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Abstract 37 
 38 
Purpose 39 

Learning spoken words can be challenging for children with hearing loss who communicate 40 

orally, and who are known to have weaker oral vocabulary skills than age-matched children 41 

who hear. Since vocabulary skills play a crucial role in reading and literacy acquisition, and 42 

academic success, it is important to identify effective vocabulary acquisition strategies for 43 

children with hearing loss. The aim of this study was to examine whether the incidental 44 

presence of orthography can facilitate oral vocabulary learning in children with hearing loss 45 

and whether the benefits are greater than those found in hearing children.  46 

Method 47 

We taught novel picture-word pairs with or without spellings to 23 children with hearing loss 48 

and 23 age-matched controls, ranging in age from 6 – 12 years. Word learning was assessed 49 

using behavioural and eye tracking data from naming and picture-word-matching tasks. 50 

Results and Conclusion 51 

Results revealed an orthographic facilitation effect on oral vocabulary learning in children 52 

with hearing loss, with benefits being maintained over a week. Importantly, children with 53 

hearing loss showed a greater benefit of orthography than age-matched hearing peers on the 54 

picture-naming tests. The results of this study have important implications for classroom 55 

instruction and vocabulary instruction strategies for children with hearing loss. 56 

 57 

 Keywords: orthographic facilitation, hearing loss, vocabulary 58 
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Orthographic Facilitation of Oral Vocabulary Acquisition in Children with Hearing 67 

Loss 68 

Children’s acquisition of oral vocabulary is a key component of language 69 

development, involving learning a word’s pronunciation and meaning and the link between 70 

the two. It is crucial for effective communication, reading and literacy skills, and ultimately 71 

academic success (Ouellette, 2006; Suggate et al., 2018; Tunmer & Chapman, 2012). 72 

Unsurprisingly, typical vocabulary acquisition spanning infancy to school-age has been 73 

extensively researched (Chapman, 2000; He & Arunachalam, 2017; Hollich et al., 2000; 74 

McMurray et al., 2012; Nazzi & Bertoncini, 2003; Waxman & Lidz, 2007; Yu, 2008). 75 

Although most children acquire oral vocabulary incidentally during their early years, direct 76 

vocabulary instruction becomes important as children get older and word learning becomes 77 

more bound to literate and academic contexts (McKeown, 2014). Such instruction is 78 

particularly important for learners who are known to experience difficulty in vocabulary 79 

acquistion, such as those with significant hearing loss (Davidson et al., 2014; Sarchet et al., 80 

2014; Stiles et al., 2012). 81 

Although technological advancements in hearing aids and cochlear implants have 82 

improved access to spoken language, vocabulary acquisition is known to be a challenge for 83 

children with hearing loss (Geers et al., 2009; Hermans et al., 2015; Houston et al., 2012; 84 

Lund & Douglas, 2016; Stelmachowicz et al., 2004). A large cohort study of spoken 85 

language abilities in 5-year-old children using hearing aids or cochlear implants revealed that 86 

receptive and expressive language scores were on average about one standard deviation 87 

below that of age-matched hearing children (Cupples et al., 2018). Hearing loss affects both 88 

the depth and the breadth of children's developing vocabularies (Walker et al., 2019). Overall, 89 

many school-aged children with hearing loss learn fewer words than their age-matched peers, 90 

and most fail to attain vocabulary skills similar to their peers throughout their school years 91 
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(Hayes et al., 2009; Johnson & Goswami, 2010; Lund, 2016; Sarchet et al., 2014; Walker & 92 

McGregor, 2013).  93 

Given the critical role of vocabulary in reading and literacy development, it is 94 

important to identify strategies to support oral vocabulary acquisition in children with hearing 95 

loss. A review conducted by Luckner and Cooke (2010) revealed that of the 41 studies 96 

conducted between 1967 and 2008 to examine vocabulary learning in children with hearing 97 

loss, only 10 focussed on vocabulary intervention, pointing to the need for further research in 98 

this field. Some studies have provided support for the use of technology to teach 99 

pronunciations and spellings of words to children with hearing loss (Barker, 2003; Hermans 100 

et al., 2015). The use of linguistic strategies has also been suggested, including semantic, 101 

morphological and metalinguistic techniques (Hermans et al., 2015; Easterbrooks & Beal-102 

Alvarez, 2013; Lund & Schuele, 2014). More broadly, there is evidence to suggest that 103 

children with hearing loss acquire vocabulary better when given direct instruction rather than 104 

play-based or incidental exposure (Lund & Douglas, 2016).  105 

Although there is evidence that children with hearing loss benefit from direct 106 

instruction and linguistic support, further research is warranted to identify factors that can 107 

effectively support vocabulary learning in these children. As with hearing children, the task 108 

facing children with hearing loss when learning a new spoken word is to retain its sound 109 

pattern in phonological short-term memory, and link this new phonological form to the 110 

word’s meaning to create a new entry in the mental lexicon. The difficulty that children with 111 

hearing loss experience in achieving this task presumably reflects, at least in part, the need to 112 

extract word-level phonology and hold it in short-term memory long enough to form a link 113 

