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Abstract

Ingestion of ethanol during pregnancy is known to have detrimental effects on the

fetus. Although the potential developmental effects of maternal ethanol intake during

lactation are less well characterized, public health guidelines recommend avoidance

of alcohol or, if alcohol is consumed, to allow for 1–2 h to pass before nursing. A pro-

posal to classify ethanol as potentially harmful to breast-fed children warrants an

investigation of the potential adverse neurodevelopmental effects of low-dose etha-

nol exposure during lactation. There currently are no studies that have examined

neurodevelopmental outcomes from lactational exposure to ethanol from the use of

topical products that contain ethanol, such as alcohol-based hand sanitizers (ABHS).

Furthermore, the epidemiological literature of lactational ethanol exposures from

maternal alcohol consumption is limited in design, provides equivocal evidence of

neurological effects in infants, and is insufficient to characterize a dose–response

relationship for developmental effects. Toxicological studies that observed neu-

rodevelopmental effects in pups from ethanol via lactation did so at exceedingly high

doses that also caused maternal toxicity. In this investigation, blood ethanol concen-

trations (BECs) of breastfeeding women following typical-to-intense ABHS use were

computationally predicted and compared to health benchmarks to quantify the risk

for developmental outcomes. Margins of 2.2 to 1000 exist between BECs associated

with ABHS use compared to BECs associated with neurotoxicity adverse effect levels

in the toxicology literature or oral ethanol intake per public health guidelines. Neu-

rodevelopmental effects are not likely to occur in infants due to ABHS use by

breastfeeding women, even when ABHSs are used at intense frequencies.
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1 | INTRODUCTION

Systemic exposure to ethanol, especially resulting from high

dose intakes from binge drinking, is a known neurological health risk

to the fetus. Ethanol exposure during fetal development has been

associated with brain damage and brain cell death, and may be

modulated by alterations in neurotrophins and neurotransmitters

(Carito et al., 2019; Climent et al., 2002; Manzo-Avalos &

Saavedra-Molina, 2010). Alcohol intake during pregnancy has been

associated with neuropsychological effects and fetal alcohol syn-

drome (Comasco et al., 2018; Manzo-Avalos & Saavedra-Molina,

2010; Pruett et al., 2013). The impacts of low to moderate ethanol

intake (up to one standard drink or 14 g ethanol a day per

United States Department of Agriculture) and the effects of ethanol

intake during lactation on fetal neurodevelopment are less well char-

acterized (Comasco et al., 2018; Giglia & Binns, 2006; Manzo-Avalos &

Saavedra-Molina, 2010; Pruett et al., 2013; United States Department

of Health and Human Services, 2020). The metabolism of ethanol in

newborns is approximately half of that in adults, suggesting even small

amounts of ethanol that may transfer from breastfeeding can lead to

adverse neurological effects (Haastrup et al., 2014). Various interna-

tional public health guidelines generally recommend avoidance of

alcohol consumption during breastfeeding or waiting 1 to 2 h after

ingestion of an occasional standard alcoholic drink before nursing

(American Academy of Pediatrics, 2012; Canadian Centre on Sub-

stance Use and Addiction, 2018; Centers for Disease Control and

Prevention, 2021; Gartner et al., 2005; Institute of Medicine

(US) Committee on Nutritional Status During Pregnancy and

Lactation, 1991; Bavarian Health and Food Safety Authority, 2013;

Australian National Health and Medical Research Council, 2020; Royal

College of Obstetricians & Gynaecologists, 2018).

Based on the potential adverse effects of ethanol exposure

during lactation on the neurodevelopment of nursing infants, a “lacta-
tion hazard” classification has been proposed. On August 14, 2020, the

European Chemicals Agency updated the Classification and Labelling

Registry of Intentions to indicate that the Greek Competent Authority

intended to submit a proposal for the reclassification of ethanol. In

addition to the current, harmonized classification of Flam. Liq. 2, H225

(highly flammable liquid and vapor), the Greek proposal would add

• Eye Irrit. 2, H319 - causes serious eye irritation

• Repr. 2, H361d - suspected of damaging the unborn child

• Lact., H362 - may cause harm to breast-fed children

• STOT SE 3, H336 - may cause drowsiness or dizziness

• STOT RE 2, H373 - may cause damage to organs through pro-

longed or repeated exposure

In October 2020, the Greek authority indicated its intention to submit

the dossier by December 13, 2020. As of September 13, 2021, the

dossier had not been submitted and is currently “delayed until further

notice” (European Chemicals Agency, 2021). To support the proposed

classifications of ethanol, the Greek authority appears to be relying on

a combination of data from studies of heavy drinking in humans and

animal studies simulating excessive drinking. However, the studies

that have evaluated other exposure scenarios, such as light to moder-

ate drinking, and the use of products containing ethanol, as well as

ethanol exposure via other routes (e.g., dermal), do not appear to be

included in the Greek assessment. Therefore, applicability of the pro-

posed hazard classifications to products containing alcohol, especially

those applied dermally, remains unclear.

Ethanol is an approved common active ingredient in alcohol-

based hand sanitizers (ABHS) and hand hygiene products. In prac-

tice, contact with ethanol can be frequent for high-use professions,

such as health-care workers (HCWs). Further, ethanol has been

demonstrated to be absorbed dermally and via inhalation of ethanol

vapors, although dermal absorption may be limited due to high rates

of evaporation (Kramer et al., 2007; Pendlington et al., 2001). Fol-

lowing ingestion of alcohol, ethanol can be detected in the blood

and milk of lactating mothers (Haastrup et al., 2014;

Kesaniemi, 1974; Lawton, 1985; Mennella & Beauchamp, 1993).

Therefore, it is possible that dermal use of ABHS and unintentional

inhalation of ethanol yields small amounts of ethanol in breast milk

as well. This suggests the need to evaluate resulting systemic doses

for ABHS use scenarios during lactation and potential implications

for neurodevelopment among infants who are breastfeeding from

women using ABHS. Prior work (Maier et al., 2015) assessed this

consideration for gestational, but not lactation-specific, exposures.

This represents a gap in the literature, whereby there is little evi-

dence regarding the potential neurological effects of exposure to

ethanol during breastfeeding. To our knowledge, there is no evi-

dence regarding the potential for these neurological effects as a

result of maternal ABHS use during lactation.

To date, we did not identify any integrated epidemiological and

toxicological analysis in which maternal blood ethanol concentra-

tions (BECs) and the likelihood of developmental effects in nursing

infants are assessed following maternal ABHS use. Thus, with a

focus on potential neurological effects, we evaluated the risk to

infants that are breastfed by mothers that use ABHSs. To that end,

we conducted a literature review to identify (1) guidelines for alco-

hol consumption limits during lactation and (2) relevant epidemiolog-

ical and toxicological studies of maternal ethanol exposure during

breastfeeding and associated outcomes, especially neurological, in

infants or offspring. Multi-pathway physiologically based pharmaco-

kinetic (PBPK) modeling was performed to estimate the maternal

BEC following average-to-intensive use scenarios of ABHS, simulat-

ing a range of conditions for product users, such as HCWs.

Predicted BECs from ABHS use scenarios were compared to esti-

mated BECs according to recommended public health alcohol inges-

tion limits and to BECs from animal toxicological studies that

elicited neurological effects in nursing offspring. This analysis pro-

vided an approach to evaluate the applicability of the proposed lac-

tation hazard classification for certain ethanol-containing products,

like ABHS, with respect to potential harm or developmental effects

in breastfed children. We conclude our assessment with a thorough

discussion of the margins between modeled internal BECs associ-

ated with typical and Food and Drug Administration (FDA)-proposed
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ABHS “maximum use conditions” and various toxicological effect

levels or guideline benchmarks; these margins have important impli-

cations for regulatory bodies considering the potential benefits and

risks of ethanol-based sanitization products.

2 | METHODS

2.1 | Literature search methodology

A literature search was conducted in the PubMed online database to

identify available studies that assessed the association between etha-

nol exposure during lactation and developmental outcomes in chil-

dren. Key words used to identify studies with relevant exposure and

timing of exposure included “alcohol consumption,” “ethanol,”
“lactation,” “breastfeeding,” “breastfed,” or “lactating”. Key words

used to capture the outcome of interest included “developmental

toxicity,” “development,” “IQ,” and “autism”. This search identified

193 articles published prior to December 2020. We also performed

an additional literature search specific to hand sanitizer and biological

verification of blood ethanol. Key words included “hand sanitizer,”
“hand sanitizers,” “hand rub,” “ethanol,” “alcohol-based,” “alcohol
based,” “blood,” or “plasma.” This search identified 34 articles publi-

shed prior to December 2020. The content and references of system-

atic reviews and meta-analyses identified in the search were reviewed

but not included in the full qualitative synthesis. Letters to the editor,

commentaries, or articles of similar scope were excluded. The refer-

ences in Maier et al. (2015) were also reviewed, due to the similarities

in scope and range with this assessment; two articles cited by Maier

et al. (2015) were not identified in our literature search but were iden-

tified for inclusion (Lawton, 1985; Vaglenova & Petkov, 1998). The

PubMed literature searches were crosschecked in the Google Scholar

search engine to ensure that all relevant papers were captured. No

additional references were identified. Ultimately, 46 articles were

deemed appropriate for full text review, and 28 articles were included

in the full qualitative synthesis.

2.1.1 | Criteria for confidence scoring

Nine epidemiological and fifteen toxicological studies were identified

in the literature search that assessed maternal ethanol intake during

lactation, or lactation and gestation, and measured subsequent neu-

rodevelopmental outcomes. Four additional pharmacokinetic studies

were reviewed that assessed alcohol intake in nursing or lactating

mothers and measured the resulting blood and/or milk ethanol con-

centrations. These studies were evaluated for relevance and reliability

according to criteria outlined in Data S1. Supporting Information,

Tables S1–S6 and further categorized by confidence in the stated

study conclusions (Data S1. Supporting Information, Table S7).

Relevance, reliability, and overall confidence for each reviewed study

are also summarized in supplementary tables (Data S2. Supporting

Information).

2.1.2 | Literature review and data abstraction

To analyze and compare exposures and results across the reviewed

studies, relevant data were abstracted and summarized (Data S2.

Supporting Information). Data abstraction for epidemiological studies

captured the cohort or population characteristics, exposure timing

(during lactation or gestation or both) and measurement (self-report

alcohol consumption or biologically verified ethanol levels), outcomes

and validity of outcome measurement techniques, statistical methods,

consideration for confounding variables, and significant findings

described in each study. For toxicological studies, information regard-

ing the study design (species, diets, treatment groups and duration,

and exposure timing [during lactation or gestation or both]),

measured internal ethanol concentrations and toxicological outcomes

(in dams and pups, where data were available), developmental/

neurodevelopmental outcomes in pups, and other significant findings

were extracted. Data for pharmacokinetic studies regarding alcohol

intake and measured outcomes (blood/milk ethanol concentration

over time) were summarized.

2.2 | Exposure assessment

2.2.1 | Toxicological extrapolation of no observed
adverse effect levels (NOAELs) and lowest observed
adverse effect levels (LOAELs) in animals

In order to compare the exposure and outcomes of the reviewed

studies, the reported doses were converted to g/kg-day exposures

taking into account the animal weight and water consumption. In the

absence of reported data for rodent weight, Environmental Protection

Agency (EPA) reference values were substituted (United States Envi-

ronmental Protection Agency, 1998). Additionally, for ethanol doses

reported as percentages of water, when water consumption was not

reported, the EPA water intake factor was used to calculate a daily

water consumption, from which a daily ethanol dose was calculated

(United States Environmental Protection Agency, 1998). A summary

of the determined doses and values used for calculations is provided

in Data S1. Supporting Information, Table S8.

2.2.2 | Margin of exposure versus benchmark
estimates

Exposures from ethanol in ABHS were compared to toxicological or

guideline benchmarks. Specifically, maternal BECs associated with a

point of departure (POD) for offspring neurotoxicity reported in ani-

mal toxicological studies and predicted BECs corresponding to rec-

ommended intake limits for breastfeeding women were compared to

estimated BECs corresponding to hand sanitizer use under different

scenarios. The margin was calculated by dividing BECs from various

toxicological studies and alcohol intake guidelines (toxicological expo-

sures or oral consumption) by the estimated peak BECs resulting from
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hand sanitizer use. The toxicological BEC was derived from Oyama

et al. (2000) using a benchmark dose (BMD) modeling approach; a

BMD and its 95% lower confidence limit (BMDL) were calculated

using the maternal BEC (mg/dL) and pup brain weight (g). Of note, the

ratio of the average maternal BEC (2.87 ± 1.06 mg/dL) and the

corresponding lowest administered dose (5% ethanol in drinking

water) was markedly lower than the ratios of average BECs (43.45

± 11.50 and 100.66 ± 25.30 mg/dL) at the higher doses (10% and

20% ethanol in drinking water, respectively) (Oyama et al., 2000).

