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Background: Heavy metals, pesticides and a host of contaminants found in dust and soil pose a health risk to young children through ingestion. Dust/soil ingestion rates for young children can be estimated using micro-level activity time series (MLATS) as model inputs. MLATS allow for the generation of frequency and duration of children’s contact activities, along with sequential contact patterns. Models using MLATS consider contact types, and transfer dynamics to assign mechanisms of contact and appropriate exposure factors for cumulative estimates of ingestion rates.

Objective: The objective of this study is to describe field implementation, data needs, advanced field collection, laboratory methodologies, and challenges for integrating into and updating a previously validated physical-stochastic MLATS-based model framework called the Child-Specific Aggregate Cumulative Human Exposure and Dose (CACHED) model. The manuscript focuses on describing the methods implemented in the current study.

Methods: This current multidisciplinary study (Dust Ingestion childRen sTudy [DIRT]) was implemented across three US regions: Tucson, Arizona; Miami, Florida and Greensboro, North Carolina. Four hundred and fifty participants were recruited between August 2021 to June 2023 to complete a 4-part household survey, of which 100 also participated in a field study.

Discussion: The field study focused on videotaping children’s natural play using advanced unattended 360° cameras mounted for participants’ tracking and ultimately conversion to MLATS. Additionally, children’s hand rinses were collected before and after recording, along with indoor dust and outdoor soil, followed by advanced mass analysis. The gathered data will be used to quantify dust/soil ingestion by region, sociodemographic variables, age groups (from 6 months to 6 years), and other variables for indoor/outdoor settings within an adapted version of the CACHED model framework.

Significance: New innovative approaches for the estimation of dust/soil ingestion rates can potentially improve modeling and quantification of children’s risks to contaminants from dust exposure.
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Introduction

Children are exposed to environmental contaminants found in soil and dust in a number of settings including homes, schools, playgrounds, and beaches (1). Other indoor and outdoor environments (e.g., malls, gyms) may also play a smaller role in exposure. The contribution of each setting to overall exposure is dependent on time spent in a certain environment and the specific activities that contribute to dust and/or soil ingestion. Dust is found in the indoor environment while soil is found in the outdoor environment, including outdoor attached spaces (e.g., patios) (2, 3). Soil that has migrated or been tracked into the home is also considered as dust. Contaminants (e.g., heavy metals, dioxins, pesticides, allergens) are found in dust and soil based on numerous natural and manmade pathways, such as deterioration of building materials, use of various products in the home, migration of metals from mine tailings, wind dynamics and water runoff from industrial processes and farming (4–7). Dust is a heterogeneous mixture of soil from outdoors, lint, skin particles, organic fibers, food debris, etc. (8), and can be a repository for various harmful chemicals. Indoor dust can also play a role in inhalation exposure to viral agents such as COVID 19, especially during resuspension, and can in fact be used as a marker for tracking viral spread (9–14).

Children are exposed to dust and soil ingestion primarily via four pathways: (1) dust/soil found on objects/surfaces placed in the mouth, (2) dust/soil placed directly into the mouth, (3) dust/soil found on food placed in the mouth, and (4) dust/soil found on hands (or other parts of the body) placed in the mouth after contact with dust/soil (Figure 1). Some inhaled dust can also be swallowed. It is critical to investigate various exposure pathways and understand how each contributes to total dust/soil ingestion rates. This allows for the development of more targeted prevention strategies to reduce contaminant exposures.
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FIGURE 1
 Four primary exposure pathways exist that lead to non-dietary ingestion of dust/soil or children. Each pathway requires consideration of quantified activity patterns and relevant exposure factors as shown. Not shown are other model parameters (e.g., dust-to-skin transfer) needed to estimate how for example dust adheres to objects and hands before transfer to the mouth.


Dust and soil ingestion rates are used by exposure scientists and risk assessors in algorithms to estimate the amount of a contaminant ingested daily and over a lifetime, which can then be related to the toxic nature of the contaminant and ultimately to adverse health outcomes (15–24). This allows for decisions to be made on the potential need for prevention strategies if exposures are deemed unacceptable, such as dust/soil cleanup approaches in and around homes and at various sites (e.g., Superfund sites), restrictive regulations on the composition of consumer products brought in a home, and outreach to alter human behavior to reduce exposures, such as removal of shoes at doors to reduce track-in of soils. Higher soil ingestion rates have been documented as a key parameter responsible for influencing exposure to harmful contaminants for children (21), whereas a higher frequency of hand washing (i.e., behavioral activity) could potentially reduce the risk (25). In fact, exposure to heavy metals via hand/object-to-mouth intake pathways has been associated with the greatest health risk (21).

The US EPA estimates that children ingest approximately 60 to 100 mg/day of total dust and soil, and states this is based on limited data (26). Those dust/soil ingestion rates vary by children’s age and activities, housing characteristics and dynamics, dust loading rates, and environmental conditions (26). These estimates have a high degree of uncertainty due to variability in study methodologies and small datasets with limited statistical power to show significance in findings (20). Additionally, the dust/soil ingestion data collected to date from children lack representation across age groups, geographic regions, built environment and sociodemographic groups (27, 28).

The three approaches commonly used for dust/soil ingestion for children include: the tracer approach, the limited biokinetic model approach, and the activity modeling approach. The tracer approach traditionally involves the study of chemicals that are not metabolized in the body in a mass balance equation. Estimates of the total mass of dust/soil ingestion are based on the consumption (input) of known or measured tracer element concentrations, such as those measured in nearby soil samples, that are then compared to levels measured in feces, food and/or urine (output) after accounting for trace elements ingested from medicines, supplements and sometimes from toothpaste (29). Calabrese et al. (30) used eight tracer elements (e.g., aluminum and silicon) and a mass balance approach, that also considered food and medicine sources, to obtain soil ingestion rates of 9 to 96 mg/day for 64 children, ages 1 to 4 years. Similarly, Yang et al. (21) recently estimated median soil ingestion rates of 148 mg/day using the tracer method to look at metal exposure for 66 children living near e-waste recycling sites (21). However, the most important aspect of the tracer method is the use of a commonly found tracer with good recovery rates that can be effectively reconstructed in an exposure-biomarker model, which can be challenging (31). In particular, the pharmacokinetic knowledge of a tracer compound can be incomplete and vary across individuals and age groups leading to over or underestimates of soil/dust ingestion rates (32). Other challenges include the ability to distinguish routes of exposures, or particular sources like food or toothpaste, and the ingestion of soil versus dust linked to time spent in indoor versus outdoor environments (24).

The biokinetic model approach reflects the general concept in aggregate exposure assessments since it recognizes that exposures from different pathways do not occur as separate events. In this approach, actual measurements of a biomarker (e.g., toxicant levels in blood or urine-typically lead) are compared to predictions from a biokinetic model that incorporates toxicant exposures from food, water, air, soil, and dust via dermal, inhalation, and ingestion routes. Von Lindern et al. (22) used a biokinetic model approach to estimate dust/soil ingestion rates of 51 to 96 mg/day via blood lead biomonitoring for children 1 to 9 years of age near a superfund site in Idaho.

For the estimation of dust/soil ingestion rates that involves complex pathways and loading dynamics, activity pattern collection and analysis, the modeling approach is recognized as a valuable and often critical tool in the field (18, 33). The activity modeling approach considers the frequency and duration of children’s activities that may expose them to dust and soil, estimates ingestion for each contact given the activity type, and quantifies dust and soil uptake from the accumulation of contact events. A number of studies have used this approach by collecting and analyzing children’s activity patterns for use in modeling across some indoor and outdoor environments (33, 34). Refined modeled estimates of dust and soil ingestion rates for children have been presented by Ozkaynak et al. (18), where authors were able to separately identify dust and soil ingestion rates by pathways and child activities using a previously developed EPA Stochastic Human Exposure and Dose Simulation (SHEDS) Model. Data sources for the SHEDS model included video data from previous studies on contact frequency and duration for children, along with mouth removal efficiencies, and surface areas of contact found in the literature, for example. Their model showed the mean rate for soil ingestion (children of 3 to 6 years) of 41 mg/day, a mean rate of 20 mg/day for hand-to-mouth dust ingestion, and a mean rate of 7 mg/day for object-to-mouth.

In 2021, EPA issued a request for proposals (RFP) to expand the data set of dust and soil ingestion rates specifically for children between the ages of 6 months to 6 years (35). An emphasis was placed on data that represent diverse geographic regions, built environments (urban, suburban, rural), and sociodemographic characteristics. This study was developed in response to the EPA RFP, with a goal to utilize a comprehensive modeling approach (i.e., activity modeling) to integrate new and existing data, and to measure distributions of dust/soil ingestion rates by region, sociodemographic variables, location, age groups, and other variables related to indoor/outdoor settings. This study focuses on describing all project methodologies with an emphasis on new or refined techniques from the exposure field for estimation of dust/soil ingestion rates. The results from this study will be presented in subsequent publications. Additionally, proposed work from other research teams, funded by the US Environmental Protection Agency, are summarized at the end of this article to provide comprehensive information about the state-of-the-art approaches for gathering and analyzing data.



Methods


Data collection

The purpose of the study was to increase the size of the datasets available (i.e., datasets of mouthing contact frequencies, surface and hands dust loadings, time spent), combine it with data from previous studies, to increase the sample size used in developing parameter distributions for model inputs, thereby decreasing uncertainty in risk estimates. This was accomplished by recruiting an equal proportion of participants among the US EPA recommended age groups (36) [6 months to <12 months, 1 year (12 months) to <2 years, 2 years to <3 years, 3 years to <6] and through using the videotaping/videotranslation and dust data collection from each participant’s home. Data were collected across three environmentally distinct regions: Tucson, Arizona; Miami, Florida and Greensboro, North Carolina, beginning in August 2021 through June 2023, with data analysis and model simulations continuing sometime after. The three regions are environmentally distinct based on temperature, rainfall and humidity: Tucson-Arizona is hot-desert/hot semi-arid, Greensboro, North Carolina is humid-subtropical, and Miami-Florida is considered tropical wet (37), which can for example affect child time spent outdoors playing, soil re-suspension and potentially dust levels indoors. A total of 450 participants (150 participants in each region) participated in a survey, and 100 out of the 450 also participated in the field sampling (videotaping and dust/soil collection). The Florida research team was responsible for the processing and analysis of all dust/soil samples collected across the regions. The Greensboro research team was responsible for videotapes processing and videotranslation to produce MLATS data. The Arizona research team was responsible for model development using data generated/analyzed by the Florida and Greensboro research teams.