with meaning. As a consequence of their well-documented phonological deficits (Nittrouer et 114 

al., 2018; Park et al., 2013; Park & Lombardino, 2012) an additional cognitive load is placed 115 

on children with hearing loss when they are attempting to learn a new spoken word, which 116 
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could result in a failure to establish a link between phonology and semantics. The key 117 

therefore is to identify strategies that have the potential to help in overcoming the challenge 118 

posed by these core phonological difficulties. 119 

One potentially promising approach is to capitalise on orthography to facilitate oral 120 

vocabulary acquisition in children with hearing loss. In children with normal hearing, 121 

providing the spellings of words incidentally during novel word learning has been found to 122 

facilitate vocabulary acquisition (Chambré et al., 2017; Ehri & Wilce, 1979; Jubenville, 123 

2012; Ricketts et al., 2009; Rosenthal & Ehri, 2008). Ricketts and colleagues (2009) 124 

conducted a study in which 8- and 9-year-old children with typical development were taught 125 

nonword-picture pairs with or without spellings. The children were able to retrieve the names 126 

of the objects that had been learned with spellings more accurately than those learned 127 

without. The facilitatory effect was also demonstrated in faster responses on a picture-word-128 

matching task at post-test. No facilitative effect was found for accuracy on the picture-word-129 

matching task, which was attributed to ceiling effects. Since no attention was drawn to the 130 

spellings during learning, the authors suggested that children automatically used orthography 131 

to strengthen the link between phonology and semantics. This paradigm has since been used 132 

to examine orthographic facilitation of oral vocabulary learning in different groups of 133 

children, with positive effects being reported in children with Down syndrome (Mengoni et 134 

al., 2013), autism (Lucas & Norbury, 2014; Ricketts et al., 2015), specific language 135 

impairment (Ricketts et al., 2015), and dyslexia (Baron et al., 2018).  136 

The lexical quality hypothesis (Perfetti & Hart, 2002) provides a theoretical 137 

framework to explain how orthographic facilitation might assist in vocabulary learning. This 138 

hypothesis posits that the quality of a word’s representation in the mental lexicon is 139 

determined by the extent to which phonological, orthographic, semantic, syntactic, and 140 

pragmatic information specific to that word are available in the lexicon. For example, if a 141 
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child were to see a picture of an apple, hear the word /ˈæpəl/, and see the spelling “apple”, the 142 

representation of apple in the child’s lexicon would be better than just seeing the picture and 143 

hearing the word. Therefore, if orthography is provided while learning a new word-referent 144 

pair, it may result in a better-quality representation of the word in the mental lexicon, and 145 

allow for more accurate and efficient retrieval of the word’s pronunciation and spelling. 146 

To date, no study has examined the orthographic facilitation of oral vocabulary 147 

learning in children with hearing loss. This is despite the fact that the benefits might be 148 

expected to be particularly marked in this population. In contrast to auditorily presented 149 

information, orthography is less transient and can provide a mechanism for children with 150 

hearing loss to confirm the pronunciation of the new word, thus reducing the cognitive load 151 

during oral vocabulary learning. In essence, orthography can provide scaffolding for 152 

phonology, facilitating formation of the phonology-semantics link. More broadly, in the 153 

context of the lexical quality hypothesis, providing the orthography of the word during 154 

learning may provide the child with hearing loss with additional word-specific information 155 

from another modality that may enhance the overall richness and quality of the 156 

representation.  157 

The present study aimed to examine whether children with hearing loss benefit from 158 

the presence of orthography during vocabulary learning, and whether any benefits are greater 159 

than those experienced by typically-developing children of the same age.  To this end, 6-12-160 

year-old children with moderately severe to profound sensorineural hearing loss and their 161 

age-matched hearing peers were taught novel word picture pairs with or without spellings in 162 

a paradigm similar to Ricketts et al. (2009). Word identification was assessed during, 163 

immediately after, one day after, and one week after learning to assess the benefits of the 164 

incidental presence of orthography for word learning in this population.  Similar to Ricketts 165 

et al. (2009), a picture-word-matching test (accuracy and response times) was used to assess 166 
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word learning. In addition to these measures, we also included a picture-naming test and 167 

coupled the picture-word matching task with eye movement monitoring. These additional 168 

measures were included to potentially obtain a more sensitive index of orthographic 169 

facilitation, as ceiling effects have previously been observed in the picture-word matching 170 

task (Ricketts et al., 2009). This study was pre-registered with open science framework prior 171 

to the commencement of data collection (osf.io/dq36v). 172 

In summary, we sought to answer the following questions: 173 

1. Do children with hearing loss experience orthographic facilitation in oral vocabulary 174 

acquisition? 175 

2. If so, are the benefits greater than for hearing children of the same age? 176 

3. If present, do the benefits occur in the learning of new words, their retention over 177 

time, or both? 178 

 179 

Method 180 

Participants  181 

Twenty-three children with hearing loss (M = 8.58, SD = 1.53) and twenty-three age-182 

matched children without hearing loss (M = 8.54, SD = 1.62) were recruited for the study. 183 