Therefore, (1) the actual maternal BEC at the lowest dose may be

higher than what was observed, (2) the administered dose was lower

than the reported nominal dose, or (3) the BECs at the higher doses

may be elevated due to metabolic saturation. Despite the uncer-

tainties in the underlying dose, no other dose–response studies were

available, and therefore, the results as reported in Oyama et al. (2000)

were used for this analysis. BMD modeling was performed in the US

EPA BMD Software (BMDS), Version 3.2. All frequentist, continuous

models were used to calculate a BMD and BMDL associated with a

change of one standard deviation (1 SD) in mean pup brain weight.

Models assumed homogenous (constant) variance across dose groups.

The BMD model fits were assessed according to the US EPA's

BMDS guidance document (United States Environmental Protection

Agency, 2011); this included evaluation of the goodness-of-fit p value,

visual fit, scaled residuals, and the Akaike Information Criterion. The

data utilized for BMD modeling and a summary of the results are pres-

ented in Tables S9 and S10, and Figure S1 in Data S1. Supporting

Information. All BMD modeling results are provided in Data S4.

Supporting Information. A BMDL of 9.45 mg/dL was selected as the

BEC for derivation of the margin of exposure for toxicological

endpoints.

2.3 | PBPK simulations

PBPK modeling was used to predict internal ethanol concentrations

to provide exposure estimates appropriate for comparison to the

available dose–response data. A detailed description and evaluation

of the PBPK model, including the model code, physiological and

ethanol-specific parameters used for the model, derivation of dermal

and inhalation exposure estimates from the use of ABHS, and verifica-

tion of the model, are provided in Data S1. Supporting Information.

Briefly, previously published PBPK models developed by Maier

et al. (2015) and More et al. (2020) were modified to address relevant

exposure scenarios (dermal and inhalation) and estimate ethanol

pharmacokinetics in exposed mothers. The PBPK models in Maier

et al. (2015) and More et al. (2020) provided the general framework

and physiological parameters to describe the disposition and metabo-

lism of ethanol with a nine-compartment model (Data S1. Supporting

Information, Figure S2). Maier et al. (2015) included a skin compart-

ment and parameterized the model to simulate the absorption of

ethanol through human skin via an apparent permeability value (Kp in

cm/h) and partitioning from skin to blood; however, the Kp value was

described to be an overestimate of the actual dermal exposure,

accounting for concurrent inhalation of ethanol vapors. The current

model was modified to allow independent inputs for dermal and inha-

lation exposures. Dermal ethanol absorption and ethanol evaporation

rates were estimated using IH SkinPerm, the American Industrial

Hygiene Associations excel-based software, with additional calibration

to consider measured ethanol permeation rates. Various factors were

considered, such as the physicochemical properties of ethanol, mode

of deposition into skin, air thickness, and concentration of ethanol.

Breathing zone ethanol concentrations were estimated using a two-

zone (near-field/far-field) model representative of a generic-sized

work room with relatively low air ventilation rates accounting for gen-

eration rate of ethanol vapor, air ventilation rates, volume of the space

in which the exposure occurs, and the radius of the breathing zone

hemisphere (see Data S1. Supporting Information for a complete

description of the dermal and inhalation simulations). The model is

also capable of simulating milk ethanol concentrations (MECs), but

due to the lack of comparable MECs in toxicological studies, the

model was only used for the estimation of BECs. The model simulates

dermal absorption of ethanol in a healthy skin compartment and does

not account for irritated or damaged skin, although injured skin with

compromised barriers may cause an increase in ethanol absorption

(Lachenmeier, 2008). The model was coded in R Studio 4.0.3: A lan-

guage and environment for statistical computing (R Foundation for

Statistical Computing, Vienna, Austria). The model code is available in

Data S1. Supporting Information.

2.3.1 | Exposure simulations

To compare internal ethanol doses from ABHS use to toxicological

and public health benchmarks, different scenarios of ABHS use were

considered and the associated internal doses were predicted with the

PBPK model. Hand hygiene, pre-surgical hand disinfection, and

survey-based ABHS scenarios were assessed.

Three hand hygiene scenarios, average, high, and intensive ABHS

use (in terms of exposure frequency and overall volume), were

evaluated:

• Average: 3 mL of 90% ethanol hand sanitizer applied to the front

and back of the hands for 1 min, 7 times per hour over a 12-h work

shift

• High: 3 mL of 90% ethanol hand sanitizer applied to the front and

back of the hands for 1 min, 22 times per hour over a 12-h work

shift

• Intensive: 3 mL of 90% ethanol hand sanitizer applied to the front

and back of the hands for 1 min, 30 times per hour over a 12-h

work shift

Two pre-surgical hand disinfection scenarios were also assessed:

• Typical use scenario: 6 mL of 61% ethanol hand sanitizer applied

to hands and forearms for 3 min, once every 4 h over a 12-h

work shift
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• Intensive scenario: 20 mL of 90% ethanol hand sanitizer applied to

hands and forearms for 3 min, once every 4 h over a 12-h work

shift

ABHS use simulations among health-care workers (HCWs) based on

user survey data (Boyce et al., 2017) included:

• Average user: 3 mL of 90% ethanol hand sanitizer applied to the

front and back of the hands for 1 min, 3 times per hour over a

12-h work shift

• 95th percentile user: 3 mL of 90% ethanol hand sanitizer applied to

the front and back of the hands for 1 min, 12 times per hour over a

12-h work shift

Hand hygiene and pre-surgical hand disinfection ABHS use sce-

narios were based on observational studies as described in Maier

et al. (2015), and reports in Brown et al. (2007) and by the World

Health Organization (WHO) (2009). There is no agreed-upon defini-

tion for what is an “intensive use” scenario for ABHS. Brown

et al. (2007) suggested that, in clinical settings, intensive use of

ABHSs included applications of up to 30 times per hour. Similarly,

in their introductory remarks to the 2014 Nonprescription Drugs

Advisory Committee meeting, held on September 3, 2014, the FDA

defined “maximal use conditions” for ABHS as 30 applications per

hour for a full 8- or 12-h shift. Although the FDA cited the WHO

Guidelines on Hand Hygiene in Health Care (World Health

Organization, 2009), it appears that the WHO document was refer-

ring to total hand hygiene events per hour of patient care, not

ABHS use rates per hour. To clarify the matter of maximal use rates

of ABHS by HCWs, Boyce et al. (2017) conducted a systematic

review of published hand hygiene studies that included data from

two hand hygiene studies using electronic compliance monitoring

systems. The analysis of the available studies indicated that in 95%

of nursing shifts, individual nurses used ABHS 141 times or less per

shift, and 15 times or less per hour. ABHS use frequencies as

described in Boyce et al. (2017) were also simulated in this assess-

ment to represent reasonably anticipated and realistic use condi-

tions reported in surveys among HCWs. Therefore, the intensive as

well as the high ABHS use conditions in this current assessment

represent exaggerated use frequencies that are intended to capture

the upper extreme of exposure for HCWs. These exposure assump-

tions also represent conditions that are expected to be higher than

exposures for the general public.

A 3-mL application of hand sanitizer is a typical amount reported

in other studies (Bessonneau et al., 2010; Bessonneau &

Thomas, 2012; Dumas-Campagna et al., 2014; Hautemaniere

et al., 2013) and is a recommended amount needed to fully cover the

surface area of adult hands (Zingg et al., 2016). Additionally, hand san-

itizer containing 90% ethanol is considered to be a concentration on

the high end compared to other available products on the market that

may contain considerably lower concentrations (at least 60% rec-

ommended by Centers for Disease Control and Prevention) (Maier

et al., 2015). The “typical” pre-surgical hand disinfection scenario is

described in Maier et al. (2015). The pre-surgical hand disinfection

scenario described as “intensive” by Maier et al. (2015) was defined

based on a study conducted by Kramer et al. (2007) in which a

standard surgical disinfection protocol was used according to

the European Committee for Standardization. Collectively, these

exposure scenarios characterize appropriate to conservative exposure

estimates.

Parameter selections used in the PBPK simulation of these

ABHS use scenarios are provided in Data S1. Supporting

Information, Tables S11 and S12. These scenarios varied in expo-

sure frequency, volume, or ethanol concentration of hand sanitizer,

while holding other considerations (e.g., duration of hand rubbing)

constant.

2.3.2 | BEC estimations in lactating women

The PBPK model was used to estimate peak BECs (mg/dL) as refer-

ence points to allow comparison between expected ethanol concen-

trations from various exposures to ethanol (ingested or via hand

sanitizer) and BECs associated with developmental (neurotoxicity)

endpoints or according to recommended guidelines by various public

health organizations (Table 1). In Table 1, predicted BEC ranges from

ethanol consumption are summarized, where the lower value repre-

sents the peak blood ethanol concentration (mg/dL) in women after

1 h or 2 h post-drink consumption (as guidelines recommend waiting

1 h to 2 h before breastfeeding) and is therefore the maximum BEC

associated with those that comply with the guidelines. Values in

parenthesis in Table 1 are overall peak BECs, which occur approxi-

mately 30 min after ingestion; this value represents the highest

concentration, in the event the mother breastfeeds before the 1 to

2 h recommended wait time. Peak BEC estimates for various hand

sanitizing use conditions and inhalation exposures are summarized in

Table 3.

3 | RESULTS

3.1 | Alcohol consumption during breastfeeding
guidelines

The relationship between ethanol exposure during pregnancy and

developmental outcomes is well established in the epidemiologic liter-

ature. However, the relationship between ethanol exposure during

breastfeeding and developmental outcomes is not as clear. Most clini-

cal bodies and health organizations have released conservative guide-

lines for alcohol consumption during breastfeeding that state that

avoiding alcohol consumption is the safest option (Table 1). These

guidelines are based on the body of evidence surrounding adverse

fetal development outcomes, including the wide range of symptoms

and morphologies captured under fetal alcohol spectrum disorders

(FASD) observed following oral alcohol consumption during preg-

nancy. Following alcohol consumption, ethanol can be detected in
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TABLE 1 Recommended public health guidelines for breastfeeding mothers and estimated BECs

Organization

Guideline

year Recommendation

PBPK modeled

estimated BECsa,b

United States mass of ethanol per drink = 14 g

Centers for Disease

Control and

Prevention (CDC)

2021 “Not drinking alcohol is the safest option for breastfeeding mothers.

However, moderate alcohol consumption (up to 1 drink/day) is not

known to be harmful to the infant, especially if the mother waits at

least 2 hours after a single drink before nursing.”

6.1 (20.6) mg/dL

American Academy of

Pediatrics

2012 “Ingestion of alcoholic beverages should be minimized and limited to

an occasional intake but no more than 0.5 g alcohol per kg body

weight, which for a 60 kg mother is approximately 2 oz liquor, 8 oz

wine, or 2 beers. Nursing should take place 2 hours or longer after

the alcohol intake to minimize its concentration in the ingested

milk.”

46.0 (74.2) mg/dL

American Academy of

Pediatrics

2005 “Breastfeeding mothers should avoid the use of alcoholic beverages,

because alcohol is concentrated in breast milk and its use can inhibit

milk production. An occasional celebratory single, small alcoholic

drink is acceptable, but breastfeeding should be avoided for 2 hours

after the drink.”

6.1 (20.6) mg/dL

National Academy of

Sciences—Institute of

Medicine

1991 “There is no scientific evidence that consumption of alcoholic

beverages has a beneficial impact on any aspect of lactation

performance. If alcohol is used, advise the lactating woman to limit

her intake to no more than 0.5 g of alcohol per kg of maternal body

weight per day.”

46.0 (74.2) mg/dL

Canada mass of ethanol per drink = 14 g

Canadian Centre on

Substance Use and

Addiction

2018 “If you are pregnant or planning to become pregnant, or about to

breastfeed, the safest choice is to drink no alcohol at all.”
0 mg/dLc

United Kingdom mass of ethanol per drink = 8 g

Royal College of

Obstetricians &

Gynaecologists

2018 “The safest option is to avoid alcohol during breastfeeding … if you do

choose to drink, it is safest not to drink more than 14 units per

weekd and best to spread your drinks evenly during the week.”

