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ABSTRACT 

Little is known about language development after late-to-moderate premature birth, the most 

significant part of prematurity worldwide. We examined minimal-pair word-learning skills in 

eighteen 18-months-old healthy full-term (mean gestational age at birth = 39.6 weeks; 7 males; 

100% Caucasian) and eighteen healthy late-to-moderate preterm infants (mean gestational age 

at birth 33.7 weeks; 11 males; 100% Caucasian). Data were collected in the local urban area of 

Barcelona city from May 2015 to August 2016. Toddlers first associated two pseudo-words, 

forming a minimal pair based on a voice onset time (VOT) distinction of the initial consonant, 

with two unfamiliar objects during a habituation phase. A visual choice test assessed their 

recognition of the two novel word-object associations and some familiar word-object pairs. 

While full-terms successfully mapped the similar sounding pair of novel words (d = 1.57), 

preterms could not (d = 0.17). These results suggest that late to moderate preterm birth can 

hinder basic associative learning mechanisms relying on fine temporal speech features. 

 

KEYWORDS: Late to moderate preterm birth; minimal pair word learning; looking while 

listening procedure; voice onset time (VOT) contrast 
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In 2010, the World Health Organization reported that almost 15 million babies were 

born preterm worldwide (Blencowe et al., 2012). Preterm birth can have a dramatic impact on 

early development, with around 30% of very preterm infants (i.e., born between 28- and 32-

week gestational age [wGA]) showing delays in language acquisition at age two (Sansavini et 

al., 2010). Due to immature brain networks and prenatal limited experience with low-pass 

filtered speech, premature birth may alter developmental trajectories by increasing the risk for 

cognitive and linguistic delays (Gervain, 2015). Importantly, a meta-analysis involving 15 

studies showed that immaturity at birth is linked to negative cognitive outcomes at school age 

(r2 = 0.49; Bhutta et al., 2002). Another meta-analysis focusing on lexical and grammatical 

processing of very preterm children, assessed with standardized tests and parental 

questionnaires at preschool and school age, revealed that preterm scores were falling between 

0.38 and 0.77 SD below those of control samples (Barre et al., 2011). Moreover, 

neurodevelopmental models of language processing propose that the interplay between early 

experience and brain maturation is crucial for an optimal language developmental trajectory 

(Werker & Hensch, 2015; Sanchez-Alonzo & Aslin, 2022). Therefore, identifying early 

markers for later language deficits or delays is crucial to better understand the long-term impact 

of preterm birth on core cognitive and language functions. One way to apprehend the likelihood 

of later cognitive and language deficits in preterm infants is to explore their early word-learning 

abilities as they can be linked to later language, cognitive and academic outcomes (Martinez-

Nadal & Bosch, 2021; Marchman et al., 2022).  

Regarding early speech perception abilities, electrophysiological data collected in 

newborns have shown that preterm birth can negatively impact the encoding of various speech 

features, such as vowel quality or voice identity (François et al., 2021; Mahmoudzadeh et al., 

2017). Preterm infants before 10 months of postnatal age (i.e. listening experience have also 

shown poor higher-order linguistic abilities, such as perception and differentiation of 
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phonotactic properties and segmentation of continuous speech (Bosch, 2011; Gonzalez-Gomez 

& Nazzi, 2012; but see Berdasco-Muñoz et al., 2018 for positive evidence of monosyllabic 

segmentation already at 6 months postnatal age). At 24 months, studies have reported a lag on 

multiple measures of linguistic competencies, showing smaller expressive and receptive 

vocabularies or reduced use of complex grammatical structures (Kern & Gayraud, 2007; 

Sansavini et al., 2011; Vohr et al., 1988). Comprehension and production difficulties have often 

been observed until school age and even adolescence (Ortiz-Mantilla et al., 2008; see van 

Noort-van der Spek et al., 2010 for a meta-analysis). Crucially, the poor language abilities in 

childhood reported in preterm infants predict later academic under-achievement (Pritchard et 

al., 2009; Wolke et al., 2008). However, most of these results were obtained from infants born 

very preterm (i.e., born before 32 weeks of gestation). Despite these recent data showing a 

negative impact of moderate premature birth on cognition at age two (de Jong et al., 2015; 

Natarajan & Shankaran, 2016), we still know too little about language development after 

moderate-to-late prematurity (i.e., infants born between 32-34 and 34-36 completed gestation 

weeks, respectively), which corresponds to the greater number of preterm births worldwide (84 

%; Shapiro-Mendoza & Lackritz, 2012; Gouyon et al., 2012). For instance, lower scores in 

cognition, receptive and productive communication can also be observed at age two in 

moderate preterm children compared to controls, although with small effect sizes (de Jong et 

al., 2015). A recent study focused on the long-term outcomes of late-to-moderate preterms (L-

MPT) at school age. Of their L-MPT population, 24.3% had a borderline intelligence function 

and memory quotient, 32.4% had borderline executive functions, 13.5% had internalizing 

problems, and 66.7% had an abnormal score for at least one variable for attention deficit 

hyperactivity disorder (Jin et al., 2020). Further, previous studies on the long term 

neurodevelopmental outcomes of L-MPT infants evaluated at school age revealed an increased 

risk of developmental, language, and cognitive delays as well as poorer academic performance 
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(Hornman et al., 2017; Putnick et al., 2017; Vohr, 2013; Natarajan & Shankaran, 2016). 

Interestingly, a recent meta-analysis based on 16 studies involving late preterm children and 

control group assessments at preschool and school age explored cognitive and language 

functions as well as academic achievement (Martinez-Nadal & Bosch, 2021). Results revealed 

the presence of mild difficulties, pointing to suboptimal outcomes in areas such as executive 

function, short term verbal memory, literacy skills, attention and processing speed. 

