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erythritol), plus emerging low-caloric sugars such as allu-
lose, classical LNCS still have a substantial market share, 
including sweeteners of the next generation [1, 2].

While intake of moderate LNCS quantities (below ADI) 
are generally considered safe by various food safety agen-
cies, including EFSA, FDA, and German Federal Institute 
for Risk Assessment (Bundesinstitut für Risikobewertung, 
BfR), some concerns have emerged as to their potential 
long-term effects on health [3–6]. For instance, the use of 
cyclamate is prohibited in the USA and in South Korea 
since 1970, due to suspects of possible bladder carcino-
genic effects [7]. Similar concerns have been raised regard-
ing aspartame [8, 9]. Recently, the International Agency 
for Research on Cancer classified aspartame as possibly 
carcinogenic to humans (group 2B) based on limited evi-
dence [10]. In one meta-analysis, LNCS intake was weakly 
associated with leukaemia, but not with overall cancer [11], 
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whereas another systematic review revealed no evidence for 
association with any cancer type [12]. Other health-relevant 
associations were reported, for instance with cardiovascu-
lar diseases [13] or type-2 diabetes [14]. A recent umbrella 
review found evidence for higher risk of obesity, type 2 dia-
betes, all-cause mortality, hypertension, and cardiovascular 
disease incidence, but not for other diseases such as cancer 
or cardiovascular mortality [15]. In 2023, the WHO pub-
lished an updated report on possible health effects related to 
the use of non-sugar sweeteners [4].

Energy intake from LNCS is negligible, suggesting their 
suitability to reduce sugar and total caloric intake [3, 16, 
17]. However, body weight effects may differ between indi-
vidual LNCS, and even body weight or adipose tissue gain 
have been observed [18–20]. For some sweeteners, an influ-
ence on taste perception [21, 22] and on food preferences in 
early life [23] was suspected, which would counteract their 
suitability as sugar substitute. Some reports suggest asso-
ciations of LNCS intake during pregnancy with offspring 
obesity [24, 25], and with preterm risk in case of acesul-
fame K [26]. Most of those findings are controversial, and 
causal relationships have not been confirmed yet. Moreover, 
an influence on gut microbiota composition and subsequent 
metabolism has been increasingly and controversially dis-
cussed, especially at high doses which could lead to incom-
plete absorption in the small intestine, and subsequently to 
higher concentration in the colon [27–31]. Effects on down-
stream glycaemic processes have been proposed as well [32, 
33], but remain controversial.

In their 2023 released guideline, WHO advises not to 
use non-sugar sweeteners for weight control or for reduc-
ing the risk of noncommunicable diseases [5], a statement 
which has already provoked objections, related e.g. to inclu-
sion of observational studies [34, 35]. Even more impor-
tant, reliable conclusions about metabolic consequences of 
combined, regular LNCS intake are scarce, especially from 
controlled human studies. There is still a lack of information 
concerning synergistic effects of regular and in particular 
combined LNCS intake in considerable doses. Therefore, 
no conclusive risk assessment could be made so far for the 
exposure to a combination of different sweeteners.

Availability of reliable LNCS intake data is limited [1, 
2], since it is generally difficult to cover them with classi-
cal dietary assessment tools used for nutrition surveys. Cur-
rently, exposure data or biomonitoring data for Germany 
are almost lacking, despite the obligation for a continuous 
surveillance, as required by EU law [36]. Data from other 
countries have limited informational value, especially from 
the North American region, where sugar-free sweetened 
beverages (light, zero) are much more common and have a 
significantly higher market share.

Some years ago, an LC-MS method for quantification 
of five LNCS in human urine was published [37], and uri-
nary LNCS excretions were assessed in two cross-sectional 
studies from Greece and the Netherlands [38]. Data were 
reported also from China [39], and more recently from 
Taiwan [40] and once again from the Netherlands [41]. 
Comparable investigations for Germany are lacking so far. 
Therefore, we decided to use 24-hour urine samples from 
the cross-sectional KarMeN study to quantitate LNCS 
excretion and to identify LNCS-associated food consump-
tion in south-west Germany, with special emphasis on the 
exposure to combinations of different LNCS.