When the study was pre-registered, a reading-level matched group was also planned. 184 

However, due to low reading scores of the children with hearing loss, it was difficult to find 185 

typically developing reading-matched children within the target age range (from grade 1 to 186 

grade 6), which meant that this group had to be dropped from the design. One child with 187 

hearing loss did not return for Sessions 2 and 3, leaving a total of 22 children in that group. 188 

All children communicated orally, and had no additional disabilities (e.g., vision loss, 189 

cognitive disability, ADHD). The children with hearing loss had moderate to profound 190 

degrees of hearing loss and used hearing aids or cochlear implants (for details, see Appendix 191 
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A). The control children had hearing within normal limits. Table 1 summarises the participant 192 

characteristics and performance on standardised tests of reading and vocabulary.  193 

 194 

[INSERT TABLE 1 HERE] 195 

 196 

Materials 197 

Standardised Tests 198 

Standardised tests of receptive vocabulary and reading were conducted to obtain an 199 

overall profile of the participants.  200 

Receptive Vocabulary. The Peabody Picture Vocabulary Test, 4th edition (PPVT-4; 201 

Dunn & Dunn, 2007) was used to measure receptive vocabulary. For each word in the age-202 

appropriate set, children were presented with four pictures and asked to point at the one 203 

named by the researcher. The total number of correct items provided the raw score, from 204 

which the standard score was obtained. 205 

Word Reading Ability.  The Castles and Coltheart-2 (CC2; Castles et al., 2009) test 206 

was used to assess single word reading ability. The test includes 40 items each per set of 207 

regular, irregular, and nonwords. The total number of items correctly read provided the raw 208 

scores, from which z-scores were obtained for each word category.  209 

The two groups did not differ significantly in age, t (44) = 0.0, p = .99, but were 210 

significantly different on vocabulary skills, t (41) = 6, p < .05, regular word reading, t (29) = 211 

2.3, p < .05, irregular word reading, t (41) = 1.8, p < .05 and non-word reading abilities t (30) 212 

= 3.2, p < .05. 213 

Stimuli for Word Learning Task 214 
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Sixteen 4-letter nonwords (see Appendix B) were paired with pictures of vintage 215 

objects to create stimuli for the word learning task (Figure 1). The nonwords and unusual 216 

objects were used to avoid the influence of previous knowledge.  217 

[INSERT FIGURE 1 HERE] 218 

The nonwords were either consistent for spelling (e.g., veep) or contained an 219 

inconsistently spelled vowel (e.g., baip), to reflect the English orthography; however, the 220 

effect of consistency was not assessed in this study (cf. Ricketts et al., 2009). The items were 221 

divided into two lists such that each list contained eight nonwords (four consistent and four 222 

inconsistent) which were closely matched on average number of phonological neighbours 223 

(List 1: M = 15.1, SD = 12.8; List 2: M = 17.8, SD= 6.6) and mean frequency of phonological 224 

neighbours (List 1: M = 47.9, SD = 55.4 ; List 2: M = 58.8, SD = 59.8). The stimuli were 225 

presented in one of two conditions: orthography present (OP) and orthography absent (OA).  226 

In the OP condition, the printed spelling of the item was presented above the picture in Arial 227 

regular font, 30-point size. In the OA condition, no printed spelling was provided. 228 

Assignment of the two nonword lists to each of the two orthography conditions was 229 

counterbalanced across participants. 230 

General Procedure 231 

The experiment was conducted in individual sessions in either a quiet room at school 232 

or at the lab.  It consisted of two phases, a learning phase and a testing phase (Figure 2). The 233 

learning phase took place on Day 1 and consisted of three learning blocks where the children 234 

were taught the novel words. In total, this phase was about 45 minutes in duration, with 235 

children taking short breaks after each block as needed. The testing phase was conducted in 236 

three sessions: Session 1 (Day 1) took place immediately after word learning, Sessions 2 and 237 

3 took place one day (Day 2) and one week (Day 7) after learning respectively. The CC2 was 238 
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administered at the end of Session 2 and the PPVT at the end of Session 3. Sessions 2 and 3 239 

were about 20 minutes in duration. 240 

 241 
[INSERT FIGURE 2 HERE] 242 

 243 
Learning Phase  244 

The word learning paradigm was similar to that used in previous studies (e.g. Ricketts 245 

et al., 2009). The participants were told that they were going to learn the names of some new 246 

objects, which could be used by aliens to build a spaceship. Words in the OP and OA 247 

conditions were presented in random order within each learning block. In the first learning 248 

block, the object appeared on the screen, the tester named the object and the child was asked 249 

to repeat the name verbatim. After all 16 items had been introduced in this way, the pictures 250 

were re-presented (without spellings) and the children were asked to try and recollect the 251 

name of the object. They received corrective or reinforcing feedback for each stimulus. The 252 

same procedure was repeated for Blocks 2 and 3. The outcome measure for the word learning 253 

phase was picture-naming accuracy; that is the number of items correctly named per 254 

condition in each learning block.  255 

Testing Phase  256 

Each testing session included two tasks; picture-naming and picture-word matching. 257 