8.0 (24.8) mg/dL

Australia mass of ethanol per drink = 10 g

Australian National

Health and Medical

Research Council

2020 “For women who are breastfeeding, not drinking alcohol is safest for

their baby.”
0 mg/dLc

Germany mass of ethanol per drink = 10 g

Bavarian Health and

Food Safety Authority

2013 “It is safest for the health of the mother and child if no alcoholic drinks

of any kind are consumed during the nursing period. … if, as an

exception, you drink a glass of wine, champagne or the like during

the nursing period, you should … [p]lan at least one to two hours

between the consumption of an alcoholic drink and the next

breastfeeding to allow the alcohol in your blood and in the milk to

degrade to the greatest possible extent.”

7.6 (12.7) mg/dL

References: American Academy of Pediatrics, 2012; Canadian Centre on Substance Use and Addiction, 2018; Centers for Disease Control and

Prevention, 2021; Gartner et al., 2005; Institute of Medicine, 1991; Bavarian Health and Food Safety Authority, 2013; Australian National Health and

Medical Research Council, 2020; Royal College of Obstetricians & Gynaecologists, 2018
aBlood ethanol concentrations (BECs) were estimated with PBPK modeling. It was assumed that the drink was consumed in a short period of time (a single

dose to the gut). Values are BECs (mg/dL) of mothers after 1 or 2 h post-drink (depending on guideline recommendations, assumed 2 h if no

recommendation given); therefore, it is the maximum concentration associated with those that comply with the recommendations. Values inside the

parenthesis are peak BECs, which occurs approximately 30 min after ingestion; this value represents the highest concentration, in the event the mother

breastfeeds before the 1 to 2 h recommended wait time.
bValues assume a mother's body weight of 74.15 kg (post-delivery); this weight was estimated using a pre-pregnancy weight of 64 kg (Maier et al., 2015), a

pregnancy weight gain of 15 kg (Abebe et al., 2015), and weight loss during delivery estimation to account for weight of the infant, placenta, and amniotic

fluid (Haiek et al., 2001).
cEstimated BEC is 0 mg/L as the guideline recommends no drinking during breastfeeding. Note that numerous other countries recommend entirely

avoiding alcohol during breastfeeding. A list of guidelines from additional countries can be found here: http://iardwebprod.azurewebsites.net/science-

resources/detail/Drinking-Guidelines-for-Pregnancy-and-Breastfeedin
d14 units per week was assumed to be two drinks per day.
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breast milk; the ethanol concentration in breast milk approximates, or

may be slightly higher than, the mother's blood ethanol concentration,

due largely to ethanol's water-soluble properties and the high water

content of breast milk (Lawton, 1985). Several guidelines factor in this

approximation and state that breastfeeding following alcoholic bever-

age consumption is permissible as long as intake is limited and

breastfeeding is avoided for 2 h following ingestion of a standard

drink, which would allow the mother's blood and milk ethanol concen-

trations to return to below-effect levels. However, it is of note that

guidelines from several public health organizations in countries

included in this table (i.e., Canada and Australia) and beyond

(Netherlands, France, Belgium, Bulgaria, China, Japan, and others)

state that the safest option is to abstain completely from alcohol con-

sumption during breastfeeding (International Alliance for Responsible

Drinking, 2019).

For guidelines that allow limited alcohol consumption, peak

BECs of breastfeeding women adhering to the guidelines (waiting

1–2 h to breastfeed after consuming alcoholic beverage) and overall

peak BECs (in the event recommended wait time is not considered)

were estimated with PBPK modeling, as described in section 2.3.2

(results are in Table 1). The estimated BECs vary based on guide-

lines and on the mother's weight; however, among guidelines that

provided recommendations for “safe” alcohol consumption, esti-

mated average BECs ranged from 6.1 mg/dL to 46 mg/dL (Table 1).

These values are comparable to the values observed in the literature

(Kesaniemi, 1974; Lawton, 1985). However, these values are based

on the oral intake of alcohol and result in higher BECs compared to

those predicted to occur as a result of various ABHS use scenarios,

for which peak BECs range from 0.044 mg/dL for typical pre-

surgical hand disinfection to 2.80 mg/dL for intensive hand hygiene

scenarios.

3.2 | Epidemiological findings for ethanol
consumption and breastfeeding

The majority of studies were unable to identify a statistically signifi-

cant relationship between alcohol consumption during breastfeeding

and developmental health outcomes. The major findings of the nine

relevant studies are described in Data S2. Supporting Information and

summarized in Figures 1 and 2. Among the few studies that provided

outcome data by multiple exposure levels, findings were mixed. Two

studies (Gibson & Porter, 2020; Little et al., 1989) identified signifi-

cant decrements in psychomotor development, numeracy, and spell-

ing scores. In a study of 400 women and children from the Group

Health Cooperative of the Puget Sound in Seattle, Washington,

infants were assigned an infant absolute alcohol (AA) score for which

mother's average daily ethanol intake was multiplied by infant's

breastfeeding experience score (value of 1 for totally breastfed, 0.55

for partially breastfed, and 0 for formula fed) (Little et al., 1989).

Infants were tested on the mental and psychomotor indexes of the

Bayley Scales of Infant Development around their first birthday. In

this study, there was a statistically significant negative linear trend

between infant AA score and psychomotor development score

(p = 0.006), but there was no significant relationship between AA

score and mental development score. Additionally, significant decre-

ments in mean psychomotor development were statistically significant

only among women who drank more heavily, based on AA score, and

F IGURE 1 Odds of maternal
alcohol consumption during
breastfeeding associated with
infant and adolescent physical,
cognitive, and social development
outcomes identified in the
epidemiological literature. Sizes
of the circles correspond to the
confidence scoring of the study
(weak, limited, and strong); larger
circles denote higher confidence
*Fetal alcohol spectrum disorder
is a term used to describe the
range of physical, cognitive, and
behavioral effects observed in
relation to infant alcohol
exposure
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may be confounded by exposure during pregnancy. Gibson and

Porter (2020) identified significant trends between maternal alcohol

consumption during breastfeeding and academic scores, including

numeracy and spelling scores; however, the identified relationship is

small and the authors postulate that it “may have little clinical signifi-

cance unless mothers consume large quantities of alcohol or regularly

binge drink.” May et al. (2016) also identified increased odds that a

mother who consumed alcohol while breastfeeding had a child with a

FASD; however, the number of participants that did not consume

alcohol during pregnancy is small (n = 26) and the studied population

is specific to a region in South Africa with a low socioeconomic status

and poor food quality, therefore limiting the generalizability of this

study. After adjustment for multiple comparisons, there was no statis-

tically significant difference in verbal intelligence quotient, dys-

morphology scores, or other cognitive and behavioral outcomes

between children exposed to ethanol via breastmilk but not during

pregnancy.

3.3 | Ethanol exposures and measured internal
concentrations in animals

A summary of the exposures and measured ethanol concentrations

from review of relevant toxicological studies is provided in Table 2.

The maternal dose ranged from 5.0 to 136.0 g/kg/day, and ethanol

was delivered via drinking water, liquid diet, or intubation. Maternal

BECs were measured in eight of the reviewed studies, and the time

of blood sampling occurred at different time points (relative to stage

of gestation, post-natal days, or time post exposure); reported

maternal BECs ranged from 2.87 to 157 mg/dL. Maternal milk con-

centrations were limited and reported in only two of the reviewed

studies (information in Data S2. Supporting Information).

Corresponding pup BECs were only measured in four studies,

ranging from 0 to 37 mg/dL at various sampling time points. In the

two studies (Gottesfeld & LeGrue, 1990; Lancaster et al., 1986) in

which both maternal and pup BECs were available, the pup BECs

F IGURE 2 Beta coefficients from linear regression models estimating the relationship between maternal alcohol consumption during
breastfeeding associated with infant and adolescent physical, cognitive, and social development outcomes in the epidemiological literature. Sizes
of the circles correspond to the confidence scoring of the study (weak, limited, and strong); larger circles denote higher confidence.
*In Little et al. (1989), alcohol consumption scores were only statistically significantly associated with mean psychomotor development index
scores at heavier drinking (AA score > = 1.0 or the occurrrence of binge drinking, defined as drinking 74 mL or greater of alcohol on one
occasion) levels and were not significantly associated with lighter drinking scores.
**Upper and lower bounds estimated based on reported SE from May et al. (2016)
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(0–30 mg/dL) were appreciably lower than the maternal BECs

(42–120 mg/dL) (Table 2).

3.4 | Developmental outcomes in animals from
ethanol exposure via lactation

Of the studies that administered ethanol to dams and examined toxic-

ity endpoints in pups, the dam toxicity LOAELs ranged from 3.0 to

31.6 g/kg/day, the dam NOAELs from 1.0 to 136 g/kg/day, and the

pup LOAELs ranged from 1.0 to 136 g/kg/day (see Data S3.

Supporting Information). Due to the limited dosing regimens, no

NOAELs were reported in pups for general toxicity. The basis for the

maternal critical endpoints were general toxicity indicators, such

as decreased body weight and altered biochemistry, as well as

disrupted maternal behavior, mammary gland weight, milk yield, and

biochemistry. The basis for the pup LOAELs were general toxicity

indicators, such as decreased body weight and growth indices, altered

biochemistry, and decreased organ weights. Additionally, eight

LOAELs were identified in pups for adverse neurological effects

(e.g., reduced brain weight, cellular effects in the brain, chemical

effects in the brain, and increased escape latency). The range of neu-

rological LOAELs was 5.0 to 25.2 g/kg/day (Figure 3). One

neurological NOAEL was identified in a multi-dose study (Oyama

et al., 2000). In this study, the neurological NOAEL was 12.6 g/kg/

day, and the neurological LOAEL was 25.2 g/kg/day based on

decreased brain weight; general toxicity was observed at doses lower

than those that caused neurotoxicity (general toxicity LOAEL of

6.3 g/kg/day) based on altered biochemistry (Oyama et al., 2000).

3.5 | Blood ethanol concentration predictions and
margin of exposure versus benchmark estimates

BECs of breastfeeding women (assumed maternal body weight is

74.15 kg, as described in Data S1. Supporting Information), using the

hand hygiene scenarios and pre-surgical hand disinfection scenarios

described previously, were predicted with PBPK modeling (Figure 5).

Peak blood concentrations for the hand hygiene scenarios were

0.33 mg/dL, 1.8 mg/dL, and 2.8 mg/dL for the average, high, and

intensive conditions, respectively. Peak blood concentrations for the

pre-surgical hand disinfection scenarios were 0.044 and 0.28 mg/dL

for the typical and intensive conditions, respectively. Peak BECs for

HCWs based on survey data ranged from 0.14 to 0.73 mg/dL. BECs

for all simulated conditions are summarized in Table 3. Modeled BECs

corresponding to health guideline limits for breastfeeding women

F IGURE 3 Neurological
critical endpoints in pups and
associated critical endpoints in
dams that were exposed to
ethanol. Circles represent
LOAELs, diamonds represent
NOAELs, filled shapes indicate
pup critical endpoint values, and
open shapes indicate dam critical

endpoint values. Sizes of the
shapes correspond to the
confidence scoring of the study
(weak, limited, and strong)
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were also determined (Table 1). Margins >3 between the exposure

and toxicological benchmarks in Table 3 demonstrated that the POD

for pup neurotoxicity (BMDL of 9.45 mg/dL) was consistently higher

than BECs associated with ABHS use. Additionally, the BECs from

exposures associated with recommended health guideline limits

for breastfeeding women were largely higher than all ABHS use

conditions.

4 | DISCUSSION

4.1 | Epidemiological study review

Given that there is no epidemiologic evidence on infant or adolescent

health outcomes related to maternal hand sanitizer use and lactational

ethanol exposure, we examined developmental outcomes associated

with maternal alcoholic beverage consumption during breastfeeding.

Nine epidemiological studies were identified that assessed maternal

ethanol intake during lactation, or lactation and gestation, and mea-

sured subsequent developmental outcomes in the children. These

studies assessed a wide range of physical and cognitive developmen-

tal endpoints with varying sensitivities. These outcomes included

height, weight, vocabulary scores, nonverbal reasoning, literacy,

numeracy, psychomotor development, locomotor development, diag-

nosis of alcohol-related neurodevelopmental disorders or birth

defects, feeding and sleeping behavior, and social and socioemotional

development.

Our ability to interpret the findings of these studies was severely

limited by the imprecision and limited reliability of the ethanol intake

estimations and the depth of consideration for additional factors that

might impact the relationship between ethanol exposure and develop-

mental outcomes (Data S1. Supporting Information, Table S2 and Data

S2. Supporting Information). Of the nine studies assessed, only one

study provided biologically verified BECs (Flores-Huerta et al., 1992).