Furthermore, this meta-analysis revealed the influence of maternal education and socio 

economic status on the scores obtained by late preterm participants rather than the gestational 

age factor per se. The results of this meta-analysis suggested that a combination of factors can 

negatively affect the catch up process in late preterm participants. Therefore, the close 

monitoring of L-MPT children’s neurodevelopmental status and early referral of those 

demonstrating a neurodevelopmental delay is important (Vohr, 2013). 

The ability to construct meaning from experience with the environment is a core aspect 

of early language acquisition that has been a hot topic for modern cognitive neuroscience, both 

from a developmental and a neurocognitive perspective (Gervain, 2015; Werker & Hensch, 

2015). The emergence of robust word-referent associations and their storage in memory are 

crucial steps that infants must accomplish when acquiring their first receptive vocabulary. The 

fast association between new word-forms and their referents is a viable learning mechanism 

that may explain the rapid increase in word-learning rate during the first two years of life (Bion, 

Borowsky & Fernall, 2019; Waxman & Gelman, 2009). For example, 6- to 9-month-old infants 

already know the meaning of a few highly frequent words, suggesting that semantic knowledge 

can begin to emerge from these early word-object associations favored by daily experience in 

home contexts (Bergelson & Swingley, 2012; Bergelson & Aslin, 2017). The interplay between 

refined phonological processing and lexical knowledge has been studied in young infants using 

minimal-pair word-learning paradigms (Stager & Werker, 1997; Yoshida et al., 2009). Indeed, 
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the ability to distinguish between two similar-sounding words that differ by a single segment, 

thus forming a minimal pair (e.g., "moon" [mu::n] and "noon" [nu:n]), is fundamental for 

accurate lexical development. Because infants have a limited behavioral repertoire, tracking of 

gaze orientation and visual fixation measures can be instrumental in assessing the early 

development of lexical learning (Fennell & Werker, 2003; Ellis et al., 2015). Different versions 

of the inter-modal preferential looking paradigm (or "looking-while-listening" procedure) have 

been developed to study linguistic skills in infants and toddlers (Fernald, Zangl, Portillo & 

Marchman, 2008; Fernald, Pinto, Swingley, Weinberg & McRoberts, 1998; Fernald & 

Marchman, 2008; Bailey & Plunkett, 2002; Ballem & Plunkett, 2005). Importantly, this 

procedure has been successfully used to study the speed of word recognition (Fernald et al., 

1998; Marchman & Fernald, 2008; Hurtado et al., 2008) or the development of early 

phonological representations (Swingley & Aslin, 2000; Fennell & Werker, 2003; Fennell, 

2012; Yoshida et al., 2009).  

Here, we explored toddlers' sensitivity to a minimal phonological distinction in a word-

learning task using a variant of the looking-while-listening procedure originally used in 

previous studies (Fernald et al., 2008; Yoshida et al., 2009) and that had been successfully 

applied in our lab (Ramon-Casas et al., 2013; Ramon-Casas, Fennell & Bosch, 2017). 

Specifically, we collected visual fixation measures to target and distractor elements, 

representing a minimal pair of disyllabic CVCV pseudo-words contrasting in the voicing of 

the initial stop consonant (i.e., ['bali] - ['pali]) in healthy full-terms (FT) and healthy L-MPT 

tested at 18 months of corrected age for gestation. The perception of a voicing distinction in 

stop consonants relies on a fine-grained temporal speech feature, the voice onset time (VOT), 

which represents the temporal gap between the noise burst produced at consonant release and 

the onset of the waveform periodicity associated with vocal cord vibration (Lisker & 

Abramson, 1967). In Romance languages, such as Catalan and Spanish, the voicing contrast is 
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signaled by presence or absence of vocal fold vibration during the consonant constriction, that 

is, long voicing lead vs. lack of voicing lead or short positive VOT values (Solé, 2007). 

Certainly, the implementation of stop voicing contrasts in different languages can be affected 

by different factors, related to the position of the segments (onset, prevocalic, intervocalic), 

and also speaking rate (Solé, 2007). However, studies on Romance languages suggest that 

negative VOT values for voiced stops increase at slow speech rate, while VOT values for 

voiceless stops are not affected. Regarding our stimuli it is important to recall that they were 

produced with a rather similar slow speaking rate, uttered as isolated pseudowords and the 

contrast was in onset position always followed by the same vowel. These characteristics 

constrain the range variability that could be attributed to speaking rate.  

The perception of a VOT distinction, present in many different languages, has been 

largely studied in human infants, children, and adults using behavioral and electrophysiological 

measures (Aslin et al., 1981; Elliot et al., 1986; Sharma & Dorman, 1999; Medina et al., 2010; 

Chobert et al., 2011, 2012, 2014). However, despite evidence showing that categorical 

perception is present early after birth for a VOT bilabial consonant contrast (Eimas et al., 1971), 

the VOT has been poorly studied in the context of minimal-pair word learning. While most of 

the minimal-pair word-learning studies performed in young infants have used consonantal 

contrasts involving differences in place of articulation (Stager & Werker, 1999; Yoshida et al., 

2009; Fennell, Byers-Heinlein, Werker, 2007), only a small set of experimental and simulation 

studies have used voicing contrasts (Apfelbaum & McMurray, 2011; Pater et al., 2004; Rost & 

McMurray, 2009; 2010). For instance, Pater and colleagues (2004) explored associative word 

learning of minimal pairs differing in place of articulation (i.e., [bIn] - [dIn]), in voicing (i.e., 

[bIn] - [pIn]) and a combination of place and voicing ([phIn] - [dIn]) in three independent 

experiments conducted with 14-month-old infants. Results of the three experiments showed 

that infants failed to learn the word-object associations independently of the phonetic contrast 
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used. Thus, these three experiments showed that such contrasts could not be used to trigger 

learning of new object-label associations, suggesting that place of articulation and voicing 

contrasts may not yet be fully integrated into the phonological system at this age. 

