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Abstract: Social sciences researchers emphasize that new technologies can overcome the limitations
of small and homogenous samples. In research on early language development, which often uses
parental reports, taking the testing online might be particularly compelling. Due to logistical limita-
tions, previous studies on bilingual children have explored the language development trajectories in
general (e.g., by including few and largely set apart timepoints), or focused on small, homogeneous
samples. The present study protocol presents a new, on-going study which uses new technologies
to collect longitudinal data continuously from parents of multilingual, bilingual, and monolingual
children. Our primary aim is to establish the developmental trajectories in Polish-British English and
Polish-Norwegian bilingual children and Polish monolingual children aged 0-3 years with the use of
mobile and web-based applications. These tools allow parents to report their children’s language
development as it progresses, and allow us to characterize children’s performance in each language
(the age of reaching particular language milestones). The project’s novelty rests on its use of mobile
technologies to characterize the bilingual and monolingual developmental trajectory from the very
first words to broader vocabulary and multiword combinations.

Keywords: language development; bilingualism; vocabulary development; language milestones

1. Introduction

Social sciences research has been inclining towards computer- and web-based test-
ing for more than a decade now, emphasizing that new technologies can overcome the
long-standing limitations of small and homogenous samples [1-4]. The outbreak of the
COVID-19 pandemic only heightened the need for online tools for app-based interventions
into mental health [5], primary care [6] and, importantly, online testing (e.g., the Cross-
linguistic Lexical Tasks app or Naming and Inductive Reference app developed by the
Multilingual Language Development and Assessment Lab (MultiLADA) at the University
of Warsaw, or the Touchscreen Task for Toddlers developed at Oxford University BabyLab).
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This is particularly visible in developmental research since access to child participants
during the pandemic was radically limited in various countries from the beginning of the
pandemic [7,8]. This was one of the motivations for designing the StarWords project and
basing it on mobile and web-based technologies.

Early language development of monolingual and bilingual children is assumed to
go through the same milestones at roughly the same time points [9,10]. However, so far,
studies have explored the issue in general (e.g., by including 6-month intervals, e.g., [11])
and have not managed to explore the early bilingual language trajectory from the very first
words to a larger vocabulary size (e.g., that of 50 words). This is partly due to the logistic
difficulties connected with such studies, both in monolingual and bilingual settings: if they
collected language samples, recording sessions then needed to be transcribed and analyzed,
which significantly lengthened the studies. In a seminal study of Hart & Risley [12], the
authors visited 42 families once a month (for two and a half years) to record an hour
of the children’s casual interactions with the parents. This amounted to over 1300 h of
recordings, and 6 years of data transcription, coding and analysis [13]. Even in a more
recent attempt to study early language trajectory, with more advanced technology, Roy
et al. [14] have undertaken a three-year-long recording session, leading to 90,000 h of video
recording and 140,000 h of audio recording, all collected from one family. Studies that did
not collect audio data from the participants, but asked the parents to monitor or report on
their children’s early vocabulary, also usually included small sample sizes (e.g., [15]) or
samples with distinctive characteristics, e.g., coming from Canada where the two languages
enjoy an equal status (see e.g., [16] for further explanation). Previous studies also controlled
for few factors [17,18] and did not minutely time the children’s attainment of particular
language milestones.

The available evidence for similar developmental trajectories between bilingual and
monolingual children comes with some reservations: this result is only obtained when
the two languages of the bilinguals are considered (e.g., total vocabulary, summed across
two languages). In fact, in single language development, bilinguals may trail behind
monolinguals in reaching early language milestones [11]. This may be linked to the
bilingual-monolingual differences in language input. The limited exposure to a single
language in bilinguals leads to reduced vocabulary size in that language as compared to
monolinguals [11]. Furthermore, the amount of exposure to each language may change
over the years and across contexts (e.g., home vs. educational settings). As a conse-
quence, the bilingual’s fluency in each language is not fixed, but subject to exposure
factors that may fluctuate over the years, reflecting the changes in the immediate linguistic
environment [19,20]. For now, there is a lack of longitudinal studies of larger groups of
children which scrupulously compare bilingual and monolingual developmental paths
(and bilingual development in both languages). Further, there is a need for investigations
that minutely time the children’s reaching of early language milestones (e.g., production of
first words and multiword utterances).

Thus, current studies on early language trajectories in bilingual children, with the
purpose of establishing the developmental trajectory in bilingual children and providing ev-
idence for early screening practice and accurate identification of potential language delays,
should meet a certain set of criteria. First of all, they should follow a large sample longitu-
dinally. The sample should also be heterogeneous, i.e., representative of the population
and including participants that differ in terms of their characteristics, e.g., socio-economic
status, patterns of language use in the family, children’s age of exposure to each language,
and parental knowledge of the majority language. Second, the studies should include
multiple measurement points or even use continuous data collection methods. Last, but not
least, studies of bilingual language acquisition should include factors that have been con-
firmed to influence language development in bilinguals, such as language input patterns.
These criteria can be met when the study makes use of new technologies, especially mobile
research applications for parents, which allow for wide-spread recruitment over large and
heterogeneous samples, continuous data collection with a complex notification system
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to guide the users’” engagement in the study, and web-based questionnaires to provide
information on additional factors relevant to the study.

New technologies naturally come with new challenges. Here, we would like to briefly
recount two major challenges of using online tools and mobile applications for research:
the transparency regarding the data collection, and thea high dropout rate due to the
non-direct, longitudinal design of most of the online studies. As researchers, we need to
ensure that the potential user is aware of what data we collect, in what way, and for what
purposes. Some research applications, especially those used in health settings (mHealth
apps), employ passive collection of data, i.e., without the user knowing [21]. These apps
collect data from smartphone’s sensors such as GPS, Bluetooth, accelerometers, gyroscopes,
and temperature sensors, as well as microphones and cameras. Data gathered with such
sensors can help track disease state, response to treatment, physical activity levels, etc.
Before using such an app (or any research app) the potential users must be informed, e.g.,
of what types of data are collected, how the collected data will be used, where it will be
stored, and whether it will be shared (and if yes, how) [22-24]. Such informed consents, in
accordance with General Data Protection Regulation (GDPR), should also be obtained from
users of apps that do not passively collect any data, i.e., when the participants generate the
collected information and are prompted by the app to provide particular information (active
data collection [21]). Another challenge of using new technologies for research applies
to longitudinal studies, and refers to the retention of the users” engagement in the app,
i.e., the number of initial users who are still actively using the app after a particular time
period. The majority of mobile app users use apps over a short period of time, even when
participating in a study [25,26], and some studies reported 15-day and 30-day retention
rates as low as 3—4% [27]. It is therefore important to include solutions that encourage
participants to actively engage in with the app for a longer period of time. Some of those
solutions include gamification features and a push-notification system. Gamification refers
to an inclusion of a reward system, goal setting, or game-like feedback [28] and it may
involve encouraging the user to set (short or long-term) goals, awarding users when goals
or usage milestones are reached. Push notifications serve as automatic reminders delivered
to the user even when they are not in the app, designed to encourage the user to come back
to the app [29,30]. Other challenges connected with using new technologies in research
include, among others, designing the app in a user-friendly way, using US-based platforms
under the European GDPR, and the lack of technical infrastructure at the university level
to create and support application development. An in-depth discussion of such challenges
is beyond the scope of the present paper (but see [22,23] for comprehensive discussions).

Among various new technologies, research mobile and tablet applications have been
particularly compelling as the latest technological advancements were introduced in smart-
phones and tablets. Currently, the use of such tools in research on children is on the
rise: motion sensors in tablets have enabled researchers to diagnose children with autism
spectrum disorder (ASD) by assessing their motor control [31,32] and to recognize their
therapy progress [33]. EasyLexia, a gamified mobile application, helps children with
dyslexia improve reading comprehension, orthographic coding, short-term memory, and
mathematical problem-solving [34]. Mobile applications that employ text-to-speech and
voice recognition engines are used to help children learn English as a foreign language [35].
There are also commercial mobile apps that provide parents with activities promoting their
child’s development and positive parenting behaviors adapted to the child’s age, such as a
freely-available VROOM (www.vroom.org, accessed on 15 December 2021), or KINEDU
(www.kinedu.com, accessed on 15 December 2021). However, there is little evidence yet
regarding the apps’ effectiveness and reach among high-risk populations. More is known
about the effectiveness of broadly defined educational apps that constitute the majority
of child-targeted apps on the market, as researchers just now start to establish evaluation
procedures for such apps [36]. Finally, there are a few apps developed as online language
diaries for parents. BabyWordTracker App is a free mobile research app developed by
Oxford Brookes BabyLab to track early vocabulary development in young children (up
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to 36 months), including bi- and multilingual children [37]. Parents can download the
app, provide basic information on their child (e.g., age), report the child’s words (in over
14 languages) as they appear, and view the child’s progress in terms of vocabulary size. No
results have been published yet on the data collected via the app.