Model approach

The ultimate goal of the study is to estimate dust/soil ingestion for children between the ages of 6 months and 6 years using a micro-level activity time series (MLATS) model. In this study, MLATS were collected via newer videotaping and videotranslation methodologies. Videotranslation refers to the conversion of activity patterns from video footage to text files to be used in models. This research team, along with other teams, have used videotaping and videotranslation methods in the past to collect activity patterns for children, useful in exposure and risk estimates (38–42).

We have adapted our previously developed MLATS-based physical-stochastic modeling framework that utilizes a number of parameters to estimate non-dietary ingestion rates (43–45). These include time series of hand-to-mouth and object-to-mouth events by a child, dust and soil adherence/removal transfer rates, and dust and soil loadings on the hands and objects. The final model outputs are the temporally averaged or integrated mass of dust and soil ingested, based on the mouthing removal rate per contact event. The non-dietary ingestion model links to a dermal exposure model using the same related input modules, such as MLATS and exposure factors including mass loading. In this study, the dermal module provides estimates of soil/dust loading on the hands. Dermal simulations can be used to develop parametric or empirical distributions of this loading on the hands for use in the non-dietary ingestion module. Dermal exposure is a function of transfer (adherence/removal) factors, contaminant concentrations, fraction of surface area contacted, and other exposure factors (Equation 1). The interest in the dermal model is the loadings on the hands. Non-dietary ingestion uses similar inputs but requires a total surface area in contact in lieu of a unitless fraction surface area. Instead of accumulating mass per area over time, each exposure is assumed as a discrete event that occurs instantaneously upon contact. The ingestion rates can then be used in the intake rate (IR) term to calculate an exposure dose to a contaminant (Equation 2). The basic construct of these algorithm/equations are the backbone of the more complex model used in this study (i.e., CACHED) that utilizes sequential contact behaviors (time-series) (43). It must be mentioned that not all the contaminants ingested in the soil matrix are bioavailable, due to excretion and elimination processes (46).

Equation 1: Dust/Soil Dermal Uptake Algorithm (47, 48).
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Where:

Dder = Dermal Absorbed Dose (mg/kg/day).

C = Contaminant Concentration (mg/kg).

SA = Surface Area Available for Contact (cm2/event).

AF = Soil-to-Skin-Adherence Factor (mg/cm2).

ABS = Absorption Factor (unitless).

EF = Exposure Factor (unitless).

CF = Conversion Factor (10−6 kg/mg).

BW = Body Weight (kg).

Equation 2: Dust/Soil Ingestion Algorithm (26, 49).
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Where:

Ding = Exposure Dose (mg/kg/day).

C = Contaminant Concentration (mg/kg).

IR = Intake Rate (mg/day).

EF = Exposure Factor (unitless).

CF = Conversion Factor (10−6 kg/mg).

BW = Body Weight (kg).



Training

Training of personnel occurred at each study region for survey collection using Research Electronic Data Capture (REDCap) and for interacting with participants. REDCap is a secure and easy to use online data collection tool designed by a team at Vanderbilt University and used by many researchers nationally for survey collection and analysis (50). For the field study, lead researchers met in Greensboro during February 2021 for an in-person training on methodologies, and to complete a trial in-home field data collection. Lead researchers were then able to train and mentor their regional research teams. Written standard operating procedures and methodologies were created and used as a reference to routinely guide survey and field activities. Additionally, the project included a quality assurance official who conducted quarterly checks of adherence to procedures and completion of project documentation. Throughout the project, the team diligently met each month to discuss activities, tasks and project goals.



Study recruitment

The universities used various strategies for recruitment, including assistance from community partners in the regions. The University of Miami, for example, used the Debbie Institute Mailman Center for Child Development, while the University of Arizona used El Rio Community Health Center, both of which have provided support in prior community-engaged research studies. All universities also conducted recruitment at various community locations and events, including at malls, museums, libraries, parks and (with permission) at daycare centers and health department clinics. Sampling was primarily by convenience with an effort to work with partners who had more access to minority/underserved populations (i.e., Black and Hispanic populations). Recruitment materials (including IRB approved flyers and postcards) were also posted on Facebook, Twitter, and YouTube with proactive postings to environmental advocacy and parenting sites. When in the field recruiting, or over the phone, researchers explained to parents the commitment requirements and value of the study. It was important to also express the low risks involved in participation. If parents showed interest, the recruitment team would follow up to schedule survey or videotaping times and days. During the time-periods heavily affected by the COVID-19 pandemic (for this study, January 2022 through January 2023), recruitment was exceptionally challenging, as participants had more safety concerns and reluctance to allow researchers in homes. Those who completed the dust loading survey received a $25 gift card. Participants and their children who additionally participated in the field study (video-recording and sample collection) received a second gift card valuing $100. Surveys, consent forms and outreach materials were translated into Spanish to also recruit Spanish-speaking participants. A family was able to complete the survey for up to four children in the family under the age of 6 years, and up to three children from a family could participate in the field-study.



Human subject approval and subject protection

The study received Institutional Review Board (IRB) approval at North Carolina Agricultural and Technical State University (NCAT; protocol #21–0100). The University of Miami and University of Arizona agreed to have NCAT IRB as the designated IRB of record. All participants were consented before survey collection and field study participation. All research personnel were required to have human subjects training certification including modules that provide additional considerations needed when working with children. Given that data collected commenced during the COVID-19 pandemic, research personnel followed COVID mandates from the state and local officials during field studies and collection of survey data. Additionally, data generated during survey collection and household visits (i.e., field surveys) referenced child codes (i.e., identifiers), date and regions of data collection for purposes of protection, consolidation and analysis.



Household dust survey

The survey was administered orally by researchers using an iPad, laptop, iPhone, or paper version in the field, in English and Spanish, following consenting. The survey took approximately 45 to 60 min to complete. Participants were able to complete the survey over the phone or in person with the researchers. The survey was programmed in the REDCap platform, allowing for easy analysis and transfer into statistical programs. All researchers in all regions used the same REDCap link to access the survey.

The household dust survey was divided into four distinct sections: family and child demographics, child health and activity, household routines, and an observational section. The child health-activity section requires the parent to recall some typical activities of the child that might affect ingestion exposures around the home such as tendency and frequency to mouth objects, suck fingers, use of a pacifier, handwashing frequency and time spent indoors versus outdoors. There was only one general health question on typical childhood illnesses (e.g., asthma). The household section looked at housing characteristics and house-cleaning and maintenance habits such as regularity of filter changes, type of ventilation and cooling systems, frequency of cleaning, wipe and vacuum methods used for floors, fans, and windowsills. Questions pertaining to specific variables that had previously been reported by other studies to be strongly associated with dust loading, such as age of home, and number of people in the home, were also included in the survey (51–55). The observational section looks at the layout of the home and yard, peeling paint, number of screens and location to certain contaminant and dust generating sources (e.g., roadway, gas stations). This section was completed only for those families participating in the field study component.

Survey data collected through this study will be analyzed using Classification and Regression Trees (CART). CART is a machine learning technique used for classification and prediction tasks useful for analyzing survey data with varied questions that might be related (56, 57). With the wealth of information and varied types of questions in the survey that are related to dust loadings in homes, behaviors of children and ultimately dust ingestion, this technique builds and evaluates a decision tree that describes relationships between variables and provides predictable outcomes. CART works by repeatedly partitioning data into smaller and smaller groups based on the values of the predictor variables until the resulting groups are homogeneous with respect to the outcome variable. The versatility afforded by a CART analysis to make decisions has been demonstrated in a variety of settings, such as seasonal ozone levels, screening indicators for COVID 19, and looking at social indicators in public health monitoring and intervention needs (58, 59). For this study, we predict that the CART analysis based on variables in the survey will show how and to what extent time spent outdoors for a child might be related to the size and location of the home, or how a parent’s race and income, and even the size of a home, might be related to the maintenance of home in terms of cleaning practices for the 450 participants. Additionally, we will be looking for relationships between survey responses and hand dust loadings we collect for the 100 participants that participate in the field study.



Field study general process

This section provides a summary of the sample collection process, with more details in subsequent sections. For consistency of data collection and quality assurance, researchers at the three collection sites (Arizona, Florida and North Carolina) followed field process and protocols for videotaping and dust/soil collection (Figure 2). Most participants who took part in the field data collection, completed the survey portion of the study prior to the in-home visits. If not, the survey and consent forms were completed on arrival to the participant’s home. Additionally, the observational section of the survey was completed, along with measurement of the room dimensions (length, width, and height) using a handheld digital laser. All rooms were measured unless the participants did not want us to enter an area (e.g., to not to disturb a family member). The child’s weight and height were then measured, followed by a wash of both hands (using the same soap across all study sites). Handwashing was followed by an initial hand rinse, collection of hand traces (explained further below), and an activity monitor was placed on the child. Cameras were mounted to elevated locations away from the child’s reach in up to six rooms of the home.
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FIGURE 2
 Field activities followed specific procedures for the collection of field data across the three regions to include survey collection (completion of home observation section in person), videotaping, hand rinses, dust and soil samples.


Researchers would then return in 3 to 4 h, where a final hand rinse was taken for the child and cameras were dismounted. Dust samples were then collected which included 8 surface wipes from various surfaces around the home, one vacuum sample, and two soil samples outside the home. Upon collection, all samples were immediately placed in their own zip-top bag to avoid cross contamination. For surface wipe and vacuum samples, researchers collected from rooms the child was more likely to play in but tried to get an assortment of surfaces representing varying loading possibilities in the home (e.g., dressers, windowsills, couches, top of fridge). For the vacuum sample, the main floor where the child spent most of the time was sampled. When possible, soil samples were taken from the back and the front of the home. Pictures were taken of all areas sampled. All samples were accompanied by sheets denoting the child alphanumeric code, time of sampling, researcher who collected the data and any other related data points. Participants also receive a thank you note and educational brochure (i.e., dust educational toolkit) and a link to the project website to track any updates to the educational tips and project outputs. The project website is located,1 and includes the dust educational toolkit.

All dust, soil, vacuum and hand rinse samples were processed and shipped to the Florida research team. Processing entails copying all of field data sheets for upload to Open Science Framework (OSF)2 before shipping, bagging, properly labeling samples, and ensuring rinse samples were sealed. All videos were uploaded to a password protected Google™ drive for access and processing by the North Carolina team. Field data sheets, and consent forms, were also copied and uploaded to OSP, and only shared with team members. Original files are stored in locked cabinets in the offices of the PI and CoPI’s at the three institutions.