Besides, one problem regarding the location of the VOT boundary for different 

languages relies on the fact that the VOT continuum can be roughly divided into three 

categories, i.e., lead, short-lag, and long-lag VOTs, with different languages using different 

distinctions, not all of them being equally discriminated, as research in infancy has revealed. 

More specifically, the short-lag/long-lag VOT distinction (as found in English) does seem to 

be more easily discriminated by infants (likely to be more salient from an acoustic perspective), 

compared to the lead/ short-lag distinction characteristic of Spanish or Dutch, among other 

languages, representing a more subtle distinction, more perceptually demanding from the 

young learner’s perspective (see Narayan, 2019, pp. 3-54, for a short synthesis of the 

inconsistent results relative to this type of VOT distinction). In the present minimal-pair word-

learning study, the selection of a typical VOT contrast involving /b/ - /p/ segments is relevant 

for capturing possible differences between the groups under study. This contrast is frequent in 

the young learner’s input language but its perceptual saliency is relatively low. Moreover, 

preterm birth implies an earlier exposure to the broad spectrum of frequencies, that is, at an 

earlier stage of brain maturation compared with the same type of exposure in infants born at 

term. This difference may impact the phonetic discrimination skills and phonological 

representation of words involved in early word-learning activities. If early exposure to the 

broad spectrum of frequencies before term age positively impacts phonological processing, 

such as the processing of fine-grained temporal speech cues, then we could expect L-MPT 

infants to exhibit a robust distinction of the novel words forming a minimal pair, with a longer 

proportion of looking times to target elements over distractors, compared to the behavior of the 

FT peers. Alternatively, suppose this early exposure negatively impacts L-MPT toddlers. In 
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that case, they should exhibit a shorter proportion of looking time to target elements over the 

distractor ones, significantly differing from the FT group. Importantly, because both groups 

were within the normal range for expressive vocabulary, we expected both groups to show no 

differences in the familiar word recognition measures. 

 

METHODS 

Participants 

A total of 36 healthy infants completed the experiment with 18 healthy full-term infants (7 

males; mean gestational age [GA] at birth = 39.6 weeks [37-42]; mean birth weight = 3195 g 

[2600-4200]; Apgar-5 > 9; mean chronological age at evaluation = 547 days ± 7; mean 

corrected age for gestation at evaluation = 547 days ± 7, 100% Caucasian) and 18 healthy late-

to-moderate preterm infants (11 males; mean GA= 33.7 weeks [32-35.5]; mean birth weight = 

1956 g [1625-2700]; Apgar-5 > 9; mean chronological age at evaluation = 592 days ± 18; mean 

corrected age for gestation at evaluation = 544 days ± 12, 100% Caucasian). Seven additional 

participants (4 FT and 3 L-MPT) had to be excluded from the final sample due to incomplete 

data collection. The mean age at evaluation (corrected age in the L-MPT group) was not 

significantly different between the two groups (t34 = 0.62, p = .54, two-tailed). However, the 

mean chronological (postnatal) age (t34 = -10.11, p < .0001, two-tailed), the mean GA at birth 

(t34 = 13.45, p < .0001, two-tailed) and the mean birth weight (t34 = 10.69, p < .0001, two-tailed) 

were significantly different, as expected. Importantly, none of the preterms fell in the small for 

gestational age category known to exhibit developmental deficits (Hayes & Sharif, 2009). 

Participants were recruited from the local urban area of Barcelona city using an existing 

database of interested families. Data collection took place at the APAL Infant Lab at the 

Hospital Sant Joan de Déu in Barcelona (Spain) between May 2015 and August 2016. 

Regarding the language status of the participants, information was gathered by using a 
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language exposure questionnaire (Bosch & Sebastián-Gallés, 2001), yielding an estimate of the 

language/s regularly used by caretakers in their environment (i.e., percentage of time infants 

were exposed to each language). This information was especially necessary to identify the most 

frequently used language within the family and daycare center for infants growing up in 

bilingual contexts (Spanish or Catalan) and select the corresponding version of the word 

learning task. Following Byers-Heinlein (2015) and Bosch (2024), the criterion that was 

applied to consider participants as belonging to monolingual or bilingual environments was the 

most usual in infancy research with bilingual groups, neither too inclusive, nor extremely 

conservative, that is, 100 % - 80 % was the range of exposure to the main language for 

monolingual infants, and when exposure to the most frequent language in their environment 

was below 80%, participants were classified as bilinguals. The range of exposure to the two 

languages in their environment fluctuated between 50% - 50% (rather infrequent) and a more 

unbalanced distribution (more usual), with 78 % - 22 % as the maximum range difference of 

exposure to the languages for infants in bilingual contexts. Importantly, the proportion of 

bilingual participants in each group was quite similar. In the FT group N = 11 participants were 

being raised in monolingual family/daycare environments (i.e., ≥ 80 % regular and daily 

exposure to a single language; range 80-99 %), and the remaining N = 7 were growing up in 

Catalan-Spanish bilingual contexts (between 50% - 50% and 35% - 65% of regular and daily 

exposure to their two languages). According to the more frequent language of exposure 

identified from the questionnaire, N = 12 participants were tested in the Catalan version of the 

task and N = 6 in the Spanish one. In the L-MPT group, similar criteria were applied and the 

distribution was N = 12 and N = 6 monolingual (range 80-93 %) and bilingual (between 40 % 

- 60 % and 22 % - 78 %), respectively. Nine of the participants were tested using the Catalan 

version, and the other 9 were tested in the Spanish one. Parents were informed and signed a 

consent form at the beginning of the experimental session. The hospital ethics committee 
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approved our procedures and protocols (CEIC-PIC-69-13). At birth, all infants had normal 

hearing from the universal screening test (automated auditory brainstem response) and normal 

examination made by a neonatologist at the delivery ward. 