Importantly, studies on early language have made use of indirect measures, such
as parental reports, for decades. Parental reports based on standardized checklists of
rigorously collected lexical items have been shown to provide reliable estimates of the
child’s vocabulary size without compromising the ease of administration, which is particu-
larly important for assessing language development of very young children. Tools such
as McArthur-Bates Communicative Development Inventories (MB-CDlIs, ref. [38]) have
proved to be useful both in research and in early diagnosis and are now acknowledged
by both academics and practitioners in a vast number of countries. Converting those
pen-and-paper questionnaires into online tools and web-based apps is a practice already
being adopted. DeMayo et al. [2] who introduced the Web-CDI system, report that over
3500 CDIs have been collected throughout the U.S. via their platform between 2018 and
2021. Web-based collection of CDIs is also a practice in Europe: for example, data for the
Norwegian CDIs were collected through web-based online questionnaires for CDI Words
and Gestures (CDI:WG), CDI Words and Sentences (CDI:WS), ref. [39], and CDI-III, ref. [40].
The online version of the CDI significantly reduces the time and expenses for data collection
and coding, and reduces the risk of coding errors. Moreover, first attempts have been made
to adapt the CDIs into a form of Computerized Adaptive Testing (CAT) which uses Item
Response Theory (IRT) to show the parent a subset of individually selected items [41-43].
Such CAT CDIs can be filled in online (e.g., on a smartphone) reducing the duration of
assessment while maintaining the accuracy and precision of the original tool that included
the full list of items [43].

Research mobile and tablet applications are also being employed in research on early
language trajectories in bilingual children. Bilingual contexts are quantitatively different
from that of monolinguals: there are (at least) two languages present in the child’s en-
vironment and thus a bilingual child might typically hear less of each language when
compared to the input received by a monolingual child (e.g., [44,45]). Moreover, learning
more than one language in a migration context is particularly demanding due to the uneven
status of the minority language (home language spoken by the family) compared to the
majority language (the language of the society). As early language development lays
a foundation for further developmental stages and in particular for educational perfor-
mance [46-48], differences between monolingual and bilingual development, though subitle,
may result in a relatively lower school attainment of bilingual children when attending
mainstream monolingual schools in the majority language. Establishing the developmental
trajectory in bilingual children would allow practitioners to accurately identify potential
language delays, inform early screening practices, and eventually prevent misdiagnosis of
developmental language disorder in this population.

2. Current Study

Our study primarily aims to establish the trajectories of early language development
in monolingual, bilingual and multilingual children speaking Polish, British English or
Norwegian alone, or in the combinations of Polish-British English and Polish-Norwegian.
These language combinations were chosen because Norway and the UK are frequent
destinations for migrating Poles. In fact, Poles were one of the largest ethnic minorities
in the UK in 2021 [49] and the largest ethnic minority in Norway in 2021 [50] and Polish
children in the UK and Norway constitute two large populations of Polish bilingual children
in Western Europe. By collecting the data continuously (enabled by new technologies),
we can collect both the children’s early gestures, words and utterances, and information
regarding the children’s linguistic environment. This will allow us to directly link the
quantity and quality of reported language exposure to the children’s language performance
in each language (the exact timing of particular language milestones).
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Our main research questions and hypotheses refer to the following issues in early
language development:

2.1. Is the Timing of Early Language Milestones (e.g., Babbling, First Words, First Utterances)
Similar in Bilingual Children’s Two Languages as Well as in Relation to Their Monolingual Peers?

With regards to the milestones in both languages of the bilinguals, previous studies
(e.g., [51,52]) show that language-specific outcomes in bilingual children are dependent on
various factors (e.g., input quantity) and therefore are not necessarily growing in parallel
(e.g., due to unequal exposure to languages). Since we are studying bilingual children,
we do not expect the children in our sample to reach all language milestones at a similar
time in both their languages. With regards to the bilingual-monolingual comparison, we
hypothesize that as long as we compare general language development between bilingual
and monolingual children, we might expect similar outcomes between the groups, but we
should also expect large variation in the data. A similar pattern was found in previous
studies. Pearson et al. [51] tested vocabulary growth in bilingual and monolingual children
aged 8 to 30 months and found that two measures of the bilinguals” production in the
two languages together (Total Vocabulary and Total Conceptual Vocabulary) indicated
comparable vocabularies for bilingual and monolingual children. They also found large
variation (in both groups) within this age span. Similar results were shown by Hoff and
colleagues [44] who studied older children, aged 30 to 60 months, and found comparable
vocabulary outcomes in bilingual and monolinguals when Total Vocabulary was concerned.
When looking at the vocabulary in one language (English) only, however, Hoff and Ri-
bot [52] found that the bilinguals lagged 6 months to 1 year behind the monolinguals. A
more detailed description of this research question and the hypotheses can be found in the
StarWords project’s preregistration: https://osf.io/pzykv.

2.2. What Is the Relation between the Bilingual Children’s Language-Specific Input Quantity and
Quality and the Timing of Reaching Particular Language Milestones (e.g., Babbling, First Words,
First Utterances) in That Language?

With regards to input quantity, we will investigate whether the amount of time
(during the day) that the child is hearing each language will impact the timing of reaching
particular language milestones. Pearson et al. [51] found a strong positive correlation
(r = 0.82) between language-specific input and vocabulary growth in bilingual children
aged 8 to 30 months. The same relation between input and language outcomes might be
possible for the timing of reaching early language milestones in our bilingual samples.
With regards to the input quality, we will use frequency of book reading treated as a proxy
of input quality, however, if the data allow, in the exploratory analyses we will include
other input quality measures, i.e., play time, singing, TV watching, media use, and the
number of speakers using L1 and L2 towards the child. We hypothesize that the frequency
and length of language-promoting activities will impact the timing of reaching particular
language milestones. Similar results were shown in previous studies. Patterson [53] found
that the frequency of book-reading in each language of bilinguals was related to expressive
vocabulary size in the same language, and the relationship was significant even after taking
overall input quantity into account. Building on these results, Scheele et al. [54] found
that 3-year-old bilingual children’s rate of vocabulary growth was strongly influenced by
the parents’ language use in oral and literate activities (including frequency of reading
and storytelling). In a recent study, Kartushina et al. [7] have identified book reading
as the major positive contributor of expressive vocabulary size in monolingual children
aged 8-36 months. Frequency of book reading had more positive impact on children’s
expressive vocabulary than any other examined activity (e.g., singing, TV watching). A
more detailed description of this research question and the hypotheses can be found in the
project’s preregistration: https:/ /osf.io/pzykv.


https://osf.io/pzykv
https://osf.io/pzykv

Int. |. Environ. Res. Public Health 2022, 19, 3067 6 of 18

2.3. What Are the Relations between Sleep Patterns, Breastfeeding and Early Language Development?

We will investigate whether sleep patterns (consecutive daytime sleeping durations,
consecutive nighttime sleeping durations, ratio of consecutive daytime sleeping durations
to consecutive nighttime sleeping durations, total length of sleeping) and breastfeeding
patterns (whether the child is breastfed at a given age, total length of breastfeeding) are
related to the very early language development (emergence of the babbling, earliest words
and multiword utterances, CDI scores) in monolingual and bilingual children. Generally,
breastfeeding is found to have a positive impact on language development, especially in
populations under the risk of developing language impairment (see [55] for review). The
length of breastfeeding is also positively correlated with the likelihood of polysyllabic bab-
bling at the age of 8 months [56], as well as with expressive and receptive communication
scores at the age of 18 months [57]. Another study showed that even breastfeeding for
more than 12 months was beneficial for toddlers” language development [58]. We thus
hypothesize that breastfeeding will be positively related to the children’s CDI scores at
2 and 3 years. We also hypothesize that children breastfed at the age of 3/6 months will
start babbling at a younger age than children who are not breastfed at the same age, while
maternal education, child birth weight, and child gender are controlled. Regarding the
sleep patterns, the day/night sleep duration ratio which is naturally decreasing with child
development (i.e., in development children tend to sleep more at night and less during
day) may be a good index of sleep maturation [59]. It was shown that the day/night sleep
duration ratio at the age of 6 and 18 months (but not 30 months) is weakly related to the
language outcomes (CDI scores) at the age of 18 and 30 months, and to receptive vocabulary
scores at the age of 60 months [59]. Dearing et al. [60] also found a positive influence of
sleep patterns on language development (comprehension and production). In addition,
sleep patterns and breastfeeding are not independent of each other. Breastfed children are
more likely to wake up during the night [61], although the total number of slept hours does
not necessarily differ between breastfed and non-breastfed infants [62]. It appears that the
relations between breastfeeding, sleep patterns, and language development may not be
clear: whereas both breastfeeding and longer sleep increase vocabulary scores, breastfeed-
ing may decrease the sleep duration. A more detailed description of this research question
and the hypotheses can be found in the project’s preregistration: https://osf.io/rb9g7.

