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Abstract

Toddler vocabulary knowledge and speed of word processing are associated with downstream
language and cognition. Here, we investigate whether these associations differ across measures. At
age two, 101 participants (55 monolingual French-speaking and 46 monolingual English-speaking
children) completed a two-alternative forced choice task, yielding measures of decontextualized
vocabulary (number of correct responses) and haptic speed of word processing (latency of correct
responses). At ages three, four, and five children completed a battery of language assessments and
an executive function task. Growth curve models revealed that age-two vocabulary significantly
predicted age-three performance (but not growth from age three to four or four to five) across

all language assessments but speed of processing did not predict language outcomes in final
models. Finally, speed of processing was correlated with executive function at age three whereas
vocabulary was not. Results suggest that vocabulary is associated with a range of downstream
language abilities whereas haptic speed of processing may be associated with executive control.
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1. Introduction

Vocabulary size (Bleses et al., 2016; Friend et al., 2012; Friend et al., 2018; Friend et

al., 2019; Reilly et al., 2010) and speed of word processing (Fernald & Marchman, 2012;
Marchman & Fernald, 2008) in toddlerhood are associated with language and cognitive
development later in childhood. Despite many papers demonstrating this link, there has been
little research into the mechanisms underlying this relation and the conditions under which it
emerges. The purpose of this research is to begin to address this gap in the literature.

For example, there is no consensus regarding appropriate measures of vocabulary and word
processing speed, which can vary in strength of association with later outcomes (Friend
etal., 2018; Friend et al., 2019; Smolak et al., 2021) and it is unknown whether different
measures tap distinct aspects of the developing lexical-semantic system. The goal of the
present study is to elucidate the attentional processes that haptic speed of word processing
exploits by examining the types of downstream abilities it predicts (Smith et al., 2010).
We investigate longitudinal models evaluating the relation between vocabulary and speed
of word processing at age two and a range of language outcomes from age three to five.

In addition, we assess generalizability across two linguistically and geographically distinct
samples. We begin with a review of findings on the relation between vocabulary and speed
of processing and their prediction of developmental outcomes, followed by a consideration
of executive processes inherent in different measures of speed.

2. Vocabulary, speed, and developmental prediction

Evidence for the predictive value of vocabulary knowledge comes from larger studies

using parent report and smaller studies using directly assessed vocabulary. Parent-reported
vocabulary between 16 and 30 months of age predicts language, reading, and math
achievement between 3 and 12 years of age (Bleses et al., 2016; Duff et al., 2015; Lee, 2011;
Morgan et al., 2015). Late-talker status (below the 10th percentile in expressive vocabulary)
at age two predicts language outcomes at age four beyond other risk factors (Reilly et al.,
2010). Directly assessed vocabulary at age two predicts general language ability at age three
and kindergarten readiness at age four (Friend et al., 2018; Friend et al., 2019).

Similar patterns are observed for speed of word processing: more efficient processing at
25 months is associated with growth in vocabulary size from 12 to 25 months (Fernald et
al., 2006). Similarly, children with faster processing at 19 months have larger vocabularies
at time points across 19-30 months (Peter et al., 2019). Finally, children classified as late
talkers exhibit slower processing than typically developing peers (Fernald & Marchman,
2012) and this disparity persists for children who remain delayed at 30 months of age.

Despite this body of evidence, there has been relatively little investigation into the
conditions under which this relation emerges. Few studies have compared prediction from
vocabulary relative to speed of word processing. Moreover, the strength of these relations
varies with choice of speed of word processing measure. We turn now to a discussion of
speed of word processing and vocabulary, their relation, and their measurement.
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3. Speed of word processing and vocabulary

Whereas vocabulary size refers to the number of word-referent relations that children know,
speed of processing refers to how quickly they access those relations. Much of the work
investigating the relation between vocabulary and speed has used parent-reported vocabulary
and speed operationalized as latency to visually fixate a target image upon hearing a word.
Both vocabulary size and speed of processing develop rapidly over the second year of

life (Fenson et al., 1994; Fernald et al., 2006; Samuelson & McMurray, 2017) and larger
vocabularies are generally associated with more efficient visual fixation latency (Fernald

& Marchman, 2012; Fernald et al., 2006; Hendrickson et al., 2015; Hendrickson et al.,
2017). Nevertheless, this relation is inconsistent across the first three years of life. For
example, Fernald and colleagues (2006) found speed to be concurrently associated with
parent-reported vocabulary size at two of four age points from 12 to 25 months whereas
latency at 25 months was associated with vocabulary at all time points as well as growth and
acceleration from 12 to 25 months. Similarly, Peter and colleagues (2019) found that visual
fixation latency at 19 months was significantly associated with parent-reported vocabularies
from 19 to 30 months and acceleration from 19 to 25 months. However, this study also
found that latency at 25 and 31 months was not correlated with vocabulary at any time point.
Donnelly and Kidd (2020) found strong evidence for an effect of 18-month vocabulary on
21-month visual fixation latency (when controlling for latency at 18 months), but weak
evidence for an effect of latency at 18 months on 21-month vocabulary (when controlling
for 18-month vocabulary). There were no significant effects of 21-month variables on
performance at 24 months. Finally, Koenig et al. (2020) found that visual fixation latency at
36 months was significantly associated with concurrent vocabulary, although the strength of
association was weaker than that found in younger children.

Two studies, to our knowledge, have investigated the relative contributions of parent-
reported vocabulary and visual fixation latency to early childhood outcomes. Marchman and
Fernald (2008) examined prediction from parent-reported vocabulary size and latency at 25
months of age to linguistic and cognitive outcomes at age eight. They found that vocabulary
and latency each accounted for unique variance in language and working memory whereas
only vocabulary size accounted for unique variance in 1Q. In contrast, Koenig et al. (2020)
found that visual fixation latency at 36 months was significantly associated with vocabulary
and school readiness at 60 months but not when controlling for concurrent vocabulary.

Another body of work has investigated these relations using directly assessed vocabulary
and speed operationalized as latency to touch a target image upon hearing a word (haptic
response latency). Building on the literature on parent-reported vocabulary and visual
fixation latency, haptic response latency is concurrently associated with directly assessed
vocabulary in both monolingual and bilingual toddlers (DeAnda et al., 2018; Legacy et al.,
2016) and haptic latency at 16 months of age is prospectively associated with vocabulary
size at 22 months (DeAnda et al., 2018). However, only a single study has assessed

the relative contributions of directly assessed vocabulary and haptic response latency to
childhood language outcomes into the preschool period. Smolak et al. (2021) explored
associations between directly assessed vocabulary, visual fixation latency, and haptic latency
at age two and vocabulary at ages three and four. Vocabulary and visual fixation latency
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predicted vocabulary at both ages, but haptic latency did not. Moreover, only vocabulary
accounted for unique variance. That haptic latency did not predict later vocabulary lead the
authors to conclude that haptic response latency may reflect other cognitive processes (e.g.,
cognitive control), in addition to speed of word processing.

4. Characteristics of word processing speed measures

Measures of word processing speed vary in the relative ease of the response, the

type of online processing demands, the association with long-term knowledge, and

the extent to which they tap executive processes. Because this variation can influence
conclusions regarding the relation between speed of word processing and language/cognitive
development, clarity regarding the properties of these measures is required.

With regard to visual fixation latency, infants integrate auditory and visual information

to search for a visual match to an auditory stimulus within milliseconds (Golinkoff et

al., 1987). Although visual fixation latency is a widely used measure of speed of word
processing it, like haptic response latency, has its limitations. For example, the relative ease
of this response makes it poor at discriminating stable words in the lexicon from those on
the cusp of comprehension. Hendrickson et al. (2015) found rapid target fixations even when
word comprehension was fragile. In addition, the relation between visual fixation latency
and vocabulary is strongest at around two years of age and is a better predictor of vocabulary
growth over time than of vocabulary assessed at any single time point.

In contrast, the speed with which haptic responses are executed depends, in part, on decision
confidence and motor control—thus, haptic responses are more computationally expensive
than visual responses. In adults, response times are slower when confidence in response
accuracy is low (Kiani et al., 2014). In toddlers, prospective motor control is associated with
performance on inhibition and working memory tasks (Gottwald et al., 2016) and processing
speed is more strongly associated with executive control in children than in adults (Cepeda
etal., 2013).