Collection and analysis of field samples (dust, vacuum, soil and hand rinse samples)


Overview of the collection of the surface dust samples (surfaces and hands)

The purpose of the child hand rinse samples was to obtain a measure of the dust loading on hands. Direct measurements of dust on children’s hands have traditionally been limited by the small mass of dust relative to the wipe used to draw the dust off the children’s hands, making it difficult to obtain a quantifiable measure of the mass of dust by gravimetric methods (e.g., difference in mass) (60, 61). Even when adhesive tape is used, the mass of dust/soil collected relative to the mass of the tape represents quantification challenges, and this method is not well suited for collecting dust/soil within skin folds and creases (62, 63). For studies focused on specific chemicals, the mass of dust can be bypassed through measurements of the contaminant mass (61, 64, 65). However, this approach is suitable for only the contaminant evaluated. It does not provide information about the mass of dust which is applicable to a broader range of contaminants.

The current study utilized both the traditional gravimetric method and an innovative and highly sensitive volumetric method to measure dust mass per unit surface area. For larger dust samples (most surface wipes and all vacuum samples), the masses were determined gravimetrically by mass difference before and after wiping or vacuuming a known area. For smaller dust samples (all child hand rinses and a small proportion of surface wipes with masses below gravimetric detection limits) the new volumetric method was used. The volumetric method was based upon the fact that the mass of the dust, M, is the product of the volume, V, and density, ρ, such that M = V × ρ, where V is the volume of the dust collected from the surface or from a child’s hand after a set activity period, and ρ is the density of the dust as measured using a pycnometer (Figure 3). All measures of M were normalized by surface area, A. All measurements of mass were conducted using the same weighing scale (Mettler Toledo ME204TE) with a sensitivity of 0.1 mg.

[image: Figure 3]

FIGURE 3
 Display of how each sample was used for the analysis of household dust. All mass calculations were normalized by the surface area obtained through hand traces.




Sample collection for gravimetric measurements of mass

Two sets of samples were processed gravimetrically. These included surface wipe samples (n = 8 per home) and vacuum samples (n = 1 per home). Samples were collected using dust free wipes marketed for clean room use (Kimberly-Clark Kimtech 33,330 Pure Disposable Wiper with W4 Dry) and were cut to 5 cm by 5 cm size using gloves and dust free scissors and then weighed. To control for surface area, stencils with a fixed surface area were used (25 × 25 cm, 25 × 15 cm, 25 × 10 cm, and 25 × 5 cm), selected based on the maximum option that could fit in the chosen sample location. Standard methods were used to collect the wipes (66). In brief, this method involved wiping the surface within the stencil in a descending back-and-forth motion for 30 s, with the goal of collecting a uniform and representative sample across the entire face of the wipe. Once done, the wipe was folded (dust toward the inside) to continue the wiping for an additional 30 s. After completing the wiping process, the wipe was placed back into its corresponding zip-top bag and kept at room temperature until reweighing. All wiping procedures required personnel to wear gloves. All wipe samples for mass (pre and post wiping) were measured using the same scale. Surface wipe masses were normalized by the surface area corresponding to the stencil used.

Vacuum samples were processed in a similar fashion by focusing on an area which was then measured for size and timed. The main purpose of the vacuum samples was to obtain enough dust (about 1 gram) such that the density measurements could be made. Vacuum samples were collected using an electric vacuum cleaner (Hoover Commercial CH30000) fitted with a pre-weighed dust collection sock (Midwest Filtration LLC, x-cell 100) (67, 68). A dust collection sock is an insert designed for inclusion in the vacuum tube intended to capture dust within a smaller volume and within a containment that can be pre-weighed. As a result, the vacuum sock, in addition to collecting enough dust for the density measurement, was also used to estimate the amount of dust on a floor. The vacuum sock samples were collected from the floor in areas where children spend a significant amount of time according to their parents/guardians (69). The type of floor material (e.g., carpet, floor, tile) was documented, the area was demarcated using a heavy chain, photographed, and measured using a laser ruler prior to vacuuming. The area was vacuumed for a minimum of 5 min using a similar back and forth motion as the surface wipes, ensuring that all of the area marked by the chain was vacuumed. After vacuuming, the sock containing dust was immediately removed and sealed into a zip-top bag for return to the laboratory, where it was reweighed. The mass of sample collected was then normalized by the surface area of the floor that was vacuumed.

One vacuum sock per household is unlikely to represent potential exposure to dust given that homes are characterized by many types of surfaces. It is for this reason that the 8 surface wipe samples were collected per home for they were quicker and less disturbing to participants in the home. In addition, we prepared an architectural layout for each home that describes the sizes of rooms within the home along with the flooring type. By aggregating all homes analyzed within a region, we anticipate obtaining enough vacuum dust data by flooring type to be able to estimate the potential exposures by the child in different parts of the home.



Sample collection for volumetric measurements of mass

Volumetric measurements were made for two sets of samples: all child hand rinses and for surface wipes for which the dust mass was below the gravimetric detection limit. The volumetric measurements were based upon transferring the particles on the child’s hands or on the wipes to a liquid (isotone consisting of 9 g of NaCl per liter of Milli-Q water, filtered through a 0.2 μm filter). The volume of particles in these samples, V, was measured using a Coulter Counter (Multisizer 3 Beckman Coulter, Brea, CA, United States), which provided the number of particles per unit volume and the particle size distributions (70). The total volume of the particles in the isotone was then converted to mass by multiplying by the density of the dust which was captured from the vacuum sock samples.

An initial background rinse sample of the child’s hands, called the pre-rinse was collected by first washing the hands with soap (California Baby Super Sensitive Shampoo and Body Wash, USDA Certified) in the sink to begin the study with child clean hands. Prior to the pre-rinse, the child’s hands were traced unto 1 cm2 ruled paper to be later used for surface area calculations. During the rinsing procedure after the child washed their hands, a study team member held the top of the pre-labeled bag filled with 150 mL of isotone while the parent or guardian guided the child’s hands into the bag and proceeded to gently rub the child’s hands from the outside removing as much of the dust as possible. After washing, the child’s hands were wiped with a dust free wipe (full size Kimberly-Clark Kimtech 33,330 Pure Disposable Wiper with W4 Dry). At end of the study period and videotaping, the child’s hands were again rinsed in 150 mL of isotone contained in a pre-labeled zip-top bag for the post rinse. Each rinse was timed for 20 s. In both cases, the zip-top bag was closed, and placed in a plastic container for delivery back to the laboratory where the samples were batched and shipped for analysis.

Of the 800 surface wipe samples collected, 12 were below the detection limit and required analysis via volumetric methods. Surface wipes were placed inside a zip-top bag, with added 150 mL of isotone and rubbed for 5 min to transfer the particles from the wipe into the solution. The cumulative volume of the particles in this solution was also measured using the Coulter Counter.

All samples subjected to volumetric determination of mass were normalized by the corresponding surface areas. For the hand rinses, the children’s palmer hand tracings (both hands) were digitized using ImageJ software3 to obtain the surface area of the child’s palmar hands (71). For the surface wipes, as described for the gravimetric method, the mass was normalized by stencil area used for wiping.

To validate the volumetric approach, a control hand rinse (fixed amount dust [0.01 g of the Arizona Test Dust, from Powder Technology Inc., PTI], added into zip-top) will be subjected to the volumetric method for comparison. Additionally, surface wipes for which gravimetric data were obtained will also be subjected to the volumetric method and compared. Such results will provide an estimate for the expected accuracy of the volumetric method of analysis.



Measurements of dust density

Vacuum samples were used for measurements of dust density (ρ). To calculate the density of dust, pycnometers (1 mL in size) were used according to the standard methods (72). Depending upon the mass of dust collected through the vacuum sock, pycnometer tests were run up to three times per home assuming sufficient mass available for analysis. All pycnometers were first calibrated using a pre-calibrated weighing scale (sensitivity of 0.1 mg). Each calibration consisted of the verification of each pycnometer’s volume, by filling with de-oxygenized Milli-Q water and calculating the mass of water added by difference. This mass of water was then multiplied by the corresponding density of water (given its temperature measurement near 20°C) to get the total volume of the pycnometer. After 10 replicates, the average value was calculated for the volume of each of the pycnometers.


Soil collection around the home and analysis

Two soil samples were collected per home, from both the front and back of the home, if possible. For apartment buildings, samples were preferably collected from the closest outdoor area with soil cover or indoor pots with soil if any. Samples were taken from the first few inches of the surface soils with stainless steel spoons and placed in zip-top bags. Soil samples are intended to be analyzed for texture and color based on a soil taxonomy system (73) coupled with general information available from the Natural Resources Conservation Service which provides general soil properties by region.





Video-taping and videotranslation methodologies


Video-taping procedures

A novel methodology for videotaping that may have less impact on altering behavior was adopted in this study. Across the 100 homes in the three regions, small 360° lens tracking cameras were mounted to record the subject’s (i.e., the child’s) activities throughout rooms of the home without the presence of researchers. The 360° (Model: Insta 360 One X2 - Super 5.7 K Dual-Lens 360 Camera +4 K Wide Angle 60FPS) camera is designed to capture the full scan of a room. The camera integrates artificial intelligence (AI) features to track motions of subjects. This tracking feature allows the subject to be deep-tracked when highlighted allowing for a more focused video to be exported. Deep-tracking is an advanced camera feature for improved subject recognition to allow a subject to stay center-framed. This helps the observer to have a clearer and up-close view of the subject. Video-footage from 360° cameras can suffer some dark quality and lighting issues; however, the deep tracking feature attempts to limit this. The 360° cameras record in segments of up to 90 min before restarting a new segment. Video clips from various cameras in the home will be merged for one consecutive video of the subject over the 3 to 4-h period, providing a natural, sequential occurrence of events. To maximize video capture of the subject, up to six cameras were mounted in the home across rooms (excluding bathrooms). Traditionally for past videotaping studies that involve the collection of MLATS, children have been followed with handheld cameras (38, 42, 74, 75) which may influence or distract the subject, especially in small spaces, causing the MLATS to misrepresent true child behavior.

Cameras were mounted using several methods, including tripods, clamp mounts, and in many cases using medium strength mounting strips (brand: Command Strips). The cameras were mounted at 5–7-foot heights (depending on height and access in homes) at angles to maximize capture when the mounting strips were used. Tripod heights are close to six feet. Researchers experimented with options less likely to damage walls or remove paints, prevent interference by residents and easy to mount. Housing layout, including furniture location, wall mounting, and wall angles, also affected the preferred mounting type.