Methods

Subjects and study design

The cross-sectional KarMeN (Karlsruhe Metabolomics 
and Nutrition) study was performed at the Max Rubner-
Institut in Karlsruhe between 2011 and 2013. Study details 
are available elsewhere [42]. Briefly, healthy volunteers 
over 18 years old were eligible to participate. Exclusion 
criteria were smoking, acute or regular medication includ-
ing hormonal contraceptives for women, illness requiring 
treatment, supplement use, and additionally for women 
pregnancy or breast-feeding. Recruitment procedures 
included direct communication with previous study par-
ticipants, advertisements in local media (newspapers and 
radio), flyers, and word of mouth. Participation in the study 
was on a voluntary basis. 301 healthy male and female par-
ticipants (18–80 years) visited the study center three times 
for a detailed characterization. Participants were examined 
by trained study personnel according to standard operat-
ing procedures, and anthropometric, clinical and functional 
parameters were assessed.

Participants collected their 24-hour urine, starting the 
morning prior to their 2nd study center visit. Collection 
bottles were kept in cool bags with cooling units through-
out. Upon delivery of the 24-hour urine samples to the study 
center, the volume was recorded, 2 × 14 mL were centri-
fuged at 1850 g at 20 °C and aliquoted into small portions. 
Completeness of the 24-hour urine was checked by the para-
aminobenzoic acid (PABA) recovery method using HPLC-
UV [43, 44]. All samples were initially frozen at -20 °C for 
one day and then cryopreserved at -196 °C until analysis.

LC-MS quantification of LNCS in urine

The method was developed based on a previously pub-
lished method from Logue et al. as starting point [37], and 
adapted to UPLC-MS/MS conditions, i.e. lower flow rates 
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and shorter run time. Moreover, additional analytes were 
added. A full list of analytes is provided in the compound 
table (Table S1).

An Acquity UPLC H-Class system coupled to a Xevo 
TQD triple quadrupole MS (Waters, Eschborn, Germany) 
was used. Compounds were separated on a RP-C18 col-
umn (Acquity BEH C18, Waters; 100 × 2.1  mm, 1.7  μm, 
with VanGuard pre-column) using a short gradient with 
a 7:3 mixture of methanol and acetonitrile as eluent and 
ammonium acetate buffer. MS detection was performed in 
negative ESI mode. Analyte-specific quantification was per-
formed by MRM with time windows using up to two tran-
sitions per analyte. Isotope-labelled compounds were used 
as internal standards wherever possible, except for steviol 
and its glucuronide, for which glycocholic acid was used. 
Details of the MRM method are provided in Table S1. Fur-
ther instrument parameters are provided in Table S2.

Samples were prepared by appropriate dilution (1:20, 
1:200 in case of concentrations > 100 µM) and centrifuga-
tion (21.000 x g), without the need for laborious extraction 
procedures. Quantification was obtained by matrix-matched, 
internal calibration in the range 0 µM to 5 µM, correspond-
ing to an upper limit of 100 µM in the original urine sample. 
Matrix-matched sample aliquots (1 µM and 3 µM) were 
used as quality control. Method validation was achieved 
as follows: Precision and accuracy (bias with respect to the 
calculated value) were tested using spiked matrix samples 
(2 levels). Within-day precision was determined batch-wise 
(n = 12), and controls of study sample sequences were used 
to determine day-to-day precision. Recovery and matrix 
effect were estimated in one experiment (2 levels, ISTDs 
1 level; all n = 3). Matrix samples were spiked before or 
after sample preparation to calculate recoveries, and run 
together with matrix-free standards of identical concentra-
tion to calculate matrix effects. Lower limits of quantifi-
cation (LOQ, LLOQ) and limits of detection (LOD) were 
estimated from dilution series using the following criteria: 
LOQ: Signal-to-noise ratio (S/N) > 10; LLOQ: S/N > 10, 
CV < 25%, bias < 25%; LOD: S/N > 3. The highest calibrator 
was defined as upper limit of quantification (ULOQ). Stabil-
ity was extensively tested by Logue et al. [37] and therefore 
not assessed once again in the present work. Detailed infor-
mation about chemicals, sample preparation and calibration 
can be found in Supplemental Information S3.

Steviol, other than steviol glucuronide, could not be 
detected in the urine samples. For hesperetin DC, strong 
interferences were observed upon analysis. Sucralose, 
advantame and neotame could not be validly quantified 
(S/N ≤ 10) in the vast majority of samples. Therefore, all five 
compounds were excluded from further analyses.