 

 Stimuli 

Several tokens of the non-words /bali/ and /pali/, produced by a female bilingual Catalan-

Spanish native speaker, were recorded as independent elements in infant-directed speech using 

four different intonation patterns (flat low, flat high, ascending, and descending). Acoustical 

measures confirmed that the /b/ - /p/ consonants were contrastive, with no overlap in their VOT 

values (see Figure 1). Even though two versions of the paradigm were created with Spanish 

and Catalan elements (specifically concerning known words or familiar items, all cognates, 

and a verbal form in one of the carrier questions), the minimal pair tokens were all selected 

from the recording of the same female bilingual speaker in which no specific language 

difference was evident. As previously mentioned, based on descriptive phonetics of Catalan 

and Spanish languages and the properties of the voicing contrast in bilingual speakers 

(Amengual, 2012; Fernandez Planas, 2005), one should not expect different VOT production 

values for the /b/ - /p/ contrast in the novel word tokens for the Spanish and Catalan versions 

of the experiment. Six tokens of each word were selected and used during habituation trials, 

and four tokens, different from those used in the habituation phase, were selected for the test 

phase. The mean VOT values (in ms) for the onset consonants (/b/ and /p/) were -156 ms (SD 

= 23.5) and +12.3 ms (SD = 3.5) respectively. Nine words to be used as familiar items were 

recorded in both languages. One of them was to be used only in the initial warm-up trial, and 

the other eight were to be presented in familiar word recognition trials for the test phase. The 

criteria for selecting these words were their presence in toddlers' vocabulary checklists and 

their cognate status in Spanish and Catalan. Words and their corresponding images had been 
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successfully used in previous studies in our lab. These items corresponded to the following 

objects: spoon (Spanish and Catalan form, respectively: "cuchara", "cullera"); ball ("pelota", 

"pilota"); cow ("vaca", "vaca”); car ("coche", "cotxe"); fish ("pez", "peix"); biscuit ("galleta", 

"galeta"); cat ("gato", "gat"); pencil ("lápiz", "llapis"). Unlike novel words, which were 

always presented in isolation, familiar words were presented in a sentence context, similar in 

Spanish and Catalan, alternating between Ball!..., Look, a ball! ("Pelota/Pilota!..., Mira, una 

pelota/pilota!") or Cow!..., do you see a cow? ("Vaca/Vaca... ¿Ves/Veus una vaca?"), 

following the procedure implemented in Yoshida, Fennell, Swingley & Werker (2009). Visual 

stimuli were colorful pictures presented in slow motion on a black background.  

 

Figure 1: Illustration of one pair of novel-word tokens used in the present experiment showing /bali/ (A) and /pali/ (B). Mean 

VOT values in ms and SD of the total set of tokens used in the experiment are shown below. 

 

Procedure 

Testing took place in a soundproof room of the APAL Infant Lab at the Hospital Sant 

Joan de Déu in Barcelona. Infants were seated on their parents' laps in front of a 50" television 

monitor at 130 cm from the screen. The experimental procedure involving a habituation phase 

followed by a visual preference test phase was adapted from the task initially developed by 

Yoshida and colleagues (2009), which includes features of the intermodal preferential-looking 
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paradigm suitable to test minimal pair word learning in young toddlers (Fernald et al., 1998; 

see Figure 2 for an illustration of the procedure).  

The habituation phase began after a warm-up trial presenting a familiar object being 

named. Each trial presented one of the two novel word-object pairs with the object slowly 

moving horizontally on the screen, from side to side, while the corresponding label was being 

played. Participants were exposed to blocks of 4 habituation trials (containing two trials of each 

novel word-object pairing in any of these sequences: ABAB, BAAB, BABA, ABBA) until 

they reached the habituation criterion: either an attention decrease of 60% of that of the longest 

previous block or after a maximum of 24 trials (Figure 2). Each habituation trial lasted 

approximately 20 seconds and contained six different tokens of one of the target novel words, 

each token produced by the same voice with a different prosodic contour.  

The test phase comprised 16 trials organized in blocks of 4 trials, presenting two objects 

side-by-side moving vertically in synchrony. Two types of trials were used: newly learned 

word-object pairs (novel-word learning trials) and familiar word-object pairs (familiar-word 

recognition trials) presented in a pseudo-random order, beginning with two familiar-word 

recognition trials first, followed by two word-learning trials, with the remaining trials randomly 

ordered. The presentation side for the first familiar-word recognition and novel-word learning 

trials was counterbalanced. The experimenter controlled the experiment from an adjacent room 

using Habit 1.0 software (Cohen, Atkinson & Chaput, 2004). The entire session was video 

recorded. Participants' looking time to target and distractor objects on each trial was coded 

offline on a frame-by-frame basis by an expert coder familiarized with the coding task but blind 

to the experimental conditions. A second blind coding by an independent coder was also done, 

and looking times were compared to check for any gross inconsistencies. After their 

identification, a third checking was done until an agreement was reached or the trial was 

discarded. Following this step, a Pearson correlation of test trial looking time measures from 
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the two independent offline coders was calculated and yielded significant results [r(34) = .987, 

p < .001] based on 4 randomly selected trials per participant. We ensured that only known 

associations (familiar words) were considered in the analyses by asking the parents to fill out 

an expressive vocabulary checklist (López-Ornat et al., 2005) and confirm known words from 

a short list of receptive vocabulary items, including toys, animals, vehicles, and food items. 