One final difference between these measures concerns the timing of the trials. In the classic
visual fixation latency task (aka looking while listening; Fernald et al., 2008), images appear
on the screen for 2000 ms before the sentence prompt is played. In studies on haptic
response latency, in contrast, images appear as the target word is spoken in the sentence
prompt. Findings from research employing a modified looking while listening paradigm

in which the images and target word are presented concurrently replicate those in the
traditional paradigm suggesting that they are not influenced by this difference in the timing
of stimulus presentation (Hendrickson et al., 2015; Hendrickson et al., 2017).

Smolak et al. (2021) suggested that cognitive processes underlying haptic responses may
limit prediction from haptic response latency. However, a limitation to that study is

that vocabulary size was the sole outcome measure. The stronger prediction from early
vocabulary relative to speed of word processing may at least partly be attributed to
similarities in predictor and outcome measures. This leads to an unexplored alternate
conclusion: that haptic speed of word processing preferentially predicts outcomes related
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to working memory more so than crystallized knowledge. The goal of the current study is
to further explore haptic speed of word processing by examining its prediction, relative to
vocabulary, to a broader range of outcomes, ages, and to growth over time.

5. Current study

The goal of the current effort is to examine prediction from haptic latency, relative to
vocabulary, to a range of developmental outcomes in order to understand the attentional
processes entailed in the haptic latency measure. We chose haptic latency as our measure
of interest because, although this measure entails additional cognitive processes beyond
word processing, discrepant findings of concurrent and short-term longitudinal, but not
long-term longitudinal, relations with vocabulary size warrants further investigation. At age
two, children completed a two-alternative forced choice task from which we estimated
vocabulary (number of correct responses) and haptic speed of word processing (latency to
touch the correct image). This research is part of a larger longitudinal project examining
predictions from early vocabulary to later cognitive development. Thus, we are somewhat
constrained in our outcome measures by that earlier work. These outcomes vary in their
reliance on long-term linguistic knowledge and processing/ working memory. Specifically,
the four outcomes of interest are: event-related vocabulary (i.e., event knowledge, Farrar et
al., 1993), vocabulary (long-term semantic memory), sentence repetition (morphosyntactic
knowledge and phonological working memory), and nonword repetition (phonological
short-term/working memory) at ages three, four, and five. We acknowledge that these
measures entail a number of abilities beyond long-term or working memory. However, the
goal was to choose a range of outcomes beyond vocabulary to which speed of processing
might be more strongly associated. The current study expands on prior work in five
important ways. First, we examine relative prediction from vocabulary and haptic speed

of processing to a broader range of linguistic outcomes. Second, we examine associations
with outcome performance at age three as well as with growth from age three to four and
from four to five using structural equation growth curve models. We estimate associations
with growth because speed of processing in toddlers is associated with both vocabulary size
and with growth in vocabulary over time (Fernald et al., 2006; Peter et al., 2019).

Third, since haptic speed of processing is dependent on decision processes, we attempt to
reduce measurement noise by correcting for responses due to guessing. Specifically, we
calculate an adjusted measure of haptic speed of word processing that takes into account
that children may attempt to “guess” the target response in a two-alternative task. Low
confidence but correct guesses could artificially inflate estimates of processing speed.
Alternatively, fast guesses could artificially deflate these estimates. We conduct analyses
with this corrected measure as a within-manuscript replication. A fourth, exploratory, goal
is to better understand relations between haptic speed of processing and cognition by
investigating the relation between vocabulary, speed, and executive function (EF). Finally, to
assess the generalizability of our models, we evaluate these hypotheses in English-speaking
monolingual children in the United States and French-speaking monolingual children in
Switzerland.
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We hypothesize that vocabulary will predict outcomes that rely on crystallized long-term
knowledge (event knowledge and vocabulary). In contrast, we hypothesize that haptic
response latency will predict outcomes that entail processing and working memory
(nonword and sentence repetition). Our overarching goal is to clarify the predictive capacity
of vocabulary and haptic speed of processing in the second year on later language outcomes.
We have four specific hypotheses:

1. Vocabulary at age two will be related to later vocabulary and event knowledge
since these outcomes both involve long-term crystallized knowledge. In contrast,
we hypothesize that latency will not be related to these outcomes or will no
longer be related when controlling for vocabulary.

2. In contrast, latency at age two will be related to later nonword repetition whereas
vocabulary will not (above and beyond speed) since this outcome is related to
working memory (Archibald, 2017; Fry & Hale, 1996).

3. Both vocabulary and latency at age two will be associated with later sentence
repetition, a measure of long-term morphosyntactic knowledge and working
memory, because this is an intermediate outcome measure that we expect will
entail both working memory and morphosyntactic knowledge (PoliSenska et al.,
2015).

4, Latency at age two will be associated with later EF at ages three, four, and
five, given the role of cognitive control in early controlled motoric responses. In
contrast, we do not expect a relation between vocabulary and EF.

We further hypothesize that results will be largely consistent across English- and French-
speaking monolingual children, as we have no reason to expect the effect of early vocabulary
and speed of word processing on outcomes will differ across groups.

6. Method

6.1. Participants

Seventy-nine English-speaking monolingual children (41 girls) and sixty-six Swiss French-
speaking monolingual children (33 girls) participated in a large, multi-site longitudinal study
investigating children’s language and literacy development. English-speaking participants
were recruited from Women, Infant, and Children Centers, parenting groups, swap meets,
and birth records in a large city in the United States whereas French-speaking participants
were recruited through birth lists in a large city in Switzerland. A $25 gift card to a major
retailer and a small toy were provided as incentives at each visit. Children were included if:
carried to term (at least 37 weeks), had normal hearing and vision, and had no diagnoses of
language or cognitive delay at study inception. Informed consent was obtained from parents
prior to study participation. Participants visited the lab on six occasions, four of which are
reported here: at two (M = 22 months;16 days, range = 21;6 — 25;12), three (M = 36;27,
range = 32;15 — 41;24), four (M= 49;3, range = 47;9 — 55;12), and five years of age (M

= 61;13; range = 59;15 — 68;12). Thirty-three English-speaking children were excluded due
to attrition (V= 25), becoming bilingual (A= 1) or missing data (N = 7). Children with

full data for at least one outcome time point were included to retain as large a sample as
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possible but to have fully overlapping datasets across analyses. The final sample consisted of
46 children (28 girls, 18 boys) at ages two and three, 46 children at age four, and 39 children
at age five. We conducted attrition analyses to determine if the group that completed data
collection at age two but was not included in the final study (V= 22) was different from the
group that was included in the final study (V= 46). We compared these groups on LEAT
English exposure, income, maternal education, vocabulary, and haptic processing speed and
found no significant differences between groups (all ps > 0.19). Eleven French-speaking
children were excluded due to attrition (V= 4) or missing data (V= 7). The final sample
consisted of 55 children (30 girls, 25 boys) at ages two and three, 55 children at age four,
and 51 children at age five. See Table S1 in the supplementary materials for demographic
data on the final sample.

6.2. Measures

6.2.1. Language Exposure Assessment Tool (LEAT)—The LEAT, a systematic
parent interview (DeAnda et al., 2016), was used to estimate relative language exposure.
The LEAT gathers information on who interacts regularly with the child, the languages they
speak, native speaker status, and the number of hours talking to/overheard by the child. It
calculates percent exposure as a function of relative hours of exposure to each language.
Internal consistency is excellent and percent exposure predicts concurrent vocabulary size
above and beyond maternal education, age, and parent estimates (DeAnda et al., 2016). All
children were exposed to their primary language (English or French) at least 80% of waking
hours from birth.

6.2.2. Computerized Comprehension Task (CCT)—The CCT is an experimenter-
controlled, two alternative forced-choice measure of decontextualized vocabulary
comprehension administered on a touch screen (Friend & Keplinger, 2003; 2008; available
at https://childes.talkbank.org/). During administration, children sit on their caregiver’s lap
approximately 30 cm from the monitor. The caregiver wears blackout glasses and listens to
music during administration to avoid the potential for interference. The experimenter sits to
the side of the child and caregiver.