The remaining studies relied on maternal reports of the frequency,

duration, and volume of their alcohol beverage consumption during

pregnancy and lactation. Under-reporting of alcohol consumption,

due to recall and self-report biases, is well documented in the litera-

ture among both pregnant and non-pregnant populations (Ernhart

et al., 1988; Livingston & Callinan, 2015; Morrow-Tlucak et al., 1989).

Not only do individuals misremember, or purposefully under-report

their alcohol consumption as a result of stigma, but people are also

likely to pour drinks significantly larger than the standardized amount,

which interferes with researcher's ability to ascertain the actual

amount of alcohol consumed (Boniface et al., 2013; Morrow-Tlucak

et al., 1989). Additional issues arise from the variation in type of bev-

erage and methods of measurement. For example, Backstrand

et al. (2004) evaluated 58 mother-infant pairs from 6 rural villages in

Mexico and measured intake of Pulque, a Mexican alcoholic beverage,

but did not consider alcohol consumption from other sources. Other

studies measured general alcohol consumption with assessments

ranging from the modified version of the alcohol use disorders identi-

fication test to self-reported number of alcoholic beverages per week

or number of “binge” drinking episodes. Alcohol content per beverage

TABLE 3 Predicted ABHS BECs and margin of exposure versus benchmark estimates

Margin

Exposurea Peak BEC (mg/dL)b Toxicological point of departurec Recommended public health guidelined

Average hand hygiene 0.33 29 18–140

3 mL 90% ABHS, 7�/h over 12 h

High hand hygiene 1.8 5.3 3.4–26

3 mL 90% ABHS, 22�/h over 12 h

Intensive hand hygiene 2.8 3.4 2.2–16

3 mL 90% ABHS, 30�/h over 12 h

Typical pre-surgical hand disinfection 0.044 210 140–1000

6 mL 61% ABHS, 1�/4 h over 12 h

Intensive pre-surgical hand disinfection 0.28 34 22–160

20 mL 90% ABHS, 1�/4 h over 12 h

Average ABHS use among HCWs 0.14 68 44–330

3 mL 90% ABHS, 3�/h over 12 h

95th percentile ABHS use among HCWs 0.73 13 8.4–63

3 mL 90% ABHS, 12�/h over 12 h

aHand hygiene and pre-surgical hand disinfection conditions were selected based on Maier et al. (2015) and FDA remarks (see section 2.3.1), which

includes average to intensive use scenarios. BECs were also predicted based on user survey data among health-care workers (HCWs) reported in Boyce

et al. (2017).
bPBPK simulations.
cCompared to maternal BEC of 9.45 mg/dL at the point of departure for pup neurotoxicity (decreased brain weight) reported in Oyama et al. (2000).
dCompared to predicted peak BEC range of 6.1–46 mg/dL of breastfeeding mothers per recommended consumption and 1 to 2 h wait time before nursing

(see Table 1).
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varies, and some studies estimated the amount of ethanol consumed,

while others reported simply on number of drinks. Due to these varia-

tions in the ethanol exposure estimations, study outcomes cannot be

directly compared and observed outcomes are not directly tied to a

specific ethanol concentration in blood or breast milk.

Another major limitation of exposure ascertainment is the lack of

information regarding timing of exposure. In order to fully understand

any developmental health effects associated with ethanol exposure

via lactation, the ideal analysis would include mothers who only con-

sumed alcohol during lactation and did not consume alcohol during

pregnancy. However, every study in this review included at least a

portion of women who consumed alcohol during pregnancy and ges-

tation. Adverse developmental outcomes resulting from prenatal alco-

hol exposure may be influencing any result observed attributed to

post-natal alcohol exposure. For instance, mothers in Flores-Huerta

et al. (1992) consumed alcohol during both gestation and lactation.

The relative risk (RR) of a child born with a birth weight or head cir-

cumference below the third percentile was already statistically signifi-

cant at birth (RR = 3.39, p < 0.03; RR = 4.25, p < 0.01, respectively),

which hinders determination of causal relationships between any

observed adverse developmental outcomes later on and exposure to

alcohol during lactation.

Inadequate control of confounding factors also limits the ability

to evaluate the causal relationship between ethanol exposure and

developmental outcomes. There are numerous factors that affect

both the likelihood and quantity of maternal alcohol consumption,

and developmental outcomes in children. Some of the most influen-

tial characteristics include socioeconomic status, particularly mater-

nal education or household income; child sex; child and maternal

age; maternal BMI; nutrient intake; drug use; and caffeine intake.

Control of these factors, especially socioeconomic factors, was eval-

uated and considered in the study quality evaluation (Data S1.

Supporting Information, Tables S1 and S2). Among studies that do

not adequately account for these factors, it is impossible to attri-

bute any adverse developmental outcome specifically to maternal

alcohol consumption during lactation, as noted in Data S2.

Supporting Information.

Nonetheless, the majority of studies were unable to identify a sta-

tistically significant relationship between alcohol consumption during

breastfeeding and developmental health outcomes. The major findings

of the nine relevant studies are in Data S2. Supporting Information

and summarized in Figures 1 and 2.

Within the scarce amount of epidemiologic evidence available to

evaluate this relationship, observations regarding developmental out-

comes were not concordant. Within and across the nine studies, most

measurable developmental outcomes were not statistically signifi-

cantly associated with maternal ethanol intake during lactation

(Figures 1 and 2). Some statistically significant relationships were

observed; however, negative effects were typically confounded by

prenatal ethanol exposures (Little et al., 1989; May et al., 2016).

Moreover, the studies with statistically significant findings were gen-

erally reported in studies with limited or weak confidence in their

findings (Backstrand et al., 2004; Gibson & Porter, 2020; Little

et al., 1989; May et al., 2016). Overall, conclusions from the epidemio-

logical literature are mixed and do not provide conclusive evidence of

a concentration-response relationship between ethanol exposure via

breastmilk and developmental effects. While the range of findings

may suggest there is not a relationship between maternal alcohol con-

sumption during breastfeeding and subsequent child development,

the variability in outcomes and exposure make it difficult to draw con-

clusions on this body of evidence alone. Further, alcoholic beverage

consumption results in a significantly greater infant ethanol exposure

than that expected to occur during maternal use of ABHSs during

breastfeeding. Therefore, information from toxicology studies should

be integrated, including mode of action (MOA) and metabolism infor-

mation, to supplement our understanding of a possible causal relation-

ship, as the findings are less subject to the variability of outside

factors. Additionally, PBPK modeling, in which internal doses from

exposures more similar to hand sanitizer use can be estimated, will

provide quantitative and relevant estimates of exposure for consider-

ation for this lactation hazard evaluation.

4.2 | Toxicological study review

Fifteen studies were identified that examined maternal and pup toxic-

ity following ethanol consumption in rodents (summarized in Data S3.

Supporting Information). Of these 15 studies, 13 examined the effects

of maternal ethanol dosing on pups through lactation; one study

reported effects in dams only (Brancato et al., 2016); and one dosed

pups directly (Pauli et al., 1995). Generally, limitations identified in at

least some of these studies included (a) a lack of an isocaloric/

isoenergetic control, (b) use of only one dose of ethanol, (c) no

reported or measured intake of ethanol (e.g., ethanol administered in

drinking water ad libitum), (d) no measured maternal BEC, pup BEC,

and/or milk ethanol concentration, and (e) a lack of toxicity outcomes

observed in both pups and dams. Some studies only examined the

effects of treated groups compared to a vehicle control group;

however, due to the increased caloric intake from ethanol exposure,

without an isocaloric/isoenergetic control, the findings cannot be

attributed to ethanol alone but are confounded by different caloric

intake and potential malnutrition. Additionally, all but two studies

(Hekmatpanah et al., 1994; Oyama et al., 2000) exposed dams to only

one dose of ethanol; therefore, elucidation of the NOAEL/LOAEL

boundary or assessment of dose–response is not possible from most

studies. While some ethanol treatments were reported as mass/kg

bodyweight per day, or provided information regarding intake of the

ethanol solution and dam body weight throughout the exposure dura-

tion, most studies did not provide or record this type of data. There-

fore, the apparent exposures in dams for most of the studies were

estimated using reference values or according to assumed daily food/

water intake in rodents (Data S1. Supporting Information, Table S8). A

major limitation in examining the effect of maternal ethanol exposure

on pups through lactation is the inability to quantify the actual pup

exposure due to the lack of reported maternal BEC, pup BEC, milk

ethanol concentration, and milk volume consumed. As such, the dose
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that elicits the adverse effects in the studies remains uncertain.

Finally, although effects were observed in pups in all studies, maternal

toxicity was not examined in all of these studies. Therefore, it cannot

be determined whether the pup toxicity occurred with or without

maternal toxicity in all cases. In the nine studies that examined neuro-

logical outcomes in pups, only four examined toxicity in dams as well.

Of those four studies, dam toxicity was observed in three studies.

There are limitations in drawing conclusions about the relation-

ship between the doses of ethanol received by the pups and associ-

ated general and neurological adverse effects for several reasons.

First, as summarized in Table 2, review of the currently available

studies demonstrates that there is variation in the delivery of ethanol,

limited range of doses, mix of gestation and lactation exposures, and

inconsistent sampling times of blood to measure BECs. Further,

not all studies reported internal doses in dams and even fewer

studies reported internal doses in pups. Additionally, milk ethanol con-

centrations were only reported in two studies, which was not suffi-

cient to evaluate as a metric for potential exposure to the pup.

Overall, there are constraints in evaluating a dose–response relation-

ship due to inconsistencies among the available studies and lack of

comparable data. Another major limitation is that the overall LOAELs

for pup toxicity were observed at the lowest or single dose adminis-

tered in all but one study; therefore, the NOAEL/LOAEL boundary

remains uncertain. One study did identify a NOAEL and a LOAEL for

neurological toxicity in pups, with values of 12.6 and 25.2 g/kg/day

(Oyama et al., 2000). However, maternal toxicity or behavior were not

examined in this study; therefore, the developmental toxicity potential

of ethanol remains uncertain, and a true NOAEL/LOAEL boundary for

neurological developmental toxicity remains unknown. Further, the

study did not implement isocaloric controls, and thus, it cannot be

discounted that the effects observed in pups are potentially caused

by maternal toxicity or malnutrition. The NOAEL of 12.6 g/kg/day

ethanol from this study is higher than LOAELs identified in other

studies in which maternal animals were dosed—6 g/kg/day based

on decreased brain weight and altered brain cell morphology and

5.0 g/kg/day based on decreased brain weight (Hekmatpanah

et al., 1994; Oyama & Oller Do Nascimento, 2003). Additionally, in a

study where pups were dosed directly, a LOAEL of 7.5 g/kg/day was

identified based on increased escape latency (Pauli et al., 1995).

Therefore, despite the identification of a NOAEL for neurotoxicity in

pups whose mothers were administered with ethanol, this may not be

the best POD for subsequent analyses.

4.3 | Proposed modes of action

The available studies demonstrate that pup exposure to ethanol

through lactation results in general toxicity characterized by

decreased body and organ weights and altered biochemistry, at

maternal doses as low as 1.0 g/kg/day (measured maternal BEC of

35.0 ± 5.78 mg/dL) (Vaglenova & Petkov, 1998). Evidence for neuro-

toxicity in the pups is characterized by decreased body and brain

weights, altered brain histology, and effects on neurobehavior

(e.g., increased escape latency) at doses as low as 5.0 g/kg/day. Five

hypotheses have emerged that may explain the MOA for ethanol tox-

icity in the pups arising from exposure during lactation (Figure 4).

No studies evaluated all of the following factors: maternal behav-

ior, milk nutrient quality, pup milk intake, and ethanol in milk. In sup-

port for hypothesis 1, which poor maternal care leads to nervous

system effects in pups, Brancato et al. (2016) noted a decrease in

maternal response in dams treated with ethanol as well as disruptions

in nursing, both of which could lead to adverse outcomes in pups;

however, pups were not examined for toxicity in this study. One other

study that noted decreased pup brain weight also demonstrated

decreased maternal care of pups. Detering et al. (1979) also observed

negative changes in maternal behavior, including poor nesting, lack of

F IGURE 4 Five hypotheses to describe the mode of action (MOA) for ethanol developmental toxicity in pups exposed via lactation
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interest in pups, lack of pup grooming, and loss of sensitivity to exter-

nal stimuli. Therefore, there is some evidence that this hypothesis

may explain neurotoxicity observed in pups born to dams exposed to

high doses of ethanol.