Results are given in mmol for 24 h total urinary excre-
tion. Urine osmolality was determined by freezing point 

depression (Micro-Osmometer model 3MO, Advanced 
Instruments, Norwood, MA, USA). Glomerular filtration 
rate (GFR, ml/min) was measured based on 24 h urine cre-
atinine clearance.

Dietary assessment

Trained study personnel assessed the food intake of each 
individual (in g/day) for the day prior to their 2nd study 
center visit in a personal interview using 24-hour dietary 
recall with the software EPIC-Soft [45–47]. The 24-hour 
recall covers therefore the same period as the 24-hour urine 
collection. Participants used standard units (such as slice 
of bread, soup bowl), household measurements (such as 
tablespoon) and a picture booklet providing photographs 
of portion sizes for various foods to indicate the consumed 
amount per meal. Based on the EPIC-Soft food grouping, all 
reported foods were then summarized into 35 food groups 
for further analyses as already applied in other studies [48, 
49] (Table S4). Based on the available information provided 
by the participants, the reported intake of table-top sweeten-
ers was categorized to either ‘stevia sweeteners’ or ‘other 
sweeteners’. Furthermore, reported foods that were either 
reported as ‘light’, ‘zero’ or ‘reduced in sugar’ were allo-
cated to additional food groups such as ‘light soft drinks’. 
As a consequence, the initial food group ‘beer’ was replaced 
by the more relevant food group ‘Radler’. The latter one 
commonly consists of a 50:50 mixture of beer with lem-
onade (incl. light versions) and is common in particular in 
German-speaking countries.

In order to identify further food groups that were not 
specifically covered by the initial 35 food groups, but may 
contribute to the intake of specific LNCS or LNCS in gen-
eral, the reported individual foods of participants with uri-
nary concentrations above 0.5 µmol/L per mOsm/kg urine 
for the sum of LNCS were reviewed in more detail. This led 
to the inclusion of the specific food group ‘protein shakes’ 
in further analyses.

Estimation of LNCS intake via 24-hour urine 
excretion

To calculate the individual 24-hour urinary excretion of rel-
evant LNCS, measured concentrations were multiplied by 
the corresponding recorded 24-hour urine volume for each 
participant. Intake of LNCS was then estimated based on 
available data on the respective LNCS excretion kinetics. 
Saccharin, acesulfame, and sucralose are not significantly 
metabolised in humans and, once absorbed, are excreted 
unchanged in urine and/or faeces [50].

Based on the assumption that 90% of consumed saccha-
rin is excreted within 24 h with 80% excreted via urine and 
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metabolite concentrations as dependent and the identified 
food groups as independent variables in multiple linear 
regression models, again for each metabolite and the sum 
of metabolites. Since food groups and urinary metabolite 
concentrations were not normally distributed these variables 
were univariate Box-Cox transformed to approach normal-
ity [56] and z-standardized to a mean of 0 and a standard 
deviation of 1 to ensure comparability between food groups 
or metabolite concentrations, respectively, prior to regres-
sion analyses. For the Box-Cox transformation, we used an 
optimization step to find the best transformation parameter 
(exponent lambda) between 0 and 2 for appropriate trans-
formation of each variable.

Explained variances for each food group were calculated 
as the difference of adjusted R² when taking the food group 
of interest out of the multiple model [48, 57–59]. Each 
parameter was taken out of the model and the difference 
to the complete model was calculated. The sum of single 
contributions was lower than R2 of the complete model, 
pointing to interaction effects. To account for this, single 
contributions were normalized to the sum of all explaining 
factors. We investigated potential confounders, including 
age, sex, fat mass index as a measure of body composition, 
glomerular filtration rate, and total energy intake, by incor-
porating them into our model. None of these variables were 
statistically significant and were therefore removed from the 
model.

All statistical analyses were performed using SAS Ver-
sion 9.4 (SAS Institute, Cary, NC, USA) with p-values < 0.05 
considered statistically significant.

Results

A matrix-matched UPLC-MS method with simple sample 
preparation and a very short 3-minute gradient (turnover 
7 min) was established and evaluated thoroughly. The final 
method proved to be robust and reliable. Precision was in 
the range of 3–16%, recoveries were between 76 and 97% 
and LOQ were in the nM range. Validation data are given in 
the Table S6. Example chromatograms of a spiked standard 
sample and a KarMeN study sample are shown in Fig. 1.

The study population consists of 301 participants, 172 
men (57.1%) and 129 women (42.9%) with an age range 
from 18.9 to 80.4 years. General characteristics of the study 
participants stratified by sex are shown in Table 1.