Participants first completed the picture-naming task, where they saw the objects on the 258 

screen, one at a time and in random order, and were asked to retrieve their names. The 259 

outcome measure here was number of items correctly named for words in each of the two 260 

word-learning orthography conditions .  261 

Following picture-naming, the children completed the picture-word matching task. The 262 

task was presented through Eprime 3.0 and Tobii extensions for Eprime to collect 263 

behavioural and eye tracking data. The eye tracker used in this study was the Tobii TX2-60, 264 

which is a screen mounted eye tracker with a sampling rate of 60Hz. The eye tracker was 265 
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mounted and calibrated for the laptop screen. A single screen set up and 9-point calibration 266 

was used. Children were seated at a distance of 65 to 70 cm from the screen, and the chair 267 

height was adjusted so that the eyes were in the middle of the window before calibration.  268 

After calibration, each target picture was presented with three distractors, which were 269 

drawn from the stimuli used in the word learning task. The selection of distractors and the 270 

positions of the target and distractors were pseudo-random; each distractor appeared in each 271 

position three times across the testing block.  272 

The following instructions were given to the children: “First you will see 4 pictures on 273 

the screen. Look at them as quickly as you can, because they will disappear. After the 274 

pictures disappear, I will tell you a word that you learned earlier. The pictures will reappear. 275 

You must choose the picture that matches the word I said using the button box. Try to match 276 

my word to the correct picture as quickly and correctly as you can. We will practice this with 277 

a few common words first, till you understand the game.” Three practice trials were provided 278 

to make sure the task was clear to the participants. The order of presentation was fixation 279 

cross -> preview -> fixation cross -> test screen. An example of a test screen is given in 280 

Figure 3.  281 

[INSERT FIGURE 3 HERE] 282 

 283 

The 16 test words were presented in the same pseudorandom order for all participants. 284 

The outcome measures for the picture-word matching test were number correct and response 285 

time for matching, and the latency to first fixation on the target picture for the correct items, 286 

in each of the two word-learning orthography conditions. The same procedures were 287 

followed for testing in Sessions 2 and 3.  288 

 289 

Results 290 
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Learning Phase  291 

Figure 4 shows the mean number of correct responses made by children in each group 292 

as a function of condition and learning block. The data were analysed with generalised linear 293 

mixed effects models using the lme4 package in R. The model was fit by maximum 294 

likelihood with group (children with hearing loss, CHL vs. children with normal hearing, 295 

CNH), orthography condition (present vs. absent), learning block (1 vs. 2 vs. 3) and age as 296 

predictors of orthographic facilitation (full model and model estimated marginal means in 297 

Appendix C).  298 

There was a main effect of orthography condition (F = 64.47, p = .00) and learning 299 

block (F = 139.59, p = .00). There was also a significant interaction of orthography condition 300 

and group (F = 12.11, p < .001). No main effect of age was found (F = 0.03, p = .85). 301 

Contrasts were run to determine whether the CHL group experienced greater orthographic 302 

facilitation during word learning than the CNH group. Both groups showed significant 303 

orthographic facilitation of word learning, but the effect was greater for the CHL (z = 8.719, 304 

p < .0001) than the CNH group (z = 5.561, p < .0001). The orthography condition and block 305 

interaction was not significant (F = 0.41, p =.66). 306 

[INSERT FIGURE 4 HERE] 307 
 308 

Testing Phase 309 

Each outcome measure from the post-tests was analysed separately using generalised 310 

linear mixed effects modelling with maximum likelihood fit. The model predictors were 311 

group (CHL vs. CNH), orthography condition (present vs. absent), session (1 vs. 2 vs. 3) and 312 

age (Appendix D). The estimated marginal means are provided in Appendix E. The Holm-313 

Bonferroni correction was used to correct for multiple comparisons across the four tasks. 314 

[INSERT FIGURE 5 HERE] 315 

Picture-Naming  316 
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  Figure 5, Panel A depicts the accuracy for both groups on the picture-naming test. 317 

There was a main effect of orthography condition (F = 173.33, p = .00), but no main effect of 318 

age (F = 1.40, p = .23), group (F = 1.13, p = .28), or session (F = 0.12, p = .88). There was a 319 

significant interaction of group and orthography condition (F = 16.25, p < .0001), with CHL 320 

showing greater orthographic facilitation in picture-naming accuracy (z = 11.93, p <.0001) 321 

than CNH (z = 6.93, p < .0001). There was no significant interaction of orthography 322 

condition and session (F = 0.02, p = .9), indicating that the orthographic facilitation of picture 323 

naming remained consistent through the one-week testing period. 324 

Picture-Word-Matching (PWM)  325 

Accuracy and Response Times. Accuracy in the PWM task for both groups is displayed in 326 

Figure 5, Panel B. Performance was well above chance-level (chance level was 2 out of 8 327 

items in each word-learning orthography condition) on the PWM task. There was no main 328 

effect of age (F = 3.51, p = .06), group (F = 2.57, p = .1), orthography condition (F = 2.70, p 329 