 

Vocabulary and cognitive measures 

Parents filled out the expressive vocabulary checklist from the Spanish version of the 

MacArthur-Bates Communicative Development Inventory (MCDI; López-Ornat et al., 2005) 

and a Catalan translation of the checklist used in the Lab. This questionnaire provided a parental 

estimate of expressive vocabulary size, including words produced in any of the bilingual's two 

languages and excluding translational equivalents (i.e., conceptual vocabulary). Participants 

were also tested using the Cognitive and Language subscales of the Bayley Scales of Infant 

and Toddler Development (BSID-III; Bayley, 2006). The Language subscale composite score 

resulted from the sum of the receptive and expressive scaled scores, and it represented a 

standardized measure of toddlers' receptive and expressive language development. The MCDI 

and the BSID-III Language composite score were positively correlated [r(34) = 0.65, p < .001], 

thus limiting the presence of parental biases in how they reported toddlers' spontaneous word 

productions. A general measure of Cognitive development was obtained to ensure that all 

infants in the sample fell within the normal range. The Cognitive and Language subscales of 

the BSID-III and the MCDI questionnaire were administered in a room of the APAL Infant 

Lab at the Hospital Sant Joan de Déu.  
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Figure 2. Illustration of the experimental procedure with the habituation and test phases. After the habituation phase, during 

which infants learned to associate two pseudo-words forming a minimal pair with two unfamiliar objects, infants were tested 

on their ability to recognize familiar word-object pairs (left panel: familiar-word recognition trial) and the newly learned 

associations (right panel: novel-word-learning trial). 

 

 Statistical analyses 

We used the mean Proportion of Looking time to Target (PLT) as the dependent 

variable: Looking to Target Object ÷ (Looking to Target object + Looking to Distractor 

Object). We extracted the PLT within a standard time window, beginning 360 to 2000 ms after 

the onset of the target word (Swingley & Aslin, 2000, 2002). First, we compared the average 

PLTs across conditions to chance level (50%) separately for novel-word learning and familiar-

word recognition trials. Second, we used generalized mixed-effect models with beta family 

function to evaluate the experimental measures (mean PLT), comparing FT and L-MPT groups 

across conditions (novel-word learning and familiar-word recognition). In each model, mean 

PLT was defined as the dependent variable, and random intercepts for participants were 

included to allow for differences in performance on individual participants. Fixed effects 

included Group (FT and L-MPT), condition (novel and familiar words), age, linguistic 

background, gender, and language of test. Since the PLT measure ranged from 0 (no looking 
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at target at all) and 1 (looking at the target the whole trial), we built beta-regression models, 

considering as control variables the above-mentioned fixed effects except for Group, which 

was defined as the variable of interest. Thus, the null model was defined by all the control 

variables, and the full one also considered the variable of interested. We assessed model 

performance using the Akaike Information Criterion (AIC) and the Likelihood Ratio Test 

(LRT) to determine the most effective model in explaining the data's variability (see Table 1). 

If necessary, post-hoc analyses were performed through z-test comparisons to identify 

significant differences among levels, with the application of the False Discovery Rate (FDR) 

for p-value correction. Both z-ratio and corrected p-values (padj) were reported. Importantly, 

we considered the interaction condition by language of test variables in the null model, to 

account for the possibility that some stimuli in one condition (e.g. novel words) could be more 

difficult in Catalan than in Spanish (or vice-versa). Finally, the link between experimental 

measures and linguistic outcomes was explored with Pearson correlations. 

RESULTS 

Language and cognitive measures 

For FTs, the mean productive vocabulary size from the MCDI parental questionnaire was 45 

words (median = 34; SD = 31.99; range: 13-110). Cognitive and language attainment assessed 

with the BSID-III yielded mean standardized scores of 112 (SD = 8.26; range: 90-125) and 104 

(SD = 9.6; range: 89-121) for the cognitive and language subscales, respectively. For L-MPT, 

the mean productive vocabulary size from the MCDI was 36 words (median = 26; SD = 29.26; 

range: 8-114). Cognitive and language attainment yielded mean standardized scores of 108 (SD 

= 8.04; 90-125) and 99 (SD = 8; range: 83-112) for the Cognitive and Language subscales, 

respectively. All these measures were within the normal range (100 +/− 15). No between-group 

differences were found in the BSID-III for the Cognitive subscale [t34 = 1.53, p = .135, two-

tailed, Cohen’s d = 0.51], nor in the mean productive vocabulary size [t34 = 0.88, p = .388, two-
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tailed, Cohen’s d = 0.29]. Nonetheless, we found a slightly significant difference in the BDSID-

III Language subscale between the two groups [t34 = 2.05, p = .049, two-tailed, Cohen’s d = 

0.68; see Figure 3].  

 

Figure 3. Distribution of the composite scores from the BSID-III Cognitive and Language subscales in full-term (FT) and late 

to moderate preterm toddlers (L-MPT). The dots represent each individual composite score. The mean value and standard error 

of the mean for each Group are also shown. The grey area indicates normative scores (85-115). Notice the significant between-

groups difference found for the Language subscale only. 