2.4. Is There a Clearly Observable Vocabulary Spurt in Monolingual and Bilingual Children?

Vocabulary spurt, i.e., a transition to rapid word-learning [63], is one of the devel-
opmental changes found in many children (but not all, cf. [64]). It is suggested that in
order to build extensive vocabularies, children cannot employ a steady rate of learning,
but at some point (typically in their second year of life) have to show an accelerated rate
of word-learning. Researchers have used many different methods to operationalize this
vocabulary spurt but Ganger & Brent [64] suggest that it should be identified as a tran-
sition between a slow word learning stage and a faster word learning stage (and not a
gradually increasing learning rate) and that the faster word learning stage should be sus-
tained for some period of time. Having operationalized the vocabulary spurt similarly as
Ganger & Brent [64]—as a transition between a slow and a sustained faster learning stage,
we hypothesize to find a minority of children with a clear vocabulary spurt, and that the
proportion of children showing/not showing a vocabulary spurt will be similar in the
monolingual and bilingual group. A more detailed description of this research question
and the hypotheses can be found in the project’s preregistration: https:/ /osf.io/ap94y.

3. Methods

The StarWords study is an observational study and the subjects are not assigned to
any treatment. Below, we are describing the sample and eligibility criteria, our recruitment
procedures, the exclusion criteria for the future analyses and the data collection procedures.
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3.1. Sample and Eligibility Criteria

The study is on-going and the recruitment started in mid-June 2021. Our recruitment is
targeted primarily at parents of children exposed to Polish and British English (living in the
UK), parents of children exposed to Polish and Norwegian (living in Norway) and parents
of children exposed to Polish (living in Poland) aged 0-24 months. Additionally, we also
aim to recruit parents of Norwegian monolingual and British monolingual children. While
we recruit children in their first and second year, we encourage parents to be active in the
app when the child is older than 2 years. The Ethics Committee at the Faculty of Psychology,
University of Warsaw approved the StarWords project’s procedure (including recruitment
and data collection) and the Data Protection Services in Norway has assessed that the
processing of personal data in this project is in accordance with data protection legislation.
Our sample size is estimated according to the potential availability of participants: Our
aim is to gather longitudinal data from altogether 200 bilingual participants (100 Polish-
Norwegian, 100 Polish-British English) and 200 monolingual participants (100 Polish,
100 Norwegian). Currently (March 2022) there are almost 4000 parents (who entered the
study within the children’s age range, i.e., 0-24 months) using the app. This includes more
than 20 Polish-Norwegian bilingual children, 90 Polish-British English bilingual children,
and 2000 Polish monolingual children. Although the current monolingual Polish sample
exceeds our aim regarding the sample size, we expect that many of the parents may use
the app for a relatively short period of time and thus for some longitudinal analyses the
final sample may be substantially smaller. In order to achieve the expected sample sizes,
we are recruiting continually, i.e., parents are invited to join at any point of the study,
provided they meet our eligibility criteria: They are parents of Polish-speaking bilingual or
multilingual children or Polish, Norwegian, or UK-English speaking monolingual children
aged 0 to 24 months. A bigger final sample would certainly make the subsequent analyses
more powerful, thus we will not stop recruitment even if the minimal numbers per group
are achieved and secured for a longer period of time.

Though the focus of the study is on Polish-speaking children living in Poland, Norway
and the UK, the StarWords app is available publicly in Google and Apple app stores,
and has drawn considerable attention from Poles living in Poland who intentionally raise
their children bi- and multilingually (“elective” or “intentional bilingualism”). Currently
(March 2022) parents of over 250 such children are using the app. Moreover, many parents
using the app are Poles living in other countries than those of our original interest and
speaking other language combinations than Polish-English and Polish-Norwegian. Cur-
rently (March 2022) parents of 160 such children are using the app. These families live all
around Europe, e.g., in Germany (60), France (14), the Netherlands (13), Switzerland (12),
Denmark (11), Spain (11), Belgium (10) but also USA (9), New Zealand (2), South Korea (2),
Iceland (1). If the data allow, we consider exploratory analyses with these samples.

3.2. Recruitment

Our recruitment is continuous, i.e., ongoing through all of the time of the study (ca. till
spring 2023). A large share of our recruitment includes online procedures. We are recruiting
actively via social media, i.e., Facebook and Instagram posts and short-term advertisements.
We are contacting—via social media and email—public figures known for their interest in
research and child development, i.e., bloggers, influencers, practitioners, and researchers
actively involved in research communication practices. We are also contacting university
media outlets to spread the information about the project. Finally, we have built the project’s
webpage (http:/ /starwords.eu/) to create a space on the internet where parents can learn
more details about the study, and have set up Facebook and Instagram channels for the
research team (FB: @multilada.uw, IG: @multilada_uw) to enable parents to easily contact
us. Importantly, parents receive detailed information on the study prior to their decision
on participation: either via the website or (if they find the app in the stores without visiting
the study’s webpage) directly in the app, before registering into the study.
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3.3. Exclusion Criteria

Before analyzing the data, we will exclude from the sample children with confirmed
health problems (i.e., temporary hearing loss, frequent ear infections, children born pre-
maturely or children whose birth weight was smaller than 2.5 kg). In our main analyses
of bilingual data, we will also exclude children who are bilingual with Polish and Norwe-
gian/English but neither of their parents is a native speaker of English/Norwegian and the
family is living in Poland (i.e., intentional bilingualism as opposed to bilingualism in the
context of migration, which is the focus of the present study). However, if the data allow,
we would like to plan some exploratory analyses on this group as well.

3.4. Data Collection

The data is gathered from three sources: the StarWords mobile application
(see Section 3.4.1), an online modified version of the parental questionnaire PABIQ (-IT)
(see Section 3.4.2), and the web-based CDlIs (see Section 3.4.3). Figure 1 presents the general
study procedure and the connection between the study tools.
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Figure 1. Study procedure. The data collected with the three tools (StarWords mobile app, online
PABIQ [-IT] questionnaires and web-based CDlIs) is matched via the traveling unique user identifier
(UID) not overtly known to the participant (see Section 3.4.4). Note. * continuous data collection
(see Section 3.4.1). ** Language dependent on the type of bilingual group (Polish-Norwegian or
Polish-British English). Polish monolinguals receive CDIs in Polish only (see Section 3.4.3).

Before joining the study, the parents are informed about the app’s research purpose,
the purpose of the notifications, their ongoing access to the entered data and the study
procedure. They are also informed that the study is confidential, that the collected data
will be used for scientific purposes only and presented collectively. The information they
receive on their personal data collection (i.e., the child’s name, the parent’s email address)
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is compliant with the GDPR. The parents are informed that the collected data is stored on
secured servers located in the European Union, and will not be distributed to any third
parties (outside of the research team), and that they can withdraw from the study at any
point without giving a reason.

The data is gathered (partly) longitudinally. Parents are asked to download the
“StarWords—every word counts” app, and report on their child’s new gestures, words and
utterances as they appear, and answer questions e.g., about the child’s language environ-
ment (more details in Section 3.4.1). At a specific age, parents are asked to fill in a language
background questionnaire (see Section 3.4.2) and MacArthur Bates Communicative Devel-
opment Inventories (CDIs) questionnaires (see Section 3.4.3) in Polish and/or Norwegian
or British English. Parents entering the study are encouraged to stay as long as possible,
but are allowed to leave the study at any point without giving any reason and if they want
their data removed from the study’s database, they can require this via the app or email.

Parts of the data are gathered cross-sectionally. Specifically, some participants stay
in the study for a relatively shorter time (e.g., they opt out early, or may join in towards
the end of data collection). These data will be used for particular analyses to enhance
their power.

3.4.1. The “StarWords—Every Word Counts” Mobile Application

We have created a mobile application specifically for the purpose of the present study,
“StarWords—every word counts”, henceforth referred to as the StarWords app. Creation of
the app was a complex and long process, and we aim to eventually open the source code
for modification so that our work can be beneficial for other researchers interested in using
such an app in their research. The StarWords app has a twofold purpose: first, it serves as
an online language diary in which parents and/or guardians are encouraged to enter early
gestures, words, neologisms and utterances their children produce in real time or shortly
after the production. Parents can also choose to add other guardians to their family account
(e.g., the other parent, grandparents, nanny, or teacher), who will also download the app
and report children’s gestures, words and utterances. Importantly, parents can see all the
information reported by other guardians in the app, while other guardians cannot see the
information entered by the parents. Second, the app allows us to collect information on the
children’s background characteristics (e.g., country of residence, languages used with and
by the child, the presence of health problems), linguistic environment (the quantity and
quality of exposure to each language, the age of first contact with languages), the child’s
early development (e.g., age of crawling, walking unassisted, and babbling), and some
other child and family characteristics (e.g., the child’s sleep patterns, the number of siblings,
and parental education and language use).