= .1), or session (F = 0.55, p = .5). Neither group showed a significant orthographic 330 

facilitation effect for PWM accuracy. 331 

 The average times to respond correctly on the PWM task are displayed in Panel C (Fig. 332 

6). The response times were log transformed for analysis. There was a significant main effect 333 

of orthography condition (F = 27.93, p = .00) and session (F = 43.79, p = .00), but no main 334 

effect of age (F = 1.28, p = .25) or group (F = 3.67, p = .2). The orthography condition and 335 

group interaction was not significant (F = 0.35, p = .6). There was no interaction of 336 

orthography condition and session indicating that the orthographic facilitation remained 337 

consistent through the one-week testing period (F = 1.81, p = .61). 338 

Latency of First Fixation to Target in Picture-Word Matching. Only accurate trials 339 

were included for this analysis. Figure 5, Panel D shows the average latency of first fixation 340 

to accurate targets. The latencies were log transformed for the analysis. The analyses revealed 341 
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significant main effects for orthography condition (F = 8.97, p = .002), group (F = 16.64, p = 342 

.00), and session (F = 6.01, p < .001), but no main effect of age (F = 0.23, p = .86). Neither 343 

the orthography condition and group interaction (F = 2.31, p = .3) nor orthography condition 344 

and session (F = 0.94, p = .86) interaction were significant. 345 

Additional exploratory analyses which included scaled reading scores (CC2) and 346 

vocabulary scores (PPVT-4) as predictors in the model did not reveal any statistically 347 

significant interactions with orthographic facilitation. 348 

Discussion 349 

In this study, we aimed to explore orthographic facilitation of oral vocabulary learning 350 

in children with hearing loss and to compare any facilitation effects with those observed in 351 

age-matched hearing children. To this end, we paired vintage objects with nonwords and 352 

taught children these names with or without spellings, across three learning blocks. We 353 

assessed performance during learning using a picture naming test, and using picture naming 354 

and picture-word-matching tests immediately, one day and one week after learning. 355 

Orthographic facilitation was evident during word learning and persisted through the one-356 

week testing period in both groups. Importantly, the benefit of learning spoken words with 357 

spellings was greater in children with hearing loss than in hearing children, as evidenced in 358 

picture naming accuracy during the learning and testing phases. Both groups showed similar 359 

benefits of the presence of orthography in picture word matching response times and latency 360 

of first fixation to target. 361 

 In line with previous research, we found a significant orthographic facilitation effect 362 

for spoken word learning in children with normal hearing (Ricketts et al., 2009, 2015). As 363 

was found by Ricketts et al, the children were faster in picture word matching when they had 364 

previously learned the word in the presence of its orthography than when they had not. As 365 

well, they were more accurate in naming the pictures, both during and after the learning 366 
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phase. As with Ricketts et al., we did not find any effects on picture-word matching accuracy, 367 

probably due to ceiling effects. Further, we found that this benefit persisted up to one-week 368 

after learning. This can be interpreted broadly within the framework of the lexical quality 369 

hypothesis (Perfetti & Hart, 2002), which proposes that the quality of lexical representations 370 

depends on the amount of information available for that word. Thus, a word that has 371 

phonological, orthographic and semantic information associated with it will be of better 372 

quality than a word learned with only phonology and semantics, resulting in more accurate 373 

and efficient retrieval. Therefore, children learn and remember new spoken words better 374 

when provided with the additional orthographic support.  375 

 The most significant finding from this study was the demonstration of strong 376 

orthographic facilitation effects in children with hearing loss. Children with hearing loss who 377 

communicate orally are known to have difficulties in learning spoken words despite using 378 

adequate amplification devices (Geers et al., 2009; Hermans et al., 2015; Houston et al., 379 

2012; Lund & Douglas, 2016; Stelmachowicz et al., 2004). Our results showed that providing 380 

spellings incidentally during spoken word learning was beneficial to children ranging in age 381 

from 6 to 12 years, as evidenced in their picture naming accuracy, picture-word matching 382 

response times and eye movement measures. Further, exploratory analyses did not reveal any 383 

effect of reading ability on the orthographic facilitation effect, which may suggest the 384 

generalisability of this effect across a relatively broad range of reading levels. Although 385 

orthographic facilitation effects have been observed in other special populations (Baron et al., 386 

2018; Lucas & Norbury, 2014; Mengoni et al., 2013; Ricketts et al., 2015), to our knowledge 387 

this is the first time they have been demonstrated in children with hearing loss.  388 

