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ARTICLE INFO ABSTRACT

Keywords:
Low calorie sweeteners

Introduction: Forty-four percent of lactating women in the United States consume beverages containing low
calorie sweeteners (LCS), and the presence of LCS in the food supply has continued to increase in recent years.
While LCS are approved by the United States Food and Drug Administration (FDA) and are believed to be safe for
human consumption, intergenerational LCS transmission and the health impacts of early life LCS exposure are
severely understudied.

Methods and analysis: In a tightly controlled, single site, prospective interventional study, mothers’ plasma and
breast milk, and infants’ plasma will be collected from 40 mother-infant dyads over the course of 72 h, with rich
sampling following maternal ingestion of a LCS sweetened beverage containing sucralose and acesulfame po-
tassium (ace-K). Concentration-time data will be used to build maternal and infant pharmacokinetic models for
future simulations and analysis.

Conclusion: This study aims to measure LCS concentrations in breast milk, maternal plasma, and infant plasma, to
gain insight into infant exposure and inform recommendations for LCS consumption during breastfeeding.

Sucralose
Acesulfame-potassium
Intergenerational transmission
Pharmacometrics

Sucralose and acesulfame-potassium (ace-K) have distinct physico-
chemical and absorption, distribution, metabolism, and elimination

1. Introduction

Low calorie sweeteners (LCS) such as sucralose and acesulfame-
potassium (ace-K) provide sweetness without calories and are increas-
ingly present in food and beverage products [1]. Since 2010, there has
been a greater than 3-fold increase in consumer products containing LCS
[2-4], and LCS are presently found in a variety of diet beverages and
sweetener packets (e.g., Splenda™), as well as in a diverse range of
products including sugar-free ice-cream, non-diet fruit drinks, high-fiber
oatmeal, and reduced-calorie breads. Sucralose and ace-K are two
commonly consumed LCS and are often used in combination in foods
and beverages, due to their chemical and physical properties [2,5,6].
However, recommendations for or against maternal LCS consumption
while breastfeeding are presently lacking.

(ADME) properties that influence their transfer from maternal plasma to
breast milk and eventually to infant plasma. The lipophilicity of these
compounds, represented by logP values of —1.5 for sucralose [7] and
—0.3 for ace-K [8], reflects a relatively neutral balance between hy-
drophilicity and lipophilicity. This balance allows them to interact with
both lipid and aqueous environments, facilitating their transfer into
breast milk. The acid dissociation constant (pKa) of ace-K is 2 [8], which
may affect its ionization state at physiological pH, further influencing its
absorption and distribution pattern. Both sucralose and ace-K are not
metabolized significantly in the human body [9]. Sucralose’s absorption
rate in humans is relatively low, with the majority of the ingested
amount being excreted unchanged in feces, while a smaller portion
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appears unmetabolized in urine [10]. Ace-K, on the other hand, exhibits
rapid absorption and is excreted largely in the urine [9]. The differences
in excretion pathways between the two compounds highlight variations
in their clearance processes. These specific physicochemical and phar-
macokinetic characteristics directly impact the transfer of sucralose and
ace-K from maternal plasma to breast milk, explaining their detectable
presence following ingestion.

In a recent study using data collected by the Food and Drug
Administration (FDA) and the Centers for Disease Control and Preven-
tion (CDC), 44 % of lactating women in the United States reported
consuming beverages containing LCS, and 15.3 % reported consuming
LCS-containing beverages at least once a day [11,12]. Based on data
from the National Health and Examination Survey (NHANES), there was
an approximately 50 % increase in LCS consumption among pregnant
women between 1999-2004 and 2007-2014, with 24 % reporting con-
sumption of LCS on a given day in 2007-2014 [13-15]. While LCS,
including sucralose and ace-K, are approved by the FDA as safe for
human consumption below the acceptable daily intake (ADI), the impact
of early life LCS exposure in humans is severely understudied [10,16].
This is concerning because fetuses and infants are exposed to LCS both in
utero and via breast milk, yet little is known about whether this early life
exposure may influence infants’ health.