On each trial, two images are presented simultaneously at left and right center screen while
the experimenter delivers a prompt in a child-friendly voice naming a target image (e.g.,
“Where is the dog? Touch dog”). Administrators were trained to advance each trial (the
appearance of the images on the screen) as they began to speak the target word in the first
sentence prompt, so onset of the target word occurred just prior to the onset of the visual
stimuli. Data from the English-speaking sample revealed that the average interval between
target word onset and onset of visual stimuli was 238 ms (Hendrickson et al., 2015). The
side on which the target appears is pseudo-randomized across trials with the restrictions
that targets do not appear on the same side on more than two consecutive trials and are
presented with equal frequency on each side. Each trial has a maximum duration of 7 s.
Touches to the screen automatically end the trial. Target touches (e.g., dog) yield congruous
auditory feedback (e.g., the sound of a dog barking) whereas distractor touches yield no
feedback. Administration followed Friend et al. (2012) and allowed repetitions of trials
when: 1) the child initiated a response but did not touch the screen before the end of the
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trial, 2) the child was distracted, not looking at the screen, and missed the trial, or 3) in the
case of an accidental screen touch. If the child became fussy or disengaged at any point,
the experimenter attempted to re-engage the child. If three attempts to re-engage failed, the
experimenter terminated the task.

The CCT consists of 4 training trials, 41 test trials, and 13 reliability trials. Words on the
CCT were obtained from the MacArthur-Bates Communicative Development Inventories
(MCDI; Fenson et al., 2007). Target and distractor items are matched on color, size, saliency,
word class, and word difficulty. Difficulty is defined based on 16-month normative data
from the MCDI (Frank et al., 2016). There are approximately equal numbers of easy
(comprehension = 66 %), moderate (comprehension between 33 % and 66 %) and difficult
(comprehension < 33 %) words, which are randomly distributed. There are a mix of nouns
(n = 23), adjectives (7= 7), and action words (7= 11). There are two forms of the CCT
such that all word-image pairs are presented as both target and distractor. Forms were
counterbalanced across participants. Paired images are high-quality, colorful digital images
that are prototypical exemplars of the word.

The French adaptation of the CCT is the same in design and administration. Items on the
French adaptation were selected based on comprehension norms for the French adaptation of
the MCDI, Les Inventaires Francais du Développement Communicatif (IFDC; Frank et al.,
2016; Kern, 2007). Translation equivalents (synonyms across languages) were maintained

in the adaptation to the extent that they yielded equivalent distributions of word class and
difficulty as the English version. Images were selected to be prototypical for children in
Switzerland.

Both adaptations of the CCT have strong test-retest reliability and internal consistency, and
moderate short-term stability over a 4-month period (Friend & Keplinger, 2008; Friend &
Zesiger, 2011). The CCT correlates with parent-reported vocabulary and predicts the number
of unique words and the mean length of utterance in subsequent child language samples
(Friend et al., 2012).

6.3. Coding vocabulary

Vocabulary size was operationalized as the number of correct target image touches (with a
maximum score of 41). Coding was completed offline, and inter-rater reliability (~20 % of
participants) was excellent (>.93).

6.4. Coding speed of processing

Speed of processing was operationalized as latency to touch the image after the images
appeared on the screen. For the French-speaking sample, the CCT program computed
reaction time automatically. For the English-speaking sample, coding of reaction time was
completed offline in Eudico Linguistics Annotator (ELAN, 2018, https://archive.mpi.nl/tla/
elan, Max Planck Institute for Psycholinguistics, The Language Archive, Nijmegen, The
Netherlands; Lausberg & Sloetjes, 2009). A waveform of the experimenter’s prompts was
extracted and synchronized to the video of children’s haptic responses. We coded target
word onset and offset, image onset, and the frame in which a touch was executed (touch
onset). Coding of latency to touch began at image onset. Latency was coded in the frame
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during which the child touched the screen (i.e., when forward momentum ceased and the
child’s finger was slightly bent, indicating contact). Inter-rater reliability was established for
~20 % of participants. Reliability was calculated as the number of codes within three frames
for both coders divided by the total number of codes and exceeded .90 for all code types.

6.4.1. Raw reaction time (RT)—Following DeAnda et al. (2018), only trials during
which the child touched the correct image were included in this calculation. Because trials
with short latencies may reflect a decision to touch prior to accessing word meaning, trials
with latencies less than 400 ms were excluded, corresponding to longest cutoffs typically
used in eye-tracking studies (DeAnda et al., 2018; Fernald et al., 2008). Additionally,

each child’s distribution of RT latencies was examined for outliers. Removal of outliers is
common in RT studies to reduce the effect of uncharacteristically quick or slow responses
(e.g., Montgomery, 2008). For each child, trials with a latency + /- 3 SD from that

child’s mean latency were excluded. This resulted in the removal of 17 trials in the English-
speaking sample (1.4 % of trials) and 5 trials in the French-speaking sample (0.3 %).

We then took the mean RT as our measure of processing speed. Final model results were
largely equivalent whether we used the original latency variable or the variable with outliers
excluded; we report results from the variable with outliers excluded. Discrepancies between
results are marked with footnotes.

6.4.2. Adjusted reaction time (RT)—If children guess in a two-alternative task they
have a 50% chance of touching the correct image. Thus, mean reaction time includes
response times for guesses and may not be an accurate estimate of processing speed. To
control for the effect of guessing, we calculated a measure of adjusted RT as seen in (1)
that corrects for guessing by considering reaction times on incorrect trials. This calculation
is based on the fast guess model and is a method for estimating the latency of stimulus-
controlled responses (Yellott, 1971; see discussions in Thomas, 1974 and Vandierendonck,
2021).

pe Xte
k-1

tl=(k—1)(pc><tc— )+(k—1—[k><pe]) )
Here, kis the number of alternatives, pcis the proportion of responses that were correct, fc
is reaction time on correct trials, peis the proportion of responses that were errors, and zeis
reaction time on error trials. In a two-alternative task, this simplifies to (2):

_ (pcXtc— peXte)

t1 = T =2pe) 2

Similar to raw RT, we removed trials with latencies less than 400 ms and latencies + /- 3
SD from individual mean error latency. Final model results from the adjusted RT measure
were consistent whether outliers were included or excluded. One child performed at chance
and was faster when choosing the target, resulting in a negative adjusted RT when applying
the formula. In the interest of accurate estimations of RT, which should always be positive,
this child’s data were removed from analyses of adjusted RT. Another child had no incorrect
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trial touches with a latency greater than 400 ms. For this child, we used their raw reaction
time for adjusted RT. Adjusted RT was significantly correlated with raw RT, 1(95) = 0.80, p
<0.001.

6.5. Event knowledge

Event knowledge was coded from a free play language sample. Caregivers were instructed to
play with their children as they would at home using a Fisher-Price farm play set including

a rich assortment of farm structures (barn, silo, etc.), animals, people, and vehicles. The
duration of the language sample was 15 min for the 3-year visit and 10 min for the 4- and
5-year visits. The session was recorded using a Zoom H2n Handy Recorder microphone.
The audio files were transcribed and coded for grammatical morphemes (e.g., tense markers)
using the Systematic Analysis of Language Transcripts software (SALT; Miller & Iglesias,
2012). All transcribers completed the online SALT training platform and trained to a
reliability of > = 90 % with a sample transcript. Assistants were fluent in the language

of the sample. Finally, ~20% of the transcripts were transcribed for reliability by a second
assistant. Reliability was calculated as the number of agreements divided by the number of
agreements plus the number of disagreements. For the English-speaking sample, word-level
reliability was .91 at the 3-year visit, .94 at the 4-year visit, and .91 at the 5-year visit. For
the French-speaking sample, reliability was .90 at the 3-year visit, .91 at the 4-year visit, and
.96 at the 5-year visit.

Event knowledge was assessed by coding context-related words. First, we generated a

list of farm-related words by searching the MCDI and its French adaptation (IFDC),

online farm word lists in English and French (https://relatedwords.org/relatedto/farm; https://
www.frenchlearner.com/vocabulary/farm/), and commonly used words in the English and
French transcripts. Once this list was generated, the first author and a coder fluent in French
confirmed the appropriateness of words included and added synonyms (e.qg., tractor/truck,
étable/écurie). The final list contained 303 words in English and 264 words in French, a
combination of farm-related nouns (e.g., horse, barn, fence) and verbs (e.g., feed, plow,
grow).

Two coders (the first author, who coded the English transcripts, and an assistant fluent in
French and English, who coded the French transcripts) coded each utterance for words that
were farm-related, coding only content words (i.e., nouns and verbs) but excluding function
words (articles, prepositions, etc.). Approximately 20 % of the transcripts were coded for
reliability. For the English sample, utterance- and word-level agreement was .93 and .93
for the 3-year visit, .95 and .96 for the 4-year visit, and .98 and .98 for the 5-year visit.
Agreement for the French sample was established on transcripts that were translated to
English and was .98 and .97 for the 3-year visit, .96 and .97 for the 4-year visit, and .98 and
.98 for the 5-year visit.