Of the analysed LNCS, quantitative urinary concentra-
tions (S/N > 10) could be obtained for cyclamate (in 88% of 
the analysed samples), saccharin (44%), acesulfame (35%), 
aspartame (32%), neohesperidin DC (17%) and steviol 
glucuronide (16%). In contrast, sucralose (> 99%), neotame 
(97%) and advantame (91%) could not be quantified in the 

20% via faeces [50, 51] we assumed 72% urinary excretion 
within 24 h. Thus, measured urinary excretion of saccha-
rin was divided by 0.72 to calculate the respective dietary 
intake of saccharin. This principle was applied to all subse-
quent LNCS. Acesulfame is rapidly and almost completely 
absorbed. Maximum blood concentration was reached after 
1–1.5  h and thereafter elimination occurred rapidly with 
a plasma half-life of 2–2.5  h. Only the parent compound 
could be identified in serum and urine, indicating that no 
significant degradation of acesulfame had occurred [2]. We 
assumed a 100% excretion within 24 h for acesulfame and 
for simplification that all acesulfame was ingested as ace-
sulfame K (E950) and neglected the possible intake of the 
salt of aspartame-acesulfame (E962). Absorption of cycla-
mate from the gut is incomplete, and absorbed cyclamate is 
excreted via urine. For simplification reasons, we assumed a 
22.5% urinary excretion of ingested cyclamate within 24 h 
[52]. For steviol glucuronide, we assumed that about 34% of 
the respective intake of its mother compound steviol glyco-
side is excreted as steviol glucoronide via urine within 24 h 
[53]. Bioavailability of intact neohesperidine DC is reported 
to be 21.8% [54]. For simplification reasons, we assumed 
that 100% of the absorbed amount is excreted within 24 h. 
Estimated excretion rates are summarized in Table S5. 
Aspartame is almost completely hydrolysed and in labelling 
experiments only 0.4 to 4% of radioactive metabolites were 
found in urine [55]. We performed exemplary calculations 
assuming conservative 0.4% urinary excretion of intact 
aspartame within 24 h to approximate the respective intake.

Evaluation of estimated intakes for each LNCS was done 
via relative coverage of established ADI values currently in 
use in the EU (Table S5). Here, individual LNCS exposure 
in mg/kg body weight was calculated by dividing the esti-
mated individual intake by the respective body weight (in 
kg) for each participant. The resulting absolute LNCS expo-
sure was then divided by the respective ADI values in the 
EU to derive the relative coverage.

Statistical analyses

Since intact ranks are essential for some of the following 
analyses such as Spearman rank correlation analysis, metab-
olite concentrations with a S/N ≤ 10 were manually set to 
zero, since these measures showed a high analytical uncer-
tainty, including their ranks.

In a preliminary selection step, we used Spearman rank 
correlation analyses to identify those food groups that are 
significantly positively correlated with each of the mea-
sured urinary LNCS metabolite concentrations or the sum 
of them, respectively. For those food groups that were 
significantly correlated with urinary metabolite concentra-
tions, we investigated in a second step associations between 
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Explained variance by contributing food group

For cyclamate, food groups `table sweeteners´ (18.1%), 
`light soft drinks` (7%) and `Radler´ (2.3%) explained a 
total of 27.4% of the observed variation, whereas for sac-
charin, mainly `table sweeteners´ (38.9%) and to a lesser 
extent `light soft drinks´ (2.8%) were associated, explaining 
up to 41.7% observed variation. Acesulfame was associ-
ated with `light soft drinks´ (12.9%), `Radler´ (9.0%), and 
`protein shakes´ (4.1%) which altogether explained 28.4% 
of the observed variation. Steviol glucuronide as the main 
urinary metabolite of steviol glycoside was associated with 
food groups `stevia sweetener´ (34.6%) and `herbal & fruit 
teas´ (1.0%) and an overall explained variance of 36.2% 
in the model. With regard to the sum of all LNCS metabo-
lites, the multiple regression model explained 39.0% of the 
observed variance, with `table sweeteners´ (12.5%) and 
`light soft drinks´ including `Radler´ (17.1%) explaining the 
largest part (Fig. 2). We also observed a weak but statisti-
cally significant correlation between acesulfame and ‘curd 
and fresh cheese’. Compared to the explained variance of 
other food groups, contribution of ‘curd and fresh cheese’ to 
the overall variance (0.6%) was neglected.