Hypothesis 2 states that dams exposed to ethanol produce milk

with poor quality. Evidence against hypothesis 2 is presented by Heil

et al. (1999), in which milk from ethanol-treated rats did not differ in

lipid or fatty acid content compared to control. A small, but significant,

increase in phosphatidylserine was noted in the ethanol group com-

pared to control; however, no neurological effects were observed in

pups (Heil et al., 1999). Evidence for this hypothesis comes from

Vilaro et al. (1987), in which milk composition and nutrient content

were significantly different from controls, and the energy output in

the milk of ethanol-treated dams was decreased compared to controls

(Vilaro et al., 1987). However, neurotoxicity was not examined in this

study. Therefore, the evidence for this hypothesis is limited.

No animal toxicity studies examined the palatability of milk to

pups from dams administered ethanol (hypothesis 3); however, a

study was conducted by Mennella and Beauchamp (1993) in which

lactating women consumed alcoholic (0.3 g/kg alcohol) and non-

alcoholic beer (<0.5% v/v) and provided milk samples over a 4 h

period. Ethanol was not detected at or above the limit of detection

(10 mg/dL) in the milk of subjects that consumed non-alcoholic beer

at any time point; however, some samples were reported to have an

alcohol odor. In the alcoholic beer group, peak milk ethanol levels

were measured 1 h after ingesting alcoholic beer, and a noticeable

alcohol odor was reported for all milk samples. Infants consumed sig-

nificantly less milk from mothers that drank alcoholic beer, compared

to mothers that drank non-alcoholic beer (149.5 ± 13.1 mL vs. 193.1

± 18.4 mL). There were some uncertainties in the validity of the

methods used to evaluate odors (blinded panelists were asked which

milk samples smelled “more like alcohol”) and the estimation of milk

consumed (infants were weighed immediately before and after feed-

ing). However, based on the odor and the decreased infant milk con-

sumption from mothers who drank alcoholic beer, taste aversion

cannot be eliminated as a hypothesis.

In regards to hypothesis 4, it is possible that dams have decreased

milk production as a result of decreased body weight. Detering

et al. (1979) reported that dams treated with ethanol had a decreased

body weight of 30% compared to initial weight over the first three

weeks post-partum, while controls had a 25% increase in body

weight; this could indicate that fewer resources available for milk pro-

duction contributed to decreased brain weight in pups. Tavares do

Carmo et al. (1999) also observed decreased body weight in dams

exposed to ethanol compared to control and the isocaloric group,

which correlated with decreased brain protein and DNA levels in

pups. Further, Lancaster et al. (1986) noted a decrease in diet con-

sumption compared to control (but not the isocaloric control); how-

ever, this could be attributed to decrease palatability of the liquid diet

containing ethanol. Further, no decrease in dam body weight was

observed, and the LOAEL was not based on neurotoxicity outcomes

(Lancaster et al., 1986). Dam body weight changes were also not

observed by Vaglenova and Petkov (1998), and pup toxicity was only

characterized by decreased body weight and not neurological end-

points. Despite the equivocal evidence for maternal body weight

causing decreased milk production, evidence for hypothesis 4 includes

altered mammary gland weight and milk production, regardless of dam

weight. Evidence for this was provided by Tavares-do-Carmo

and Nascimento-Curi (1990), who found that dams exposed

to ethanol have significantly decreased mammary gland weight, which

could indicate decreased milk production (although this was not mea-

sured). Pups fed by these mothers had decreased brain weights

(Tavares-do-Carmo & Nascimento-Curi, 1990). As previously men-

tioned by Tavares do Carmo et al. (1999), decreased maternal body

weight and decreased pup brain protein and DNA were associated

with decreased milk yield in lactating Wistar rats exposed to ethanol

compared to controls on days 4, 8, and 12 post-partum and to isocalo-

ric controls on days 8 and 12. Finally, Vilaro et al. (1987), which noted

the decreased nutrient quality of milk, also reported that dams

exposed to ethanol had decreased mammary tissue weight and altered

mammary gland composition compared to controls. Further, milk pro-

duction was significantly reduced compared to controls (Vilaro

et al., 1987). Therefore, there is support for hypothesis 4.

Finally, there is some, although limited, support that ethanol con-

tent in milk directly contributes to rat developmental neurotoxicity

(hypothesis 5). Maternal BECs were measured in seven of the studies

in which the range of maternal ethanol exposure was 1.0 to 136.0 g/

kg/day, with average doses in the ethanol treated groups ranging from

2.9 to 157 mg/dL (Data S2. Supporting Information). Ethanol concen-

tration in the milk (MEC) was measured in two of the studies at

25 and 630 mg/dL, in which dams were exposed to 7.3 and 31.6 g/

kg/day, respectively. Pup BEC was measured in four studies in which

the maternal animals were dosed with ethanol at doses of 6.0 to

136.0 g/mg/day, with BECs ranging from 10 to 37 mg/dL. Only two

studies examined both maternal BEC and pup BEC, with maternal

levels approximately 2 to 4 times higher than those in the pups

(Gottesfeld & LeGrue, 1990; Lancaster et al., 1986). The ethanol con-

centration in milk measured in two studies at 25 and 630 mg/dL was

approximately 2.5 and 35 times greater than the pup blood ethanol

concentration, respectively (Gottesfeld & LeGrue, 1990; Vilaro

et al., 1987). Only one study measured the ethanol concentration in

maternal blood, milk, and pup blood, in which the levels were 42, 25,

and 10 mg/dL, respectively (Gottesfeld & LeGrue, 1990). Of the five

studies that measured BEC in pups, only two reported neurological

effects in pups—decreased brain weight and increased escape latency

(Hekmatpanah et al., 1994; Pauli et al., 1995). Despite the limited

studies that examined BEC in pups and dams and milk, taken together,

these studies suggest that ethanol is transferred to the pups through

milk in measurable quantities.

The toxicological studies in rodents, despite their limitations, sug-

gest that maternal ethanol concentration can lead to neurological

effects in offspring. Of the proposed hypothesis, the data support pup

neurotoxicity as a result of decreased milk production by dams and

subsequent intake by pups and ethanol in milk directly leading to cen-

tral nervous system effects in offspring. However, the dose at which

these effects occur remains uncertain due to the limited doses
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administered in each study and the gaps in maternal toxicity end-

points examined along with pup toxicity.

Based on the results of various ex vivo and in vitro studies, etha-

nol elicits direct cellular effects on the neurological system. However,

the doses that elicit such effects in ex vivo and in vitro studies are rel-

atively high compared to the toxicological POD selected for this

ABHS scenario. The maternal BEC derived from BMD modeling of the

Oyama et al. (2000) data was used as the POD; this was 9.45 mg/dL,

which is equivalent to 0.53 mM. The range of doses in the in vitro and

ex vivo studies ranges from 200 to approximately 1,800 mg/dL

(equivalent to 11.1 to 100 mM), which are approximately 20 to

190 times higher than the toxicological POD. Doses of 50–75 mM

ethanol for 24 h exposures, with or without carbachol, which induces

neurite outgrowth, inhibited axon growth of rat hippocampal neurons

harvested at 21-day old fetuses, mediated through inhibition of pKC

and ERK1/2 activation (VanDemark et al., 2009). Following exposure

to 50 mM ethanol for 24 h, neurite outgrowth of hippocampal pyra-

midal neurons from rats (PND 5) was inhibited, despite the presence

of 1 mM carbachol (Giordano et al., 2011). Hippocampal-entorhinal

cortical slices in rats (PND 7; cultured 2–2.5 weeks) treated with

100 mM ethanol experienced oxidative stress characterized by pro-

tein adducts altered phospholipase signaling (Moon et al., 2014). Etha-

nol treatment (average 57.3 mM) of rat cerebellar granule cells from

5- to 9-day old rats resulted in altered N-methyl-D-aspartate current,

but no overt signs of cellular neurotoxicity or decreased cell viability

(Nath et al., 2012). Additionally, ethanol has been found to contribute

to cell death through mitochondrial disfunction and inhibition of neu-

rite outgrowth at 400 mg/dL (Chen et al., 2009; Heaton et al., 2011).

Doses of 200, 400, and 800 mg/dL ethanol reduced cerebellar granule

neurons from mouse pups (PND 7), and 800 mg/dL only reduced neu-

ronal numbers at certain time points (Li et al., 2015). High levels of

exposure 20 to 190 times greater than the expected toxicological

POD are associated with neurological effects. Further, there are no

data to demonstrate that the neurological effects observed from etha-

nol exposure in these ex vivo and in vitro studies would occur at the

lower doses associated with the ABHS use scenarios. Similar types of

studies at these more relevant concentration ranges would be useful

in assessing the potential for direct effects on nervous system targets

for relevant exposure scenarios.

4.4 | Margin of exposure versus benchmark
analysis

The margins determined for ethanol exposures in hand sanitizer also

demonstrate that neurological effects in pups from maternal exposure

to ethanol occur at BECs higher than BECs expected from hand san-

itizer use (Table 3). BMD modeling was applied to the data from

Oyama et al. (2000), using the maternal BEC (mg/dL) and pup brain

weight (g) to determine a POD for this assessment. The BMD lower

95% confidence limit (BMDL) is an intended refinement of the POD

based on the pup neurological effects, for which a maternal NOAEL

was initially identified as 15.3 g/kg/day (43.45 mg/dL maternal

BEC measured) (Oyama et al., 2000). However, other studies

(Hekmatpanah et al., 1994; Oyama & Oller Do Nascimento, 2003)

reported LOAELs at concentrations below the NOAEL identified by

F IGURE 5 The PBPK model predicted BECs (mg/dL) following
three hand hygiene use scenarios (A), two pre-surgical hand
disinfection scenarios (B), and two ABHS use scenarios based on user

data among HCWs (C). Solid, dashed, and dotted lines in 5
(A) represent BECs resulting from average, high, and intensive hand
hygiene use, respectively. The solid and dashed lines in 5(B) represent
BECs resulting from typical and intensive pre-surgical hand
disinfection scenarios, respectively. The solid and dashed lines in 5
(C) represent BECs resulting from average and 95th percentile ABHS
use frequencies among HCWs, respectively
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Oyama et al. (2000). Therefore, the BMDL was selected as a more

appropriate POD to account for uncertainty in the NOAEL to LOAEL

range. In comparison of the toxicological POD to various ABHS use

exposures (Figure 5), the margins (3.4–210) indicate hand sanitizer

use is not likely to produce maternal BECs that correspond to neuro-

toxicity in nursing offspring. Note that for the most intensive ABHS

use scenarios the margins calculated in this assessment are in the

range of, but not above, those that would typically be considered ade-

quate in extrapolating from an animal-based POD. A margin of at least

3–10 would be desired for the available toxicological database. This

reflects that a factor of 3 is often used to address differences in

toxicodynamics across species even when accounting for toxico-

kinetics differences using dosimetry approaches (as was done in this

case via reliance on an internal dose metric of BEC). In addition, a fac-

tor of 10 is often used to account for human variability in

susceptibility—but this factor could be reduced to a value of 1 up to

3 since the POD is from the sensitive group of interest (nursing off-

spring). The data regarding other elements of extrapolation would be

a factor of unity, since the POD and study design account for the tar-

get endpoint of interest, period of exposure of interest, and extrapola-

tion from a BMDL. Together, these two considerations suggest a

desired target margin of threefold to tenfold. This margin was

exceeded for most of the modeled use scenarios; however, for the

most intense uses, margins fall in this target range (i.e., 3.4 for inten-

sive hand hygiene uses and 5.3 for high hand hygiene use). Addition-

ally, as noted below, the exposure estimates are also likely

overestimates based on the assumptions included in the modeling.

Thus, actual margins are likely higher than those calculated for this

study.

BECs resulting from recommended intake limits for breastfeeding

women (summarized in Table 1) were overall higher than BECs

predicted for hand sanitizer use, resulting in margins ranging from

18 to 140 for average hand sanitizer use, 3.4 to 26 for high use, 2.2 to

16 for intensive use, and 22 to 1,000 for pre-surgical hand disinfec-

tion use conditions (Table 3). However, it is of note that several orga-

nizations, including those in Canada (Canadian Centre on Substance

Use and Addiction) and Australia (Australian National Health and

Medical Research Council) recommend no alcohol consumption during

breastfeeding. These conservative guidelines are more so a reflection

on the limitations within the existing scientific evidence that have hin-

dered the establishment of a “no-effect” or “safe” drinking level,

rather than explicit decision around the risk of ethanol exposure. As

discussed in Maier et al. (2015), alcohol consumption presents an

additional risk (even if low) that is not balanced by an established

health risk reduction for breastfeeding mothers or their children. The

risk benefit trade-off associated with alcohol consumption is not syn-

onymous with that of alcohol-based hand sanitizer use. Alcohol-based

hand sanitizers have become broadly accepted as the standard of care

for hand hygiene in health care (Vermeil et al., 2019). The Centers for

Disease Control and Prevention recommends the use of alcohol-based

hand sanitizers that contain at least 60% alcohol when soap and

water are not readily available (Centers for Disease Control and

Prevention, 2020).