Our primary variable of interest was the average number of unique farm-related words
produced. Therefore, we divided the number of different farm words by the total number

of utterances to develop a standard measure of event knowledge: the average number of
different farm words produced per utterance. We expect farm-related vocabulary to increase
over time reflecting long-term knowledge of the farm context or event (e.g., Farrar et al.,
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1993). Specifically, Farrar and colleagues found that children produced an increased number
of different words over time during free play with a familiar event (the same toy set repeated
across sessions) compared to an unfamiliar event (a novel toy set at each session). They
concluded that gains in lexical diversity were due to increased experience with an event
(and thus increased knowledge of the event). This measure differs conceptually from overall
vocabulary because of the effect of the repeated context/event. Whereas Farrar et al. (1993)
showed that increased experience with a specific event facilitated language use about that
event, we expected that general facility with word meanings would support learning event-
specific words. Thus, we expected early vocabulary to be associated with the subsequent
acquisition of event knowledge. In the present case, we sampled only a single event context
but would expect this to be true across contexts.

6.6. Peabody Picture Vocabulary Test (PPVT) and Echelle de Vocabulaire en Images
Peabody (EVIP)

The PPVT is a measure of vocabulary comprehension for ages 30 months through adulthood
(Dunn & Dunn, 1997) and the EVIP is its French adaptation (Dunn et al., 1993). During
administration of the PPVT/EVIP an experimenter displays four pictures and asks the child
to point to the one that corresponds to a target word. The test is adaptive such that difficulty
increases with age and the test ends once the ceiling criterion is met. The final score is the
number of items to reach ceiling minus the number of errors. The PPVT and EVIP were
standardized on representative samples and have strong reliability for all age ranges tested,
as well as strong internal consistency (Dunn & Dunn, 1997; Dunn et al., 1993). Like the
CCT, the PPVT yields a direct estimate of receptive vocabulary. The measure of interest is
number of words correct, expected to capture long-term semantic knowledge.

6.7. Sentence repetition (SR)

This task is a modification of the Italian task by Devescovi and Caselli (2007). In the current
study, sentences in each category (e.g., simple sentences with copula, simple sentences with
one argument) were created in English and French in order to equate, as much as possible,
the number of words and morphemes in each sentence across languages. At the year-3
visit, the test included 27 sentences of varying complexity and length. An additional 11
sentences were added at the year-4 and year-5 visits to increase complexity and reduce

the chances of a ceiling effect. During test, the experimenter told the child to repeat after
her, modeled the sentence, and revealed an image depicting sentence-level meaning. The
sentence was modeled up to three times however only the child’s first attempt at repetition
was scored. The primary variable of interest is proportion of morphemes repeated correctly.
Approximately 20 % of the SR data were coded for reliability. For the English-speaking
sample, sentence-level agreement was .92 at the year-3 visit, .91 at the year-4 visit, and .92
at the year-5 visit. For the French-speaking sample, sentence-level agreement was .92 at the
year-3 visit, .99 at the year-4 visit, and .99 at the year-5 visit. Research suggests that SR
performance requires diverse skills in language processing, comprehension, and production
(Klem et al., 2015). Therefore, this task entails long-term morphosyntactic knowledge and
well as processing efficiency and working memory (PoliSenska et al., 2015).
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6.8. Nonword repetition (NW)

Pseudowords were created using the MCDI adaptation in English/French and syllables were
shuffled to create phonotactically plausible words for each language separately. Nonword
repetition measures phonological working/short term memory (i.e., memory for legal sound
sequences; Gathercole et al., 1994). Repetition of shorter nonwords involves short-term
memory (short-term storage of information) whereas repetition of longer nonwords involves
working memory (short term storage and manipulation of information; Unsworth & Engle,
2007). Nonwords increased in length and complexity (i.e., inclusion of consonant clusters)
with age. At 3 years, there were four one-syllable words, four two-syllable words, four
three-syllable words, and four four-syllable words. At 4 years, four five-syllable words were
added. At 5 years, one-syllable words were removed (because 5-year-olds would likely be
at ceiling on the one syllable items), and four additional five-syllable words were added.
However, scores on the one syllable items were credited to children at age 5 and were
therefore included in the scoring.

During test, the experimenter asked the child to repeat after her. She presented a toy figure
and said, “Thisone’snameis___. Canyousay __ ?” The child’s first attempt at repetition
was scored. The measure of interest was proportion of consonants repeated correctly (PCC).
For the English-speaking sample, phoneme-level inter-rater agreement was .88 at the 3-year
visit, .91 at the year-4 visit, and .94 at the year-5 visit. For the French-speaking sample,
phoneme-level inter-rater agreement was .97 at the year-3 visit, .99 at the year-4 visit, and
.96 at the year-5 visit. Although there is evidence that long-term semantic knowledge is
associated with nonword repetition performance (Jones et al., 2007), recent clinical evidence
indicates that the task is primarily a measure of phonological working/short term memory
(Archibald, 2017).

6.9. Executive function (EF)

The Dimensional Change Card Sort Task (DCCS) is a measure of the cognitive flexibility
(or task switching) component of EF. We implemented DCCS in the NIH Toolbox, a
measure which was designed for individuals aged 3 and up and validated for children 3-15
years of age (Gershon et al., 2013; Zelazo & Bauer, 2013; Zelazo et al., 2014). Children
sort a series of bivalent cards (e.g., a yellow ball, a blue truck) first by one dimension

(e.g., color), and then by the other (e.g., shape). The task consists of four blocks (practice,
pre-switch, post-switch, and mixed). On each practice trial, a test card (a green rabbit or a
white boat) appeared in the top center of the screen along with two target cards (a white
rabbit and a green boat) at the bottom of the screen. The child was instructed to sort the

test card first by color (4 trials) and then by shape (4 trials) and to touch the target that
matched the color/shape of the test card. Feedback was provided on practice trials. Children
who scored at least 3 trials correct out of four proceeded and were given three chances to
reach criterion. Test trials were similar to practice trials except there were five trials for each
dimension, the cards were blue or yellow balls or trucks, and no feedback was provided.
Children who scored at least 3 trials correct out of 5 proceeded to complete 30 mixed trials,
22 of which were shape and 8 of which were color.
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On the first trial of a given sorting type, the examiner said “Let’s play the color/shape
game! Where does this one go in the color/shape game?” and on subsequent trials of the
same type, “Where does this one go in the color/shape game?” The measure of interest
was performance on the post-switch trials at ages three, four, and five (hereafter referred
to as post-switch). We assessed EF in the English-speaking sample only due to technical
difficulties at the French-speaking study site.

7. Results

7.1. Analytic approach

The data and model code for this project are available at: https://osf.io/rabez/. We began

by identifying plausible models for change in each of the four dependent variables (i.e.,
event knowledge, vocabulary, sentence repetition, and nonword repetition). Plausible models
included intercept only, linear, and two-part linear spline models (see Ram & Grimm, 2007;
2015). As an aside, a quadratic could also be used to analyze the data, but this model was
discarded because (1) it will show identical fit as the two-part linear spline, and (2) the
parameters of the two-part linear spline are more interpretable than the quadratic model in
this empirical example (again, see Ram & Grimm, 2007; 2015).

Indicators of model fit rejected the intercept only model for all dependent variables (all
p-values for )(2 were less than .001; all CFI and TLI values were less than .50); suggesting
that all dependent variables changed over time. Except for PPVT, indicators of model fit
also rejected the linear model for all dependent variables (all p-values for 1/2 were less than
.001; all CFl and TLI values were less than .51). For PPVT, the linear model was rejectable
according to the ;(2 fit statistic (o= 0.02), but CFI and TLI showed reasonable fit (both
equaled .95). However, the model showed estimation challenges (i.e., the model showed a
non-positive definite latent variable covariance matrix; see Wothke, 1993), and was therefore
discarded.

Therefore, for all dependent variables, the two-part linear spline was chosen as the best
model for change. Here, the model quantifies change as three latent variables: (1) an
intercept reflecting the level of the dependent variable at age 3, (2) a shift in the dependent
variable from age 3—4, and (3) a second shift from age 4-5. Although the two-part linear
spline model is saturated in this empirical example (and therefore cannot be rejected: for
all dependent variables, p=1.0 for ;(2 fit statistic; CFl = TLI = 1.0), all three dependent
variables showed significant between individual variation for all three components (all

ps < 0.01 for variances of latent intercepts/slopes), suggesting that each may be used

for examining between-person differences (i.e., predictors of these differences may be
examined), and also showing significantly better fit than either the intercept-only or linear
models. See Fig. 1 for a diagram of the SEM model we employed.