 Particularly notable was that our results revealed a larger orthographic facilitation 389 

effect in children with hearing loss than in hearing children when they were engaged in the 390 

picture naming task both during and after learning. The difference in the size of the effect 391 
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between the two groups seems to arise from the fact that children with hearing loss were less 392 

accurate at naming the words when they had learned them without spellings, which is 393 

consistent with previous literature reporting poorer vocabulary skills in children with hearing 394 

loss than their hearing peers (Cupples et al., 2018, Lund, 2016). For words learned with 395 

spellings, the performance between the two groups was comparable. That is, despite being 396 

less skilled readers, children with hearing loss appeared to be able to use the orthographic 397 

information to lift their naming performance to being on par with their hearing peers. It is 398 

well documented that children with hearing loss have difficulties in accessing and using 399 

phonological information despite using hearing aids and cochlear implants. The larger 400 

orthographic facilitation effect in this group suggests that orthography helps the children in 401 

overcoming this disadvantage.  402 

Following a paradigm similar to Ricketts et al (2009), we also included a picture-word-403 

matching test as a measure of vocabulary learning. Similar to the results of Ricketts et al., the 404 

accuracy scores of the children with normal hearing in our study were at ceiling, which meant 405 

that the benefits of orthography could not be observed. The children with hearing loss also 406 

demonstrated high accuracy rates on this task, and did not show a benefit for orthography in 407 

this measure. In line with Ricketts et al (2009), however, we found that both groups made 408 

faster accurate responses during picture-word-matching for words learned with spellings.  409 

Anticipating a ceiling effect in picture-word matching accuracy based on the previous 410 

literature (Ricketts et al., 2009, 2015), we implemented eye-tracking as a potentially more 411 

sensitive, implicit index of the effect of orthography on the task. Both children with and 412 

without hearing loss were significantly faster at fixating on the accurate target for words 413 

learned with orthography than those learned without orthography. This methodology appears 414 

promising: eye movements during the picture-word-matching task were found to be sensitive 415 

in indexing orthographic facilitation in both groups of children.  Unlike the picture naming 416 
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test, both groups showed similar orthographic facilitation effects in picture-word matching. 417 

This suggests that mechanism of orthographic support maybe different between the two tasks.  418 

[INSERT FIGURE 6 HERE] 419 

It will be important for future research to explore further the mechanism of the 420 

orthographic facilitation effect in children with hearing loss (Chambrè et al., 2020; 421 

Colenbrander et al., 2019). Figure 6 depicts the possible mechanisms of orthographic 422 

facilitation for spoken word learning. One possibility is that orthography scaffolds the 423 

phonology (Fig 6, arrow A), thereby reducing cognitive load, and freeing up resources for 424 

learning the link between phonology and semantics. An alternative explanation is that 425 

orthography works specifically to strengthen the link between phonology and semantics (Fig 426 

6, arrow B). For children with hearing loss, who are known to have weak phonological skills 427 

and difficulties acquiring new spoken vocabulary, it is possible that both mechanisms are at 428 

play. Orthography may reduce the excessive cognitive load associated with accessing 429 

phonological information in children with hearing loss, freeing up resources for learning the 430 

link between phonology and semantics. Additionally, it may also support the formation of the 431 

phonology-semantics link itself.  432 

 If so, it may explain the stronger orthographic facilitation effect observed in children 433 

with hearing loss compared to children with normal hearing on picture naming in the present 434 

study. Orthography may help specify the phonological representation when children with 435 

hearing loss learn new spoken words. Picture naming requires children to retrieve the exact 436 

phonological form that represents the picture, while picture-word-matching only requires 437 

children to match the phonological form they hear to the correct picture. Both tasks require a 438 

strong phonology-semantics link, but the specification of the phonological information is 439 

crucial for picture naming. It is in this task that we see a greater benefit for children with 440 

hearing loss, suggesting that the benefit arises from orthography supporting phonology. Since 441 
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children with normal hearing may not require additional support to form phonological 442 

representations of novel words, for them, the benefit of orthography may arise solely from 443 

strengthening of the phonology-semantics link.  444 

The findings of this study have direct implications for vocabulary instruction for children 445 

with hearing loss. Providing spellings when introducing new words in the classroom does not 446 

require major modifications to existing teaching methods. This simple strategy can be easily 447 

implemented to support oral vocabulary acquisition in any educational setting including 448 

classrooms and individual intervention sessions. The finding that children with hearing loss 449 

were able to perform at the same level as their hearing peers on words learned with spellings 450 

indicates that providing spellings may assist in reducing the gap in vocabulary knowledge 451 

often reported in this population. 452 

 453 

  454 
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Tables and Figures 646 

Table 1 647 

Participant Characteristics 648 

 649 

Figure 1 650 

Example of a Stimulus in the Orthography Present (right) and Absent (left) Conditions 651 

652 

 Children with hearing loss (n = 23) Controls (n = 23) 
 M SD Min Max M SD Min Max 
Age (years) 8.5 1.5 6.4 11.2 8.5 1.6 6.08 11.3 
PPVTa 80.7 19.5 5 129 116.6 17.06 85 162 
Reading ability 
(CC2)b 

        

Regular words 0.4 1.4 -2.3 2.3 1.5 1.1 -0.6 2.9 

Irregular words 0.3 1.2 0.07 2.7 1.3 1.2 -1.2 2.6 

Nonwords 0.1 1.1 -2.2 2.1 1.09 0.9 -0.7 2.7 
Note. aPeabody Picture Vocabulary Test (standard scores), bCastles & Coltheart 2 (z score).One 
participant with hearing loss was not available for sessions 2 and 3 of the testing phase, and the 
PPVT and CC2 scores are unavailable for this participant.  
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Figure 2 653 