The sampling of the data is continuous and largely dependent on the user, i.e., the
parent may report the child’s early gestures, words and utterances as they appear, or as
they find the time and energy to do so. However, the app also includes a complex push
notification system to promote the parents’ retention in the study. Depending on the child’s
age and the parent’s current engagement in the app, the parents receive various prompts: if
the child is at an age when we expect some first words to appear (i.e., 10-12 months), users
are prompted to reflect on whether the child uses some gestures or repeats some words
during everyday routines (e.g., “Think for a moment, does [child’s name] mimic various
sounds, e.g., made by animals, vehicles, etc.?”). If the child is already speaking and some
items (e.g., words, utterances) have been reported, but the user has not been active for two
weeks, users are prompted to think about the words the child uses in various everyday
situations, e.g., when eating, bathing, going outside (e.g., “Think for a moment, what
does [child’s name] do when you're singing together or you're reading /watching picture-
books together? Does [child’s name] try to repeat after you or try to talk?”). Once every
9 days, parents of bilingual children are prompted to report on the child’s exposure to each
language on the day before. Since the question is asked every 9 days, some measurements
will refer to week days, some to weekend days, and altogether parents will be asked about
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the language exposure twice a month. If some family’s characteristics are not given by the
parent, the parent is prompted once a month to answer questions in that respect.

All the data is collected actively, i.e., when the users provide the information either
spontaneously or in response to notifications [21]. No passive data collection is used in
this study;, i.e., we do not collect data from the device’s sensors, such as GPS, Bluetooth,
microphone, or cameras. However, parents are given the opportunity to upload audio
recordings of how children pronounce particular words (this is not obligatory or required
of them). As mentioned in the introduction, one of the challenges of non-direct longitudinal
testing, e.g., with the use of a mobile app, is the retention of the participants over time.
Our strategies to support retention include: a user-friendly and interesting design of
the app, reports and summaries of data entered by the parents, access to podcasts with
researchers studying child bilingualism and personalized coloring booklets (in .pdf format).
Importantly, access to these materials is not given on the basis of the number of items
(i.e., gestures, words, and utterances) the user reports, as this could push parents toward
over-reporting, as well as cause increased pressure on families with children who are late
talkers or potentially may have developmental language disorder. Instead, access to some
of the materials is awarded when the parents respond to the push notifications (e.g., fill in
their basic family characteristics, answer regular questions about language environment,
fill in a CDI).

3.4.2. PABIQ and PABIQ-IT

In our attempt to move all the testing online, we have also created a modified online
version of the parental questionnaire PABIQ-IT (for infants and toddlers), “Kwestionariusz
dla rodzicéw dzieci jedno-i wielojezycznych: niemowleta i dzieci najmtodsze”, [65] (origi-
nal PABIQ-IT, Parents of Bilingual Children Questionnaire—Infants and Toddlers: [66]) and
PABIQ for children aged above 3, “Kwestionariusz dla rodzicow dzieci jedno-i wielojezy-
cznych: dzieci przedszkolne i starsze” [67] (original PABIQ, Parents of Bilingual Children
Questionnaire: [68]). The PABIQ and PABIQ-IT questionnaires collect information about the
child’s language environment (e.g., number of languages used towards the child, frequency
of use, contexts in which each language is used, and the child’s skills as reported by parents),
and general information about the child and family (e.g., date of birth, early development,
parental education, and difficulties at school experienced by family members). The data
from the questionnaires are collected together with the CDIs at three timepoints: when the
child is between the ages of 16-18 months (PABIQ-IT), 19-26 months (PABIQ-IT) and when
the child is 36 months old (PABIQ) (Please note that we recruit children aged 0-24 months
and as the study is longitudinal, children entering the study in their second year of life
may still be participating in the study in their third year of life). These questionnaires are
relatively long (up to 12 pages, depending on the language version and the formatting).
Converting these paper questionnaires into online forms allowed us to add a system of
conditional logic, according to which certain questions (e.g., those regarding bilingual
setting) can be hidden from a monolingual parent. Thus, moving the PABIQ-IT and PABIQ
online allowed us to significantly shorten the time needed to fill in the questionnaire.

3.4.3. CDIs

MacArthur-Bates Communicative Development Inventories (CDIs) are standardized
parental questionnaires designed to measure language development of young children [25].
They have been adapted to many languages and are widely used in various countries for
both research and diagnostic purposes. The parent’s task is to mark words (from a list of
rigorously collected lexical items) that their child understands and/or uses. There are three
age-versions of the CDIs: Words and Gestures (CDI:WG) for children aged from below 1
to about 2 years, Words and Sentences (CDI:WS) for children aged 2-3 years, and CDI-III
for children beyond 3 years old. The exact age ranges as well as some other details differ
across adaptations but in general CDI:WG asks parents for comprehension and production
separately and there is a list of gestures, routines etc. along the word checklist, whereas
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in the versions for older children parents are asked for the production only and there are
some questions about grammar in addition to the word checklist. In the StarWords project
we use existing adaptations to Polish [69], Norwegian [40,70], and British English [71,72].
Part of the project is also to develop Polish CDI-III.

The data from the CDIs will be collected at three timepoints: we first ask parents
to fill in CDI:WG at the age of 16 months, then at the age of 26 months we ask them to
fill in CDI:WS, and we ask them to fill in CDI-III when their child is 36 months old (see
Figure 1). Because of the continuous recruitment, children may be of any age (between
0 and 24 months) at the time their parents register in the app. Therefore, if they are between
17 and 24 months old, we also ask their parents to fill in a CDI when they enter the study
(on the next day after their registration): up to the age of 18 months they are given CDL:WG,
between 19 and 24 months of age they are given CDI:WS, and if the child is between
22 and 24 months old they are not asked to fill in CDI:WS again at the age of 26 months. If
the only language registered for the child in the mobile app is Polish, parents are asked to
fill in only Polish CDIs, whereas if the child’s languages registered in the app are Polish
and Norwegian or British English they are also asked to fill in Norwegian or UK CDIs (if
the parent does not feel comfortable in filling in a CDI in the child’s second language, they
can forward it to another parent, care-taker or teacher. For some CDIs we plan to gather
both full-list data and Computer Adaptive Testing (CAT) measurements and we will use
the study to validate the CAT approach to CDIs [42]. More specifically, participants will
be invited to fill in both the full-list Polish CDI:WG and CDI:WS and their CAT versions,
in which the next item shown to the user is chosen on the basis of the users’ previous
responses. Such dual testing will allow us to check whether the scores of the full-list and
CAT version are related, which would inform us of the CAT version’s validity.

We have developed a web application, CDI-Online, for online administration and data
collection of CDIs. The app is integrated with the rest of the project, and with the mobile
StarWords app in particular: the mobile app generates a personalized URL for parents to
access the relevant CDI version at a particular timepoint, notifies parents if they have not
filled it in (every three days but no more than three notifications), provides general feedback
and a small reward on completion, and, if applicable, seven days after the completion or
after the last notification it generates a URL to access a next CDI (e.g., Norwegian or British
English or a CAT version).

Importantly, CDI-Online is fully configurable and we intend to provide its code as
open-source to researchers interested in gathering CDI data online. To use the app, one
needs a web server configured to run software written in R and Shiny [73,74] and a MySQL
database set up. All configuration is done via a small set of text files, containing items,
instructions and various settings. If percentile norms are provided as well, the app can be
configured to check raw scores against the norms and act accordingly. Crucially, the app can
run CDIs in a CAT mode if provided with relevant IRT estimates for items (i.e., individual
items” difficulty and discrimination, i.e., how well a given item differentiates between
ability levels), and stopping criteria. It can also be set up to gather data on several age and
language versions. CDIs can be accessed from a PC or a mobile device via a URL containing
as parameters language and age version, the type of measurement (CAT or full-list), and a
unique ID. The same URL may be used to resume filling in the inventory at a later date on
the same or different device. All responses are securely stored in the MySQL database.

3.4.4. Data Safety

Altogether, three types of tools are used in the StarWords study: a mobile app (Star-
Words), a web-based application (CDIs), and online questionnaires on a web-page (PABIQ-
IT and PABIQ). Importantly, the data gathered from the three separate tools can be matched
to a particular participant via a unique user identifier (UID), not overtly known to the
participant (see Figure 1). The UID is a 21-character-long code, containing both letters
(lower and upper case) and special characters. It is generated automatically within the
StarWords app, pseudo-anonymized, and carried over within the url address to the other
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tools in the study (e.g., the PABIQ-IT questionnaire or CDI). The UID allows us to match
the data between the tools, without asking the participant to provide or copy and paste an
identifier, and without using the participant’s personal data (e.g., name, e-mail address).

The data collected in the study via the StarWords app and the CDIs are stored in a
MySQL database on a Virtual Private Server (VPS) located in the EU and hosted by an
external company, with whom the University of Warsaw has signed a data processing
agreement (OVH). Access to the VPS is only provided to authorized users with whitelisted
IP and necessary credentials. The data from the online questionnaires, i.e., PABIQ-IT and
PABIQ), are stored online with no personal data and just the UID. The users of the StarWords
app are allowed to delete their account and data at any time. As they delete their data from
the app, this data will also be removed from the MySQL database.

4. Outcome Analyses

The study is on-going and no analyses have been performed on partial data. The
start of the recruitment and data collection was in mid-June 2021, and data collection will
last approximately till spring 2023. A detailed description of the outcome variables and
planned statistical analyses can be found in the project’s pre-registrations: https://osf.io/
3ruj9/registrations.

With regard to earlier stated hypotheses and research questions we plan on performing
the following analyses.