Exposure to combinations of LNCS

In our study population, we observed the exposure to combi-
nations of different LNCS. Based on the estimation of LNCS 
intake, and taking into account the current EFSA ADI val-
ues, we calculated that cyclamate had the highest exposure 
among LNCS, with three participants exceeding the ADI 
(176%, 138%, 127%, see Fig. 3). Significant exposure was 
also observed for acesulfame (max. 21.2% respective ADI 

vast majority of the analysed samples. Accordingly, mean 
urinary concentrations were highest for cyclamate, saccha-
rin, and acesulfame. Total 24 h urinary LNCS excretion of 
our study population is given in Table 2 and Table S7. We 
did not observe significant differences between men and 
women (data not shown).

Table 1  General characteristics of the study population
Men Women

N 172 129
Age (years) 44.4 ± 17.9 51.7 ± 15.0
BMI (kg/m²) 24.4 ± 2.7 23.2 ± 2.9
Body fat (%) 23.9 ± 6.6 34.8 ± 6.8
Fasting glucose (mg/dl) 86.6 ± 8.2 84.9 ± 7.5
GFR (ml/min) 108.5 ± 17.5 116.2 ± 19.8
Values are given as absolute numbers or arithmetic mean ± standard 
deviation

Table 2  24h urinary LNCS excretion (in mmol, mean ± SD) in total 
and stratified by quartiles of total urinary LNCS excretion
Variable N = 301 Q1 

(n = 75)
Q2 
(n = 75)

Q3 
(n = 76)

Q4 
(n = 75)

Σ LNCS 0.06±0.21 0.60±0.36 2.47±1.06 12.0±6.14 294±596
Acesul-
fame

0.03±0.12 0.05±0.14 0.26±0.73 5.22±6.93 133±271

Steviol 
glucuro-
nide

0.00±0.00 0.04±0.13 0.14±0.34 1.48±3.40 0.91±3.53

Cycla-
mate

0.02±0.09 0.12±0.13 0.39±0.68 1.66±3.81 114±288

Saccharin 0.01±0.04 0.11±0.25 1.21±1.13 3.24±4.70 45.9±122
Aspar-
tame

0.00±0.00 0.15±0.21 0.17±0.27 0.16±0.19 0.14±0.30

Neohes-
peridin 
DC

0.00±0.00 0.01±0.03 0.01±0.03 0.01±0.02 0.02±0.09

Fig. 1  Example Chromatograms: (left panel) Standard mixture 50 µM (matrix spike); (right panel) Study sample from KarMeN showing substan-
tial, combined excretion of three LNCS
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Fig. 3  Percentage coverage of respective ADI values on an aggregated scale for participants with a significant mixed LNCS exposure

 

Fig. 2  Explained variances for the single urinary LNCS concentrations and their sum by contributing food groups (only food groups contributing 
at least 1% to the explained variance are shown)
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the Netherlands, a similar LNCS consumption pattern was 
found in 24 h-urine samples [38]. Most prominent LNCS 
were saccharin, acesulfame and cyclamate, in accordance 
with our findings. However, detected quantities were higher 
in the Netherlands, and relative contributions of LNCS were 
different. The order was as follows (median (IQR) [mg/
day]): cyclamate 0.13 (0.05–1.16) > acesulfame 0.00 (0.00-
1.02) > saccharin 0.00 (0.00-0.70) in our study; acesulfame 5 
(0–21) > cyclamate 1 (0–11) > saccharin 0 (0–4) in the Dutch 
study. The different abundance of acesulfame and cyclamate 
might be related to regional differences, even though these 
two study areas are only a few hundred kilometres apart. In 
addition, market shares change over time, but both studies 
have been conducted in a similar time period before 2011. It 
is also likely that study characteristics such as age, socioeco-
nomic status or national food preference might contribute.

Considering the percentage of LNCS consumers, instead 
of LNCS mean or median quantities excreted, the order 
is slightly different. In our study, cyclamate was still the 
most abundant LNCS (88% of participants; acesulfame and 
cyclamate < 50%), whereas Logue et al. [38] reported 90% 
for saccharin, 74% for acesulfame and 68% for cyclamate. 
This order agrees with data from Greece, presented in the 
same article, where saccharin was by far the most abun-
dant LNCS: saccharin (88%) > acesulfame (51%) > cycla-
mate (34%). Obviously, saccharin consumption seems to 
be lower in our south-west German study population, com-
pared to other European regions.