Finally, for both slopes of each outcome measure, we calculated two metrics to determine
power to detect individual differences in growth: Growth Rate Reliability (GRR; Rast &
Hofer, 2014) and d (Fan & Fan, 2005). Growth Rate Reliability is calculated using the
intraclass correlation coefficient (ICC) but takes study design into account by dividing the
residual variance by the sum of squared deviations of time points about the mean time point.
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This metric can be considered a measure of the ability to identify individual differences in
slopes. Similarly, d'is the standardized mean difference between the last measurement and
the first measurement and identifies the magnitude of growth. For event knowledge, GRR =
0.91and - 0.12, ¢=0 .45 and 0.02. For PPVT vocabulary, GRR=0.96 and 0.93, d=0.70
and 0.54. For SR, GRR=0.83 and 0.79, d=0 .34 and 0.32. For NW repetition, GRR=0.85
and 0.14, d=0 .35 and 0.08. For our sample size, Monte Carlo simulations reveal that d=>
0.30 achieves power greater than .8 to detect linear growth (Fan & Fan, 2005). Similarly, our
sample size is sufficient to achieve power = 0.8 to detect linear slope variances at GRR =
0.6 to 0.8 (Rast & Hofer, 2014). These metrics indicate sufficient power to detect statistical
differences in slope in our combined sample with the exception of the second slope of NW
repetition and event knowledge. Thus, we do not report results from these slopes.

The two-part linear spline was further examined with three steps in a model-building
approach to the data. First, we added predictor and control variables to the model one

by one. Predictor variables were vocabulary size and speed of processing at age two. Control
variables were age in months at age two, maternal education, and biological sex as each

has been shown to predict language measures in larger studies (e.g., Reilly et al., 2010).
This step was taken in order to determine independent effects on the three latent variables

as a first look. Second, we constructed two models with the predictors (vocabulary and
speed of processing), language group (English or French), and a language group by predictor
interaction. These models evaluate the effect of language group on latent variables and
whether effects of predictors differed by language group. Third, we constructed a final
model including both predictors and all significant variables from prior models. This step
was taken in order to clarify the effects of each of our predictors of interest (vocabulary and
speed) while controlling for any significant effects of group or control variables.

We report all significant effects in the models constructed in steps 1 and 2 but interpret the
nature of effects from the final models only, which we consider to be the central findings.
All analyses were run in R 4.0.0 (R Core Team, 2020) using RStudio 1.3.959 (RStudio
Team, 2020). We used the lavaan package to construct and fit all SEM models (Rosseel,
2012) using the default maximum likelihood estimator and full information maximum
likelihood for missing data. However, given the small sample size, we also examined final
models using maximum likelihood estimation of standard errors, which provides robust
standard errors and a scaled test statistic. The substantive interpretation of the results was
consistent across these analyses.

All continuous independent variables were mean centered. We rescaled the speed of
processing measure from milliseconds to seconds to maintain comparable numeric ranges
across predictors and facilitate accurate computation of standard errors. Language group and
sex were dummy-coded numeric variables (language group 0 = English; sex 0 = female).

7.2. Descriptive data

See Table 1 for descriptive data for the English and French samples. We performed #tests
across groups to determine if group differences in variables of interest existed. A family-
wise correction for multiple tests was applied using a sequential Bonferroni procedure
(Benjamini & Hochberg, 1995) for 20 comparisons. The false discovery rate was set at
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.05. The predictor and outcome variables were approximately normally distributed with a
few exceptions (see Table S2 in the supplementary materials for skewness and kurtosis
information). For adjusted RT, there were two outliers (English n = 1, French n = 1) with
scores ~4 SD above the group mean. These scores were excluded. For nonword repetition,
there were five outliers (English n = 1, French n = 4). These children scored > 4 SD below
the group mean and were excluded as outliers.

In sentence repetition (both samples) and nonword repetition (French sample only), we
observed negative skewness indicating ceiling effects at some ages. Transformation would
render growth over time uninterpretable. Fortunately, SEM methodology is generally robust
to non-normality. Therefore, we present results from raw variables.

7.3. Prediction to outcomes

See Table 2 for zero-order correlation results between predictors of interest (vocabulary

and speed of processing using the raw RT measure), control variables (age in months at
initial visit, maternal education, and biological sex), and the outcomes (performance at age
three, growth from age three to four, and growth from age four to five). Note these are
results from the rescaled and mean-centered variables. We applied the sequential Bonferroni
correction (Benjamini & Hochberg, 1995) for 28 correlations for the inter-relations between
the predictors and 24 correlations per family for correlations between predictor and outcome
variables. The false discovery rate was set at .05.

7.4. Two-part linear spline models

7.4.1. Event knowledge—Models investigating the independent effects of the predictor
and control variables revealed that age two vocabulary and maternal education significantly
predicted the event knowledge intercept, 5= 0.347, p<0 .001 and 8= 0.235, p=0.02,
respectively. Maternal education predicted growth from age three to four, 5= 0.200, p=0
.04. There were no other significant effects and no effects of group or group by predictor
interactions. Thus, the final model included vocabulary, speed of processing, and maternal
education. Results from this model can be found in Table 3. Vocabulary significantly
predicted the intercept: larger vocabularies at age two were associated with larger event
knowledge scores at age three. The effect of maternal education on the intercept was
marginally significant such that higher levels of maternal education were associated with
larger event knowledge scores at age three. Additionally, maternal education predicted
growth from age three to four such that higher levels of maternal education were associated
with more rapid growth. There were no other significant effectsl. The final model was
consistent across the raw and adjusted RT measures. That vocabulary, but not speed of
processing, predicted event knowledge was consistent with our first hypothesis.

7.4.2. PPVT vocabulary—In PPVT models with a binary variable (sex, language
group), PPVT variance was at least 1000 times larger than others. Therefore, in these
models, we divided PPVT vocabulary by 10 to put it on a similar scale with other variables.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the online version at doi:10.1016/j.cogdev.2022.101249.
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Models investigating independent effects revealed that vocabulary, g = 0.340, p <0 .001,
speed of processing, 8= - 0.226, p=0 .02, and age, 5= 0.357, p<0 .001, significantly
predicted the PPVT vocabulary intercept. There were no other significant effects. In

the vocabulary, language group, and language group by vocabulary interaction model,
vocabulary and language group significantly predicted the PPVT vocabulary intercept, 8
=0.520, p<0.001 and B = - 0.655, p<0 .001, respectively. Further, there was a significant
language group by vocabulary interaction for growth from age three to four, S=0.264,
p=0.037. In the speed, language group, and language group by speed interaction model,
language group significantly predicted the PPVT vocabulary intercept, 5= - 0.588, p

<0 .001. The final model included vocabulary, speed, language group, language group

by vocabulary, and age. Results from this model can be found in Table 4. Age two
vocabulary and language group significantly predicted the PPVT vocabulary intercept: larger
vocabularies at age two were associated with larger vocabularies at age three. Additionally,
children in the English group had larger vocabulary scores at age three than children in the
French group. The final model was consistent across the raw and adjusted RT measures.
That vocabulary, but not speed of processing, predicted PPVT vocabulary was consistent
with our first hypothesis.

7.4.3. Sentence repetition—Models investigating independent effects revealed that
vocabulary, #=0.517, p<0.001, and sex, g =- 0.219, p=0.030, significantly predicted the
SR intercept. Additionally, vocabulary significantly predicted growth from age three to four,
B=-0.523, p<0.001, and marginally predicted growth from age four to five, 8= — 0.203,
p <0 .05. Finally, sex significantly predicted growth from age four to five, g=-0.208, p
=0 .040. There were no other significant effects and no significant effects of language group
or language group by predictor interactions. The final model included vocabulary, speed,
and sex. Results from this model can be found in Table 5. Age two vocabulary significantly
predicted the SR intercept and growth from age three to four: larger vocabularies at age

two were associated with higher SR scores at age three but less growth from age three to
four. There were no other significant effects. The final model was consistent across the raw
and adjusted RT measures. In contrast to our hypothesis that both vocabulary and speed

of processing would predict later sentence repetition, vocabulary and sex were the only
significant predictors.