Re 1.: To check for the timing of early language milestones, we plan a between-
subjects design to compare the age (in months) of reaching particular linguistic milestones
across bilinguals and monolinguals. We will also perform a within-subjects design to
compare the timing of reaching particular linguistic milestones in bilinguals’ first (L1) and
second language (L2).

Re 2.: We plan to perform a series of correlational analyses of the quantity and quality
of language input and the timing of reaching particular linguistic milestones in bilinguals’
L1 and L2. As a proxy of input quantity, we will use the amount of time (during the
day) that the child is hearing each language, and as a proxy of input quality, we will use
frequency of book reading, however, if the data allow, in the exploratory analyses we will
include other input quality measures, i.e., play time, singing, TV watching, media use, the
number of speakers using L1 and L2 towards the child.

Re 3.: In order to study the relations between sleep patterns, breastfeeding and early
language development, we will perform a series of regression analyses for monolinguals
and bilinguals. We will use language measures as the dependent variables. The indepen-
dent variables will include breastfeeding length in months, the total length of sleep at
various ages (in months), the day/night sleep ratio at various ages (in months).

Re 4.: With regard to the vocabulary spurt in mono- and bilingual children the analysis
will consist of three steps: (1) incorporating Ganger & Brent’s [64] procedure to determine
the ratio of children showing the trend of faster word learning stage; Ganger & Brent
(2004) define vocabulary spurt as a transition between a slow word learning stage and a
faster word learning stage (and not a gradually increasing learning rate) with the faster
word learning stage sustained over time; this is best described by a quadratic function,
and we will determine the number of children whose rate of word learning over time fits
a quadratic function; (2) comparing the ratio of spurters across the two studies groups:
bilinguals and monolinguals, and afterwards (3) for the spurters, we will find the mean
age and the mean vocabulary size of reaching the inflection point (the transition between
the slow and fast word-learning rate). We will compare the vocabulary size and the age of
reaching the vocabulary spurt between monolingual and bilingual spurters.

With regard to potential exploratory analyses, we consider comparisons of the sample
of bilingual children raised in the migration context (as described above) with the sample
of bilingual children experiencing elective/intentional bilingualism (living in Poland) and
also bilingual children in the migration context acquiring other languages than English or
Norwegian (beside Polish).


https://osf.io/3ruj9/registrations
https://osf.io/3ruj9/registrations
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5. Discussion

We have presented the new, on-going study “StarWords: a study on parental report
on words” which aims to investigate early language development trajectories in mono-
and bilingual children using mobile and web-based applications. These allow us to reach
a large and linguistically heterogeneous sample (without the cost of sending out paper
questionnaires) and gather data longitudinally and continuously. Although our primary
focus is on Polish- British English and Polish-Norwegian bilinguals of migrant background
(and respective monolingual groups), with the use of mobile and web-based applications,
we are able to reach linguistically heterogeneous samples of bilingual and multilingual
families living all across the world. The app is freely available via Google Play and
Apple App stores, and we are observing an influx of families speaking various language
combinations using the app. Since we have obtained Ethics clearance to include in our
study parents of children who are outside our original scope (Polish and Norwegian
monolinguals, Polish- British English bilinguals and Polish-Norwegian bilinguals), but
have registered in the study, we are now collecting this data with an aim of exploring
language trajectories across culturally and linguistically diverse populations of bilingual
and multilingual children.

Further, these apps allow us to gather information on a particular child’s language
development from many sources: not only parents, but also other care-takers that parents
may wish to add, e.g., grandparents, nannies, and teachers. This solution is particularly
important in the bilingual context, e.g., when the parent does not feel comfortable in
reporting the child’s progress in L2, and a nanny or a teacher might help. The parent can
invite the other care-taker to download the app (via invitation sent from the app) and this
care-taker can then report the child’s language progress in their account. Finally, we can
include factors that are assumed to influence language development in bilinguals, such as
language input patterns. As a result, we hope to establish the exact timing of achieving
particular language milestones and observe how language-specific input quantity and
quality affects the timing of reaching particular language milestones in bilingual children.
We believe that these goals can be achieved by the use of web- and mobile applications for
parents with a complex notification system to guide the users’ engagement in the study, and
online questionnaires to provide information on additional factors relevant to the study.

When designing the StarWords study and the online tools, we were naturally com-
pelled by the advantages of the online tools: with wide-spread smartphone coverage we
expected to be able to reach a larger and a more diverse set of participants. However, there
are two sides to every coin. As Lourenco & Tasimi [75] point out, with the COVID-19 and
new challenges on family care while working from home, the participants in online studies
may now largely comprise those who have the time and resources to participate in such
studies. On the plus side, with online testing there is no need for direct contact with the
study participants, which decreases the research assistant and traveling costs. However, the
effort and costs of designing successful and user-friendly apps and their on-going technical
support can also be substantial. Sometimes the university technical infrastructure may not
be thoroughly prepared to provide proper support and help in designing and deploying
online tools. The continuous data collection means that parents can report the first gestures,
words and utterances as they appear, and therefore we do not depend on their ability to
recall or remember their children’s first words. On the other hand, we have little control
over what the parents report, and of their frequency of reporting and of their engagement
in the study. The complex notification system, gamification and rewards become crucial
and largely invaluable in supporting user retention, but they must not be overdone: we do
not want to overwhelm the parents/users with too many notifications, and the notifications
have to be tailored to different potential cases (e.g., if a child is a late-talker, too many
notifications asking about the child’s new words might be a source of additional worry
to the parent). The gamification and rewards can prolong the parents/users’ engagement
in the app, but they should not change the parental behaviors towards their children in
an observation study, and we should reward the users’ engagement in the app, instead of
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rewarding reporting new words, which could lead to falsified data or frustration in parents
of late-talkers. Additionally, the rewards need to be digital, e.g., podcasts or articles, to rule
out shipping costs.

One of the challenges of the online testing is also understanding and being able to
explain the data collection and storage procedures to the study participants and authorities.
This includes informing the participants about the study procedure, its purpose, and the
participants’ access to the entered data. We also inform our participants about their rights
following from GDPR. Using online tools and international collaboration lengthens the
process of obtaining ethical approvals, as many additional details are required concerning
data storage and processing, technological solutions employed when designing the tools
and the databases. On a positive note, such procedures make us alert and conscious of the
need to make the data collection and storage procedures in accordance with current law
as well as becoming transparent to the study participants. Moreover, in the effort to solve
the logistic complexity of merging data from different online tools while keeping with the
ethical guidelines, we were able to find new solutions, such as the unique user identifier
(UID) codes, not overtly known to the participant. This also implies less communication of
personal data and smaller risks of data security breaches, when compared to assigning the
participants overt id codes. The UID allows us to match the data between the tools, without
asking the participant to provide or copy and paste an identifier, and without using the
participant’s personal data (e.g., name or e-mail address).

Finally, in the perspective of the COVID-19 pandemic, mobile technologies enable
testing with no direct, personal contact. As a result, more and more research teams are
developing online tools for research, despite the new challenges linked to online testing,
showing that new times call for new measures. Not only that, but researchers can join in
efforts to establish unified, discipline-wide platforms for supporting large-scale research
projects. Some such platforms existed well before the pandemic, e.g., Child Language Data
Exchange System (CHILDES, ref. [76]). However, one such new attempt is the Collaboration
for Reproducible and Distributed Large-Scale Experiments (CRADLE) [77], a shared infras-
tructure for recruitment, data collection, and data sharing across many universities and
countries. Its novelty lies in the fact that potential participants registered in CRADLE could
be invited to take part in many different studies that match their background characteristics.

However, COVID-19 may ironically provide new limitations on the online testing. As
Lourenco & Tasimi [75] point out, more and more people lose their jobs due to the difficulties
associated with the pandemic, and internet access may become a luxury. Moreover, public
access to the internet may also be restricted due to lockdown and/or local restrictions.
In our StarWords study, we have included a safeguard against that by allowing offline
reporting and automatic synchronization of data once the phone is connected to the internet.

All in all, the use of new technologies in social sciences, and especially in developmen-
tal studies, is, as Sheskin et al. [77] put it, an “overdue acceleration”. Even as new challenges
arise, researchers are still motivated to develop new solutions and learn new skills in order
to be able to design new tools for online testing. We strongly believe that as researchers
re-evaluate their research infrastructure to support online testing, their expansion into the
online world will help to push the current limits of the field.

6. Conclusions

In this study protocol we have presented the new, on-going study “StarWords: a study
on parental report on words” which aims to investigate early language development trajec-
tories in mono- and bilingual children using mobile and web-based applications. With the
use of mobile and web-based applications, we are able to reach linguistically heterogeneous
samples of bilingual and multilingual families living all across the world. These tools allow
parents to report their children’s language development as it progresses, while allowing us
to characterize children’s performance in each language (the age of reaching particular lan-
guage milestones). Establishing the developmental trajectory in bilingual and multilingual
children would allow practitioners to accurately identify potential language delays, inform
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early screening practices, and eventually prevent misdiagnosis of developmental language
disorder in this population.