Previous studies conducted in vitro and in rodent models have
demonstrated that maternal LCS consumption may adversely impact
infants’ weight and health [17]. When pregnant and/or lactating mice
were exposed to sucralose and ace-K at doses consistent with amounts
consumed in humans, the offspring showed downregulation of hepatic
detoxification mechanisms and changes in bacterial metabolites [18]. In
a separate murine study, ace-K exposure during pregnancy was found to
be associated with maternal glucose intolerance, adipose tissue
dysfunction, reduced fetal growth, and fetal hypoglycemia [19].
Sucralose was also found to increase expression of adipogenic genes and
inhibit lipolysis when incubated with mesenchymal stem cells and
pre-adipocytes [20]. Additionally, exposure to ace-K during lactation is
reported to promote a preference for sweet taste in rodent offspring
[21].

In a preliminary study of LCS pharmacokinetics in breast milk,
concentrations of sucralose and ace-K were measured serially for 6 h
following maternal ingestion of a single diet soda. As expected, both
sucralose and ace-K were detected in breast milk as neither sucralose nor
ace-K are metabolized [11,22-24]. However, LCS concentrations in
plasma were not measured in this prior study, no biospecimens were
collected from the infant, and peak concentrations of sucralose were not
captured during the 6-h period of follow-up sampling. The purpose of
this study is therefore to measure sucralose and ace-K in maternal breast
milk and plasma at pre-specified, serial, time-points for 72 h, as well as
in a sample of infants’ plasma. The maternal plasma data can further
inform infant plasma pharmacokinetics and combining all three mea-
surements (maternal plasma, maternal breast milk, and infant plasma)
will allow for the derivation of meaningful insights into the LCS profile
from mother’s consumption to infant elimination. Understanding infant
exposure to LCS from maternal ingestion will lay the groundwork for
future studies examining effects of LCS exposure during lactation on
infants’ weight, gut microbiota, taste preferences and/or -car-
diometabolic health and will inform critically needed recommendations
for or against maternal LCS consumption while breastfeeding.

2. Methods and analysis
2.1. Study population

This is a single site, prospective intervention study. The study pop-
ulation will comprise 40 mother-infant dyads. Eligibility criteria include
that mothers are within 6 months postpartum, >18 years of age,
exclusively breastfeeding, and have an infant between 4 weeks and 6
months of age. Mother-infant dyads will be recruited from the GW
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Midwifery Service, a division within the GW School of Medicine and
Health Sciences (GWSMHS), in-person and virtually, as well as through
social media groups and community listservs.

2.2. Study beverage

Ocean Spray Diet Cranberry™ juice is the diet beverage that will be
used in the study due to its palatability and relatively high (29.5 mg/L
and 160.7 mg/L) ace-K and sucralose concentrations, respectively. This
will allow for the consumption of a reasonably high amount of LCS in a
volume most mothers can easily consume.

2.3. Sampling schedule

In order to select the recommended time points for sampling, phar-
macokinetic simulations were performed for both sucralose and ace-K
based on preliminary models (Fig. 1).

