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Children with cochlear implants

• How do children with CIs perceive speech?

• Children with CIs lag behind their peers with normal hearing (NH) in almost 
all measures of speech, language, and literacy. (Nittrouer & Caldwell-Tarr, 2016)
• How does listening to a degraded signal affect how children with CIs can process 

language in real time?
• How does learning language from a degraded signal affect acquisition of language 

knowledge?
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Language processing involves…

The     brother         draws         the   small            picture 

Sound-to-word mapping

Top-down associations

among other things…

picture
pickle
picky
picnic

picture

} temporary competitors

the small picture

The brother draws…

the small pickle
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Lexical processing

• Processing becomes more efficient across development
•  Gains in amount and speed of looking to target word 

throughout infancy and toddlerhood (Fernald et al., 1998; 
Swingley et al., 1999)

• Continued growth in ability to activate target word and 
suppress competitors efficiently (Sekerina & Brooks, 2007)

• Toddlers with CIs are less accurate and slower at recognizing 
spoken words (Grieco-Calub et al., 2009)

• Even when recognition is accurate, adolescents with CIs show 
less efficient suppression of phonological competition (McMurray 
et al., 2017)

Does this have 
implications for 

sentence processing?
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Sentence-level processing

•One example: using lexical-semantic 
cues to predict upcoming words

•Adults predict upcoming words based on 
semantic information from the  verb 
(Altmann & Kamide, 1999)

•Children as young as 2-years-old do this 
as well (Mani & Huettig, 2012)

• Related to vocabulary size

“The boy eats the big…”

“The boy gets the big…”
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Interplay of top-down 
and bottom-up processes
• Spoken word recognition can be facilitated by 

prior semantic context.

•When adults hear a verb that establishes 
thematic constraints, they no longer consider 
cohort competitors of the target word. (Dahan & 
Tanenhaus, 2004)

•Adolescents with NH also demonstrate 
decreased cohort competition when the verb 
is semantically constraining. (Brock et al., 2004)

Dahan & Tanenhaus (2004)

Neutral verb

Informative verb

Do children with CIs utilize sentence-level prediction to 
facilitate spoken word recognition?
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Sentence processing by children with CIs

• Lack of observed benefit from sentence context in sentence 
repetition experiments has led to conclusions that some children with 
CIs treat sentences as “strings of unrelated words” (Eisenberg et al., 2002; 
Conway et al., 2014)

•More recent research suggests this may not be the case…
• When sentences contain lexical-semantic cues…

• Adults with CIs demonstrate reduced listening effort (measured by 
pupillometry) (Winn, 2016)

• Adults with CIs demonstrate performance similar to listeners with NH in a 
word processing task (Patro & Mendel, 2018)

• Children with CIs comprehend sentences faster (Holt, Demuth, & Yuen, 2016)
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Questions

•Do children with CIs use lexical-semantic information to…
…more quickly access upcoming words?
…suppress cohort competition for upcoming words?

•How does their performance compare to peers with NH?

• Is efficiency of semantic prediction related to vocabulary knowledge?
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Methods
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Participants 

• Children with CIs (n = 24)
• 5 to 10-year-olds
• All were implanted prior to 4 years and had at least 3 years of CI use.
• Device configurations: 21 bilateral, 2 bimodal, 1 unilateral

• Children with NH 
• Age comparison: 

• 24 matched by age to children with CIs
• Vocabulary comparison: 

• 24 matched by receptive vocabulary to children with CIs

            
9



Tasks

•Hearing screening
• NH = Abbreviated screening of pure-tone thresholds (1000, 2000, 4000 Hz; 25 dB)

• CI = Ling Six Sound Test (Ling, 1976)

• Standardized assessments
• Peabody Picture Vocabulary Test – 4th Edition (Dunn & Dunn, 2007)

• Matrices subtest from Kaufman Brief Intelligence Test – 2nd Edition (Kaufman & 
Kaufman, 2004)

•Eye-tracking task
• Measure of semantic prediction

10



CI
Age-matched

NH
Vocab-matched

NH

# Females 13 12 12

Age (months) 98(26) 98(18) 84(26)*

PPVT Raw Score 120(37) 149(39)* 121(33)

PPVT Stand. Score 96(20) 122(14)* 107(11)*

KBIT Stand. Score 100 (17) 114 (16)* 103 (19)

Receptive 
vocabulary

Nonverbal 
reasoning
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Experiment Design

The brother draws the small picture

The brother gets the small picture

target

Informative

Neutral

18 sentence pairs

The brother gets the small pickle

Filler

cohort
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Recorded responses on touchscreen



Windows of analysis
time-locked

Prediction window
Verb onset to target offset

Competition window
Target onset to target offset
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Models of eye gaze

• Logistic mixed effects models of eye gaze
• Random effects for participant, item, and trial

• Four total models
• Target looks in prediction time window

• Age-matched comparison

• Vocabulary-matched comparison

• Cohort looks in competition time window
• Age-matched comparison

• Vocabulary-matched comparison
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Hypotheses

•Do children with CIs use lexical-semantic 
information to facilitate spoken word 
recognition by…
…more quickly accessing upcoming 
words?        
…suppressing cohort competition for 
upcoming words?