A second, recent study in the Netherlands from Buso et 
al. [41] reported comparable mean 24 h-urinary excretions. 
They found saccharin (in 97.9% of the samples), acesulfame 
(83%), steviol glucuronide (67%) as the most frequently 
detected LNCS in their study, in accordance with the ear-
lier study from the Netherlands discussed before [38], but in 
contrast to our study. Within the KarMeN study, cyclamate 
was the most prominent LNCS being present in 88% of the 
samples, whereas steviol glucuronide was quantifiable in 
only 16% of the samples. This could be partly explained 
due to different criteria for quantification limits applied in 
both studies and differences regarding the LNCS used in the 
food industry in Germany and the Netherlands.

In a study from Tianjin, China, three main LNCS saccha-
rin, cyclamate and acesulfame were found in 100% of the 
investigated urine samples [39]. In another recent publica-
tion, LNCS urinary excretion data from Taiwan were pre-
sented [40]. Unfortunately, excretion rates are given as ng/
mg creatinine in both studies, preventing direct comparison 
with our results. Moreover, two of the most abundant LNCS 
(saccharin and cyclamate) were not covered in the Taiwan-
ese study.

exploitation), steviol glycoside (max. 21.9%), and saccharin 
(max. 28.1%). For aspartame (scenario 0.4%), we estimated 
a maximum ADI exploitation of 4.6%. The number of par-
ticipants with respect to ADI exploitation is given in Table 
S8. We observed that high consumers had intake of doses 
higher than 10% of the respective ADI for more than one 
LNCS. This resulted in a notable mixed exposure for these 
participants. We identified a comparably high exposure to 
combinations of various LNCS for a few participants. E.g., 
we observed an exceedance of > 10% ADI for at least two 
LNCS in six participants, and for two of those participants, 
an exceedance of more than 10% of the ADI for three LNCS. 
Furthermore, we observed an exploitation of more than 20% 
ADI for two LNCS in two participants.

Discussion

Method performance

The optimized LC-MS method was successfully validated 
and proved to be robust. In comparison to the initial method 
[37], run time was halved to about 7 min at reduced col-
umn size and flow rate, which saves analysis time and sol-
vent consumption. Modifications of separation parameters 
(slightly acidic gradient, mixed organic solvents) supported 
chromatography and robustness. Moreover, the LNCS panel 
was extended by adding not only neohesperidin DC, but 
also peptidic LNCS. Despite the fact that these compounds 
are almost completely metabolized to corresponding amino 
acids in humans, we nevertheless detected traces of the 
intact precursor, especially aspartame. Obviously, a few per-
cent of peptidic LNCS evade from being digested, and are 
excreted without metabolic conversions. To our knowledge, 
this is the first study to report excretion of intact aspartame. 
In the light of recent safety discussions [4, 10], coverage 
of aspartame excretion and subsequent estimation of intake 
is highly relevant. Further investigations are underway to 
substantiate this finding. We conclude that trace analysis 
of aspartame, neotame and advantame should be possible 
using a LC-MS instrumentation with ultrahigh sensitivity. 
Very recently, an alternative, albeit longer HILIC-based 
method was described, including urinary LNCS and sugars, 
but not peptidic LNCS [60].

LNCS excretion as compared to other biomarker 
studies

Since the assessment of the dietary intake covers exactly 
the collection period of the 24-hour urine samples, ingested 
LNCS amounts can be inferred and results can be compared 
with results from other countries. In an adult cohort from 
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of the observed variances for all quantified LNCS concen-
trations remained unexplained (53–71%). A potential rea-
son are differences in the maximum permitted levels for 
LNCS in the EU, which are specific to each food group. 
These lower thresholds contribute to the overall measurable 
concentration of LNCS in urine, making it challenging to 
detect associations between LNCS and those food groups 
in our statistical model. Unexplained variance was highest 
for acesulfame, and lowest for cyclamate, but not substan-
tially different among detected LNCS. This could be partly 
explained by uncertainties in the dietary assessment, such as 
recall bias and misreporting of food intake (both in terms of 
amount and type of food consumed). Furthermore, for food 
groups that include both LNCS-containing and LNCS-free 
foods, it is possible that this may result in a watered-down 
association with urinary concentrations, contributing to 
unexplained variances. We could not substantiate associa-
tions of aspartame traces with food consumption.