Models were built through several steps. First, maternal plasma
models were constructed based on previous literature [25,26]. A
one-compartment model with first order absorption was developed for
ace-K using the reported parameter values and digitized data of 3 adult
males [25]. A two-compartment model with first order absorption was
developed for sucralose using the reported parameter values and fit to
the digitized data [26]. The models were used to re-simulate the par-
ticipants in the prior papers to ensure adequate performance. Next,
maternal breast milk concentrations were considered. In both the
sucralose and ace-K models, a breast milk compartment was added, and
initial parameter values were estimated in accordance with methods
used in previous literature [27]. Breast milk parameters were further
adjusted using data from a prior study and a single pilot subject [22]. A
pediatric model was then developed by allometrically scaling down the
maternal model [28]. Simulations were generated for maternal plasma,
maternal breast milk, and the infant plasma at 2 dose levels: the dose
used in the prior breast milk study and at the proposed dose for the
current trial [22]. For the simulations it was assumed that infants would
consume 84 mL in a single feed based on the average milk consumption
of 150 ml/kg/day and an average of 8 feeds [29]. Despite the utilization
of 84 mL per feed in the simulations, any variability in actual con-
sumption per feed is anticipated to primarily impact the concentration at
key timepoints, rather than the timing of occurrences due to the
assumed dose proportionality. Thus, such variability is not expected to
influence the recommended timepoints but should be kept in mind when
considering the concentrations expected in later stages. Several sce-
narios were tested with infants first consuming breast milk 30 min, 1 h,
2 h, 3 h, or 4 h post maternal dose. A sampling scheme for maternal
plasma, maternal breast milk, and infant plasma was then selected to
ensure that the full profile of both LCSs in maternal plasma, breast milk,
and infant plasma is expected to be captured (Figs. 2-3). When selecting
timepoints for maternal plasma, additional care was taken to ensure that
the full elimination phase of both LCS was adequately captured in our
models such that extrapolation from maternal to infant plasma can be
performed and the reliability of real-world exposure scenarios can be
ensured. Ace-K breastmilk concentrations are expected to be negligible
at 24 h, and sucralose breastmilk concentrations are anticipated to be in
the terminal phase of elimination, as depicted in Fig. 2d and c, respec-
tively. The adequacy of the 24-h timepoint for modeling the full sucra-
lose breastmilk curve is thus inferred, and the absence of breastmilk
samples beyond this timepoint is not considered to influence the infant
dosing information and concentrations. The final selected sampling
scheme (Fig. 4) was selected to be as minimally burdensome for the
mothers and infants as possible without compromising the integrity and
objectives of the study (Fig. 4). Models and simulations were performed
using Pumas-Al version 2.0, Baltimore [30].
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Fig. 1. Sampling scheme development process.
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Fig. 4. Study sampling protocol.

2.4. Study procedures

Mothers will be asked to avoid LCS and complete a 7 day online,
photo-assisted food record during the week prior to an in-person study
visit at Children’s National Hospital, Clinical Research Unit (CRU) [31,
32]. These photo assisted food records will be used to identify dietary
sources of LCS intake to be accounted for during the analysis. During the
visit, covariates that may impact sucralose and ace-K pharmacokinetics
such as mothers’ breastfeeding practices, maternal height, maternal
weight, smoking status, alcohol intake, concomitant medications, and
time since last feed will be collected. Infant anthropometric and birth
data including length, weight, head circumference, birth order, sex,
gestational age and the presence of any known health conditions will
also be collected during the visit.

A pre-dose breast milk sample comprising the entire contents of the
breast, will be collected from the mother to assess baseline sucralose and
ace-K concentrations. The mother will then have an intravenous catheter
(IV) placed, and a baseline plasma sample will be collected. After
collection of the baseline breast milk and plasma samples, mothers will
be asked to drink 20 ounces of Diet Ocean Spray cranberry juice,
sweetened with sucralose and ace-k, within 10 min.

After ingestion of the diet beverage, mothers will remain at the CRU
for 12 h and will provide a plasma and breast milk sample according to
the sampling schedule (Fig. 2); following the successful completion of
the first 8 dyads, the data will be analyzed to determine whether the 12-
h maternal blood sample collection timepoint can be removed to allow
for a shortened 8-h CRU stay and reduce participant burden. Mothers
will then return to the CRU on the following 3 days to provide the 24-,
48-, and 72-h breast milk and blood samples. Mothers will continue
avoiding LCS and recording their food/beverage intake using a photo-
assisted food record to identify any potentially “hidden” sources of
LCS until completion of the 72-h sample collection.

A blood sample will be collected from each infant via heel stick at
one of the following pre-specified time intervals following maternal
ingestion of the diet beverage: 1.5-3 h, 3-5h, 5-7 h, 7-9 h, 9-14 h. The
time of each feed, the length of feed and the exact time of sample
collection will be recorded for each infant.