Videotranslation to produce micro-level activity time series (MLATS)

The Activity Virtual Timing Device (AVTD) is used to translate the contact activities of both hands and mouth according to our previously established protocols (38–40). These protocols outline the process for videotranslation training on the software, and use of the palette once video-translation of the mouth and the left and right hand begin. While observing a video following a child, project personnel selected the appropriate choice within the AVTD categories, shown in grids to simplify translation efforts (Figure 4). During each observation, viewers tracked either the left hand, right hand or the mouth, where each change in location or object being touched (or no longer touched) required a new selection from the palette. A clock was activated during the translation to measure the duration of each unique combination of child activity. The translation creates text files of sequential activities for the body parts of hand and mouth important for this project on ingestion exposures (Table 1). Activities of the hands were used to compute dust loading to the hands and transfer to the mouth, which could then be correlated with the hand rinse data collected before and after the activity tracking.
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FIGURE 4
 Activity virtual timing device palette for videotranslation. The palette includes locations commonly found in homes, object categories, an on/off button for recording time durations, activity patterns that note general exertion levels, and activity type, whether constant or repetitive. Shown here is the palette for translating mouthing events as it includes “hands” as an option, whereas for the hand palette, the word “Hands” is replaced with “Mouth” as an option for an object that can be touched.




TABLE 1 Example text file generated from VideoTraq (right hand observed): micro-level activity time series (MLATS) are created from the VideoTraq software indicating the activity type, location, object/surface the child is engaged in for a time period and are output as a text file.
[image: Table1]

Most of the categories on the AVTD palette were developed in previous studies to represent likely surfaces found in homes. We added new key objects and surface categories of further interest. For example, we added “pacifiers” since young children often place in their mouth, and “electronics” which have become more commonplace for children to touch in their younger years. Pacifier use has been associated with risks of certain bacterial colonies and illness for an infant or child, especially when not sanitized (76), and may also have higher levels of dust if dropped on floors routinely. The addition of the “electronics” category can benefit children and health studies interested in time spent with electronics in today’s modern world. We pre-classified all objects/surfaces observed in homes across the regions by pre-watching all videos. Objects that fitted into multiple categories were associated with the option that provided the highest exposure risk in order to be more protective against possible adverse health outcomes. The palette contained categories for locations commonly found in homes and included an option for when the child was not in view. The contact pattern with an object was also described as constant or repetitive, where repetitive actions included things like crawling or bouncing a ball, and where rapid changes between touching an object and touching nothing were not easily captured.

For this study, 300 to 400 h of micro-activity patterns will be processed for young children in sequential second-by-second lines of activity for the left and right hands and mouth. These MLATS sequences will be used directly in the model for estimation of dust ingestion for these children. Frequency and duration of contact activities will be extracted and analyzed for differences by US EPA age groups, race, income, region and built environment using non-parametric methods (34, 74, 77, 78). Likewise, dust loading, hand rinse data, and variables from the survey will be evaluated for associations with US EPA child age groups, race, income, regions, built environment, seasons, and soil characteristics (moisture, particle size distribution) via simple and multiple regression.




Use of activity trackers on children

Researchers also placed an activity tracker (Model Fitness Tracker HR by Brilliant House) on the children. The activity tracker is a wristband that uses a three-axis accelerometer, where each acceleration of the human body is converted into steps (±2% error). The activity band was put on a child’s wrist, arm or leg (the smaller the child, the more likely to be placed on leg), and covered with elastic workout bands to prevent accidental or purposeful damage or movement. This helped track children’s steps and movement during the videotaping period, allowing for the opportunity to compare the activity levels from videotaping and videotranslation data to denote resting, walking and running designations/categories in a MLATS translation.




Results (anticipated)


Child-specific aggregate cumulative human exposure and dose model framework

This project will apply the Child-Specific Aggregate Cumulative Human Exposure and Dose (CACHED) model framework to estimate dust/soil ingestion for young children, which is an agent-based model that uses MLATS (43) which, when combined with environmental concentrations (e.g., dust loading on a surface) and exposure factors (e.g., soil-skin adherence, contact area), can compute realistic estimates of dermal loading, and subsequent non-dietary ingestion exposure (43, 79). Another feature of CACHED is the ability to run Monte Carlo simulations (i.e., repeated model runs using random sampling from parametric distributions to incorporate variability and uncertainty in inputs), which allows the user to create “virtual” children based on expected characteristics and behaviors. This increases the sample size, and provides more power for statistical analyses. The number of simulations depends on where the model reaches stability in its results. The dermal and non-dietary ingestion exposure modules construct, equations, and output options were developed in accordance with exposure and contact boundary definitions presented in Zartarian et al. (80) and Canales and Leckie (43). CACHED also contains additional modules for inhalation exposure, dermal absorption and physiologically-based pharmacokinetic modules to estimated cumulative (i.e., multiple chemicals) and aggregate exposures (i.e., multiple exposure routes) and dose while accounting for children’s age and gender (81). CACHED has been previously used to simulate pesticide exposure for a population of farmworker children (45, 81). In that study, the CACHED model predicted pesticide metabolites in urine that were not significantly different from corresponding measurements, and the estimates indicated that non-dietary ingestion exposure was the primary route. This indicated the reliability and value of the CACHED modeling approach. Similarly, this approach was adapted for estimating viral loading on hands that was not significantly different from measurements in an office setting (44).

For non-dietary ingestion modeling and the calculation of dust/soil ingestion rates in this study, the model estimates ingestion based on contact of objects and surfaces with the mouth (e.g., toys, hands). Since one of the primary exposure mechanisms is dust/soil ingestion from mouthing of hands, it is important to know the loading of dust/soil on the hands, estimated through the dermal exposure module of the CACHED modeling framework. Dermal loadings can then be used to develop parametric or empirical distributions that then serve as inputs for the non-dietary ingestion exposure simulations for hand-to-mouth contacts. In using CACHED, individuals’ sequential MLATS (i.e., mouth contacts with contaminated surfaces, placing hands or fingers in the mouth, mouthing objects like pacifiers or toys) form the backbone of the model and are combined with dust/soil loading and exposure factor distributions to estimate children’s daily dust/soil ingestion rates from data gathered in this study and other previous studies (Figure 5). For example, distributions for dust loading on different surfaces types will be developed from the samples collected and analyzed in the lab from the 100 homes in this study. This will be combined with data from other studies in the field for dust loadings and dust loading distributions (18, 74, 82, 83).
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FIGURE 5
 Newly collected MLATS data from this indoor study and previous indoor and outdoor studies were used to simulate child activity patterns for use in our modified exposure model to produce individual dermal and ingestion exposure distributions. Individual distributions of exposures can then be combined into a population estimate, as was done in CACHED. Soil loading and dust loading collected from the homes were also used in the exposure model [Figure Adapted from Beamer et al. (31)].


The goals of the current project are to utilize the CACHED framework to estimate daily indoor dust ingestion and outdoor soil ingestion for children ages 6 months to 6 years by US EPA age categories. We are developing and coding an additional module for CACHED that will combine time activity diaries (i.e., sequence of time indoors and outdoors) with MLATS collected for children indoors versus outdoors. The time activity diaries will come from information collected from this study and from other sources including American Time Use Survey (ATUS) and Consolidated Human Activity Database (CHAD) (84, 85). The MLATS will come from multiple studies conducted by the study team (38, 45, 74, 75, 78, 86). Most of these studies are primarily focused on children’ outdoors, hence the study team collected additional videography and MLATS for young children in the indoor environment. Supplementary Table 1 is a list studies and variables that will provide the model with additional critical data to calculate both indoor dust ingestion and outdoor soil ingestion. The activity data and surface loadings from this study will be used as inputs for the model, while the hand surface loading will be used to verify the dermal exposure simulations and assumptions.

Within the CACHED framework, each contact is assumed to be an independent event, and new values are sampled from each of the input parameter distributions reflecting the potential variability and uncertainty associated with each contact. There are limitations in the model therefore to be able to accurately reflect loading and off-loading dynamics, and even maximum loadings on hands. The dermal exposure estimates of hand-loadings, will be compared with our hand rinses as part of our iterative modeling process to help adjust assumptions in the model. As an example, for young children where pacifier use is very common, there is little known on the loading, offloading and washing habits of parents. As a result, assumptions will need to be made for calculations and loading and removal dynamics per contact event. CACHED exposure modules were originally coded in S-Plus but will be reprogrammed in RStudio 2022.07.1 with R version 4.2.1 (2022-06-23 ucrt) (87).




Discussion

This study can greatly contribute to the limited data available to quantify dust/soil ingestion rates, especially for young children aged 6 months to 6 years. Additionally, our study will provide increased information on Black and Hispanic populations. The use of newer and more sensitive methodologies can improve the accuracy of risk assessments based on the quality of activity data, especially the dust ingestion rates in homes. Improved quantification of dust loadings on surfaces through volumetric methods will allow for lower detection levels for mass quantification, improving the accuracy of measuring dust loading on hands and, therefore, dust ingestion rates, especially in areas characterized by low levels of dust. To reduce the risk of exposure to contaminants, it is critical to investigate dust/soil ingestion rates, particularly in young children aged 6 months to 6 years, and to improve methodologies to obtain more accurate data on dust/soil ingestion rates.

There are some limitations to the methods used here. We used a limited dataset of children for the videotaping and dust collections, and we may have incorporated biases into the assumptions that were made regarding the accuracy of our population’s parameter distributions compared to the true population distribution. Convenience sampling can further introduce sampling bias such as oversampling one population versus the other and one group may have differential exposures. However, for this study the intention is to oversample some minority groups and look at behaviors and outcomes by sociodemographic variables. Other biases can be introduced unknown to researchers such as potentially participating parents exhibiting better/more intentional caregiving traits and home care traits. Some biases can be inherently harder decipher or measure. The use of Monte Carlo simulations to model “a child” can expand individual risk assessments to population assessments can address some biases and uncertainty (88–91).

In terms of the videotaping techniques and the ability to capture true behaviors, although children are less likely to be aware of the mounted cameras, parental behavior may still be altered. In addition, we captured only 3–4 h of activity for each child on a single day. Measuring dust loadings for every possible object that a child can touch, or mouth can be extremely time and cost intensive, and as such the dust loadings may vary across more than just the 8 surface wipe samples collected in this study. To address these limitations, more data can be collected by others to further add to the dataset for children’s behaviors, dust loadings and ultimately ingestion rates using similar field and data processing methodologies. In addition, soil collected around these homes may also not be representative of the dynamics that occur at other homes. Soil, collected from pots for example, could either have originated from soil around the area or likely from a store and will not represent a relationship to indoor track in dust.