The Experimental Procedure 654 
 655 

   656 

 657 

Figure 3 658 

An Example of a Test Trial in the Nonword-Picture Matching Task.  659 

 660 
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Figure 4 661 

Performance on the Production Task during Word Learning 662 

 663 
Note. OA:Orthography present;OP: Orthography absent.      664 
The bold horizontal line represents the median naming accuracy during learning, the lower 665 
and upper hinges of the box represent the 1st and 3rd quartiles, and the whiskers extend to the 666 
highest and lowest values within 1.5*Inter-quartile range (IQR) . Outliers are depicted as 667 
dots. 668 
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Figure 5 669 
Results for the Picture Naming and Picture-Word Matching Tests. 670 

 671 

Note.  OA: Orthography absent; OP: Orthography present.      The bold 672 
horizontal lines correspond to the median picture naming accuracy (Panel A), picture-word-673 
matching accuracy (Panel B), median response times on the picture-word-matching task 674 
(Panel C) and median latencies to first fixation (Panel D). The lower and upper hinges of the 675 
boxes represent the 1st and 3rd quartiles, and the whiskers extend to the highest and lowest 676 
values within 1.5*IQR . Outliers are depicted as dots. In Panel B, the chance-level 677 
performance for the picture-word-matching task is 2 (out of 8).  678 

Figure 6  679 

Possible Mechanisms of Orthographic Facilitation for Children with Hearing Loss 680 
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Appendices 683 

APPENDIX A: Degree of hearing loss and device use 684 

Device Hearing loss No. of participants 

Bilateral cochlear implants Bilateral profound  
Bilateral severe-profound 
Bilateral severe 
Bilateral Moderately severe 

4 
2 
6 
1 
 

Bilateral hearing aids Bilateral profound 
Bilateral severe 
Bilateral moderately severe 
Right: High frequency sloping  
Left: Severe 

2 
1 
6 
 
1 

 685 

APPENDIX B:  The nonword stimuli used in the word learning task 686 
 687 
joig (/dʒɔɪg/), bilp (/bɪlp/), lart (/lɑːt/), tomp (tɒmp), zide (/zaɪd/), jite (/dʒaɪt/), belb (/bɛlb/), 688 
fimp (/fɪmp/), baip (/beɪp/), mowf (/məʉf), jeet (/dʒɪːt/), turg (/tɜːg/), keam (/kɪːm/), pode 689 
(/pəʉd/), veep (/vɪːp/), goam (/gəʉm/) 690 
The stimulus pictures associated with these nonwords are available in the open science 691 
framework files and can be accessed via this link : https://osf.io/b9u73/ 692 
  693 
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APPENDIX C: Orthographic facilitation of word learning: GLM model 694 

 695 

Model estimated marginal means (M) and standard errors (SE) for naming accuracy during 696 
word learning 697 

 Children with hearing loss Controls 
 OA OP OA OP 
 M SE M SE M SE M SE 

Word learning task         
Block 1 0.1 0.4 0.7 0.3 0.4 0.4 1.1 0.2 
Block 2 0.6 0.3 3.4 0.3 1.8 0.3 3.7 0.2 
Block 3 2.2 0.3 5.4 0.3 3.4 0.3 5.2 0.2 
Note. The total number of items per condition was 8; OA: Orthography absent; OP: 
Orthography present 

 698 
  699 

 Orthographic facilitation during word learning
Predictors Odds Ratios CI p

(Intercept) 0.02 0.01 – 0.06 <0.001

Group [CNH] 2.57 0.81 – 8.20 0.110

Condition [OP] 4.64 1.96 – 10.98 <0.001

Block [2] 4.16 1.75 – 9.88 0.001

Block [3] 16.89 7.37 – 38.73 <0.001

Group [CNH] * Condition
[OP]

0.49 0.16 – 1.48 0.207

Group [CNH] * Block [2] 1.24 0.42 – 3.67 0.697

Group [CNH] * Block [3] 0.76 0.27 – 2.16 0.602

Condition [OP] * Block
[2]

1.72 0.61 – 4.82 0.303

Condition [OP] * Block
[3]

1.18 0.44 – 3.20 0.741

(Group [CNH] * Condition
[OP]) * Block [2]

0.66 0.18 – 2.51 0.545

(Group [CNH] * Condition
[OP]) * Block [3]

0.98 0.27 – 3.61 0.981

Random Effects
σ2 3.29

τ00 Participant 1.42

τ00 Item 0.41

ICC 0.36
N Item 16

N Participant 46

Observations 2208
Marginal R2 / Conditional R2 0.268 / 0.530



ORTHOGRAPHIC FACILITATION IN CHILDREN WITH HEARING LOSS 34 

APPENDIX D: Orthographic facilitation post word learning: GLM model 700 

 701 

  702 

 Picture naming
accuracy PWM_Accuracy PWM_RT PWM_LTFF

Predictors Odds
Ratios CI p Odds

Ratios CI p Estimates CI p Estimates CI p

(Intercept) 0.33 0.16 –
 0.67

0.002 3.41 1.75 –
 6.65

<0.001 8.00 7.76 –
 8.24

<0.001 6.67 6.50 –
 6.85

<0.001

Group
[CNH]