Neutral Informative

Target looks 

Prediction 
time window

Cohort looks

Competition 
time window

Facilitation
No facilitation
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Hypotheses

•How does their performance compare to 
peers with NH?

Two possibilities:
• Semantic prediction is slower and less 

efficient, similar to what has been observed 
at the lexical level.

• Semantic prediction is similar or more 
prominent, due to children with CIs learning 
to use top-down processes to compensate 
for uncertainty in the bottom-up acoustic 
information.

Neutral Inform. Neutral Inform.

Target 
looks 

Cohort 
looks
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Results
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Response accuracy

•All participants were reliably accurate in their responses (>90%)

•Response accuracy did not differ across groups or conditions

•Only correct trials were included in the eye gaze analysis…
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Target looks
Age-matched comparison

• Both groups looked more to 
target in informative 
condition.

• Children with NH looked 
more to the target in both 
conditions.

Vocabulary-matched 
comparison

• Both groups looked more to 
target in informative 
condition.

• Children with NH looked 
more to the target in 
general.
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Cohort fixations

Vocabulary-matched 
comparison

• Both groups looked less to 
cohort in informative 
condition.

Age-matched comparison

• Both groups looked less to 
cohort in informative 
condition.
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Discussion
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Children with CIs use semantic prediction
•Children with CIs use semantic prediction to a similar extent as 

children with NH.

•However, use of this helpful context does not fully compensate for 
inefficiencies in spoken word recognition.

•Even when matched to children with NH for vocabulary knowledge, 
children with CIs were slower to process spoken words.

•Why? 
• Perceiving a degraded signal hinders spoken word recognition
• Group differences in other domains of language (e.g., vocabulary depth)

• Besides delayed vocabulary, what are other effects of learning language via a degraded 
signal?
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Children with CIs use semantic prediction

•Contrary to previous claims, children with CIs demonstrated the 
ability to use lexical-semantic cues to predict upcoming words.
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“Please take a… seat/sheet.”
“Please sit in a… seat/sheet.”



Clinical Implications

• Is semantic prediction something that can be taught or trained?

• Semantic prediction may be an effective target of experienced-based 
intervention for children with CIs
• Some predictive processes have been shown to be amenable to experience in 

listeners with NH (Qi et al., 2011; Ryskin et al., 2017)

• BUT slower processing may be an adaptive strategy to reduce costs of revision
• Perhaps there is a “happy medium” where clinical training helps children to 

predict more without pushing them to revise more often
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Future directions

• Further studies can investigate whether children with CIs use other 
sentence-level cues to facilitate spoken word recognition.
• Prosodic? Syntactic?
• Which cues are more reliable?

•How are individual differences in sentence processing related to 
individual differences in hearing history, speech perception, and other 
language abilities?
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Time course of data
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Model of target looks

Random Effects

CI = 0
NH = 1

Neutral = 0
Informative = 1

Target Fixations ~ 1 + Lag + Condition * Group * PPVT GSV 

+ (1 + Condition + Lag | Participant) 

+ (1 + Condition + Lag | Item Set) 

+ (1 | Trial)

At each timepoint…
Target fixation  = 1
No target fixation = 0 

At previous timepoint…
Target fixation = 1
No target fixation = 0 
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Model of cohort looks

Random Effects

CI = 0
NH = 1

Neutral = 0
Informative = 1

Cohort Fixations ~ 1 + Lag + Condition * Group * PPVT GSV 

+ (1 + Condition + Lag | Participant) 

+ (1 + Condition + Lag | Item Set) 

+ (1 | Trial)

At each timepoint…
Cohort fixation  = 1
No cohort fixation = 0 

At previous timepoint…
Cohort fixation = 1
No cohort fixation = 0 
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Target fixations and vocabulary

• For the CI group, children 
with higher vocabulary 
scores showed more 
semantic prediction.

• This was not the case for 
either NH group.
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Cohort fixations and vocabulary

• For the CI group, children 
with higher vocabulary 
scores showed more 
suppression of competition.

• This was not the case for 
either NH group.
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Vocabulary and semantic prediction

• For the group of children with CIs, children with higher vocabulary 
scores showed more semantic prediction than those with lower 
vocabulary scores. 

•This relationship was not present for their peers with NH, even when 
matched for vocabulary.

• Language processing may rely on vocabulary knowledge to the extent 
that the task taxes the language system
• Better speech perception skills in children with high vocabulary scores could 

be driving this interaction
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Data cleaning

•Areas of interest boundaries extended by 30 pixels to account for 
noise in eye track

• Interpolated missing data due to blinks

•Removed trials with less than 50% of data in time window (6% of 
trials)

•Removed blocks with less than 50% of trials in each condition (0% of 
blocks)
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Limitations

• Small sample size
• Our sample size is small compared to other language processing studies
• Children with CIs vary widely in hearing history and speech-language 

outcomes
• Future language processing studies would benefit from larger samples sizes 

that allow for more analyses of individual differences in performance

•No independent measure of speech perception ability
• There is a lot of variability in speech perception abilities across children with 

CIs
• Individual differences in speech perception may explain individual differences 

in semantic prediction
• Spectro-Temporal Ripple for Investigating Processor EffectivenesS (STRIPES; 

Archer-Boyd et al., 2018)
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