There are other methodological limitations. For example, limitations of the hand rinse approach are that it does not consider parts of hands or fingers involved in contacting soil/dust surfaces or the end portions of fingers involved during mouthing activities. These limitations or assumptions made need to be acknowledged properly. For future studies, the volumetric approach can possibly be used to isolate dust from these parts of the hands by carefully rinsing sub portions of the hands.

Videotaping using multiple cameras also comes with challenges. Proper and advantageous placement of cameras may prove to be an important aspect for the collection of clear video-footage.

When mounting cameras, there were additional considerations that affected the placement, such as the availability of power outlets in homes. This proved to be a challenge, especially in older homes that tended to have fewer outlets. We avoided plugging into resident’s electrical power strips since electrical failure and loss of power to camera tended to occur more often when connected to them. Future studies can explore camera technologies that have longer battery power (battery could only run for about 80 min) or use of battery packs. This project can be used as a reference for future studies interested in applying this technology and methods in public and work environments to capture exposure activities.


Other funded studies on soil/dust ingestion

There was a total of seven teams of researchers funded under EPA’s RFP focused on children’s exposure to dust/soil in 2021 (92). Researchers from Emory University (PI: Eri Saikawa) proposed targeted and non-targeted soil analysis to map lead (Pb) and other contaminant concentrations in a community of West Atlanta. Using the biokinetic approach, in a complementary and systematic approach, oral saliva, blood and urine biomarkers will be analyzed to estimate dust/soil ingestion for children. This group of researchers had previously found high levels of metalloids in the soil of this community that may not have been suitable for urban gardening and food consumption (93).

Florida International University researchers (PI: Natalia Soares) will use a non-targeted screening approach (liquid chromatography–high resolution mass spectrometry) to identify tracers of dust and soil ingestion, especially tracers that might be more accurate for warmer regions. The study will utilize information from children’s activity behaviors, and chemical analysis in food and urine, to refine the choice of tracer and to estimate dust/soil ingestion using the SHEDS-HT Model. The Stochastic Human Exposure and Dose Simulation Model for High Throughput (SHEDS HT) model, developed by EPA, facilitates the assessment and prioritization of chemicals for risk assessment (94).

Researchers from Johns Hopkins (PI: Keeve Nachman) will rely on macro and micro activities and tracer studies to address dust/soil ingestion rates for children. Specifically, artificial intelligence (AI) and computer-aided approaches to generate object and mouth frequency data for young children, while non-targeted analysis will be used to characterize unregulated organic fingerprints in environmental and biological samples for young children. Time activity diaries and telephone interviews aided the collection of macro activities. This group had previously used a meso-activity for farming activities with key consideration to address the potential for soil ingestion for farmworkers (95, 96).

New York University (PI: Karen E Adolph) will use robotic platform to measure surface transfer rates for dust, and video data to extract hand-to-mouth and hand-to-surface contact patterns for young children. In addition, chemical and physical analysis was conducted on dust samples. Transfer rates, activity patterns and dust analysis results will be compared across home characteristics, demographics and child age groups, which will be used in a modeling approach for dust ingestion rates. This group has previously published on the motor development for young children (97), where a child’s development may affect contact patterns and ultimately dust/soil ingestion.

A novel approach to study 80 possible tracer compounds found in household dust as tracers for dust/soil ingestion is proposed by the University of California Davis (PI: Deborah H Bennet). The study will make use of the ‘Limiting Tracer’ and ‘Best Tracer Methods’. Dust ingestion rates will be compared across four distinct regions and sociodemographic/health backgrounds (to include children with neural developmental outcomes). Urine analysis will be completed across the children and compounds were also analyzed in dust. This group had previously shown that house dust can be repository for semi-volatile and other chemicals, putting women and child at risk for exposure and adverse outcomes (98, 99).

University of Nevada (PI: Li Li) will use an integrative approach to examine dust/soil ingestion for children, by using a reverse dosimetry/structure equation model to determine from biological measures (23 biomarkers) the dust/soil ingestion rates for young children. Children’s touching and mouthing behaviors will be collected for use in the model. This group has previously published on mouthing-mediated ingestion using a mechanistical model, considering the physicochemical properties of chemicals and human activity (100).

In summary, these funded studies are utilizing modeling, tracer and biokinetic approaches or combinations to address dust/soil ingestion for young children, where some of their objectives and activities may change. The majority of funded studies will employ some type of children’s activity patterns (micro, meso, macro), collected through a variety of methods (observation, videotaping, survey) to compliment or facilitate the estimation of dust and soil ingestion for children. Sample sizes for participants vary but ranged between 30 to 450 participants depending on the type of data being collected. Samples sizes (e.g., dust or urine samples) varied depending on how many samples are being collected on each participant. Most will address dust ingestion rates in the home. Many will also use a variety of lab techniques to find suitable and ubiquitous tracers that can be used in future studies to address dust/soil ingestion and exposure to varied contaminants.

Grantees of this EPA RFP met in early December 2022 at EPA Research Triangle Institute in Raleigh Durham to present their planned work and to look at complementary areas of research and collaborative opportunities. Historically, this will be one the greatest focused efforts and funding support placed on the collection of young children’s dust/soil ingestion rate nationally and concurrently to date. During this meeting, researchers expressed an expectation of a future wealth of information and new approaches to be generated from these studies, with clear indication of challenges, limitations, and suggestions for continued research.




Conclusion

Dust/soil ingestion rates are critical factors for estimating exposure to a multitude of contaminants that are found in dust/soil particles. These ingestion rates are, in fact, one of the most uncertain factors in exposures and health risk estimates. Improved policies and guidance for exposure to a variety of contaminants found in dust (e.g., metals, PAHs, phthalates, PFAS) are needed. Dust/soil ingestion rates are utilized in decisions regarding the registration of products (e.g., pesticides), and chemicals under the Frank R. Lautenberg Chemical Safety Act for the 21st Century and Superfund Law (101). This project adds to the dataset of dust/soil ingestion rates for children to help improve health risk estimates for this vulnerable population and provides a model approach that integrates and harmonizes existing and new data in the field. Better estimates of exposures will facilitate improved health risk estimates and targeted strategies for the protection of children and families in addressing dust and soil exposures. This project also explores the variation in dust levels and children’s activities by geographic region, which may vary by housing stock, soil type, and climate and whether homes are situated in rural, suburban, or urban settings. Importantly, this project will highlight the importance of dust and soil ingestion for children and develop tools (website, educational tools and tips) that can be used to empower families to reduce the risk of exposure. We will be following children in their normal daily activities and attempting as much as possible to reduce interference. There will be opportunities to compare the data collected on this project to data being collected on dust/soil ingestion from six other teams across the country and address any limitations and data gaps in the future. Collectively, the methods described in detail here, along with the approaches taken by the six other funded research groups, will contribute toward a better understanding of children’s exposures to dust/soil in the home. This information can be translated to provide recommendations to families and inform policies aimed at improving child health. The results from these studies are expected to inform the US EPA during their review and possible revision of its guidance on recommended soil and dust ingestion rates for the four different age categories of children considered in our research.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving humans were approved by North Carolina Agricultural and Technical State University Institutional Human Subjects Review Board. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants' legal guardians/next of kin.



Author contributions

AF: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. FA: Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Writing – original draft, Writing – review & editing. HS-G: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. EO-G: Methodology, Validation, Writing – original draft, Writing – review & editing. CF-M: Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Writing – original draft, Writing – review & editing. MG: Conceptualization, Data curation, Writing – original draft, Writing – review & editing. JH: Investigation, Methodology, Software, Writing – original draft, Writing – review & editing. OO: Data curation, Methodology, Software, Supervision, Writing – original draft, Writing – review & editing. PB: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was funded by the Environmental Protection Agency under the STAR program (#84020101). Additional support came from the Southwest Environmental Health Sciences Center (P30 ES006694) and the National Institute of Health (P01 AI148104). The contents may not necessarily reflect the official views or policies the Environmental Protection Agency or the National Institutes of Health.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpubh.2024.1357346/full#supplementary-material



Footnotes

1   https://www.dirt-child.com


2   www.osf.io


3   https://imagej.net/ij/




References

 1. Roberts, JW, Wallace, LA, Camann, DE, Dickey, P, Gilbert, SG, Lewis, RG , et al. Monitoring and reducing exposure of infants to pollutants in house dust. Rev Environ Contam Toxicol. (2009) 201:1–39. doi: 10.1007/978-1-4419-0032-6_1

 2. U.S. Environmental Protection Agency (EPA). Exposure factors handbook: 2011th edition (Final Report). Washington, DC; (2011). Available from: https://cfpub.epa.gov/ncea/risk/recordisplay.cfm?deid=236252

 3. U.S. Environmental Protection Agency (EPA). Child-specific exposure factors handbook. (2008);1–687. Available from: www.epa.gov/ncea

 4. Fry, KL, Wheeler, CA, Gillings, MM, Flegal, AR, and Taylor, MP. Anthropogenic contamination of residential environments from smelter as, cu and Pb emissions: implications for human health. Environ Pollut. (2020) 262:114235. doi: 10.1016/j.envpol.2020.114235 

 5. Li, L, Qiu, Y, Gustafsson, Å, Krais, AM, Weiss, JM, Lundh, T , et al. Characterization of residential household dust from Shanghai by particle size and analysis of organophosphorus flame retardants and metals. Environ Sci Eur. (2019) 31:94. doi: 10.1186/s12302-019-0279-9

 6. Vicente, ED, Vicente, A, Nunes, T, Calvo, A, Del Blanco-Alegre, C, Oduber, F , et al. Household dust: Loadings and pm 10-bound plasticizers and polycyclic aromatic hydrocarbons. (2019); Available from: www.mdpi.com/journal/atmosphere

 7. Bradham, KD, Laird, B, Rasmussen, PE, Schoof, RA, Serda, SM, and Siciliano, SD, et al. Workshop report assessing the bioavailability and risk from metal contaminated soils and dusts. Journal of Human and Ecological Risk Assessment. (2014) 20:272–286.