2.5. Sample analysis

Breast milk samples will be immediately frozen at —20 °C and
transferred to a —80 °C freezer at the end of each visit for long-term
storage. Blood samples will be centrifuged at 4 °C and the plasma
stored at —80 °C until analysis.

All samples will be shipped to the Clinical Mass Spectrometry Lab-
oratory at the National Institutes of Health for sucralose and ace-K an-
alyses. Sucralose and ace-K concentrations in breast milk and plasma
will be measured in triplicate using liquid chromatography-mass spec-
trometry (LC-MS), as detailed in prior publications.(1-4). Analyses will
be performed with an Acquity I-Class UPLC (Waters Corp., Milford, MA,
USA), coupled with a Q-Exactive MS (Thermo Scientific, Waltham, MA,
USA), consistent with prior studies [33].

2.6. Sample size determination

This is the first study to gather information on LCS pharmacokinetics
in infants; 40 mother-infant dyads were selected to ensure all useful
information needed to characterize the pharmacokinetics of sucralose
and ace-K is collected. The primary goal for this study is to precisely
estimate key pharmacokinetic parameters in the maternal model and
collect enough infant samples such that, in combination with the
maternal model, the infant pharmacokinetics can be characterized.
Following the methodologies described by Wang et al. [34], and
assuming rich sampling in the mothers, the study was prospectively
powered to precisely estimate the maternal geometric mean for clear-
ance with a 95 % CI within 60 % and 140 % of for both sucralose and ace
k with 90 % power. Areas under the concentration-time curve (AUCs)
from the previous studies were used as surrogates for clearance and %CV
was calculated, and both those and more extreme estimates for those
variabilities (1.5x) were used in the power calculations. It was calcu-
lated that 30 participants would be needed, given the variability in
breast milk sucralose and ace-K concentrations previously observed.
Given that only one sample would be collected from each infant to
minimize risk, and some infants will not have known dose volume in-
formation due to direct breastfeeding (as opposed to drinking pumped
breast milk), an increase in sample size was deemed necessary. A sample
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size of forty participants was determined to allow characterization of the
infants’ pharmacokinetic profiles of both LCS, while also allowing for
consideration of potential confounders.

2.7. Data analysis plan

The maternal pharmacokinetic model will be constructed using
maternal plasma and breast milk concentrations after a single oral dose.
The LCS concentration-time data will first be analyzed in two steps for
each LCS: graphical analysis and non-compartmental (NCA) analysis
[35]. Graphical review of the data will include data qualification and
summary analysis of patient specific prognostic factors. The
milk-to-plasma ratio (M:P) will be calculated for sucralose and ace-K
based on the maternal breast milk and infant plasma AUCs. The sam-
ples will then be analyzed by standard NCA in Pumas [30]. The indi-
vidual NCA results will then be summarized and used as initial estimates
in the development of the base model. The following individual phar-
macokinetic parameters will be assessed: AUC (area under the curve),
Cmax: maximum observed serum concentration, Tmax: time to reach
Cmax, T1/2: terminal elimination half-life, Vd: Apparent volume of
distribution, and CL/F: Apparent clearance. The time points used for
calculating the terminal elimination will be determined by the software
with uniform weighting when at least 3 decreasing points after Cmax
were recorded. If an individual profile did not have at least 3 concen-
trations after Cmax that displayed a decreasing profile, then it will be
excluded from the summary analysis.

The concentration-time data will then be used to develop a base
structural model using the non-linear mixed effect approach in Pumas
[30,36-38]. The model will be explored factoring in the previous
literature data. Compartmental dynamics will be explored based on the
best fit to the data, and the absorption model will be determined based
on the characteristics of the compound and the available data. Plasma
and breast milk data will be analyzed together in the population phar-
macokinetic analyses. Once the base pharmacokinetic parameters have
been estimated the data will be used to characterize the effects of
participant-specific prognostic factors (e.g., weight, reported LCS con-
sumption habits, dietary intake, maternal blood volume, age, sex, and
race/ethnicity) to explain between subject variability in the pharma-
cokinetic parameters. Model selection will be guided by criteria such as
the Akaike Information Criterion (AIC), Bayesian Information Criterion
(BIC), and visual inspection of diagnostic plots.