The ABHS use scenarios modeled for this evaluation includes

extreme use conditions (Figure 5). The high and intensive hand

hygiene conditions of 22 times per hour over 12 h and 30 times per

hour over 12 h equate to 264 and 360 uses within the workday or

once every 2 to 3 min. Additionally, a high content of ethanol (90%)

was considered for all simulations, although hand sanitizers with

ethanol levels as low as 61% are available on the market (Maier

et al., 2015). Furthermore, ethanol concentrations for this analysis

were predicted under the conditions that the hand sanitizer applica-

tion occurs in a generic-sized work room with low air ventilation

rate, and a breathing zone hemisphere with a radius of 0.3 m was

selected to conservatively assume that the user is not moving, with

hands positioned in front of the body and close to the face. Realisti-

cally, if hand sanitizer was used every 2 min, it is possible that one

would shake or wave their hands to quickly dry, reducing the der-

mal amount absorbed. Additionally, in a health-care setting, the

worker is likely to move around from patient to patient while apply-

ing hand sanitizer, potentially increasing air movement and leaving

the space which contained most of the evaporated ethanol, there-

fore reducing the amount of ethanol inhaled. Boyce et al. (2017)

also summarized that typical hand sanitizing frequencies among

health-care workers can vary, but the highest use was reported at

166 times over a 12 h shift, which is considerably lower than the

total amount of uses for the high and intense use scenarios

modeled in our analysis (264 and 360, respectively). The authors

further noted that if hand sanitizer was used 30 times an hour,

there would be little time for patient care. Collectively, the average

hand hygiene condition (7 times an hour over 12 h or 84 times a

day or once every 8.5 min) and resulting BEC are more comparable

to realistic use frequencies reported in user surveys among health-

care workers and the associated BECs (Figure 5). The BECs

predicted for high and intensive hand hygiene conditions are

considered conservative overestimations compared to realistic use

frequencies, but extreme cases were also considered to capture

worst-case scenarios. While empirical use patterns of ABHS for

non-health-care workers were not available in the literature, it is

expected that the general population uses ABHS less frequently in

the home, office/work, and public, and therefore, the margin of

exposure compared to toxicity and health benchmarks is anticipated

to be larger and the hazard potential is further reduced for the

average breastfeeding mother, even during situations of increased

use (e.g., during a pandemic).

In summary, a comprehensive review of epidemiological and toxi-

cological literature coupled with PBPK modeling estimates demon-

strated that use of ABHS by lactating women is not likely a

developmental hazard to a nursing child. Epidemiological literature

shows mixed conclusions and do not provide concrete evidence of a

dose–response relationship between ethanol exposure via breastmilk

and developmental effects. Further, the review of animal toxicological

studies found maternal ethanol doses shown to elicit neurological or

developmental effects in pups via lactation-based exposures were

overall high and also caused maternal toxicity effects. However, the

BEC associated with the POD for pup neurotoxicity was found to be
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appreciably higher than the BECs expected from realistic ABHS use

scenarios. The margin is also significant for average to intensive ABHS

exposures, compared to the consumed dose of recommended stan-

dard alcoholic drink limits for breastfeeding mothers (i.e., the BEC

resulting from ABHS use is lower than the BEC resulting from rec-

ommended guidelines for consumption of alcoholic beverages during

breastfeeding).

Overall, the assessment demonstrates that BECs associated with

various maternal ABHS use conditions are below BECs likely to create

a developmental concern for nursing infants. Therefore, there is low

potential for ethanol containing hand sanitizers to be a lactation

hazard.

FUNDING

This manuscript was supported by GOJO Industries, Inc., who had

the opportunity to provide comments on the manuscript during its

preparation. The final manuscript in its entirety reflects the scientific

work and views of the authors.

DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are available in the

supplementary material of this article.

ORCID

Alice A. Han https://orcid.org/0000-0002-1142-0065

Amanda N. Buerger https://orcid.org/0000-0001-9280-4177

Hannah Allen https://orcid.org/0000-0002-8900-7537

Melissa Vincent https://orcid.org/0000-0002-0018-9662

Stephanie A. Thornton https://orcid.org/0000-0002-6492-6561

Kenneth M. Unice https://orcid.org/0000-0002-3840-3628

REFERENCES

American Academy of Pediatrics. (2012). Breastfeeding and the use of

human milk. Pediatrics, 129(3), e827–e841. https://doi.org/10.1542/
peds.2011-3552

Abebe, D. S., Von Soest, T., Von Holle, A., Zerwas, S. C., Torgersen, L., &

Bulik, C. M. (2015). Developmental trajectories of postpartum weight

3 years after birth: Norwegian mother and child cohort study. Maternal

and Child Health Journal, 19(4), 917–925. https://doi.org/10.1007/

s10995-014-1593-x

Australian National Health and Medical Research Council. (2020).

Australian guidelines to reduce health risks from drinking alcohol.

Commonwealth of Australia. Retrieved from https://www.nhmrc.gov.

au/about-us/publications/australian-guidelines-reduce-health-risks-

drinking-alcohol

Backstrand, J. R., Goodman, A. H., Allen, L. H., & Pelto, G. H. (2004).

Pulque intake during pregnancy and lactation in rural Mexico: Alcohol

and child growth from 1 to 57 months. European Journal of Clinical

Nutrition - Nature, 58(12), 1626–1634. https://doi.org/10.1038/sj.

ejcn.1602019

Bavarian Health and Food Safety Authority. (2013). Alcohol during

the nursing period—A risk assessment under consideration of the

promotion of breastfeeding. Retrieved from https://www.bfr.bund.de/

cm/350/alcohol-during-the-nursing-period-a-risk-assessment-under-

consideration-of-the-promotion-of-breastfeeding.pdf

Bessonneau, V., Clement, M., & Thomas, O. (2010). Can intensive use of

alcohol-based hand rubs lead to passive alcoholization? International

Journal of Environmental Research and Public Health, 7(8), 3038–3050.
https://doi.org/10.3390/ijerph7083038

Bessonneau, V., & Thomas, O. (2012). Assessment of exposure to alcohol

vapor from alcohol-based hand rubs. International Journal of Environ-

mental Research and Public Health, 9(3), 868–879. https://doi.org/10.
3390/ijerph9030868

Boniface, S., Kneale, J., & Shelton, N. (2013). Actual and perceived units of

alcohol in a self-defined “usual glass” of alcoholic drinks in England.

Alcoholism: Clinical and Experimental Research, 37(6), 978–983. https://
doi.org/10.1111/acer.12046

Boyce, J. M., Polgreen, P. M., Monsalve, M., Macinga, D. R., &

Arbogast, J. W. (2017). Frequency of use of alcohol-based hand rubs

by nurses: A systematic review. Infection Control and Hospital Epidemi-

ology, 38(2), 189–195. https://doi.org/10.1017/ice.2016.247
Brancato, A., Plescia, F., Lavanco, G., Cavallaro, A., & Cannizzaro, C. (2016).

Continuous and intermittent alcohol free-choice from pre-gestational

time to lactation: Focus on drinking trajectories and maternal behavior.

Frontiers in Behavioral Neuroscience, 10, 31. https://doi.org/10.3389/

fnbeh.2016.00031

Brown, T. L., Gamon, S., Tester, P., Martin, R., Hosking, K., Bowkett, G. C.,

Gerostamoulos, D., & Grayson, M. L. (2007). Can alcohol-based

hand-rub solutions cause you to lose your driver's license? Comparative

cutaneous absorption of various alcohols. Antimicrobial Agents and

Chemotherapy, 51(3), 1107–1108. https://doi.org/10.1128/AAC.

01320-06

Carito, V., Ceccanti, M., Ferraguti, G., Coccurello, R., Ciafre, S.,

Tirassa, P., & Fiore, M. (2019). NGF and BDNF alterations by prenatal

alcohol exposure. Current Neuropharmacology, 17(4), 308–317.
https://doi.org/10.2174/1570159X15666170825101308

Canadian Centre on Substance Use and Addiction. (2018). Canada's low-

risk alcohol drinking guidelines. Retrieved from https://www.ccsa.ca/

sites/default/files/2020-07/2012-Canada-Low-Risk-Alcohol-

Drinking-Guidelines-Brochure-en_0.pdf

Centers for Disease Control and Prevention. (2020). Hand sanitizer use out

and about. Retrieved from https://www.cdc.gov/handwashing/hand-

sanitizer-use.html

Centers for Disease Control and Prevention. (2021). Breastfeeding.

Retrieved from https://www.cdc.gov/breastfeeding/breastfeeding-

special-circumstances/vaccinations-medications-drugs/alcohol.html

Chen, G., Bower, K. A., Xu, M., Ding, M., Shi, X., Ke, Z. J., & Luo, J. (2009).

Cyanidin-3-glucoside reverses ethanol-induced inhibition of neurite

outgrowth: Role of glycogen synthase kinase 3 Beta. Neurotoxicity

Research, 15(4), 321–331. https://doi.org/10.1007/s12640-009-

9036-y

Climent, E., Pascual, M., Renau-Piqueras, J., & Guerri, C. (2002). Ethanol

exposure enhances cell death in the developing cerebral cortex: Role

of brain-derived neurotrophic factor and its signaling pathways. Jour-

nal of Neuroscience Research, 68(2), 213–225. https://doi.org/10.

1002/jnr.10208

Comasco, E., Rangmar, J., Eriksson, U. J., & Oreland, L. (2018). Neurological

and neuropsychological effects of low and moderate prenatal alcohol

exposure. Acta Physiologica (Oxford), 222(1), e12892. https://doi.org/

10.1111/apha.12892

Detering, N., Reed, W. D., Ozand, P. T., & Karahasan, A. (1979). The effects

of maternal ethanol consumption in the rat on the development of

their offspring. Journal of Nutrition, 109(6), 999–1009. https://doi.org/
10.1093/jn/109.6.999

Dumas-Campagna, J., Haddad, S., Charest-Tardif, G., & Tardif, R. (2014).