 8. Layton, DW, and Beamer, PI. Migration of contaminated soil and airborne particulates to indoor dust. Environ Sci Technol. (2009) 43:8199–205. doi: 10.1021/es9003735 

 9. Karampitsakos, T, Spagnolo, P, Mogulkoc, N, Wuyts, WA, Tomassetti, S, Bendstrup, E , et al. Lung cancer in patients with idiopathic pulmonary fibrosis: a retrospective multicentre study in Europe. Respirology. (2023) 28:56–65. doi: 10.1111/resp.14363 

 10. Ntatsoulis, K, Karampitsakos, T, Tsitoura, E, Stylianaki, EA, Matralis, AN, Tzouvelekis, A , et al. Commonalities between ARDS, pulmonary fibrosis and COVID-19: the potential of Autotaxin as a therapeutic target. Front Immunol. (2021) 12. doi: 10.3389/fimmu.2021.687397 

 11. Renninger, N, Nastasi, N, Bope, A, Cochran, SJ, Haines, SR, Balasubrahmaniam, N , et al. Indoor dust as a matrix for surveillance of COVID-19. mSystems. (2021) 8:1–8. doi: 10.1128/mSystems.01350,

 12. Tzouvelekis, A, Karampitsakos, T, Krompa, A, Markozannes, E, and Bouros, D. False positive COVID-19 antibody test in a case of granulomatosis with Polyangiitis. Front Med (Lausanne). (2020) 7. doi: 10.3389/fmed.2020.00399

 13. Sosnowski, TR. Inhaled aerosols: Their role in COVID-19 transmission, including biophysical interactions in the lungs. Curr Opin Colloid Interface Sci Elsevier Ltd. (2021) 54:101451. doi: 10.1016/j.cocis.2021.101451

 14. Kyriakopoulos, C, Gogali, A, Exarchos, K, Potonos, D, Tatsis, K, Apollonatou, V , et al. Reduction in hospitalizations for respiratory diseases during the first COVID-19 wave in Greece. Respiration. (2021) 100:588–93. doi: 10.1159/000515323 

 15. van Wijnen, JH, Clausing, P, and Brunekreef, B. Estimated soil ingestion by children. Environ Res. (1990) 51:147–62. doi: 10.1016/S0013-9351(05)80085-4

 16. Bierkens, J, van Holderbeke, M, Cornelis, C, and Torfs, R. Dealing with contaminated sites: From theory towards practical application. Dordrecht: Springer Netherlands (2011).

 17. Stanek, EJ, and Calabrese, EJ. Daily estimates of soil ingestion in children. Environ Health Perspect. (1995) 103:276–85. doi: 10.1289/ehp.95103276 

 18. Ozkaynak, H, Xue, J, Zartarian, VG, Glen, G, and Smith, L. Modeled estimates of soil and dust ingestion rates for children. Risk Anal. (2011) 31:592–608. doi: 10.1111/j.1539-6924.2010.01524.x 

 19. Calabrese, EJ, Stanek, EJ, Pekow, P, and Barnes, RM. Soil ingestion estimates for children residing on a superfund site. Ecotoxicol Environ Saf. (1997) 36:258–68. doi: 10.1006/eesa.1996.1511 

 20. Özkaynak, H, Glen, G, Cohen, J, Hubbard, H, Thomas, K, Phillips, L , et al. Model based prediction of age-specific soil and dust ingestion rates for children. J Expo Sci Environ Epidemiol. (2022) 32:472–80. doi: 10.1038/s41370-021-00406-5 

 21. Yang, Y, Zhang, M, Chen, H, Qi, Z, Liu, C, Chen, Q , et al. Estimation of children’s soil and dust ingestion rates and health risk at e-waste dismantling area. Int J Environ Res Public Health. (2022) 19:1–13. doi: 10.3390/ijerph19127332

 22. von Lindern, I, Spalinger, S, Stifelman, ML, Stanek, LW, and Bartrem, C. Estimating children’s soil/dust ingestion rates through retrospective analyses of blood lead biomonitoring from the Bunker Hill superfund site in Idaho. Environ Health Perspect. (2016) 124:1462–70. doi: 10.1289/ehp.1510144 

 23. Wang, YL, Tsou, MCM, Pan, KH, Özkaynak, H, Dang, W, Hsi, HC , et al. Estimation of soil and dust ingestion rates from the stochastic human exposure and dose simulation soil and dust model for children in Taiwan. Environ Sci Technol. (2021) 55:11805–13. doi: 10.1021/acs.est.1c00706 

 24. Hubbard, H, Özkaynak, H, Glen, G, Cohen, J, Thomas, K, Phillips, L , et al. Model-based predictions of soil and dust ingestion rates for U.S. adults using the stochastic human exposure and dose simulation soil and dust model. Sci Total Environ. (2022) 846:157501. doi: 10.1016/j.scitotenv.2022.157501

 25. Wang, B, Lin, C, Zhang, X, Duan, X, Xu, D, Cheng, H , et al. A soil ingestion pilot study for teenage children in China. Chemosphere. (2018) 202:40–7. doi: 10.1016/j.chemosphere.2018.03.067 

 26. U.S. Environmental Protection Agency, Center for Environmental Assessment N. Exposure factors handbook soil and dust ingestion. US Environmental Protection Agency (2017).

 27. LaGoy, PK. Estimated soil ingestion rates for use in risk assessment. Risk Anal. (1987) 7:355–9. doi: 10.1111/j.1539-6924.1987.tb00471.x

 28. Moya, J, and Phillips, L. A review of soil and dust ingestion studies for children. J Expo Sci Environ Epidemiol. (2014) 24:545–54. doi: 10.1038/jes.2014.17 

 29. Binder, S, Sokal, D, and Maughan, D. Estimating soil ingestion: the use of tracer elements in estimating the amount of soil ingested by young children. Arch Environ Health. (1986) 41:341–5. doi: 10.1080/00039896.1986.9935776 

 30. Calabrese, EJ, Barnes, R, Stanek, EJ, Pastides, H, Gilbert, CE, Veneman, P , et al. How much soil do young children ingest: an epidemiologic study. Regul Toxicol Pharmacol. (1989) 10:123–37. doi: 10.1016/0273-2300(89)90019-6 

 31. Panagopoulos Abrahamsson, D, Sobus, JR, Ulrich, EM, Isaacs, K, Moschet, C, Young, TM , et al. A quest to identify suitable organic tracers for estimating children’s dust ingestion rates. J Expo Sci Environ Epidemiol. (2021) 31:70–81. doi: 10.1038/s41370-020-0244-0 

 32. Vandenberg, LN, Rayasam, SDG, Axelrad, DA, Bennett, DH, Brown, P, Carignan, CC , et al. Addressing systemic problems with exposure assessments to protect the public’s health. Environ Health BioMed Central Ltd. (2023) 21:121. doi: 10.1186/s12940-022-00917-0 

 33. Xue, J, Zartarian, V, Moya, J, Freeman, N, Beamer, P, Black, K , et al. A meta-analysis of children’s hand-to-mouth frequency data for estimating nondietary ingestion exposure. Risk Anal. (2007) 27:411–20. doi: 10.1111/j.1539-6924.2007.00893.x 

 34. AuYeung, W, Canales, R, Beamer, P, Ferguson, A, and Leckie, J. Young Children's mouthing behavior: an observational study via videotaping in a primarily outdoor residential setting. Health. (2004) 2:271–95. doi: 10.1080/15417060490960215

 35. U.S. Environmental Protection Agency. Estimating children’s soil and dust ingestion rates for exposure science. (2020). Available from: https://www.epa.gov/osa/basic-information-about-human-subjects-research-0

 36. U.S. Environmental Protection Agency (EPA). Guidance on selecting age groups for monitoring and assessing childhood exposures to environmental contaminants. (2005). Available from: http://epa.gov/ncea.

 37. Beck, HE, Zimmermann, NE, McVicar, TR, Vergopolan, N, Berg, A, and Wood, EF. Present and future köppen-Geiger climate classification maps at 1-km resolution. Sci Data. (2018) 5:5. doi: 10.1038/sdata.2018.214

 38. Ferguson, AC, Canales, RA, Beamer, P, Auyeung, W, Key, M, Munninghoff, A , et al. Video methods in the quantification of children’s exposures. J Expo Sci Environ Epidemiol. (2006) 16:287–98. doi: 10.1038/sj.jea.7500459 

 39. Zartarian, VG, Ferguson, AC, Ong, CG, and Leckie, JO. Quantifying videotaped activity patterns: video translation software and training methodologies. J Expo Anal Environ Epidemiol. (1997) 7:535–42.

 40. Ferguson, A, Canales, R, Vieira, V, and Leckie, J. Methodology to capture children’s non-dietary ingestion exposure activities during meal events. Hum Ecol Risk Assess Int J. (2013) 19:944–58. doi: 10.1080/10807039.2012.702585

 41. Rosén, G, Andersson, IM, Walsh, PT, Clark, RDR, Säämänen, A, Heinonen, K , et al. A review of video exposure monitoring as an occupational hygiene tool. Annals of work exposures and health. (2005) 49:201–17. doi: 10.1093/annhyg/meh110

 42. AuYeung, W, Canales, RA, Beamer, P, Ferguson, AC, and Leckie, JO. Young children’s hand contact activities: an observational study via videotaping in primarily outdoor residential settings. J Expo Sci Environ Epidemiol. (2006) 16:434–46. doi: 10.1038/sj.jes.7500480 

 43. Canales, RA, and Leckie, JO. Application of a stochastic model to estimate children’s short-term residential exposure to lead. Stoch Env Res Risk A. (2007) 21:737–45. doi: 10.1007/s00477-006-0086-x

 44. Beamer, PI, Plotkin, KR, Gerba, CP, Sifuentes, LY, Koenig, DW, and Reynolds, KA. Modeling of human viruses on hands and risk of infection in an office workplace using Micro-activity data. J Occup Environ Hyg. (2015) 12:266–75. doi: 10.1080/15459624.2014.974808

 45. Beamer, PI, Canales, RA, Bradman, A, and Leckie, JO. Farmworker children’s residential non-dietary exposure estimates from micro-level activity time series. Environ Int. (2009) 35:1202–9. doi: 10.1016/j.envint.2009.08.003 

 46. Mehta, N, Cipullo, S, Cocerva, T, Coulon, F, Antonella Dino, G, Ajmone-Marsan, F , et al. Incorporating oral bioaccessibility into human health risk assessment due to potentially toxic 1 elements in extractive waste and contaminated soils from an abandoned mine site 2. Chemosphere (2020).

 47. U.S. Environmental Protection Agency (EPA). Risk assessment guidance for superfund. Volume I human health evaluation manual (part a). (1989);I:289. Available from: https://rais.ornl.gov/documents/HHEMA.pdf

 48. U. S. Environmental Protection Agency (EPA), Office of Health and Environmental Assessment. Dermal exposure assessment: principles and applications. (1992).

 49. U.S. Agency for Toxic Substances and Disease Registry. Exposure dose guidance for soil and sediment ingestion. Atlanta, GA: (2018).