2.14 0.90 –
 5.10

0.087 2.16 0.85 –
 5.44

0.104 -0.33 -0.61 –
 -0.04

0.024 -0.29 -0.52 –
 -0.07

0.009

Condition
[OP]

4.85 2.94 –
 8.00

<0.001 1.62 0.94 –
 2.78

0.083 -0.14 -0.31 –
 0.03

0.112 -0.01 -0.19 –
 0.17

0.881

Day [2] 0.93 0.56 –
 1.54

0.775 1.44 0.83 –
 2.50

0.191 -0.24 -0.42 –
 -0.07

0.005 -0.16 -0.34 –
 0.02

0.088

Day [7] 0.93 0.56 –
 1.54

0.775 1.17 0.68 –
 2.00

0.569 -0.41 -0.58 –
 -0.23

<0.001 -0.13 -0.31 –
 0.06

0.187

Age 1.16 0.90 –
 1.48

0.247 1.28 0.99 –
 1.66

0.061 -0.05 -0.13 –
 0.03

0.246 -0.01 -0.06 –
 0.04

0.610

Group
[CNH] *
Condition
[OP]

0.79 0.39 –
 1.60

0.508 0.83 0.37 –
 1.89

0.665 0.07 -0.16 –
 0.31

0.537 -0.16 -0.41 –
 0.09

0.217

Group
[CNH] *
Day [2]

1.11 0.55 –
 2.25

0.769 0.79 0.35 –
 1.80

0.571 0.03 -0.21 –
 0.26

0.831 0.10 -0.15 –
 0.36

0.428

Group
[CNH] *
Day [7]

1.30 0.64 –
 2.62

0.468 0.66 0.30 –
 1.44

0.296 0.20 -0.03 –
 0.44

0.094 0.02 -0.23 –
 0.28

0.851

Condition
[OP] * Day
[2]

1.67 0.82 –
 3.43

0.160 0.50 0.23 –
 1.10

0.085 -0.13 -0.37 –
 0.11

0.286 0.04 -0.21 –
 0.30

0.743

Condition
[OP] * Day
[7]

1.50 0.74 –
 3.07

0.263 0.60 0.28 –
 1.29

0.191 -0.07 -0.31 –
 0.17

0.572 -0.17 -0.43 –
 0.09

0.201

(Group
[CNH] *
Condition
[OP]) * Day
[2]

0.37 0.14 –
 1.01

0.051 1.63 0.50 –
 5.31

0.417 0.08 -0.25 –
 0.41

0.647 -0.02 -0.37 –
 0.34

0.931

(Group
[CNH] *
Condition
[OP]) * Day
[7]

0.41 0.15 –
 1.12

0.082 2.17 0.69 –
 6.83

0.184 -0.17 -0.50 –
 0.16

0.304 0.15 -0.20 –
 0.51

0.394

Random Effects
σ2 3.29 3.29 0.49 0.58

τ00 1.51 Participant 1.58 Participant 0.15 Participant 0.05 Participant

0.54 Item 0.16 Item 0.06 Item 0.02 Item

ICC 0.38 0.35 0.30 0.10
N 16 Item 16 Item 16 Item 16 Item

46 Participant 46 Participant 46 Participant 46 Participant

Observations 2176 2144 1683 1691
Marginal R2

/ Conditional
R2

0.114 / 0.454 0.054 / 0.381 0.072 / 0.353 0.050 / 0.149
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APPENDIX E: Model estimated marginal means for outcome measures of picture naming 703 
and picture-word-matching tests. 704 

 Children with hearing loss Controls 
 OA OP OA OP 
 M SE M SE M SE M SE 

Naming post-test (Accuracy)         
Day 1 1.9 0.3 4.8 0.3 3.2 0.3 5.8 0.3 
Day 2 1.8 0.3 5.6 0.3 3.3 0.3 5.03 0.3 
Day 7 1.8 0.3 5.5 0.3 3.6 0.3 5.3 0.3 
PWM post-test         
Accuracy         
Day 1 6.1 0.3 6.7 0.3 7.0 0.3 7.2 0.3 
Day 2 6.6 0.3 6.6 0.3 7.1 0.3 7.2 0.3 
Day 7 6.3 0.3 6.3 0.3 6.8 0.3 7.2 0.3 
Response time (ms)         
Day 1 2976 0.1 2502 0.1 2130 0.1 2012 0.1 
Day 2 2332 0.1 1783 0.1 1693 0.1 1539 0.1 
Day 7 1979 0.1 1609 0.1 1740 0.1 1267 0.1 
Latency of first fixation to target 
(ms) 

        

Day 1 790 0.088 779 0.08 588 0.08 496 0.08 
Day 2 673 0.087 693 0.08 556 0.08 481 0.08 
Day 7 697 0.088 580 0.8 532 0.08 442 0.08 

Note. OA: Orthography absent; OP: Orthography present 705 