 

Looking time measures 

First, Figure 4 shows the number of trials needed to reach the habituation criterion (i.e., either 

an attention decrease of 60% of the longest previous block or after a maximum of 24 trials) 

during the habituation phase in the two groups of infants. While FTs needed an average number 

of 15.4 trials (SD = 5.5; range: 7-24), L-MPTs needed 14.3 trials (SD = 5.6; range: 6-24) to 

reach the habituation criterion with no difference between the two groups [t34 = 0.57, p = .571]. 

This result suggests that both groups had a similar level of attention during this phase.  
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Figure 4. Distribution of the number of trials needed to reach the habituation criterion for full-term (FT) and late-to-moderate 

preterm infants (L-MPT). The dots represent each infant's number of trials needed to reach the criterion. The mean and standard 

error of the mean for each Group are also shown. No between-group difference was found. 

 

Figure 5 displays the looking behaviour (i.e., mean PLT) for both novel-word-learning and 

familiar word-recognition trials in the two groups of participants. As can be seen, infants 

recognized the familiar word-object associations at the group level. For these familiar-word-

recognition trials, the PLT was significantly higher than chance level for FTs [57.7 %; t17 = 

2.86, p = .01; Cohen’s d = 1.38] and L-MPT [59.1 %; t17 = 3.28; p = .004; Cohen’s d = 1.59]. 

For novel-word-learning trials, the mean PLT to targets was significantly above chance 

level in FTs [M = 59.4 %; t17 = 3.25, p = .005; Cohen’s d = 1.57], with thirteen infants looking 

more than 50% of the time to the correct object. By contrast, the PLT to targets in L-MPT was 

not significantly different from chance [M = 50.7 %; t17 = 0.36, p = .72; Cohen’s d = 0.17], 

with only eight infants looking more than 50% of the time to the correct object. These results 

were confirmed by the beta-regression models, with the final model (see Table 1) showing a 

significant Group by Condition interaction [2(1) = 5.59; p = .0181, AIC = -100.6, LL = 61.3, 

ηp
2 = 0.13]. Post-hoc t-tests comparing the two groups showed that the mean PLT in the novel-

word-learning trials was significantly higher for FTs than for L-MPT (z = 2.41, padj = .0322, 

Cohen’s d = 0.80). This was not the case for familiar-word-recognition trials (z = -0.45, padj = 
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.6528, Cohen’s d = -0.15). Therefore, these results show that 18-month-old FTs successfully 

learned the minimal pairs, as indicated by their greater than chance looking time to the targets, 

while L-MPT, as a group, did not. 

 

Figure 5. Distribution of the mean proportion of looking-time (PLT) scores to targets in familiar-word recognition and novel-

word-learning trials for full-term (FT) and late-to-moderate preterm infants (L-MPT). The dots represent each infant's mean 

PLT score. The mean PLT score and standard error of the mean for each Group are also shown. The red dotted line indicates 

chance level. Notice the significant between-group difference found for novel-word-learning trials only. 

 

Exploratory correlation analyses 

We explored the relationship between measures of looking time in the experimental 

task (mean PLT) and MCDI scores using Pearson correlations. We found a significant positive 

correlation between the mean PLT to targets for novel-word-learning trials and expressive 

vocabulary measured by the MCDI in the Group of L-MPT [r(16) = 0.48, p = .04; see Figure 

6] but not in FTs [r(16) = -0.29, p = .24]. 
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Figure 6. Association between mean PLT scores to novel words and expressive vocabulary measures obtained from the MCDI 

in the L-MPT Group of 18 mo. (N=18). The scatterplot shows the significant correlation between the raw MCDI scores and 

the mean PLT scores for novel words in the Group of L-MPT. 

 

DISCUSSION 

Here, we provide new evidence on the negative impact that moderate premature birth 

can have on basic associative word-learning skills involving fine-grained phonological 

representations. Specifically, we compared healthy late-to-moderate preterm 18-month-old 

toddlers matched in maturational age with participants born at term. We used a reliable and 

frequently used behavioral paradigm to measure novel word-object associative learning at an 

early age to characterize better the impact of late-to-moderate prematurity on the development 

of a core language learning function. While familiar word recognition was preserved, we 

observed a negative impact of late-to-moderate premature birth on the ability to learn minimal 

pairs differing in VOT, a somewhat challenging feature here involving the lead/short lag 

distinction characteristic of the native language of the participants. Specifically, when we 

compared the average proportion of looking time to target with chance level, FTs displayed a 

preference towards the target with a large effect size (d = 1.57), whereas L-MPTs exhibited no 

preference with a small effect size (d = 0.17). Further, LMM analysis revealed that the mean 

PLT in the novel-word-learning trials was significantly higher for FTs than for L-MPT and 
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showed a moderate effect size (ηp
2 = 0.07). Moreover, a significant association was found 

between looking-time behavior in novel word-learning test trials and expressive vocabulary 

measures in the group of L-MPT infants. Even considering the small sample of participants in 

the present study, these results refine our knowledge of the mechanisms that may hinder the 

deployment of early word-learning skills after premature birth.  