Author Contributions: Conceptualization: KM., GK,, K.S,, A.D,JK, MK, BLt, ML, N.GG, PH,
ASHR,HGS., KA,NK. and E.H,; Funding acquisition: KM., GK., A.D., M.L,, N.G.G,, ASHR,,
H.GS., KA, N.K. and E.H,; Investigation: KM., GK, K.S., AD., M.L.,N.G.G,, ASHR. and EH,;
Methodology: KM., GK,, KS., AD,JK,MK, BL, ML, N.GG.,PH, ASHR, HGS, KA., NK.
and E.H.; Project administration: K.M. and E.H.; Software: KM., G.K,, K.S. and A.S.H.R.; Supervision:
KM, N.G.G. and E.H.; Visualization: KM. and G.K.; Writing—original draft: KM., GK, K.S,, M.K,,
B.L., ML, N.GG,PH, ASHR, HG.S. and E.H.; Writing—review & editing: KM., GK,, K.S., AD.,
JK,MK,N.GG, PH, ASHR, HGS., KA., NK. and E.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Science Centre, grant number 2018/31/B/HS6/03916
awarded to E.H., and supported by the Faculty of Psychology, University of Warsaw, from the funds
awarded by the Ministry of Science and Higher Education in the form of a subsidy for the maintenance
and development of research potential in 2021 and 2022 (501-D125-01-1250000) awarded to K.M.
and G.K.

Institutional Review Board Statement: The study is conducted according to the guidelines of the
Declaration of Helsinki. The StarWords mobile application and the study procedure were approved
by the Ethics Committee at the Faculty of Psychology, University of Warsaw, Poland. The Data
Protection Services in Norway has assessed that the processing of personal data in this project is in
accordance with data protection legislation.

Informed Consent Statement: Informed consent is obtained from all participants involved in the
study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1. Couper, M.P. New Developments in Survey Data Collection. Annu. Rev. Sociol. 2017, 43, 121-145. [CrossRef]

2. DeMayo, B.; Kellier, D.; Braginsky, M.; Bergmann, C.; Hendriks, C.; Rowland, C.F,; Frank, M.C.; Marchman, V. Web-CDI:
A system for online administration of the MacArthur-Bates Communicative Development Inventories. Lang. Dev. Res. 2021, 1,
55-98. [CrossRef]

3. Dufau, S.; Dufiabeitia, J.A.; Moret-Tatay, C.; McGonigal, A.; Peeters, D.; Alario, E-X.; Balota, D.A.; Brysbaert, M.; Carreiras, M.;
Ferrand, L.; et al. Smart Phone, Smart Science: How the Use of Smartphones Can Revolutionize Research in Cognitive Science.
PLoS ONE 2011, 6, €24974. [CrossRef]

4. Nordness, A.S.; Beukelman, D.R. Speech practice patterns of children with speech sound disorders: The impact of parental record
keeping and computer-led practice. . Med. Speech Lang. Pathol. 2010, 18, 104-109.

5. Satre, D.D.; Meacham, M.C.; Asarnow, L.D.; Fisher, W.S.; Fortuna, L.R.; Iturralde, E. Opportunities to Integrate Mobile App-Based
Interventions into Mental Health and Substance Use Disorder Treatment Services in the Wake of COVID-19. Am. J. Health Promot.
2021, 35, 1178-1183. [CrossRef]

6.  Sanchez-Rodriguez, D.; Annweiler, C.; Gillain, S.; Vellas, B. Implementation of the Integrated Care of Older People (ICOPE) App
in Primary Care: New Technologies in Geriatric Care during Quarantine of COVID-19 and Beyond. |. Frailty Aging 2020, 10,
139-140. [CrossRef]

7. Kartushina, N.; Mani, N.; Aktan-Erciyes, A.; Alaslani, K.; Aldrich, N.J.; Almohammadi, A.; Alroqi, H.; Anderson, L.; Andonova, E.;
Aussems, S.; et al. COVID-19 first lockdown as a unique window into language acquisition: What you do (with your child)
matters., under review. Language Development Research. 2022, 2, 1-36. [CrossRef]

8. Zaadnoordijk, L.; Buckler, H.; Cusack, R.; Tsuji, S.; Bergmann, C. A Global Perspective on Testing Infants Online: Introducing
ManyBabies-AtHome. Front. Psychol. 2021, 12, 3811. [CrossRef]

9.  Pearson, B.Z.; Fernandez, S.C.; Oller, D.K. Lexical Development in Bilingual Infants and Toddlers: Comparison to Monolingual
Norms. Lang. Learn. 1993, 43, 93-120. [CrossRef]

10. Paradis, J.; Genesee, F. Syntactic Acquisition in Bilingual Children. Stud. Second Lang. Acquis. 1996, 18, 1-25. [CrossRef]

11. Hoff, E. How bilingual development is the same as and different from monolingual development. OLBI Work. Pap. 2017, 8.
[CrossRef]

12. Hart, B.; Risley, T.R. Meaningful Differences in The Everyday Experience of Young American Children; Paul H Brookes Publishing:

Baltimore, MD, USA, 1995; Volume xxiii.


http://doi.org/10.1146/annurev-soc-060116-053613
http://doi.org/10.34758/kr8e-w591
http://doi.org/10.1371/journal.pone.0024974
http://doi.org/10.1177/08901171211055314
http://doi.org/10.14283/jfa.2020.24
http://doi.org/10.34842/abym-xv34
http://doi.org/10.3389/fpsyg.2021.703234
http://doi.org/10.1111/j.1467-1770.1993.tb00174.x
http://doi.org/10.1017/S0272263100014662
http://doi.org/10.18192/olbiwp.v8i0.2114

Int. |. Environ. Res. Public Health 2022, 19, 3067 16 of 18

13.
14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Hart, B.; Risley, T.R. The Early Catastrophe. The 30 Million Word Gap. Am. Educ. 2003, 27, 4-9.

Roy, B.C.; Frank, M.C.; DeCamp, P; Miller, M.; Roy, D. Predicting the birth of a spoken word. Proc. Natl. Acad. Sci. USA 2015, 112,
12663-12668. [CrossRef]

De Boysson-Bardies, B.; Vihman, M.M. Adaptation to Language: Evidence from Babbling and First Words in Four Languages.
Language 1991, 67, 297. [CrossRef]

Thordardottir, E. The relationship between bilingual exposure and vocabulary development. Int. J. Biling. 2011, 15, 426-445.
[CrossRef]

Rowe, M.L. A Longitudinal Investigation of the Role of Quantity and Quality of Child-Directed Speech in Vocabulary Develop-
ment. Child Dev. 2012, 83, 1762-1774. [CrossRef]

Fernald, A.; Marchman, V.; Weisleder, A. SES differences in language processing skill and vocabulary are evident at 18 months.
Dev. Sci. 2012, 16, 234-248. [CrossRef]

Hoff, E. How social contexts support and shape language development. Dev. Rev. 2006, 26, 55-88. [CrossRef]

Core, C.; Hoff, E. Input and Language Development in Bilingually Developing Children. Semin. Speech Lang. 2013, 34, 215-226.
[CrossRef]

Sagvari, B.; Gulyas, A.; Koltai, J. Attitudes towards Participation in a Passive Data Collection Experiment. Sensors 2021, 21, 6085.
[CrossRef]

Carter, A.; Liddle, ].; Hall, W.; Chenery, H. Mobile Phones in Research and Treatment: Ethical Guidelines and Future Directions.
JMIR mHealth uHealth 2015, 3, €95. [CrossRef]

Harari, G.M,; Lane, N.D.; Wang, R.; Crosier, B.S.; Campbell, A.T.; Gosling, S.D. Using Smartphones to Collect Behavioral Data in
Psychological Science. Perspect. Psychol. Sci. 2016, 11, 838-854. [CrossRef]

Kreuter, E; Haas, G.-C.; Keusch, F; Béhr, S.; Trappmann, M. Collecting Survey and Smartphone Sensor Data with an App:
Opportunities and Challenges Around Privacy and Informed Consent. Soc. Sci. Comput. Rev. 2018, 38, 533-549. [CrossRef]
Dahlberg, L.E.; Grahn, D.; Dahlberg, J.E.; Thorstensson, C.A.; Lohmander, S.; Bossen, D.; Dewan, N.; Osbourne, R.; Pach, D.
A Web-Based Platform for Patients with Osteoarthritis of the Hip and Knee: A Pilot Study. JMIR Res. Protoc. 2016, 5, e115.
[CrossRef]

Kirwan, M.; Duncan, M.].; Vandelanotte, C.; Mummery, W.K.; Anderson-Bill, E.; Thomas, J.; De Cocker, K. Using Smartphone
Technology to Monitor Physical Activity in the 10,000 Steps Program: A Matched Case—Control Trial. ]. Med. Internet Res. 2012,
14, e55. [CrossRef]

Baumel, A.; Muench, F,; Edan, S.; Kane, ].M. Objective User Engagement with Mental Health Apps: Systematic Search and
Panel-Based Usage Analysis. |. Med. Internet Res. 2019, 21, €14567. [CrossRef]

Deterding, S.; Dixon, D.; Khaled, R.; Nacke, L. From Game Design Elements to Gamefulness: Defining. In Proceedings of
the International Academic MindTrek Conference: Envisioning Future Media Environments, MindTrek, Tampere, Finland,
28-30 September 2011; pp. 9-15. [CrossRef]