The maternal pharmacokinetic model will then be scaled down to a
pediatric pharmacokinetic model using principles of body-size-based
allometry and maturation factors. As the mechanism of elimination of
sucralose and ace-K between adults and infants can be expected to be the
same, the estimates of the fundamental pharmacokinetic parameters
(clearance and volume of distribution) will be adjusted accounting for
organ maturation factors. Therefore, to estimate the maturation func-
tion, data from children younger than 2 years are essential. The typical
maturation function connects maturation to the postmenstrual age
(PMA) and is expressed as [39]:

MAT = PMAH / (PMAY + PMA_50™)

Even though both Sucralose and Ace-K are not metabolized, it is
anticipated that this maturation factor will remain relevant due to the
renal function component. Using the sparse infant data and informed by
the scaled model, a base model of infant pharmacokinetics will be
developed [40,41]. Additional infants’ covariates, including infants’
age, weight, race, and sex will be evaluated in the combined pharma-
cokinetic model. The final population pharmacokinetic model for
sucralose and ace-K in both mothers and infants will be evaluated and
qualified using standard goodness of fit diagnostics and quantitative
predictive check methods.

In many cases, the volume of milk consumed by the infants will not
be captured; however, both the concentration of the LCS in the breast
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milk and the volume of milk consumed is necessary to determine the
infant LCS dose for modeling. Several methods will be tested to address
missing data. One method will be weighing the infant before and after
each feed, and estimating the volume consumed by examining correla-
tions between weight changes and volumes of breast milk consumed
among infants who ingest pumped breast milk (among whom the vol-
ume of breast milk ingested can be measured). A second method is to use
available literature on the average daily volume of milk consumed by
infants by age and divide that volume across the number of feeds re-
ported on the day of sampling [29]. Both methods will be compared the
relative infant dose (RID) of sucralose and ace-K will be calculated per
the FDA lactation guidance using both methods [42].

One limitation of this study is that the relationship between heel
sticks and venous plasma concentrations for ace-K and sucralose in in-
fants is not established, making this the first study to explore this link
and leading to potential uncertainty in the results. While heel sticks are a
preferred method due to their less invasive nature and have been vali-
dated for other drugs [43-45], the lack of previous research specifically
on LCS may impact the accuracy of the correlations drawn between heel
stick and venous plasma concentrations.

With the final linked maternal-infant models, alternative situations
will be simulated using basic pharmacokinetic principles of super-
position to determine expected concentrations of LCS in infants after
repeated maternal consumption more similar to real world
consumption.

3. Conclusion

LCS, such as sucralose and acesulfame-potassium (ace-K), are
commonly consumed among pregnant and lactating women. Thus, in-
fants are exposed to LCS both in utero and via breast milk; however,
little is known about the potential impact of early life exposure to LCS on
infants’ health. This study will allow us to measure and model sucralose
and ace-K concentrations in maternal breast milk and plasma, as well as
in infants’ plasma, to better understand infant exposure and inform
recommendations for maternal LCS consumption while breastfeeding.

Patient and public involvement

We value the participation of potential subjects in our research on
LCS in breastmilk. Throughout the recruitment process, we will gather
feedback from potential participants to ensure that their comfort is
prioritized during their visit. Additionally, a future aim involving this
work is to use findings to help inform clinicians and the wider public to
increase awareness and understanding of LCS in breastmilk.

Ethics and dissemination

Ethical approval for this study has been granted by the Institutional
Review Board at the George Washington University (NCR213471) and
the study was registered on ClinicalTrials.gov (NCT05379270) prior to
beginning participant enrollment. Both sucralose and ace-K have un-
dergone extensive safety evaluations and have been approved by the US
Food and Drug Administration as food additives and safe from a toxi-
cological perspective. Enrollment into this study will be limited to
mothers who habitually consume LCS and have no known allergies or
contraindications to LCS. The study’s findings will be published in peer
reviewed journal(s) and disseminated at national and international
conferences.
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