7.4.4. Nonword repetition—Models of independent effects revealed that vocabulary
significantly predicted the NWR intercept, 5= 0.356, p =0 .001. In the vocabulary, language
group, and language group by vocabulary interaction model, vocabulary, 8= 0.295, p=0
.022, and language group, 8= 0.383, p< 0.001, both significantly predicted the intercept.
In the speed, language group, and language group by speed interaction model, speed of
processing, 8= - 0.333, p=0.036, and language group, 5=0 .473, p<0 .001, significantly
predicted the intercept. There were no other significant effects. The final model included
vocabulary, speed, and language group. Results from this model can be found in Table

6. Age two vocabulary and language group significantly predicted the intercept: larger
vocabularies at age two were associated with higher NWR scores at age three. The effect
of language group indicated that children in the French group had higher NWR scores than
their English peers. There were no other significant effects. The final model was consistent
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across the raw and adjusted RT measures. In contrast to our hypothesis that speed of
processing would predict later nonword repetition, vocabulary and language group were the
only significant predictors.

7.4.5. Executive function (EF)—Because there were no EF data for the French
sample, we calculated zero-order correlations to examine the relative association of
processing speed and vocabulary with EF. At age three, 26 children did not complete the
post-switch trials on the DCCS due to fuss-out or failing to meet criterion on training or
pre-switch trials, leaving a final sample of 20. At age four, 6 children did not complete the
DCCS, leaving a final sample of 40. At age five, 8 children did not complete the DCCS,
leaving a final sample of 38. Because of these small samples, we present these results as
purely exploratory.

Vocabulary was uncorrelated with DCCS post-switch performance at age three, /(18) = -
0.13, p=0.58, four, n(38) =0.17, p=0.28, or five, A36) = 0.13, p=0 .43. In contrast, speed
of processing evinced a significant correlation at age three, /(18) = — 0.46, p =0 .04, but not
at age four, /(38) = - 0.06, p=0 .70, or five, /(36) = — 0.18, p =0 .28. Faster reaction times at
age two were associated with more correct post-switch trials on the DCCS at age three. This
finding did not hold for the adjusted RT measure. Adjusted RT was uncorrelated with DCCS
performance at any age, /(18) = - 0.17, p=0 .47, n(35) = 0.06, p=0 .74, and 1(33) = — 0.04,
p =0 .83, respectively. Thus, our hypothesis that speed of processing, but not vocabulary,
would be associated with later EF was partially supported: raw RT was correlated with EF
at age three. Further, removing the effect of guessing in the adjusted measure also removed
the correlation between RT and EF, suggesting that correcting RT for guessing removed
variance associated with EF.

In summary, vocabulary at age two was associated with age-three performance on all
linguistic outcome variables. However, it was not associated with growth over time with

the exception of growth in sentence repetition performance from age three to four. In
contrast, haptic speed of processing was not associated with any linguistic outcome. Instead,
haptic speed of processing was associated with later executive function at age three whereas
vocabulary was not. See Table 7 for a summary of the main results.

8. Discussion

The primary goal of this research was to clarify the processes that common toddler language
assessments entail by investigating longitudinal prediction from haptic speed of processing
relative to vocabulary size at age two to an array of outcomes at ages three, four, and

five. In doing so we examined the speed of processing measure in more detail by adjusting
for the potential confound of guessing and exploring the relation of haptic processing
speed to later executive function. The impetus for this work was threefold. First, there is

a body of evidence indicating that both vocabulary and speed of processing significantly
predict downstream language and cognition and are therefore foundational skills for later
learning (Bleses et al., 2016; Fernald & Marchman, 2012; Friend et al., 2012; Friend et
al., 2018; Friend et al., 2019; Marchman & Fernald, 2008; Morgan et al., 2015). However,
there has been less work investigating the conditions under which this relation emerges.
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Second, although vocabulary size and speed of processing are correlated their shared
variance is only about 20% in prior research (DeAnda et al., 2018) and 5% in the present
study. Therefore, they appear to be dissociable components of the lexical-semantic system
(see also McMurray et al., 2012). Finally, relations between haptic processing speed and
vocabulary do not hold longitudinally for intervals greater than six months in the preschool
period (Smolak et al., 2021). The current study adds to extant work on the stability of
early language abilities by evaluating prediction to a range of linguistic outcomes beyond
vocabulary size at age three and growth from age three to five in two linguistically and
geographically distinct groups of children.

8.1. Prediction to language outcomes

The primary language outcomes in the present study were event knowledge, vocabulary

size, sentence repetition, and nonword repetition. These outcome measures were chosen
partially because we expected that event knowledge and vocabulary tap long-term
crystallized knowledge, sentence repetition taps morphosyntactic long-term knowledge as
well as language processing and working memory, and nonword repetition primarily taps
phonological working memory. One way in which early vocabulary and speed of processing
might be dissociable is in their association with long-term word knowledge versus active
language processing. Consistent with this idea, we expected vocabulary to predict event
knowledge and later vocabulary, both vocabulary and speed of processing to predict sentence
repetition, and speed of processing to predict nonword repetition.

However, only the first hypothesis was supported. Vocabulary at age two predicted the
age-three intercept of event knowledge and PPVT vocabulary. In contrast, although speed of
processing was associated with the age three intercept of PPVT vocabulary in a preliminary
model, it had no significant effects on these outcomes in final models. Contrary to our
second hypothesis, although vocabulary at age two predicted the age-three intercept of
sentence repetition, speed of processing did not. The same was true of nonword repetition.
As was the case for PPVT vocabulary, speed of processing did predict the age-three intercept
of nonword repetition in an intermediate model but was not significant in the final model.

These results are consistent with prior work showing that vocabulary predicts a range of
downstream language abilities. Indeed, the quantity and quality of word representations are
associated with more complex language (Friend et al., 2019; Lee, 2011; Reilly et al., 2010),
kindergarten readiness (Friend et al., 2018) reading accuracy and comprehension (Duff et
al., 2015; Perfetti & Hart, 2002), and academic and mathematics achievement (Bleses et

al., 2016; Morgan et al., 2015). Moreover, early decontextualized vocabulary comprehension
(as measured with the CCT) has been shown to be a more robust predictor of downstream
outcomes than other measures of vocabulary or processing efficiency (Friend et al., 2018;
Friend et al., 2019; Smolak et al., 2021). Although we hypothesized that speed of processing
would predict later nonword repetition, the effect of vocabulary on nonword repetition

is perhaps not surprising given that long-term semantic and phonotactic knowledge also
contribute to performance on this task (Jones et al., 2007).

The lack of prediction from speed of processing is inconsistent with our hypotheses and
prior work showing that haptic response times predict vocabulary over a six-month interval
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(DeAnda et al., 2018). However, it is consistent with the finding that haptic processing
speed does not predict vocabulary knowledge over longer intervals in the preschool period
(Smolak et al., 2021). In the current study it was a poorer predictor than early vocabulary
even for outcomes (like phonological working memory) that we expected to be particularly
dependent on processing speed. In contrast to prior work finding a longitudinal relation
between visual speed of processing and later vocabulary/language (Koenig et al., 2020;
Marchman & Fernald, 2008; Smolak et al., 2021), the current study used a haptic response
latency measure. As we have argued, whereas both visual and haptic latency measures

of speed of word processing have both strengths and weaknesses, of interest here is the
potential contribution of executive control to haptic latency.

Previous work suggests that accurate haptic responses reflect relatively stable word
knowledge (Hendrickson et al., 2015; Hendrickson et al., 2017). Additionally, prospective
motor control in toddlerhood is related to inhibition and working memory components

of executive function (Gottwald et al., 2016). Accordingly, haptic responses may reflect
deliberative processes and/or recruitment of executive control in addition to processing
speed. Thus, the haptic measure may be partially tapping deliberative processes and
decision-making or motoric and executive control. The present findings are consistent with
this interpretation.

Finally, we expected haptic processing speed at age two to be associated with later executive
function (EF). Exploratory correlation analyses supported an association with the cognitive
flexibility or task switching component of EF at age three but not at age four or five whereas
vocabulary size at age two was not associated with cognitive flexibility at either age. These
results offer preliminary support for the idea that haptic processing speed involves executive
control, although further research is required to confirm this result.

Finally, the raw haptic processing speed measure correlated with a measure that corrected
for guessing. Final models were consistent across the raw and corrected measures with
only one exception: adjusted RT was uncorrelated with executive function. This suggests
that removing the effect of guessing from the adjusted measure also removed the variation
in haptic speed associated with executive control by estimating speed on stimulus-driven
responses only. In other words, children with lower EF might be more prone to guessing
(i.e., less likely to resist touching the screen when they do not know the answer) and
reducing the effect of guessing in the adjusted measure also reduced the effect of cognitive
control in this measure.

