations. The need for
a comprehensive, compound-specific assessment

of cytotoxic pharmaceuticals and compounds
with allergenic potential was emphasized by
Schwab et al. (2005). A comprehensive prioritiza-
tion of pharmaceuticals in terms of their occur-
rence, persistence, bioaccumulation potential, and
potential environmental and human health risks
was presented by Castafio-Trias et al. (2024).
However, this paper indicates the need for more
experimental data on pharmaceutical concentra-
tions in edible parts of crops in order to reach
a more accurate risk assessment.

While the risk from carbamazepine, trimetho-
prim, and sulfamethoxazole has been predicted,
these predictions assume that individuals are
receiving all of their food from land contami-
nated with these compounds. In reality, this is
not likely to be the case as humans may be
consuming food materials from different sources
with different degrees of contamination. This risk
assessment also does not account for the poten-
tial effects of processing and cooking on concen-
trations of pharmaceutical contaminants in crops.
Whilst some fruit and vegetable products may be
consumed raw, many might usually only be con-
sumed after cooking. Investigations into the
effects of boiling and frying on the concentra-
tions of heavy metals in string beans and pota-
toes found that cooking processes generally
decreased concentrations of contaminants in
these vegetables (Perello et al. 2008). Similarly,
a study of the effects of washing and boiling on
concentrations of persistent organic pollutants
(PCBs, PCDDs, and PCDFs) in spinach found
that cooking reduced concentrations of these
contaminants by 21-61% compared to initial
concentrations (Tsutsumi et al. 2002). It is likely
that cooking processes might also act to reduce
concentrations of pharmaceutical contaminants
in vegetable crops; however, presently no appar-
ent such data are available.

It is also possible that pharmaceutical residues
may be metabolized within plants following
uptake. A hydroponic study of tomato plants
exposed to carbamazepine showed that at least
33% of the carbamazepine taken up into the plants
was transformed into a range of 11 transformation
products (Riemenschneider et al. 2017). Similarly,
metabolites were found to account for a significant
proportion of caffeine uptake concentrations in
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lettuce (Chuang et al. 2018). It is conceivable that
concentrations of pharmaceuticals in crops may be
diminished by metabolic processes in plants; how-
ever, the potential toxicity of respective metabolites
also needs to be carefully evaluated, as concentra-
tions of metabolites may exceed concentrations of
parent compounds. A study of the occurrence of
antibiotics in commercially grown vegetable crops
found that concentrations of metabolites exceeded
the concentrations of parent compounds in 73% of
the total samples (Tadi¢ et al. 2021).

More study is also required to explore the effi-
cacy of ADIs as a protective measure against long-
term, low-level pharmaceutical exposure. ADIs
might often result in an overestimation of risk
(Carter et al. 2014), with the various uncertainty
or safety factors employed in their calculations (see
Equation 1 and Equation 2) often not applicable for
a large proportion of the general population, and
responsible for artificially low ADI values and
inflated risk quotients (Carter et al. 2014). The
ADI approach also does not account for contra-
indications. This might enhance the risk for speci-
fic groups of individuals who may be vulnerable to
low-level exposure to pharmaceuticals that are con-
traindicated for specific life stages such as during
pregnancy (Daughton 2008).

This risk assessment considered the potential
risk posed by each pharmaceutical in isolation;
however, these compounds may exist in the
environment in a complex mixture of contami-
nants. Potential interactions between pharma-
ceuticals and the possibility that these may
enhance health risks were not considered
(Daughton 2008; Pomati et al. 2006). Pomati
et al. (2006) demonstrated that a mixture of 13
pharmaceuticals, including both sulfamethoxa-
zole and carbamazepine, affected cell physiology
and morphology and inhibited human embryo-
nic stem cell growth when at concentrations
relevant to polluted surface waters, suggesting
that, assuming additivity, pharmaceutical resi-
dues might exert a combined effect on human
health. With trimethoprim and sulfamethoxazole
known to interact with 1,006 and 1,339 other
pharmaceuticals, respectively (Wishart et al.
2018). Toxicant-induced loss of tolerance
(TILT) or “multiple chemical sensitivity”
(MCS) describes a syndrome of allergy-like

symptoms that may be induced by repeated low-
level exposure to chemicals. This might decrease
an individual’s tolerance to chemicals even at
low concentrations, which might not affect the
majority of the population (Masri et al. 2021).
Further research is required to explore whether
concurrent exposure enhances human health
risk beyond the level projected in this study.
Biomonitoring studies, such as those used to
assess the human health implications associated
with the use of carbamazepine-contaminated
TWW in Israeli agriculture (Paltiel et al. 2016;
Schapira et al. 2020), demonstrated an applic-
able approach that might confirm current levels
of human exposure to pharmaceutical residues
as well as elucidate the resultant health threat.

This assessment considered the potential risk
posed to human health through the dietary con-
sumption of crops containing pharmaceutical
residues. The presence of pharmaceuticals in
the environment may also incur indirect risks
to human health. For example, there is growing
concern around the development of antimicro-
bial resistance genes in the environment as the
concentrations of antibiotics in WWT exert
a selection pressure on bacteria (Larsson and
Flach 2022). Human health may also be indir-
ectly affected by the presence of pharmaceuticals
in the environment due to potential impacts on
crop health affecting plant development, yield,
and nutrient composition (Carter et al. 2015).
As such, the potential risk posed to human
health by pharmaceuticals in the environment
is multifaceted.

Conclusions

This study aimed to estimate the level of risk posed
by pharmaceutical residues within crops consumed
in human diets. Published uptake factors (UFs) and
comprehensive consumption statistics were used to
determine dietary pharmaceutical exposure.
Associated risks to human health were examined
in relation to predetermined ADIs. It was evident
that pharmaceuticals may be consumed as part of
the human diet, with the consumption of crops
contaminated with the residues of veterinary phar-
maceuticals the dominant exposure pathway.
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Carbamazepine, oxytetracycline, sulfamethoxazole,
trimethoprim, and tetracycline were each demon-
strated to be taken up by all major crop types
consumed in the diets of adolescents, adults,
elderly, and very elderly, exposing all age groups
to their potentially harmful residues. However, the
levels of exposure predicted were such that, at pre-
sent, only human usage of carbamazepine, and
veterinary usage of trimethoprim and sulfamethox-
azole may pose an unacceptable level of risk to
human health.

The driving mechanisms of risk were also
investigated, with risk observed to be complex,
specific to both the type of crop and pharma-
ceutical concerned. No type of crop was iden-
tified to disproportionately drive health risk,
and no marked relationship was exhibited
between age and calculated risk quotient. The
present study conducted a highly conservative
assessment of risk, potentially overestimating
the current risk posed by dietary pharmaceuti-
cal residues. However, the expected rise in the
use of TWW for irrigation and biosolids for
fertilizer and the possibility of concurrent
exposure to multiple pharmaceuticals displays
the potential to amplify risk beyond the level
predicted in this study, increasing its future
relevance.

The limited availability of relevant high-
quality plant uptake data indicated a clear direc-
tion for further research. To improve under-
standing and increase confidence in findings,
coordinated uptake investigations are needed
for the collation of more comprehensive uptake
data, while further exploration is also warranted
into the adverse health effects that arise from
sustained dietary exposure to multiple pharma-
ceutical residues. Based upon projected indivi-
dual exposure concentrations, as well as the
likelihood for concurrent exposure, this study
demonstrated the pertinence of prioritizing
investigation into the adverse health effects of
exposure to carbamazepine, trimethoprim, and
sulfamethoxazole in ensuing human health risk
assessments.
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