 50. Harris, PA, Taylor, R, Minor, BL, Elliott, V, Fernandez, M, Neal, LO , et al. Duda SN; REDCap Consortium. The REDCap consortium: Building an international community of software platform partners. J Biomed Inform. (2020) 95:103208. doi: 10.1016/j.jbi.2019.103208

 51. Hysong, T, Burgess, JL, Cebrián Garcia, ME, and O’Rourke, MK. House dust and inorganic urinary arsenic in two Arizona mining towns. J Expo Anal Environ Epidemiol. (2003) 13:211–8. doi: 10.1038/sj.jea.7500272 

 52. Rasmussen, PE, Levesque, C, Chénier, M, Gardner, HD, Jones-Otazo, H, and Petrovic, S. Canadian house dust study: population-based concentrations, loads and loading rates of arsenic, cadmium, chromium, copper, nickel, lead, and zinc inside urban homes. Sci Total Environ. (2013) 443:520–9. doi: 10.1016/j.scitotenv.2012.11.003 

 53. Gunier, RB, Jerrett, M, Smith, DR, Jursa, T, Yousefi, P, Camacho, J , et al. Determinants of manganese levels in house dust samples from the CHAMACOS cohort. Sci Total Environ. (2014) 497-498:360–8. doi: 10.1016/j.scitotenv.2014.08.005

 54. Meyer, I, Heinrich, J, and Lippold, U. Factors affecting lead and cadmium levels in house dust in industrial areas of eastern Germany. Sci Total Environ. (1999) 234:25–36. doi: 10.1016/S0048-9697(99)00164-3 

 55. Zota, A, Schaider, LA, Ettinger, A, Wright, R, Shine, J, and Spengler, J. Metal sources and exposures in the homes of young children living near a mining-impacted superfund site. J Expo Anal Environ Epidemiol. (2011) 21:495–505. doi: 10.1038/jes.2011.21

 56. Zimmerman, RK, Balasubramani, GK, Nowalk, MP, Eng, H, Urbanski, L, Jackson, ML , et al. Classification and regression tree (CART) analysis to predict influenza in primary care patients. BMC Infect Dis. (2016) 16:503. doi: 10.1186/s12879-016-1839-x 

 57. Mahendran, M, Lizotte, D, and Bauer, GR. Describing intersectional health outcomes: an evaluation of data analysis methods. Epidemiology. (2022) 33:395–405. doi: 10.1097/EDE.0000000000001466 

 58. Burrows, W, Benjamin, M, Beauchamp, S, Lord, E, McCollor, D, and Thomson, B. CART decision-tree statistical analysis and prediction of summer season maximum surface ozone for the Vancouver, Montreal, and Atlantic regions of Canada. J Appl Meteorol Climatol. (1995) 34:1848–62. doi: 10.1175/1520-0450(1995)034<1848:CDTSAA>2.0.CO;2

 59. Zimmerman, RK, Nowalk, MP, Bear, T, Taber, R, Clarke, KS, Sax, TM , et al. Proposed clinical indicators for efficient screening and testing for COVID-19 infection using classification and regression trees (CART) analysis. Hum Vaccin Immunother. (2021) 17:1109–12. doi: 10.1080/21645515.2020.1822135 

 60. Glorennec, P, Lucas, JP, Mandin, C, and Le Bot, B. French children’s exposure to metals via ingestion of indoor dust, outdoor playground dust and soil: contamination data. Environ Int. (2012) 45:129–34. doi: 10.1016/j.envint.2012.04.010 

 61. Wang, S, Ma, J, Pan, L, Lin, C, Wang, B, and Duan, X. Quantification of soil/dust (SD) on the hands of children from Hubei Province, China using hand wipes. Ecotoxicol Environ Saf. (2015) 120:193–7. doi: 10.1016/j.ecoenv.2015.06.006 

 62. Lepow, ML, Bruckman, L, Rubino, RA, Markowitz, S, Gillette, M, and Kapish, J. Role of airborne lead in increased body burden of lead in Hartford children. Environ Health Perspect. (1974) 7:99–102. doi: 10.1289/ehp.74799 

 63. Lepow, ML, Bruckman, L, Gillette, M, Markowitz, S, Robino, R, and Kapish, J. Investigations into sources of lead in the environment of urban children. Environ Res. (1975) 10:415–26. doi: 10.1016/0013-9351(75)90037-7

 64. Sugeng, EJ, Leonards, PEG, and van de Bor, M. Brominated and organophosphorus flame retardants in body wipes and house dust, and an estimation of house dust hand-loadings in Dutch toddlers. Environ Res. (2017) 158:789–97. doi: 10.1016/j.envres.2017.07.035 

 65. Ait Bamai, Y, Araki, A, Kawai, T, Tsuboi, T, Saito, I, Yoshioka, E , et al. Exposure to phthalates in house dust and associated allergies in children aged 6–12years. Environ Int. (2016) 96:16–23. doi: 10.1016/j.envint.2016.08.025 

 66. ASTM Standards. Standard practice for collection of settled dust samples using wipe sampling methods for subsequent lead determination. (2020). Available from: https://www.astm.org/e1728_e1728m-20.html

 67. Shen, H, Li, W, Graham, SE, and Starr, JM. The role of soil and house dust physicochemical properties in determining the post ingestion bioaccessibility of sorbed polychlorinated biphenyls. Chemosphere. (2019) 217:1–8. doi: 10.1016/j.chemosphere.2018.10.195 

 68. Doyi, INY, Isley, CF, Soltani, NS, and Taylor, MP. Human exposure and risk associated with trace element concentrations in indoor dust from Australian homes. Environ Int. (2019) 133:105125. doi: 10.1016/j.envint.2019.105125 

 69. Van Horne, Yoshira Ornelas, Canales, Robert, Sugeng, Anna, Loh, Miranda, and Nathan Lothrop, PB. Influential household characteristics and increased dust in homes. International Society of Exposure Science (ISES) 24th annual meeting. Henderson; (2015).

 70. Beckman, Coulter. Multisizer TM 3 COULTER COUNTER®. Beckman Coulter Inc. (2001).

 71. Perone, H, Rattler, K, Ferguson, AC, Mena, KD, and Solo-Gabriele, HM. Review of methods to determine hand surface area of children less than six years old: a case study. Environ Geochem Health. (2021) 43:209–19. doi: 10.1007/s10653-020-00699-9 

 72. ASTM Standards. Standard test methods for specific gravity of soil solids by water pycnometer. (2016).

 73. Soil Survey Staff. Soil taxonomy: A basic system of soil classification for making and interpreting soil surveys. 2nd ed. US: Natural Resources Conservation Service, Department of Agriculture Handbook (1999).

 74. Beamer, P, Key, ME, Ferguson, AC, Canales, RA, Auyeung, W, and Leckie, JO. Quantified activity pattern data from 6 to 27-month-old farmworker children for use in exposure assessment. Environ Res. (2008) 108:239–46. doi: 10.1016/j.envres.2008.07.007 

 75. AuYeung, W, Canales, RA, Beamer, P, Ferguson, AC, and Leckie, JO. Young children’s mouthing behavior: an observational study via videotaping in a primarily outdoor residential setting. J Children’s Health. (2005) 2:271–95. doi: 10.3109/15417060490960215

 76. Sexton, S, and Natale, R. Risks and benefits of pacifiers. Am Fam Physician. (2009) 79:681–5.

 77. Beamer, PI, Luik, CE, Canales, RA, and Leckie, JO. Quantified outdoor micro-activity data for children aged 7–12-years old. J Expo Sci Environ Epidemiol. (2012) 22:82–92. doi: 10.1038/jes.2011.34

 78. Ferguson, A, Dwivedi, A, Adelabu, F, Ehindero, E, Lamssali, M, Obeng-Gyasi, E , et al. Quantified activity patterns for young children in beach environments relevant for exposure to contaminants. Int J Environ Res Public Health. (2021) 18:1–19. doi: 10.3390/ijerph18063274

 79. Zartarian, VG, Ozkaynak, H, Burke, JM, Zufall, MJ, Rigas, ML, and Furtaw, EJ. A modeling framework for estimating children’s residential exposure and dose to chlorpyrifos via dermal residue contact and nondietary ingestion. Environ Health Perspect. (2000) 108:505–14. doi: 10.1289/ehp.00108505 

 80. Zartarian, VG, Xue, J, Özkaynak, H, Dang, W, Glen, G, Smith, L , et al. A probabilistic arsenic exposure assessment for children who contact CCA-treated playsets and decks, part 1: model methodology, variability results, and model evaluation. Risk Anal. (2006) 26:515–31. doi: 10.1111/j.1539-6924.2006.00747.x 

 81. Beamer, PI, Canales, RA, Ferguson, AC, Leckie, JO, and Bradman, A. Relative pesticide and exposure route contribution to aggregate and cumulative dose in young farmworker children. Int J Environ Res Public Health. (2012) 9:73–96. doi: 10.3390/ijerph9010073 

 82. Lioy, PJ, Freeman, NCG, and Millette, JR. Dust: a metric for use in residential and building exposure assessment and source characterization. EHP Toxicogenomics. (2002) 110:969–83. doi: 10.1289/ehp.02110969 

 83. Khoder, MI, Hassan, SK, and El-Abssawy, AA. An evaluation of loading rate of dust, Pb, cd, and Ni and metals mass concentration in the settled surface dust in domestic houses and factors affecting them. Indoor and Built Environ. (2010) 19:391–9. doi: 10.1177/1420326X10367284

 84. Bureau, US, and Statistics, L. American time use survey user’s guide. (2014).

 85. CHAD USEPA. The consolidated human activity. US: US Environmental Protection Agency (EPA) (2019).

 86. Tsou, MC, Özkaynak, H, Beamer, P, Dang, W, Hsi, HC, Jiang, CB , et al. Mouthing activity data for children aged 7 to 35 months in Taiwan. J Expo Sci Environ Epidemiol. (2015) 25:388–98. doi: 10.1038/jes.2014.50 

 87. RStudio Team. RStudio: Integrated development for R. Boston, MA: RStudio, PBC (2020).

 88. Thompson, KM, Burmaster, DE, and Crouch3, EAC. Monte Carlo techniques for quantitative uncertainty analysis in public health risk assessments. Risk Anal. (1992) 12:53–63. doi: 10.1111/j.1539-6924.1992.tb01307.x

 89. Semple, SE, Proud, LA, and Cherrie, JW. Use of Monte Carlo simulation to investigate uncertainty in exposure modeling. Scand J Work Environ Health. (2003) 29:347–53. doi: 10.5271/sjweh.741

 90. Qin, N, Tuerxunbieke, A, Wang, Q, Chen, X, Hou, R, Xu, X , et al. Key factors for improving the carcinogenic risk assessment of pah inhalation exposure by Monte Carlo simulation. Int J Environ Res Public Health. (2021) 18:1–14. doi: 10.3390/ijerph182111106

 91. Smith, RL. Use of Monte Carlo simulation for human exposure assessment at a superfund site. Risk Anal. (1994) 14:433–9. doi: 10.1111/j.1539-6924.1994.tb00261.x 

 92. U.S. Environmental Protection Agency. Estimating children’s soil and dust ingestion rates for exposure science (2020) | research project database | grantee research project | ORD | US EPA. (2020). Available from: https://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/recipients.display/rfa_id/666/records_per_page/ALL

 93. Saikawa, E, and Filippelli, GM. Invited perspective: Assessing the contaminant exposure risks of urban gardening: Call for updated health guidelines. US: Environ Health Perspect. Public Health Services, US Dept of Health and Human Services. John Wiley & Sons, Inc., (2021) 161–213.