While full-term infants showed significantly higher than chance mean looking time to 

targets in novel-word learning trials, preterm infants could not differentiate them from 

distractors. This pattern of results suggests that FTs correctly learned and recognized the 

minimal pairs based on VOT differences, extending prior literature on minimal pair word 

learning using other versions of the looking-while-listening paradigm and testing different 

contrasts (Werker et al., 1998; Fennell, 2012; Höhle et al., 2020). The finding that L-MPT 

infants could not learn and recognize the minimal-pair target words not only fits well with 

previous studies showing that preterm infants may have suboptimal speech-processing abilities 

(François et al., 2021; Paquette et al., 2015; Peña, Werker, & Dehaene-Lambertz, 2012), but it 

further suggests that late-to-moderate preterm birth may negatively impact associative word-

learning, especially when the properties of stimuli are too demanding (i.e., coping with similar 

sounding labels to encode the names of visually distinct objects). 

One could argue that the lack of learning in late-to-moderate preterm infants may be 

related to different factors: a slower speed in information processing, attention deficits that they 

often exhibit, or even the task itself (Marchman, Adams, Loi, Fernald, & Feldman, 2016; 

Ramon-Casas, Bosch, Iriondo, & Krauel, 2013). Previous reports in healthy FT infants revealed 

successful minimal-pair word learning abilities at 17-18 months of age (Werker et al., 2002), 

while 14 month-old infants may not always be able to learn similar sounding novel words 

(Stager & Werker, 1997; Pater et al., 2004; Rost & McMurray, 2009; 2010). Here, we used the 

corrected age for gestation to match the L-MPT group to the FT group, so all infants were older 
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than 17 months. In other words, both groups were tested at a mean age of 18 months, even 

though the mean postnatal age of the L-MPT group was actually 20 months if correction for 

gestation had not been applied.  Therefore, both groups should already show a fairly established 

capacity for minimal-pair associative word learning based on their age at testing, whether 

chronological (in FT) or corrected for gestation (in L-MPT). Crucially, both groups of infants 

recognized familiar word-object pairs with a mean proportion of looking time to targets higher 

than chance in the familiar word recognition trials. Besides, the number of trials needed to 

reach the habituation criterion was not different between the two groups, suggesting that no 

clearly distinct pattern of attention between groups was evident during the habituation phase. 

Therefore, even late-to-moderate preterm infants could correctly perform the task with enough 

attention directed toward the stimuli, favoring the view that the lack of learning was not due to 

fatigue during the initial phase of habituation. This result may not be surprising for FTs, 

considering previous studies showing that highly frequent familiar words are already known as 

early as by 6-9 months of age (Bergelson & Swingley, 2012). But what the pattern of looking 

behavior of the group of L-MPT participants reflects (in novel-word learning test trials) is 

precisely that the late-to-moderate premature birth can negatively impact basic associative 

mechanisms involving fine-grained phonological representations, that is, dealing with the 

processing of fine phonetic detail, encoding a contrastive phonological representation while 

connecting these minimally distinct labels to novel but clearly distinct objects.  

A number of factors must be taken into account in order to gain a better understanding 

of the challenges of the task for L-MPT infants. More specifically, one relevant factor that 

needs to be considered in interpreting the failure from the L-MPT group of infants in minimal-

pair word-learning might be related to the range of variability present in the novel items to be 

learned. Interestingly, recent data suggest that talker variability during infants’ word learning 

situations may facilitate the discrimination of consonants and early word representation (Rost 
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& McMurray, 2009; Quam, Clough, Knight, Gerken, 2021; Bulgarelli & Bergelson, 2022; 

Höhle et al., 2020). Here, we used stimuli recorded from one single speaker but with different 

prosodic contours to introduce variability. This reduction of variability to just one factor (i.e., 

prosody, but not voice and prosody), might have precluded a more direct capture of the VOT 

difference, making the task more demanding for the L-MPT group. However, it is also possible 

to consider that this more limited range of variability could have been an advantageous property 

for preterm participants, although it was not. Further studies involving premature infants may 

consider this factor to understand better the novel word learning deficits observed in our group 

of late-to-moderate moderate preterms.  

From a different perspective, although still exploratory, the positive association 

between looking behavior in novel word-learning test trials and expressive vocabulary in the 

L-MPT group deserves some comments. The finding that a larger expressive lexicon was 

associated with a higher proportion of looking time to target elements in the novel word-

learning trials is in line with a pattern of association that has been recently reported, showing 

that eye-tracking-based measures of familiar-words’ lexical processing are positively 

associated with expressive vocabulary in 18-month-old very preterm infants (Ståhlberg-Forsén 

et al., 2022). Importantly, language processing at 18 months can predict the number of words 

produced and vocabulary learning abilities over the second and third years of life (Fernald & 

Marchman, 2012; Law & Edwards, 2015; Peter et al., 2019). Further, this association is 

consistent with previous data on lexical development involving larger samples of preterms and 

showing significant correlations between gestational age at birth and language delays in terms 

of vocabulary size and grammatical processing (Foster-Cohen et al., 2007; Kern & Gayraud, 

2007). Overall, our results suggest that expressive vocabulary is also somehow linked to basic 

associative word learning skills involving fine-grained phonological representations. 
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Our study has some methodological limitations that must be considered. First, our 

sample size was rather modest to solve a group by condition interaction which may decrease 

the statistical power. Further studies with larger cohorts are needed to understand the impact 

of preterm birth on associative word learning skills. Second, a bilingual background was 

inevitably present to a greater or lesser extent in the linguistic environment the participants 

were growing up. This fact resulted in a certain heterogeneity between the groups regarding 

the exposure to the home/daycare languages. A recent meta-analysis of 141 associative word 

learning studies based on the Switch task paradigm (Werker et al., 1998)  revealed that, on 

average, infants raised in bilingual environments at home outperformed monolingual peers, 

suggesting a bilingual advantage in learning word-object associations for phonetically distant 

words and when facilitative experimental manipulations are used (Tsui et al., 2019). Results 

from a minimal-pair word learning study in 18 month-olds based on a vowel difference had 

also suggested a bilingual advantage in the task (Singh et al., 2015). Here, the proportion of 

bilinguals was quite similar in the two groups and this factor did not seem to modulate the 

pattern of looking behavior. However, more work with larger and more linguistically controlled 

groups is needed to better understand the interaction between preterm birth and linguistic 

environment with associative word learning abilities.  