A comparably low intake for steviol glycoside may 
be related to sensoric issues, which limits the applicable 
amounts. To some extent, there are ongoing developments 
for taste improvements by using enzymatically modified 
products, e.g. in case of stevia [67].

Estimation of LNCS intake

Literature-derived estimates of excretion rates were used for 
calculation of intake (compare methods section and Table 
S5). However, fundamental assumptions introduce a certain 
degree of uncertainty. For instance, the metabolization of 
absorbed cyclamate to cyclohexylamine, a metabolite with 
potential adverse health effects, is highly variable, rang-
ing from 0 to 85% [68, 69]. Based on the work of Renwick 
[70], approximately 85% of individuals metabolize less than 
1%, while about 4% metabolize more than 20% of a dose. 
We performed sensitivity analyses, calculating min/max 
scenarios of possible uncertainties for cyclamate (20–25% 
absorption/metabolization), steviol glycoside (20–48%), 
and saccharin (85–95%) (data not shown). The results were 
robust, supporting the observation that individuals who con-
sume a high amount of foods containing LNCS have a sig-
nificant exposure to combinations of LNCS.

For aspartame, advantame and neotame, we could not 
estimate a valid intake based on urinary concentrations. 
Quantification of dipeptide sweeteners such as aspar-
tame is principally possible, but these are usually almost 
not detected in urine, since these LNCS are nearly com-
pletely hydrolysed in the gut [50]. Aspartame for instance 
is reported to be almost completely hydrolysed in the gut 
to yield aspartate, phenylalanine and methanol, which are 
then absorbed and enter normal endogenous metabolic path-
ways to be further metabolized [71]. The amounts of these 

Comparison with results from wastewater 
monitoring

An alternative way to estimate excretion of specific com-
pounds is wastewater monitoring, enabling estimation of 
LNCS usage. Fortunately, such sewage investigations have 
been performed in the same region by the TZW Karlsruhe 
shortly before the KarMeN study [61]. This allows direct 
comparison of results obtained either by biomonitoring or 
by wastewater monitoring. Indeed, the LNCS pattern found 
in the influent of two sewage treatment plants in the Karl-
sruhe area was very similar to our results. Main component 
was cyclamate with about 1000 t/year (extrapolated total 
input), followed by acesulfame and saccharin with 200–300 
t/year. Only < 10 t/year sucralose was found, reflecting its 
low market share in 2004, shortly after the EU approval. 
Whereas saccharin and cyclamate are effectively removed 
upon sewage treatment, acesulfame and sucralose are also 
found in the effluent und thus in surface water, why acesul-
fame can even be used to monitor aquifer flows.

Similar wastewater investigations in other countries 
were recently summarized in [62]. This comparison reveals 
different LNCS consumption depending on the region. 
Results from Europe were similar to our results, showing 
high amounts of the three LNCS acesulfame, cyclamate 
and saccharin. However, sucralose amounts were remark-
ably different: as in our study, they were also low in Zürich, 
Switzerland (published 2009 [63]), but quite high in Ath-
ens, Greece (published 2013 [64]). Besides regional differ-
ences, growing market share seems to contribute, since a 
steep increase was observed between 2011 and 2012 in the 
Greek study. Outside Europe, considerably different LNCS 
patterns were reported for some regions [62, 65], whereas 
results from Australia resembled more the European situa-
tion [66].

Contributing food groups

We observed plausible associations between urinary LNCS 
concentrations and the consumption of specific food groups, 
with table sweeteners and light soft drinks explaining the 
largest proportion of the observed variance. Consumption 
of table sweeteners was associated with urinary cyclamate 
and saccharin, while consumption of light soft drinks and 
Radler was associated with cyclamate and acesulfame. 
These LNCS combinations are common for these types of 
foods. Steviol glycosides were specifically associated with 
stevia sweetener and herbal & fruit teas, but they did not 
seem to be part of a LNCS mixture in any other food group. 
For fruit teas, stevia leaves are occasionally added for their 
“natural sweetness”. Although we were able to identify the 
major contributing food groups, a significant proportion 
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[41], which was conducted at the same time period, reported 
as well only marginal urinary sucralose concentrations.