8.1.1. Prediction of growth—We were interested in assessing prediction to
performance at a single time point as well as growth on the basis of prior research finding
that, in toddlers, processing speed is associated both with vocabulary at a single time point
and growth and acceleration of vocabulary size (Fernald et al., 2006; Peter et al., 2019). We
sought to extend this research later in developmental time to additional language measures.
This approach, using one metric at age two (vocabulary or speed) to assess outcomes on
different but related metrics, attempts to assess the stability (in the relative rank order

of individuals in a group) of an underlying language construct (Bornstein et al., 2017).
Although latent change models do not directly test stability, we can infer stability from the
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effect of the predictors on growth. For example, a positive association between predictors
and growth suggests stability in the preservation of relative rank order between children
over time. In contrast, a negative effect would suggest instability where children with
higher scores on the predictor are exhibiting more protracted growth relative to those with
lower scores. Whereas stability can be modeled using the same metric over time, assessing
stability using different methods yields a relatively conservative estimate of stability since
different measures introduce variance to the growth estimate. In other words, our methods
assess stability in language over time using a conservative approach that may underestimate
true stability in language development, resulting in a null effect. In our final models,
vocabulary predicted growth only for sentence repetition. Haptic speed of processing did
not predict growth in any model. We explore potential explanations for these findings below.

Interestingly, the prediction from vocabulary to growth in sentence repetition was in the
opposite direction of expectations such that larger vocabulary at age two was associated with
less growth. This may be due to instability or to ceiling effects such that children with larger
vocabularies have better sentence repetition scores at age three and therefore less room to
grow. Indeed, sentence repetition performance at age three was also negatively associated
difference scores between age three and age four, /80) = - 0.88, p< 0.001, and between

age four and age five, 1(64) = - 0.31, p=0 .01. Although sentence repetition performance
reached ceiling by age four or five, this cannot fully explain the direction of prediction.

One possibility is that children with large vocabularies at age two reach ceiling earlier than
their lower vocabulary peers leading to the observed positive relation between vocabulary at
age two and sentence repetition at age three and the negative relation between vocabulary
and growth from three to four and four to five. Consistent with this interpretation, children
who were at or above the median on CCT vocabulary at age two scored 90% correct on the
sentence repetition task at age three, whereas children who were below the median on CCT
vocabulary at age two scored 77%. Thus, children with relatively large vocabularies at age
two were close to ceiling on sentence repetition by age three and had less room to grow from
age three to five.

How can we account for the inability to predict growth on other measures? Bornstein

et al. (2017) suggest that such estimates of stability present a lower bound. Prediction

from vocabulary and speed to related, but distinct, measures necessarily limits estimates

of stability. Further, as the time between assessments increases, the likelihood of stability
decreases. On the other hand, prediction across similar measures leads to inflated estimates
of stability and fails to capture the dynamic relation between early vocabulary and language
outcomes. One solution to this conundrum would be to utilize composite factors in
prediction to reduce method variance. For example, one could construct composite variables
from visual (fast, non-deliberative) and haptic (slow, deliberative) latencies to obtain more
stable estimates of speed of word processing over time. A similar approach could be

taken to conceptual outcome measures. This approach would yield a clearer picture of

the longitudinal relations between speed of word processing and later crystallized word
knowledge in the preschool period (Bornstein et al., 2017).
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8.2. Language group differences

A secondary goal was to evaluate the generalization of our models across English- and
French-speaking monolingual children. On the whole, and consistent with our hypothesis,
results were similar across groups. However, the descriptive data revealed that French-
speaking children exhibited slower response times at age two and smaller vocabularies

at ages three, four, and five. The latter result may reflect differences across English and
French versions of the PPVVT vocabulary measure. However, this finding is consistent with
evidence that French-speaking children have smaller vocabularies than English-speaking
children between two and four years of age (Thordardottir, 2005). On the other hand,
French-speaking children performed better than the English sample on nonword repetition
possibly reflecting differences in English and French phonology. For example, the English
version of the nonword repetition task contained more complex consonants (e.g., / dz/) and
consonant clusters that do not exist in French. There were no other significant effects of
language group or language group by predictor interactions, suggesting that the effects of
vocabulary and speed of processing on outcomes largely generalized across groups.

8.3. Limitations and directions for future research

There are a few limitations of the current study. First, the tasks became more challenging
with age to account for developmental changes in ability and to avoid ceiling effects. This
design may have influenced growth estimates such that actual growth was underestimated.
Second, due to between-subjects variability and limited growth in event knowledge and
nonword repetition, we did not have the power to predict individual differences from age
four to five for these outcomes. Designs that incorporate data from children approaching
school age may need to be more highly powered or utilize composite measures to detect
individual difference in growth curve trajectories.

Several lines of evidence (i.e., prediction from vocabulary to outcomes at age three, the
association between raw and adjusted haptic measures of speed, and sufficient power
across all outcomes from age three to four) suggest that haptic speed of processing in

the toddler period is a relatively weak predictor of developmental outcomes. However,
another limitation of the current study is that all outcome measures were dependent on long
term language knowledge to at least some degree (e.g., our phonological working memory
measure taps phonotactic knowledge and can be influenced by semantic knowledge).

A different test of working memory less dependent on long term semantic knowledge

may have yielded a different result. Future research would benefit from investigating
associations between haptic speed of processing and other outcomes (e.g., visuo-spatial
working memory). Moreover, given that prior research has found an association between
visual speed of processing and later language outcomes, one explanation for the lack of
relations in the present study is that the relation was obscured due to noise introduced by
motor planning and movement. It is possible that if we were to control for motor skill, or
developed more stable, composite estimates of speed of word processing, this relation would
re-emerge. This is a direction for future research.

Finally, lack of data on EF for the French-speaking sample does not permit us to generalize
beyond the English-speaking sample. Moreover, high rates of fussiness and failure to reach
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criterion led to a small sample on which to calculate correlation coefficients. We view our
findings on the relation between haptic processing and EF as exploratory. Future research
should investigate this question in larger samples to elucidate deliberative processes in word
processing.

9. Conclusion

Vocabulary at age two significantly predicted a range of downstream language measures,
although it rarely predicted growth. In contrast, haptic speed of processing did not predict
any downstream abilities in our final models. Haptic processing speed was however,
correlated with cognitive flexibility at age three (where vocabulary was not). These results
provide evidence on the relative predictive utility of vocabulary and haptic response times
for preschool outcomes. Further, they offer a tentative clarification of the contribution of
executive processes to offline measures of speed of processing, informing our understanding
of the early lexical-semantic system as well as the cognitive processes that toddler language
measures entail.
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Predictor(s)

Cognitive Development

Fig. 1.
Depiction of parameter estimates from SEM models. Please note that intercepts, variances,

and covariances are not depicted (see Tables 3—6 for more parameter estimates). Labels
‘1, *S17, and “S2” refer to “intercept’, ‘slope 1’, and ‘slope 2’, respectively. The label
‘Predictor(s)’ refers to any predictors retained in the final models. The label ‘DV’ refers to
measured dependent variables (Event Knowledge, PPVT Vocabulary, Sentence Repetition,
and Nonword Repetition). Factor loadings are in raw metric.
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Table 1
Descriptive information of all measures of interest by sample. T-tests conducted across samples.
English Sample French Sample
Variables N  Mean SD Range N  Mean SD Range t-test  Sig.
CCT Vocabulary 46 27.74 6.89  10.00-39.00 55 29.8 520 19-40 -1.67 0.10
(Sg{e_f)ad of Processing 46  2600.14 589.83 1264.04-3812.00 55 3094.57 688.68 1980.06-4739.50 -3.83 <01 *
True RT 43 252278 839.13 478.42-4519.00 54 313422 1006.00 1530.50-5616.25 -3.20 (g2 *
Event Knowledge
Age Three 44 0.21 0.10 0.02-0.42 54 0.22 0.08 0.06-0.41 -043 0.67
Age Four 46 0.29 0.11  0.10-0.52 54 0.33 0.13 0.10-0.77 -1.70  0.09
Age Five 39 0.30 0.11 0.14-0.60 50 0.32 0.10 0.14-0.60 -1.24 0.22
PPVT Vocabulary
Age Three 46 49.76 18.30 11-93 55 28.71 11.28 10-61 6.80 <0.001
AgeFour 46 7180 1609 31-106 54 5565 1469 27-92 525 <001 ¥
Age Five 39 89.44 13.01 54-124 51 73.76 13.14 39-101 5.63 <0001 "
Sentence Repetition
Age Three 42 0.84 0.14 0.36-0.99 42 0.86 0.15 0.42-0.99 -0.39 0.70
Age Four 45 0.93 0.08 0.54-1.00 51 0.92 0.10 0.55-1.00 0.53 0.60
Age Five 39 0.96 0.05 0.73-1.00 46 0.97 0.03 0.87-1.00 -1.12 0.27
Nonword Repetition
Age Three 40 081 008 0.61-0.93 50 0.89 010 051-1.00 -414  .o01 *
Age Four 45 089 008 0.62-0.97 54 0.94 0.08 0.68-1.00 -3.09 0003 *
Age Five 38 0.91 0.05 0.81-1.00 50 0.96 0.04 0.85-1.00 -433 <0001
DCCS Post-Switch
Age Three 20 3.45 1.99 0.00-5.00
Age Four 40 3.58 1.68 0.00-5.00
Age Five 38 3.55 1.25 0.00-5.00

Note.