Fry, ].P; Neff, R.A. Periodic Prompts and Reminders in Health Promotion and Health Behavior Interventions: Systematic Review.
J. Med. Internet Res. 2009, 11, e16. [CrossRef]

Ryan, J.; Edney, S.; Maher, C. Engagement, compliance and retention with a gamified online social networking physical activity
intervention. Transl. Behav. Med. 2017, 7, 702-708. [CrossRef]

Anzulewicz, A.; Sobota, K.; Delafield-Butt, ].T. Toward the Autism Motor Signature: Gesture patterns during smart tablet
gameplay identify children with autism. Sci. Rep. 2016, 6, 31107. [CrossRef]

Millar, L.; McConnachie, A.; Minnis, H.; Wilson, P.; Thompson, L.; Anzulewicz, A.; Sobota, K.; Rowe, P.; Gillberg, C.; Delafield-
Butt, J. Phase 3 diagnostic evaluation of a smart tablet serious game to identify autism in 760 children 3-5 years old in Sweden
and the United Kingdom. BMJ Open 2019, 9, e026226. [CrossRef]

Kotakowska, A.; Landowska, A.; Anzulewicz, A.; Sobota, K. Automatic recognition of therapy progress among children with
autism. Sci. Rep. 2017, 7, 13863. [CrossRef]

Skiada, R.; Soroniati, E.; Gardeli, A.; Zissis, D. EasyLexia: A Mobile Application for Children with Learning Difficulties. Procedia
Comput. Sci. 2014, 27, 218-228. [CrossRef]

Sadiq, R.B.; Cavus, N.; Ibrahim, D. Mobile application based on CCI standards to help children learn English as a foreign language.
Interact. Learn. Environ. 2019, 29, 442-457. [CrossRef]

Kolak, J.; Norgate, S.H.; Monaghan, P.; Taylor, G. Developing evaluation tools for assessing the educational potential of apps for
preschool children in the UK. ]. Child. Media 2020, 15, 410—430. [CrossRef]

Gibson, S.; Gonzalez-Gomez, N. Babywordtracker: An App to Explore Infants” Vocabulary Development. version 1.1. Unpub-
lished work.

Fenson, L.; Marchman, V.A.; Thal, D.J.; Dale, P.S.; Reznick, ].S.; Bates, E. MacArthur-Bates Communicative Development Inventories:
Users Guide and Technical Manual, 2nd ed.; Brookes Publishing: Baltimore, MD, USA, 2007.

Kristoffersen, K.E.; Simonsen, H.G.; Bleses, D.; Wehberg, S.; Jorgensen, R.N.; Eiesland, E.A.; Henriksen, L.Y. The use of the
Internet in collecting CDI data—An example from Norway. J. Child Lang. 2012, 40, 567-585. [CrossRef]

Garmann, N.G.; Romeren, A.S.H.; Flygstad, N.; Milder, N.; Pedersen, I.; Simonsen, H.G.; Torkildsen, ].V.K. Sprdkkartlegging i
norske barnehager—en pilotundersokelse av foreldres og barnehageansattesrapportering av norsktalende tre-aringers sprakfer-
digheter ved hjelp av CDI III, Language Assessment in Norwegian Kindergartens—A Pilot Study of Parents and ECEC Staffs


http://doi.org/10.1073/pnas.1419773112
http://doi.org/10.1353/lan.1991.0045
http://doi.org/10.1177/1367006911403202
http://doi.org/10.1111/j.1467-8624.2012.01805.x
http://doi.org/10.1111/desc.12019
http://doi.org/10.1016/j.dr.2005.11.002
http://doi.org/10.1055/s-0033-1353448
http://doi.org/10.3390/s21186085
http://doi.org/10.2196/mhealth.4538
http://doi.org/10.1177/1745691616650285
http://doi.org/10.1177/0894439318816389
http://doi.org/10.2196/resprot.5665
http://doi.org/10.2196/jmir.1950
http://doi.org/10.2196/14567
http://doi.org/10.1145/2181037.2181040
http://doi.org/10.2196/jmir.1138
http://doi.org/10.1007/s13142-017-0499-8
http://doi.org/10.1038/srep31107
http://doi.org/10.1136/bmjopen-2018-026226
http://doi.org/10.1038/s41598-017-14209-y
http://doi.org/10.1016/j.procs.2014.02.025
http://doi.org/10.1080/10494820.2019.1579239
http://doi.org/10.1080/17482798.2020.1844776
http://doi.org/10.1017/S0305000912000153

Int. |. Environ. Res. Public Health 2022, 19, 3067 17 of 18

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

Reports on Norwegian-Speaking three-Year-Olds using CDI III. 2019. Available online: https://oda.oslomet.no/oda-xmlui/
handle/10642 /7813 (accessed on 22 December 2021).

Kachergis, G.; Marchman, V.A,; Dale, P.; Mankewitz, J.; Frank, M.C. Online Computerized Adaptive Tests (CAT) of Childrens
Vocabulary Development in English and Mexican Spanish. PsyArXiv 2021. [CrossRef]

Makransky, G.; Dale, P.S.; Havmose, P.; Bleses, D. An Item Response Theory-Based, Computerized Adaptive Testing Version of
the MacArthur—Bates Communicative Development Inventory: Words & Sentences (CDI:WS). J. Speech Lang. Hear. Res. 2016, 59,
281-289. [CrossRef]

Chai, J.H.; Lo, C.H.; Mayor, ]. A Bayesian-Inspired Item Response Theory-Based Framework to Produce Very Short Versions of
MacArthur-Bates Communicative Development Inventories. ]. Speech Lang. Hear. Res. 2020, 63, 3488-3500. [CrossRef]

Hoff, E.; Core, C.; Place, S.; Rumiche, R.; Sefior, M.; Parra, M. Dual language exposure and early bilingual development. J. Child
Lang. 2011, 39, 1-27. [CrossRef]

Unsworth, S. Early child L2 acquisition: Age or input effects? Neither, or both? J. Child Lang. 2016, 43, 608-634. [CrossRef]
Biemiller, A. The Influence of Vocabulary on Reading Acquisition, Encyclopedia of Language and Literacy Development.
Canadian Language and Literacy Center. 2007. Available online: Ttp://literacyencyclopedia.ca/index.php?fa=items.show&
topicld=19 (accessed on 16 December 2021).

Dickinson, D.K.; Golinkoff, R.M.; Hirsh-Pasek, K. Speaking Out for Language: Why Language is Central to Reading Development.
Educ. Res. 2010, 39, 305-310. [CrossRef]

Forget-Dubois, N.; Dionne, G.; Lemelin, J.-P; Pérusse, D.; Tremblay, R.E.; Boivin, M. Early Child Language Mediates the Relation
Between Home Environment and School Readiness. Child Dev. 2009, 80, 736-749. [CrossRef] [PubMed]

Pearson, B.Z.; Fernandez, S.C.; Lewedeg, V.; Oller, D. The relation of input factors to lexical learning by bilingual infants.
Appl. Psycholinguist. 1997, 18, 41-58. [CrossRef]

Immigrants and Norwegian-Born to Immigrant Parents’, SSB. Available online: https://www.ssb.no/en/befolkning/
innvandrere /statistikk /innvandrere-og-norskfodte-med-innvandrerforeldre (accessed on 23 February 2022).

Population of the UK by Country of Birth and Nationality: Individual Country Data—Office for National Statistics’.
Available online: https:/ /www.ons.gov.uk/peoplepopulationandcommunity / populationandmigration/internationalmigration /
datasets/populationoftheunitedkingdombycountryofbirthandnationalityunderlyingdatasheets (accessed on 23 February 2022).
Hoff, E.; Ribot, K.M. Language Growth in English Monolingual and Spanish-English Bilingual Children from 2.5 to 5 Years.
J. Pediatr. 2017, 190, 241-245.e1. [CrossRef]

Patterson, J.L. Relationships of expressive vocabulary to frequency of reading and television experience among bilingual toddlers.
Appl. Psycholinguist. 2002, 23, 493-508. [CrossRef]

Scheele, A.F.; Leseman, PP.M.; Mayo, A.Y. The home language environment of monolingual and bilingual children and their
language proficiency. Appl. Psycholinguist. 2009, 31, 117-140. [CrossRef]

Smith, PK.; Cowie, H.; Blades, M. Understanding Childrens Development; Wiley: Chichester, UK, 2011.