The overall diet consists of a mix of various foods lead-
ing to a meaningful exposure to different LNCS, especially 
for a small proportion in our population. In a recent report 
from the German Federal Institute for Risk Assessment [78], 
the authors highlighted potential combination effects of cer-
tain LNCS, including sucralose, saccharin, and aspartame. 
In terms of toxicological relevance, the long-term daily 
intake of a mixture of LNCS may no longer be considered 
safe for health, given the assumed exposure amount of the 
respective ADI when used in combination. Many national 
and international policies and strategies have been imple-
mented in recent years with the aim of reducing the amount 
of free sugars in processed foods. This is done specifically 
to reduce the risk of overweight, obesity, and associated 
non-communicable diseases. As a result, there has been 
an increasing use of LNCS [1]. This leads to a potentially 
increasing mixed exposure through the combination of vari-
ous foods containing LNCS.

Limitations and strengths

We utilized fundamental assumptions to estimate the intake 
of LNCS based on their urinary metabolites. This approach 
introduces a certain degree of uncertainty, especially for 
specific types of LNCS. However, it yields more accurate 
results for estimating LNCS exposure compared to exposure 
assessment based on self-reported food consumption such as 
24-hour recalls which are prone to recall bias. Despite these 
limitations, we are confident to provide valid data on LNCS 
exposure and associated food sources. A clear strength is the 
estimation of LNCS intake based on 24 h urinary excretion 
of LNCS. Moreover, simultaneous quantification of several 
LNCS allows to infer a realistic exposure to the variety of 
commonly applied sweeteners, which is necessary for the 
urgent issue of risk assessment of combinations of LNCS 
in the daily diet.

Conclusions

Combined LNCS use is very common for certain food 
groups such as table sweeteners or light soft drinks. In par-
ticular, individuals that are high consumers of certain pro-
cessed foods are exposed to a notable mix of various LNCS 
via a combination of processed foods within the overall 
diet. Since data on mixed LNCS-health-associations are 
lacking, it is an urgent issue to evaluate the potential risk 
mixed LNCS intake rather than performing an isolated risk 
assessment.

digestion products are much lower than those obtained from 
other natural dietary sources [50]. We nevertheless observed 
traces of intact aspartame in 17% of the analysed urine 
samples, suggesting that a minor portion is absorbed and 
excreted unchanged in the urine. Assuming urinary aspar-
tame recovery of 0.4%, our data suggest that the intake is in 
the same range as two of the most abundant LNCS, acesul-
fame and saccharin, which is plausible.

Both advantame and neotame are reported to be rapidly 
but incompletely absorbed. Their metabolites are primar-
ily excreted through feces (> 80%), with urinary excretion 
representing a minor pathway [72, 73], either without prior 
absorption or following absorption and biliary excretion 
[74]. We were unable to quantify these metabolites as part 
of our urine analysis. Nonetheless, these LNCS also contrib-
ute to a mixed exposure and need to be taken into account 
when addressing the challenge of evaluating mixed LNCS 
exposure.

Exposure to combinations of LNCS

Highest absolute excretion was observed for acesulfame, 
cyclamate, and saccharin followed by steviol glucuronide, 
which is in line with Buso et al. [41]. With regard to the 
exploitation of the respective ADI (compare Tables S5 
and S8), cyclamate was the most relevant LNCS. Specific 
combinations are common. E.g., cyclamate is often used 
in combination with saccharin because the two substances 
enhance each other’s sweetening effects. Unfortunately, we 
were unable to quantify the specific exposure to aspartame. 
Based on the ingredient lists of processed foods on the Ger-
man market [75] and data from the food control author-
ity Karlsruhe [76], aspartame is a very common LNCS, 
for example, in soft drinks. Indeed, aspartame traces were 
frequently detected, including those participants with sub-
stantial mixed urinary excretion of other LNCS. Thus, we 
assume a relevant exposure for this LNCS as well, adding to 
the observed load of exposure to combinations of LNCS in 
our population and subsequently in other studies.

Whereas we were not able to quantify sucralose in 99% 
of the samples, it likely contributes to mixed LNCS expo-
sure today since there has been a sharp increase in the use 
of sucralose in recent years [75]. Market share in Germany 
and application in the German food industry at the time of 
the study (2011-13) was probably still marginal after its 
authorization in the EU in 2004. Furthermore, sucralose 
is about 600 times sweeter than sucrose, leading to low 
concentrations in foods and subsequently not quantifiable 
concentrations in urine, considering also that sucralose is 
mainly excreted via feces. Absorption is reported to range 
from 8 to 22% in humans, followed by rapid and essentially 
unchanged excretion via urine [77]. The study of Buso et al. 
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