*
significant after family-wise FDR correction
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Correlation matrix of predictive and longitudinal relations in the full sample.

Table 2

1. 2. 3. 4. 5. 6.

1. Vocabulary -0.22

2. Speed of Processing -0.22

3. Language Group 0.17 036 F

4. Age (at 2 yrs) 0.02 026 -055%

5. Maternal Education 0.17 -0.11 -0.04 0.04

6. Biological Sex -0.16 025 * 006 -0.06 -0.03

Event Knowledge Intercept g5 *  -0.04 0.04 -0.03 0.24 0.04

Event Knowledge Slope 3-4  -0.04 -0.02 0.12 -0.03 022 0.04

Event Knowledge Slope 4-5 -0.08 -0.01 -0.04 0.02 -0.27 -0.02

PPVT Vocab Intercept 034 -023 058 F 036 F 014 -0.04

PPVT Vocab Slope 3-4 -0.02 -0.0001 0.17 -0.14 -0.02 0.07

PPVT Vocab Slope 4-5 -0.13 -0.06 0.02 -0.07 -0.06 -0.09

SR Intercept 054 % —007 004 002  -0.007 -0.8

SR Slope 3-4 052 % 007 -0.15 0.0009 -0.08 0.09

SR Slope 4-5 -0.18 0.02 0.11 -0.11 -0.09 0.16

NWR Intercept 031 003 040 * -0.18 0.08 -0.06

NWR Slope 3-4 -0.14 0.11 -0.11 0.09 0.03 -0.04

NWR Slope 4-5 -0.003 -0.22 -0.10 0.02 -0.20 0.04
Notes.
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*

significant after family-wise FDR correction. Language Group = dummy coded as 0 = English, French = 1. Group X Vocab = variable created by
multiplying Language Group by Vocabulary. Group X Speed = variable created by multiplying Language Group by Speed of Processing. Slope =
variables created by subtracting scores at time point 1 from scores at time point 2.
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Table 3
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Standardized regression coefficient estimates and p-values for the final models predicting event knowledge
over time. Variance and covariance estimates are included in each model for latent variables (i.e., Intercept,
Slope 1, and Slope 2).

Intercept Slope 1

Std. Est. p Std.Est. p
Regressions
Maternal Education  0.187 0.047 0.209 0.036
Vocabulary 0.328 0.001 -0.080 0.427
Speed of Processing  0.052 0.586 -0.032 0.8750
Variance 0.844 <0.001 0.954 <0.001
Covariance
Intercept -0.417 <0.001
Slope 1
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Table 4
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Standardized regression coefficient estimates and p-values for the final models predicting PPVT vocabulary
over time. Variance and covariance estimates are included in each model for latent variables (i.e., Intercept,

Slope 1, and Slope 2).

Intercept Slope 1 Slope 2

Std.Est. p Std.Est. p Std. Est. p
Regressions
Age -0.024 0.764 -0.043 0.712 -0.074 0.549
Vocabulary 0.547 <0.001 -0.211 0.103 -0.114 0.387
Speed of Processing 0.129 0.089 -0.075 0.494 -0.196 0.093
Language Group -.722 <0.001 0.170 0.2174  0.068 0.602
Language Group X Vocabulary  -0.087 0.327 0.244 0.057 -0.110 0.408
Variance 0.459 <0.001 0.932 <0.001 0.976 <0.001
Covariance
Intercept -0.470 <0.001 -0.088 0.397
Slope 1 -0.518 <0.001
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Table 5
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Standardized regression coefficient estimates and p-values for the final models predicting sentence repetition
over time. Variance and covariance estimates are included in each model for latent variables (i.e., Intercept,

Slope 1, and Slope 2).

Intercept Slope 1 Slope 2

Std.Est. p Std. Est. p Std. Est. p
Regressions
Sex -0.152 0.098 0.043 0.665 0.196 0.059
Vocabulary 0.511 <0.001 -0.523 <0.001 -0.190 0.063
Speed of Processing  0.072 0.453 -0.025 0.813 -0.063 0.541
Variance 0.708 <0.001 0.723 <0.001 0.921 <0.001
Covariance
Intercept -0.821 <0.001 -0.505 <0.001
Slope 1 -0.031 0.807
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Table 6
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Standardized regression coefficient estimates and p-values for the final models predicting nonword repetition
over time. Variance and covariance estimates are included in each model for latent variables (i.e., Intercept,

Slope 1, and Slope 2).

Intercept Slope 1

Std. Est. p Std.Est. p
Regressions
Vocabulary 0.307 0.003 -0.095 0.393
Speed of Processing  —0.015 0.880 0.124 0.272
Language Group .390 <0.001 -0.130 0.243
Variance 0.715 <0.001 0.961 <0.001
Covariance
Intercept —-0.594 <0.001
Slope 1
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Summary of the main results in final models.

Table 7

Predictor Variable

Vocabulary  Haptic Speed of Processing

Language Group

Outcome

Event Knowledge Intercept
Event Knowledge Slope 1
Event Knowledge Slope 2
Vocabulary Intercept
Vocabulary Slope 1
Vocabulary Slope 2

Sentence Repetition Intercept
Sentence Repetition Slope 1
Sentence Repetition Slope 2
Nonword Repetition Intercept
Nonword Repetition Slope 1
Nonword Repetition Slope 2
EF Age 3

EF Age 4

EF Age 5

sig.
ns.
n.s.
sig.
ns.
n.s.
sig.
sig.
n.s.
sig.
ns.
n.s.
n.s.
ns.

n.s.

n.s.
ns.
n.s.
n.s.
ns.
n.s.
n.s.
ns.
n.s.
n.s.
ns.
n.s.
sig.
ns.

n.s.

sig.
ns.

n.s.

sig.
ns.

n.s.
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Notes. sig. = significant. n.s. = not significant. Cells in the Language Group column are blank for Event Knowledge and Nonword Repetition
because this variable was not included in the final SEM model. Cells in the Language Group column are blank for EF because these analyses were

conducted in the English-speaking monolingual group only.

Cogn Dev. Author manuscript; available in PMC 2023 February 10.



	Abstract
	Introduction
	Vocabulary, speed, and developmental prediction
	Speed of word processing and vocabulary
	Characteristics of word processing speed measures
	Current study
	Method
	Participants
	Measures
	Language Exposure Assessment Tool (LEAT)
	Computerized Comprehension Task (CCT)

	Coding vocabulary
	Coding speed of processing
	Raw reaction time (RT)
	Adjusted reaction time (RT)

	Event knowledge
	Peabody Picture Vocabulary Test (PPVT) and Échelle de Vocabulaire en Images Peabody (EVIP)
	Sentence repetition (SR)
	Nonword repetition (NW)
	Executive function (EF)

	Results
	Analytic approach
	Descriptive data
	Prediction to outcomes
	Two-part linear spline models
	Event knowledge
	PPVT vocabulary
	Sentence repetition
	Nonword repetition
	Executive function (EF)


	Discussion
	Prediction to language outcomes
	Prediction of growth

	Language group differences
	Limitations and directions for future research

	Conclusion
	References
	Fig. 1.
	Table 1
	Table 2
	Table 3
	Table 4
	Table 5
	Table 6
	Table 7