Predictions of blood ethanol levels resulting from occupational use of

hydro alcoholic solutions and ethanol-based varnishes. Journal of envi-

ronmental and analytical. Toxicology, 5(2). https://doi.org/10.4172/

2161-0525.1000260

European Chemicals Agency. (2021). Registry of CLH intentions until out-

come. Retrieved from https://echa.europa.eu/nl/registry-of-clh-

intentions-until-outcome/-/dislist/details/0b0236e1852d3d63

1440 HAN ET AL.

https://orcid.org/0000-0002-1142-0065
https://orcid.org/0000-0002-1142-0065
https://orcid.org/0000-0001-9280-4177
https://orcid.org/0000-0001-9280-4177
https://orcid.org/0000-0002-8900-7537
https://orcid.org/0000-0002-8900-7537
https://orcid.org/0000-0002-0018-9662
https://orcid.org/0000-0002-0018-9662
https://orcid.org/0000-0002-6492-6561
https://orcid.org/0000-0002-6492-6561
https://orcid.org/0000-0002-3840-3628
https://orcid.org/0000-0002-3840-3628
https://doi.org/10.1542/peds.2011-3552
https://doi.org/10.1542/peds.2011-3552
https://doi.org/10.1007/s10995-014-1593-x
https://doi.org/10.1007/s10995-014-1593-x
https://www.nhmrc.gov.au/about-us/publications/australian-guidelines-reduce-health-risks-drinking-alcohol
https://www.nhmrc.gov.au/about-us/publications/australian-guidelines-reduce-health-risks-drinking-alcohol
https://www.nhmrc.gov.au/about-us/publications/australian-guidelines-reduce-health-risks-drinking-alcohol
https://doi.org/10.1038/sj.ejcn.1602019
https://doi.org/10.1038/sj.ejcn.1602019
https://www.bfr.bund.de/cm/350/alcohol-during-the-nursing-period-a-risk-assessment-under-consideration-of-the-promotion-of-breastfeeding.pdf
https://www.bfr.bund.de/cm/350/alcohol-during-the-nursing-period-a-risk-assessment-under-consideration-of-the-promotion-of-breastfeeding.pdf
https://www.bfr.bund.de/cm/350/alcohol-during-the-nursing-period-a-risk-assessment-under-consideration-of-the-promotion-of-breastfeeding.pdf
https://doi.org/10.3390/ijerph7083038
https://doi.org/10.3390/ijerph9030868
https://doi.org/10.3390/ijerph9030868
https://doi.org/10.1111/acer.12046
https://doi.org/10.1111/acer.12046
https://doi.org/10.1017/ice.2016.247
https://doi.org/10.3389/fnbeh.2016.00031
https://doi.org/10.3389/fnbeh.2016.00031
https://doi.org/10.1128/AAC.01320-06
https://doi.org/10.1128/AAC.01320-06
https://doi.org/10.2174/1570159X15666170825101308
https://www.ccsa.ca/sites/default/files/2020-07/2012-Canada-Low-Risk-Alcohol-Drinking-Guidelines-Brochure-en_0.pdf
https://www.ccsa.ca/sites/default/files/2020-07/2012-Canada-Low-Risk-Alcohol-Drinking-Guidelines-Brochure-en_0.pdf
https://www.ccsa.ca/sites/default/files/2020-07/2012-Canada-Low-Risk-Alcohol-Drinking-Guidelines-Brochure-en_0.pdf
https://www.cdc.gov/handwashing/hand-sanitizer-use.html
https://www.cdc.gov/handwashing/hand-sanitizer-use.html
https://www.cdc.gov/breastfeeding/breastfeeding-special-circumstances/vaccinations-medications-drugs/alcohol.html
https://www.cdc.gov/breastfeeding/breastfeeding-special-circumstances/vaccinations-medications-drugs/alcohol.html
https://doi.org/10.1007/s12640-009-9036-y
https://doi.org/10.1007/s12640-009-9036-y
https://doi.org/10.1002/jnr.10208
https://doi.org/10.1002/jnr.10208
https://doi.org/10.1111/apha.12892
https://doi.org/10.1111/apha.12892
https://doi.org/10.1093/jn/109.6.999
https://doi.org/10.1093/jn/109.6.999
https://doi.org/10.4172/2161-0525.1000260
https://doi.org/10.4172/2161-0525.1000260
https://echa.europa.eu/nl/registry-of-clh-intentions-until-outcome/-/dislist/details/0b0236e1852d3d63
https://echa.europa.eu/nl/registry-of-clh-intentions-until-outcome/-/dislist/details/0b0236e1852d3d63


Ernhart, C. B., Morrow-Tlucak, M., Sokol, R. J., & Martier, S. (1988).

Underreporting of alcohol use in pregnancy. Alcoholism: Clinical and

Experimental Research, 12(4), 506–511. https://doi.org/10.1111/j.

1530-0277.1988.tb00233.x

Flores-Huerta, S., Hernandez-Montes, H., Argote, R. M., & Villalpando, S.

(1992). Effects of ethanol consumption during pregnancy and lactation

on the outcome and postnatal growth of the offspring. Annals of Nutri-

tion and Metabolism, 36(3), 121–128. https://doi.org/10.1159/

000177706

Gartner, L. M., Morton, J., Lawrence, R. A., Naylor, A. J., O'Hare, D.,

Schanler, R. J., Eidelman, A. I., & American Academy of Pediatrics

Section on, B. (2005). Breastfeeding and the use of human milk. Pedi-

atrics, 115(2), 496–506. https://doi.org/10.1542/peds.2004-2491
Gibson, L., & Porter, M. (2020). Drinking or smoking while breastfeeding

and later academic outcomes in children. Nutrients, 12(3). https://doi.

org/10.3390/nu12030829

Giglia, R., & Binns, C. (2006). Alcohol and lactation: A systematic review.

Nutrition and Dietetics, 63, 103–116. https://doi.org/10.1111/j.1747-
0080.2006.00056.x

Giordano, G., Guizzetti, M., Dao, K., Mattison, H. A., & Costa, L. G. (2011).

Ethanol impairs muscarinic receptor-induced neuritogenesis in rat hip-

pocampal slices: Role of astrocytes and extracellular matrix proteins.

Biochemical Pharmacology, 82(11), 1792–1799. https://doi.org/10.

1016/j.bcp.2011.08.014

González-Burgos, I., & Alejandre-G�omez, M. (2005). Cerebellar granule cell

and Bergmann glial cell maturation in the rat is disrupted by pre- and

post-natal exposure to moderate levels of ethanol. International Journal

of Developmental Neuroscience, 23(4), 383–388. https://doi.org/10.

1016/j.ijdevneu.2004.11.002

Gottesfeld, Z., & LeGrue, S. J. (1990). Lactational alcohol exposure elicits

long-term immune deficits and increased noradrenergic synaptic trans-

mission in lymphoid organs. Life Sciences, 47(5), 457–465. https://doi.
org/10.1016/0024-3205(90)90305-b

Haastrup, M. B., Pottegard, A., & Damkier, P. (2014). Alcohol and

breastfeeding. Basic & Clinical Pharmacology & Toxicology, 114(2),

168–173. https://doi.org/10.1111/bcpt.12149
Haiek, L. N., Kramer, M. S., Ciampi, A., & Tirado, R. (2001). Postpartum

weight loss and infant feeding. Journal of the American Board of Family

Medicine, 14(2), 85–94.
Hautemaniere, A., Cunat, L., Ahmed-Lecheheb, D., Hajjard, F., Gerardin, F.,

Morele, Y., & Hartemann, P. (2013). Assessment of exposure to etha-

nol vapors released during use of alcohol-based hand rubs by

healthcare workers. Journal of Infection and Public Health, 6(1), 16–26.
https://doi.org/10.1016/j.jiph.2012.09.015

Heaton, M. B., Paiva, M., & Siler-Marsiglio, K. (2011). Ethanol influences

on Bax translocation, mitochondrial membrane potential, and reactive

oxygen species generation are modulated by vitamin E and brain-

derived neurotrophic factor. Alcoholism: Clinical and Experimental

Research, 35(6), 1122–1133. https://doi.org/10.1111/j.1530-0277.

2011.01445.x

Heil, S. H., Hungund, B. L., Zheng, Z. H., Jen, K. L., & Subramanian, M. G.

(1999). Ethanol and lactation: Effects of milk lipids and serum constitu-

ents. Alcohol, 18(1), 43–48. https://doi.org/10.1016/s0741-8329(98)
00066-4

Hekmatpanah, J., Haghighat, N., & Adams, C. R. (1994). Alcohol consump-

tion by nursing rats and its effect on the cerebellum of the offspring.

Alcohol and Alcoholism, 29(5), 535–547.
Institute of Medicine (US) Committee on Nutritional Status During Preg-

nancy and Lactation. (1991). In Nutrition during lactation. National

Academies Press (US).

International Alliance for Responsible Drinking. (2019). Drinking guidelines

for pregnancy and breastfeeding. Retrieved from https://iard.org/

science-resources/detail/Drinking-Guidelines-for-Pregnancy-and-

Breastfeedin

Kesaniemi, Y. A. (1974). Ethanol and acetaldehyde in the milk

and peripheral blood of lactating women after ethanol admi-

nistration. The Journal of Obstetrics and Gynaecology of the British Com-

monwealth, 81(1), 84–86. Retrieved from https://www.ncbi.nlm.nih.

gov/pubmed/4818321. https://doi.org/10.1111/j.1471-0528.1974.

tb00369.x

Kramer, A., Below, H., Bieber, N., Kampf, G., Toma, C. D.,

Huebner, N. O., & Assadian, O. (2007). Quantity of ethanol absorption

after excessive hand disinfection using three commercially available

hand rubs is minimal and below toxic levels for humans. BMC Infectious

Diseases, 7, 117. https://doi.org/10.1186/1471-2334-7-117

Lachenmeier, D. W. (2008). Safety evaluation of topical applications of

ethanol on the skin and inside the oral cavity. Journal of Occupational

Medicine and Toxicology, 3, 26. https://doi.org/10.1186/1745-6673-

3-26

Lancaster, F. E., Selvanayagam, P. F., & Hsu, L. L. (1986). Lactational etha-

nol exposure: Brain enzymes and [3H]spiroperidol binding. Interna-

tional Journal of Developmental Neuroscience, 4(2), 151–160. https://
doi.org/10.1016/0736-5748(86)90040-7

Lawton, M. E. (1985). Alcohol in breast milk. Australian and New Zealand

Journal of Obstetrics and Gynaecology, 25(1), 71–73. https://doi.org/
10.1111/j.1479-828x.1985.tb00609.x

Li, H., Chen, J., Qi, Y., Dai, L., Zhang, M., Frank, J. A., Handshoe, J. W.,

Cui, J., Xu, W., & Chen, G. (2015). Deficient PKR in RAX/PKR

association ameliorates ethanol-induced neurotoxicity in the develop-

ing cerebellum. Cerebellum, 14(4), 386–397. https://doi.org/10.1007/
s12311-015-0644-1

Little, R. E., Anderson, K. W., Ervin, C. H., Worthington-Roberts, B., &

Clarren, S. K. (1989). Maternal alcohol use during breast-feeding and

infant mental and motor development at one year. The New England

Journal of Medicine, 321(7), 425–430. https://doi.org/10.1056/

NEJM198908173210703

Livingston, M., & Callinan, S. (2015). Underreporting in alcohol surveys:

Whose drinking is underestimated? Journal of Studies on Alcohol and

Drugs, 76(1), 158–164. https://doi.org/10.15288/jsad.2015.76.158
Maier, A., Ovesen, J. L., Allen, C. L., York, R. G., Gadagbui, B. K.,

Kirman, C. R., Poet, T., & Quinones-Rivera, A. (2015). Safety assess-

ment for ethanol-based topical antiseptic use by health care workers:

Evaluation of developmental toxicity potential. Regulatory Toxicology

and Pharmacology, 73(1), 248–264. https://doi.org/10.1016/j.yrtph.

2015.07.015

Manzo-Avalos, S., & Saavedra-Molina, A. (2010). Cellular and mitochon-

drial effects of alcohol consumption. International Journal of Environ-

mental Research and Public Health, 7(12), 4281–4304. https://doi.org/
10.3390/ijerph7124281

May, P. A., Hasken, J. M., Blankenship, J., Marais, A. S., Joubert, B.,

Cloete, M., de Vries, M. M., Barnard, R., Botha, I., Roux, S., Doms, C.,

Gossage, J. P., Kalberg, W. O., Buckley, D., Robinson, L. K.,

Adnams, C. M., Manning, M. A., Parry, C. D. H., Hoyme, H. E., …
Seedat, S. (2016). Breastfeeding and maternal alcohol use: Prevalence

and effects on child outcomes and fetal alcohol spectrum disorders.