Vestergaard, M.; Obel, C.; Henriksen, T.; Serensen, H.; Skajaa, E.; Ostergaard, J. Duration of breastfeeding and developmental
milestones during the latter half of infancy. Acta Paediatr. 2007, 88, 1327-1332. [CrossRef]

Leventakou, V.; Roumeliotaki, T.; Koutra, K.; Vassilaki, M.; Mantzouranis, E.; Bitsios, P; Kogevinas, M.; Chatzi, L. Breastfeeding
duration and cognitive, language and motor development at 18 months of age: Rhea mother—child cohort in Crete, Greece.
J. Epidemiol. Community Health 2013, 69, 232-239. [CrossRef]

Igbal, M.; Rafique, G.; Ali, S. The Effect of Breastfeeding on the Cognitive and Language Development of Children Under 3 Years
of Age: Results of “Balochistan-Early Childhood Development Project’. J. Gen. Pr. 2017, 5, 1-8. [CrossRef]

Dionne, G.; Touchette, E.; Forget-Dubois, N.; Petit, D.; Tremblay, R.E.; Montplaisir, J.Y.; Boivin, M. Associations Between Sleep-
Wake Consolidation and Language Development in Early Childhood: A Longitudinal Twin Study. Sleep 2011, 34, 987-995.
[CrossRef]

Dearing, E.; McCartney, K.; Marshall, N.L.; Warner, R.M. Parental reports of children’s sleep and wakefulness: Longitudinal
associations with cognitive and language outcomes. Infant Behav. Dev. 2001, 24, 151-170. [CrossRef]

Galbally, M.; Lewis, A.J.; McEgan, K.; Scalzo, K.; Islam, F.A. Breastfeeding and infant sleep patterns: An Australian population
study. |. Paediatr. Child Health 2013, 49, E147-E152. [CrossRef] [PubMed]

Demirci, J.R.; Braxter, B.].; Chasens, E.R. Breastfeeding and short sleep duration in mothers and 6-11-month-old infants. Infant
Behav. Dev. 2012, 35, 884-886. [CrossRef] [PubMed]

Goldfield, B.A.; Reznick, ].S. Early lexical acquisition: Rate, content, and the vocabulary spurt. J. Child Lang. 1990, 17, 171-183.
[CrossRef] [PubMed]

Ganger, ].; Brent, M.R. Reexamining the Vocabulary Spurt. Dev. Psychol. 2004, 40, 621-632. [CrossRef]

Mieszkowska, K.; Krajewski, G.; Luniewska, M.; Orzeszek, D.; Dynak, A.; Otwinowska, A.; Kus$, K.; Haman, E. Kwestionariusz Dla
Rodzicow Dzieci Jedno—I Wielojezycznych: Niemowleta I Dzieci Najmtodsze; University of Warsaw: Warsaw, Poland, 2021.

Gatt, D.; O'Toole, C.; Haman, E. 7. Using Parental Report to Assess Early Lexical Production in Children Exposed to More Than
One Language. In Assessing Multilingual Children; Armon-Lotem, S., de Jong, J., Meir, N., Eds.; Multilingual Matters: Bristol, UK,
2015; pp. 151-195. [CrossRef]

Mieszkowska, K.; Krajewski, G.; Luniewska, M.; Orzeszek, D.; Banasik, N.; Ku$, K.; Otwinowska, A.; Haman, E. Kwestionariusz
Dla Rodzicow Dzieci Jedno—I Wielojezycznych: Dzieci Przedszkolne I Starsze; University of Warsaw: Warsaw, Poland, 2021.


https://oda.oslomet.no/oda-xmlui/handle/10642/7813
https://oda.oslomet.no/oda-xmlui/handle/10642/7813
http://doi.org/10.31234/osf.io/5ftsu
http://doi.org/10.1044/2015_jslhr-l-15-0202
http://doi.org/10.1044/2020_JSLHR-20-00361
http://doi.org/10.1017/S0305000910000759
http://doi.org/10.1017/S030500091500080X
Ttp://literacyencyclopedia.ca/index.php?fa=items.show&topicId=19
Ttp://literacyencyclopedia.ca/index.php?fa=items.show&topicId=19
http://doi.org/10.3102/0013189X10370204
http://doi.org/10.1111/j.1467-8624.2009.01294.x
http://www.ncbi.nlm.nih.gov/pubmed/19489900
http://doi.org/10.1017/S0142716400009863
https://www.ssb.no/en/befolkning/innvandrere/statistikk/innvandrere-og-norskfodte-med-innvandrerforeldre
https://www.ssb.no/en/befolkning/innvandrere/statistikk/innvandrere-og-norskfodte-med-innvandrerforeldre
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/internationalmigration/datasets/populationoftheunitedkingdombycountryofbirthandnationalityunderlyingdatasheets
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/internationalmigration/datasets/populationoftheunitedkingdombycountryofbirthandnationalityunderlyingdatasheets
http://doi.org/10.1016/j.jpeds.2017.06.071
http://doi.org/10.1017/S0142716402004010
http://doi.org/10.1017/S0142716409990191
http://doi.org/10.1111/j.1651-2227.1999.tb01045.x
http://doi.org/10.1136/jech-2013-202500
http://doi.org/10.4172/2329-9126.1000305
http://doi.org/10.5665/SLEEP.1148
http://doi.org/10.1016/S0163-6383(01)00074-1
http://doi.org/10.1111/jpc.12089
http://www.ncbi.nlm.nih.gov/pubmed/23331519
http://doi.org/10.1016/j.infbeh.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23010367
http://doi.org/10.1017/S0305000900013167
http://www.ncbi.nlm.nih.gov/pubmed/2312640
http://doi.org/10.1037/0012-1649.40.4.621
http://doi.org/10.21832/9781783093137-009

Int. |. Environ. Res. Public Health 2022, 19, 3067 18 of 18

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Tuller, L. Clinical Use of Parental Questionnaires in Multilingual Contexts. In Assessing Multilingual Children: Disentangling
Bilingualism from Language Impairment; Armon-Lotem, S., de Jong, J., Meir, N., Eds.; Multilingual Matters: Bristol, UK, 2015.
Smoczyniska, M.; Krajewski, G.; Luniewska, M.; Haman, E.; Bulkowski, K.; Kochariska, M. Inwentarze Rozwoju Mowy i Komunikacji
(IRMIK): Stowa i Gesty, Stowa i Zdania. Podrecznik; IBE: Warszawa, Poland, 2015.

Simonsen, H.G.; Kristoffersen, K.E.; Bleses, D.; Wehberg, S.; Jorgensen, R.N. The Norwegian Communicative Development
Inventories: Reliability, main developmental trends and gender differences. First Lang. 2013, 34, 3-23. [CrossRef]

Alcock, K.; Meints, K.; Rowland, C.E,; Brelsford, V.; Christopher, A.; Just, J. The UK Communicative Development Inventories:
Words and Gestures—Manual and Norms; ] & R Press: Emsworth, UK, 2020; Available online: https://www.jr-press.co.uk/uk-
communicative-development-inventories.html (accessed on 18 December 2021).

Alcock, K.; Meints, K.; Abbot-Smith, K.; Horst, J.; Rowland, C.F. UK-CDI Words and Sentences. in preparation.

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2020; Available online: https:/ /www.R-project.org/ (accessed on 18 December 2021).

Winston Chang, J.C.; Allaire, ].].; Xie, Y.; McPherson, ]. Shiny: Web Application Framework for R. R Package Version 1.4.0. 2019.
Available online: https://CRAN.R-project.org/package=shiny (accessed on 21 December 2021).

Lourenco, S.F,; Tasimi, A. No Participant Left Behind: Conducting Science During COVID-19. Trends Cogn. Sci. 2020, 24, 583-584.
[CrossRef]

MacWhinney, B. The Childes Project: Tools for Analyzing Talk, Volume II: The Database; Psychology Press: New York, NY, USA, 2014.
[CrossRef]

Sheskin, M.; Scott, K.; Mills, C.M.; Bergelson, E.; Bonawitz, E.; Spelke, E.S.; Fei-Fei, L.; Keil, EC.; Gweon, H.; Tenenbaum, ].B.; et al.
Online Developmental Science to Foster Innovation, Access, and Impact. Trends Cogn. Sci. 2020, 24, 675-678. [CrossRef]


http://doi.org/10.1177/0142723713510997
https://www.jr-press.co.uk/uk-communicative-development-inventories.html
https://www.jr-press.co.uk/uk-communicative-development-inventories.html
https://www.R-project.org/
https://CRAN.R-project.org/package=shiny
http://doi.org/10.1016/j.tics.2020.05.003
http://doi.org/10.4324/9781315805641
http://doi.org/10.1016/j.tics.2020.06.004

	Introduction 
	Current Study 
	Is the Timing of Early Language Milestones (e.g., Babbling, First Words, First Utterances) Similar in Bilingual Children’s Two Languages as Well as in Relation to Their Monolingual Peers? 
	What Is the Relation between the Bilingual Children’s Language-Specific Input Quantity and Quality and the Timing of Reaching Particular Language Milestones (e.g., Babbling, First Words, First Utterances) in That Language? 
	What Are the Relations between Sleep Patterns, Breastfeeding and Early Language Development? 
	Is There a Clearly Observable Vocabulary Spurt in Monolingual and Bilingual Children? 

	Methods 
	Sample and Eligibility Criteria 
	Recruitment 
	Exclusion Criteria 
	Data Collection 
	The “StarWords—Every Word Counts” Mobile Application 
	PABIQ and PABIQ-IT 
	CDIs 
	Data Safety 


	Outcome Analyses 
	Discussion 
	Conclusions 
	References