 94. Isaacs, KK, Glen, WG, Egeghy, P, Goldsmith, MR, Smith, L, Vallero, D , et al. SHEDS-HT: an integrated probabilistic exposure model for prioritizing exposures to chemicals with near-field and dietary sources. Environ Sci Technol. (2014) 48:12750–9. doi: 10.1021/es502513w 

 95. Lupolt, SN, Agnew, J, Ramachandran, G, Burke, TA, Kennedy, RD, and Nachman, KE. A qualitative characterization of meso-activity factors to estimate soil exposure for agricultural workers. J Expo Sci Environ Epidemiol. (2023) 33:140–54. doi: 10.1038/s41370-022-00484-z 

 96. Lupolt, SN, Agnew, J, Burke, TA, Kennedy, RD, and Nachman, KE. Key considerations for assessing soil ingestion exposures among agricultural workers. J Expo Sci Environ Epidemiol. (2022) 32:481–92. doi: 10.1038/s41370-021-00339-z 

 97. Adolph, KE, and Robinson, SR. Motor development. Handbook of child psychology and developmental. Science. (2015):1–45. doi: 10.1002/9781118963418.childpsy204

 98. Adolph, K. E., and Berger, S. E. Motor Development.In: D. Kuhn, R. S. Siegler, W. Damon, R. M. Lerner, editors. Handbook of child psychology: Cognition, perception, and language. (2006) John Wiley & Sons, Inc. pp. 161–213. 

 99. Rodgers, KM, Bennett, D, Moran, R, Knox, K, Stoiber, T, Gill, R , et al. Do flame retardant concentrations change in dust after older upholstered furniture is replaced? Environ Int. (2021) 153:106513–3. doi: 10.1016/j.envint.2021.106513 

 100. Li, L, Hughes, L, and Arnot, JA. Addressing uncertainty in mouthing-mediated ingestion of chemicals on indoor surfaces, objects, and dust. Environ Int. (2021) 146:106266. doi: 10.1016/j.envint.2020.106266 

 101. Frank, R. Lautenberg chemical safety for the 21st century act. (2014).


Copyright
 © 2024 Ferguson, Adelabu, Solo-Gabriele, Obeng-Gyasi, Fayad-Martinez, Gidley, Honan, Ogunseye and Beamer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Methodologies for the collection of parameters to estimate dust/soil ingestion for young children



		Introduction



		Methods



		Data collection



		Model approach



		Training



		Study recruitment



		Human subject approval and subject protection



		Household dust survey



		Field study general process



		Collection and analysis of field samples (dust, vacuum, soil and hand rinse samples)



		Overview of the collection of the surface dust samples (surfaces and hands)



		Sample collection for gravimetric measurements of mass



		Sample collection for volumetric measurements of mass



		Measurements of dust density



		Soil collection around the home and analysis















		Video-taping and videotranslation methodologies



		Video-taping procedures



		Videotranslation to produce micro-level activity time series (MLATS)









		Use of activity trackers on children









		Results (anticipated)



		Child-specific aggregate cumulative human exposure and dose model framework









		Discussion



		Other funded studies on soil/dust ingestion









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary material



		Footnotes



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Public Health

Methodologies for the collection
of parameters to estimate dust/
soil ingestion for young children












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Public Health






OPS/images/fpubh-12-1357346-g003.jpg
House Visit Samples

2
Soil

4

Characterization
- Moisture %

- Volatle
-pH

- MunsellColor Code

~ Gran size

Gravimetric Method  Volumetric Method
(al wipes)

(o)

¥ v
Surface Vacuum
Wipes. Sock

Coulter Counter
(subse o wipes)

i

Particle size

disribution

(Number and
Volume)

Valume of Dust
found on wipe
)

i b
caniy of st
o g mass

= )

Volumetric Method
i

(subset of wipes)

4

Verfcation of
Partice Size
disrbution (Volume)

Gravi

(all vacuum socks)

Dust per
vacuumed area

[ o)

etc Method _ Pycnometer
for Volumetric Method
(all vacuum socks)

Dersiy of dust
(g/em’)

3
Hand Rinses

Volumetric Method

Coulter Counter
(3l hand rinses)

Particle size

distibution

(Number and
Volume)

Volume of Dust
in hand inse
| )

multiply by
density of dust

Dust per
surface wiped area

(g/em?)

()

| (ugfem?)

Volumetric Method
irotrac
(subset of hand rines)

Verifcation of
Partice Size
distribution (Volume)





OPS/images/fpubh-12-1357346-g004.jpg
Activity Monitor

Metal_ Bedding
Bedroom |  Bathroom g Room Carpet/Mat Wall/Furn_| Fabric Toy | Clothes Towels
Plastic_ Paper
Kitchen | Laundry Room _Balcony/ Porch Tile Linol_Floor | Wall/Furn | Wood Toy | Footwear | Wrapper
Fabric_ Porous- Metal_ Plastic-
Den Playroom Wood_Floor | Wall/Furn | Plastic-Toy | Tool/Appl | Tool/Appl
Rek/Brick_
Corridors Garage Not-In-View Concrete Floor | Wall/Furn | Hard Toy | Electronics Dirt
Wood_
Pacifier Wall/Furn | Other_Food | Beverage Vegetation
Indoor Location Eyes Hair/Body | Sticky_Food |  Water Animal
Nose Hands Food-Cont | Nothing | Not-In-View
Constant | Repetitive Object or Surfaces Contacted by Body Part
Activity Patterns
Time: 1:18:51PM  Video: New Video
PAUSE Counter: 25 Subject ID:  New Subject
Index: 0 Coder ID:  New Coder
OFF Boundary: Right Hand

ON






OPS/images/fpubh-12-1357346-g001.jpg
Hand-to-food contact Bireet
+ Frequency/duration sof
oil/dust
+ Transfer Efficiency U
+ Food consumption
patterns

ingestion

Mouthing contact
+ Frequency
Food-to-mouth contact
or consumption
+ Frequency/duration
« Transfer Efficiency
+ Food consumption
Soil/duston | __patterns Soil / Dust

foods Ingestion Hand-to-mouth contact
* Frequency/duration
* Saliva removal
Object/surface-to- efficiency

mouth contact * Mouthing contact

+ Frequency/duration surface area

+ saliva removal

Object-to-food contact efficiency Hand-to-object/surface
* Frequency/duration * Mouthing contact contact
+ Transfer Efficiency surface area « Frequency/duration
+ Food consumption « Soil/dust adherence
patterns. Soil/dust on + Hand contact surface area
objects or
other surfaces





OPS/images/fpubh-12-1357346-g002.jpg
Start here if no
initial visit has
been completed.

Duri

forms.

2. Scan the home (Observation of
the survey-

layoutis included
by hand),

g isit to Home
1. Complete survey and consent

Prior to Initial Visit to Home

1. Complete survey and
consent forms.

2. Scan the home (Layout is

included in the survey-by

hand)

COVID Protocols:
Call day before o check if
anyone contracted COVID
within 10 days prior or has
symploms in family.

1. Masks

2. Gloves

3. Hand sanitizer

4. Distance where possible

Day of Field Study

One Researcher's Tasks: One Researcher's Tasks:
1. Collect height and weight of child 1. Based on scan, mount up to 6 360°
2. Hand traces of child cameras in home.
3. Initial hand rinses after child washes 2. First conduct scan with 1 camera.
hands 3. With cameras aclivated, record
4. Place activity monitor on child location and start times.

Researchers leave home for 3.4 hours.
Phone to be reached:

Researchers return to home.

Researchers’ Tasks:
1. Complete final hand rinse in Ziploc bag
2. Provide toy to child
3. Remove activity monitor from child

COVID Protocols:
1. Masks
2. Gloves
3. Hand sanitizer
4. Distance where pos:

e ——————— ‘OnelTwo Researchers' Tasks - Dust Samples:
m 1. Follow sock and vacuum methods
2. Dismount camera and unplug cords. 2:5,V¥ips over: 8 sustaces [n.homs
3. Carefully store cameras and Pinollect olticor so
4 5 4. Take pictures for each sample (follow
document stop times: 4
checklist)

Home Visit Wrap Up
Hand parents gift card and obtain signatures on certification

. Follow up on missing survey questions
._Hand parents copy of consent form (if not already completed)

PN

Returning to Lab
1. Follow procedures for data and sample storage
2. Send thank you and dust education information to parents






OPS/images/fpubh-12-1357346-g005.jpg
Newly Collected
MLATS Existing MLATS

Children’s Time Databases

Activity Logs

Soil Loading L(,Dalasi;u Simulated  EXPOSUre  Dust/Soil

Child Factors  Adherence
Activity mouth deaeesT

Pal%ms % |

=

resample
input
distributions

v

Exposure Model
Potential Key Dermal, [ngestion Compare to hand
Variables: + washes
Gi hic Regit v
Bult Emitonroont. Individual Exposure Population Exposure
hcome: Distributions Distributions
Race/Ethnici = J EPAAge-
Y f combine* f Specific

Distributions





OPS/images/fpubh-12-1357346-t001.jpg
Activity type Object/St Duration (Seconds)
Constant Hard_Toy 15
Constant Nothing 5
Constant Hard_Toy 30
Repetitive Kitchen Clothing 2
Constant Kitchen Nothing 2
Constant Kitchen Sticky_Food 45

These text ils can be processed forfrequency and durations of contacts patterns, ut also be used directly in model that use the sequential data to assign mechanisms of contact and estimate
loadings.





OPS/images/fpubh-12-1357346-e001.jpg
Dder

_ CxSAX AF XABS x EF xCF

BW

(O]





OPS/images/fpubh-12-1357346-e002.jpg
_ CxIRxEF xCF

Di
ing TG

2