Third, infants performed the looking-while-listening experiment with a direct 

presentation of the novel objects without any interactive context, with no additional visual or 

gestural cues from any visible speaker. Such a situation may be considered artificial and may 

have lacked ecological validity, even though we did our best to provide a friendly setup. Indeed, 

recent data have already shown the importance of multisensory cues to trigger word learning 

in infants and children (Ramos-Escobar et al., 2021; Seidl, Indarjit, Borovsky, 2023). In this 

sense, more precise and time-resolved measures based on recent devices such as eye-tracking 

glasses can be more appropriate for studying young infants' learning during "real" interactions 
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with caregivers or experimenters (Tomalski et al., 2022), thus offering a more ecologically 

valid methodological approach in this type of study (Thiele et al., 2021). Fourth, we explored 

looking-time behaviors using offline frame-by-frame coding of videos which may not give a 

detailed perspective of the looking behaviors during the test phase. In this sense, eye-tracking 

measurements gathered in "looking-while-listening" paradigms can offer additional 

information such as the fine-grained time course of infants looking behaviors associated with 

early lexical processing (Ståhlberg-Forsén et al., 2022). Fifth, visual fixation measurements 

during the habituation phase required the active involvement of the experimenter. Again, eye-

tracking setups can be instrumental in automatizing the experiment by offering a more direct 

way to compute the attention behavior in this type of task (Shukla, Wen, White, Aslin, 2022). 

Additional measures from the habituation phase could reveal subtle between-group differences 

that might shed light on the time-course of the minimal-pair word learning.  

Finally, it is important to comment on the difference between novel word-learning trials 

and familiar word-recognition trials in the test phase. While novel word-learning trials involved 

the presentation of tokens of the pseudo-words produced in isolation, the familiar word-

recognition trials included carrier sentences (e.g., Look, a ball!), which might have contributed 

to the differences in the novel word-learning trials. But on the other hand, the similarity 

between naming the novel objects in the habituation phase and the presentation of the labelling 

in the test phase could also be seen as a feature favoring the correct identification of the target 

elements in test trials. Overall, what must be emphasized here is that the format difference 

between familiar word-recognition trials and novel word-learning trials may not be sufficient 

to explain the between-group significant difference we observed as both groups were assessed 

with the same experimental procedure.  

CONCLUSION 
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Minimal-pair word learning can be a useful experimental tool to better understand the 

impact of premature birth on core linguistic skills before the emergence of higher-order 

cognitive functions during early development. Our data provide additional evidence for the 

critical role that premature birth may have on the interplay between early phonetic perception 

and the development of core associative learning mechanisms required for successful language 

development. Thus, the study of moderate to late preterm infants and toddlers can inform 

neurodevelopmental models of language processing by providing relevant information 

focusing on the interplay between early experience and brain maturation required for optimal 

language development. 
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Final model: 

Fixed effects 
 Estimate SE z p 

Intercept 0.3781 0.1491 2.536 .0112* 

Condition (Novel) 0.0177 0.1419 0.125 .9007 

Group (L-MPT) 0.0784 0.1535 0.511 .6092 

Language of test (ESP) -0.0864 0.1552 -0.556 .5779 

Gender (F) -0.0501 0.1220 -0.411 .6811 

Bilingual (Bilingual) -0.0248 0.1263 -0.196 .8445 

Scale(Age of test) 0.0994 0.0632 1.571 .1161 
Condition x Group -0.4331 0.1828 -2.369 .0178* 

Condition x Language of test 0.1572 0.1853 0.848 .3963 

Random Effects 

 Variance SD   

Participant (Intercept) 0.0466 0.216   

Model Fit 

R2 Marginal Conditional   

 0.20 0.47   

Model equation: Mean PLT ~ Condition x Group + Condition x 

Language of test + Gender + Linguistic background + scale(Age of 

test) + (1|Participant) 

  

 

Sampling units N total obs = 72 

N Participants = 36 

 

Model specification Model 

name 

Nested / 

simpler model 

Model fit LRT test against nested 

AIC BIC LL df df 2 

Condition x Language of test + Gender + Linguistic background + 

Scaled Age of test + (1 | Participant) 

Null --- -97.1 -76.6 57.5 9 --- --- 

Condition x Group + Condition x Language of test + Gender + 

Linguistic background + Scaled Age of test + (1 | Participant) 

Full Null -99.6 -74.5 60.8 11 2 6.49* 
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Table 1. Model comparison. Table structure is inspired by Meteyard & Davies (2020) guidelines for reporting linear mixed-effects models in social sciences. 

The first column (model specification) outlines the current model and its components. The second column (model name) identifies the created model. The third 

column (nested/simpler model) designates the model against which the current model is compared, identified by its model name. The fourth column (model fit) 

provides information on model fit, including the Akaike Information Criterion (AIC), Bayesian Information Criterion (BIC), Log Likelihood (LL), and degrees 

of freedom (df). The last column (LRT test against nested) presents Likelihood Ratio Test (LRT) results for the current model against the nested/simpler model, 

including degrees of freedom (df) and Chi-square values (2). 

 

 