Reproductive Toxicology, 63, 13–21. https://doi.org/10.1016/j.

reprotox.2016.05.002

Mennella, J. A., & Beauchamp, G. K. (1993). Beer, breast feeding, and folk-

lore. Developmental Psychobiology, 26(8), 459–466. https://doi.org/10.
1002/dev.420260804

Moon, K. H., Tajuddin, N., Brown, J. 3rd, Neafsey, E. J., Kim, H. Y., &

Collins, M. A. (2014). Phospholipase A2, oxidative stress, and neu-

rodegeneration in binge ethanol-treated organotypic slice cultures of

developing rat brain. Alcoholism: Clinical and Experimental Research,

38(1), 161–169. https://doi.org/10.1111/acer.12221
More, S. L., Thornton, S. A., Maskrey, J. R., Sharma, A., de Gandiaga, E.,

Cheng, T. J., Fung, E. S., Bernal, A. J., & Madl, A. K. (2020). PBPK

modeling characterization of potential acute impairment effects from

HAN ET AL. 1441

https://doi.org/10.1111/j.1530-0277.1988.tb00233.x
https://doi.org/10.1111/j.1530-0277.1988.tb00233.x
https://doi.org/10.1159/000177706
https://doi.org/10.1159/000177706
https://doi.org/10.1542/peds.2004-2491
https://doi.org/10.3390/nu12030829
https://doi.org/10.3390/nu12030829
https://doi.org/10.1111/j.1747-0080.2006.00056.x
https://doi.org/10.1111/j.1747-0080.2006.00056.x
https://doi.org/10.1016/j.bcp.2011.08.014
https://doi.org/10.1016/j.bcp.2011.08.014
https://doi.org/10.1016/j.ijdevneu.2004.11.002
https://doi.org/10.1016/j.ijdevneu.2004.11.002
https://doi.org/10.1016/0024-3205(90)90305-b
https://doi.org/10.1016/0024-3205(90)90305-b
https://doi.org/10.1111/bcpt.12149
https://doi.org/10.1016/j.jiph.2012.09.015
https://doi.org/10.1111/j.1530-0277.2011.01445.x
https://doi.org/10.1111/j.1530-0277.2011.01445.x
https://doi.org/10.1016/s0741-8329(98)00066-4
https://doi.org/10.1016/s0741-8329(98)00066-4
https://iard.org/science-resources/detail/Drinking-Guidelines-for-Pregnancy-and-Breastfeedin
https://iard.org/science-resources/detail/Drinking-Guidelines-for-Pregnancy-and-Breastfeedin
https://iard.org/science-resources/detail/Drinking-Guidelines-for-Pregnancy-and-Breastfeedin
https://www.ncbi.nlm.nih.gov/pubmed/4818321
https://www.ncbi.nlm.nih.gov/pubmed/4818321
https://doi.org/10.1111/j.1471-0528.1974.tb00369.x
https://doi.org/10.1111/j.1471-0528.1974.tb00369.x
https://doi.org/10.1186/1471-2334-7-117
https://doi.org/10.1186/1745-6673-3-26
https://doi.org/10.1186/1745-6673-3-26
https://doi.org/10.1016/0736-5748(86)90040-7
https://doi.org/10.1016/0736-5748(86)90040-7
https://doi.org/10.1111/j.1479-828x.1985.tb00609.x
https://doi.org/10.1111/j.1479-828x.1985.tb00609.x
https://doi.org/10.1007/s12311-015-0644-1
https://doi.org/10.1007/s12311-015-0644-1
https://doi.org/10.1056/NEJM198908173210703
https://doi.org/10.1056/NEJM198908173210703
https://doi.org/10.15288/jsad.2015.76.158
https://doi.org/10.1016/j.yrtph.2015.07.015
https://doi.org/10.1016/j.yrtph.2015.07.015
https://doi.org/10.3390/ijerph7124281
https://doi.org/10.3390/ijerph7124281
https://doi.org/10.1016/j.reprotox.2016.05.002
https://doi.org/10.1016/j.reprotox.2016.05.002
https://doi.org/10.1002/dev.420260804
https://doi.org/10.1002/dev.420260804
https://doi.org/10.1111/acer.12221


inhalation of ethanol during e-cigarette use. Inhalation Toxicology,

32(1), 14–23. https://doi.org/10.1080/08958378.2020.1720867
Morrow-Tlucak, M., Ernhart, C. B., Sokol, R. J., Martier, S., & Ager, J.

(1989). Underreporting of alcohol use in pregnancy: Relationship

to alcohol problem history. Alcoholism: Clinical and Experimental

Research, 13(3), 399–401. https://doi.org/10.1111/j.1530-0277.1989.
tb00343.x

Museridze, D. P., & Gegenava, L. G. (2010). Effects of Ethanol on Neuron

Density in the Limbic Cortex of the Brain and Correction of Evoked

Changes with the Antioxidant Dolivin. Neuroscience and Behavioral

Physiology, 40(5), 553–556. https://doi.org/10.1007/s11055-010-

9296-2

Nath, V., Reneau, J. C., Dertien, J. S., Agrawal, R. G., Guerra, I., Bhakta, Y.,

Busari, K., Neumann, M. K., Bergeson, S. E., & Popp, R. L. (2012). An

in vitro model for studying the effects of continuous ethanol exposure

on N-methyl-D-aspartate receptor function. Alcohol, 46(1), 3–16.
https://doi.org/10.1016/j.alcohol.2011.08.003

Oyama, L. M., Couto, R. C., Couto, G. E., Damaso, A. R., & Oller do

Nascimento, C. M. (2000). Ethanol intake during lactation. II. Effects

on pups' liver and brain metabolism. Alcohol, 21(3), 201–206. https://
doi.org/10.1016/s0741-8329(00)00074-4

Oyama, L. M., & Oller Do Nascimento, C. M. (2003). Effect of ethanol

intake during lactation on male and female pups' liver and brain

metabolism during the suckling-weaning transition period. Nutritional

Neuroscience, 6(3), 183–188. https://doi.org/10.1080/1028415031

000111291

Pauli, J., Wilce, P., & Bedi, K. S. (1995). Spatial learning ability of rats

following acute exposure to alcohol during early postnatal life.

Physiology & Behavior, 58(5), 1013–1020. https://doi.org/10.1016/

0031-9384(95)00120-8

Pendlington, R. U., Whittle, E., Robinson, J. A., & Howes, D. (2001). Fate of

ethanol topically applied to skin. Food and Chemical Toxicology, 39(2),

169–174. https://doi.org/10.1016/s0278-6915(00)00120-4
Pruett, D., Waterman, E. H., & Caughey, A. B. (2013). Fetal alcohol

exposure: consequences, diagnosis, and treatment. Obstetrical &

Gynecological Survey, 68(1), 62–69. https://doi.org/10.1097/OGX.

0b013e31827f238f

Royal College of Obstetricians & Gynaecologists. (2018). Alcohol

and pregnancy. Retrieved from https://www.rcog.org.uk/global

assets/documents/patients/patient-information-leaflets/pregnancy/

pi-alcohol-and-pregnancy.pdf

Tavares-do-Carmo, M. G., & Nascimento-Curi, C. M. (1990). Effect of etha-

nol intake during lactation on the metabolism of dams and on pup

development. Brazilian Journal of Medical and Biological Research,

23(11), 1161–1163.
Tavares do Carmo, M. G., Oller do Nascimento, C. M., Martin, A., &

Herrera, E. (1999). Ethanol intake during lactation impairs milk

production in rats and affects growth and metabolism of suckling

pups. Alcohol, 18(1), 71–76. https://doi.org/10.1016/s0741-8329(98)
00070-6

United States Department of Health and Human Services, Dietary Guide-

lines Advisory Committee. (2020). Dietary guidelines for Americans,

2020–2025 (9th ed.). US Department of Health and Human Services

and US Department of Agriculture. Retrieved from https://www.

dietaryguidelines.gov/sites/default/files/2020-12/Dietary_

Guidelines_for_Americans_2020-2025.pdf

United States Environmental Protection Agency. (1998). Recommenda-

tions for and documentation of biological values for use in risk assess-

ment. In EPA/600/6–87/008. Retrieved from https://cfpub.epa.gov/

ncea/risk/recordisplay.cfm?deid=34855

United States Environmental Protection Agency. (2011). Chapter 7 - Der-

mal exposure factors. In Exposure Factors Handbook, EPA/600/R-

090/052F.

Vaglenova, J., & Petkov, V. V. (1998). Fetal alcohol effects in rats exposed

pre- and postnatally to a low dose of ethanol. Alcoholism: Clinical and

Experimental Research, 22(3), 697–703. https://doi.org/10.1111/j.

1530-0277.1998.tb04313.x

VanDemark, K. L., Guizzetti, M., Giordano, G., & Costa, L. G. (2009). Etha-

nol inhibits muscarinic receptor-induced axonal growth in rat hippo-

campal neurons. Alcoholism: Clinical and Experimental Research, 33(11),

1945–1955. https://doi.org/10.1111/j.1530-0277.2009.01032.x
Vermeil, T., Peters, A., Kilpatrick, C., Pires, D., Allegranzi, B., & Pittet, D.

(2019). Hand hygiene in hospitals: Anatomy of a revolution. Journal of

Hospital Infection, 101(4), 383–392. https://doi.org/10.1016/j.jhin.

2018.09.003

Vilaro, S., Vinas, O., Remesar, X., & Herrera, E. (1987). Effects of chronic

ethanol consumption on lactational performance in rat: Mammary

gland and milk composition and pups' growth and metabolism. Phar-

macology Biochemistry and Behavior, 27(2), 333–339. https://doi.org/
10.1016/0091-3057(87)90577-6

World Health Organization. (2009). WHO guidelines on hand hygiene in

health care. Retrieved from https://www.who.int/publications/i/item/

9789241597906

Zingg, W., Haidegger, T., & Pittet, D. (2016). Hand coverage by alcohol-

based handrub varies: Volume and hand size matter. American Journal

of Infection Control, 44(12), 1689–1691. https://doi.org/10.1016/j.ajic.
2016.07.006

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Han, A. A., Buerger, A. N., Allen, H.,

Vincent, M., Thornton, S. A., Unice, K. M., Maier, A., &

Quiñones-Rivera, A. (2022). Assessment of ethanol exposure

from hand sanitizer use and potential for developmental

toxicity in nursing infants. Journal of Applied Toxicology, 42(9),

1424–1442. https://doi.org/10.1002/jat.4284

1442 HAN ET AL.

https://doi.org/10.1080/08958378.2020.1720867
https://doi.org/10.1111/j.1530-0277.1989.tb00343.x
https://doi.org/10.1111/j.1530-0277.1989.tb00343.x
https://doi.org/10.1007/s11055-010-9296-2
https://doi.org/10.1007/s11055-010-9296-2
https://doi.org/10.1016/j.alcohol.2011.08.003
https://doi.org/10.1016/s0741-8329(00)00074-4
https://doi.org/10.1016/s0741-8329(00)00074-4
https://doi.org/10.1080/1028415031000111291
https://doi.org/10.1080/1028415031000111291
https://doi.org/10.1016/0031-9384(95)00120-8
https://doi.org/10.1016/0031-9384(95)00120-8
https://doi.org/10.1016/s0278-6915(00)00120-4
https://doi.org/10.1097/OGX.0b013e31827f238f
https://doi.org/10.1097/OGX.0b013e31827f238f
https://www.rcog.org.uk/globalassets/documents/patients/patient-information-leaflets/pregnancy/pi-alcohol-and-pregnancy.pdf
https://www.rcog.org.uk/globalassets/documents/patients/patient-information-leaflets/pregnancy/pi-alcohol-and-pregnancy.pdf
https://www.rcog.org.uk/globalassets/documents/patients/patient-information-leaflets/pregnancy/pi-alcohol-and-pregnancy.pdf
https://doi.org/10.1016/s0741-8329(98)00070-6
https://doi.org/10.1016/s0741-8329(98)00070-6
https://www.dietaryguidelines.gov/sites/default/files/2020-12/Dietary_Guidelines_for_Americans_2020-2025.pdf
https://www.dietaryguidelines.gov/sites/default/files/2020-12/Dietary_Guidelines_for_Americans_2020-2025.pdf
https://www.dietaryguidelines.gov/sites/default/files/2020-12/Dietary_Guidelines_for_Americans_2020-2025.pdf
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=34855
https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=34855
https://doi.org/10.1111/j.1530-0277.1998.tb04313.x
https://doi.org/10.1111/j.1530-0277.1998.tb04313.x
https://doi.org/10.1111/j.1530-0277.2009.01032.x
https://doi.org/10.1016/j.jhin.2018.09.003
https://doi.org/10.1016/j.jhin.2018.09.003
https://doi.org/10.1016/0091-3057(87)90577-6
https://doi.org/10.1016/0091-3057(87)90577-6
https://www.who.int/publications/i/item/9789241597906
https://www.who.int/publications/i/item/9789241597906
https://doi.org/10.1016/j.ajic.2016.07.006
https://doi.org/10.1016/j.ajic.2016.07.006
https://doi.org/10.1002/jat.4284

	Assessment of ethanol exposure from hand sanitizer use and potential for developmental toxicity in nursing infants
	1  INTRODUCTION
	2  METHODS
	2.1  Literature search methodology
	2.1.1  Criteria for confidence scoring
	2.1.2  Literature review and data abstraction

	2.2  Exposure assessment
	2.2.1  Toxicological extrapolation of no observed adverse effect levels (NOAELs) and lowest observed adverse effect levels ...
	2.2.2  Margin of exposure versus benchmark estimates

	2.3  PBPK simulations
	2.3.1  Exposure simulations
	2.3.2  BEC estimations in lactating women


	3  RESULTS
	3.1  Alcohol consumption during breastfeeding guidelines
	3.2  Epidemiological findings for ethanol consumption and breastfeeding
	3.3  Ethanol exposures and measured internal concentrations in animals
	3.4  Developmental outcomes in animals from ethanol exposure via lactation
	3.5  Blood ethanol concentration predictions and margin of exposure versus benchmark estimates

	4  DISCUSSION
	4.1  Epidemiological study review
	4.2  Toxicological study review
	4.3  Proposed modes of action
	4.4  Margin of exposure versus benchmark analysis

	FUNDING
	DATA AVAILABILITY STATEMENT

	REFERENCES


