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Abstract

BACKGROUND: In adults, vestibular loss is associated with cognitive deficits; however, similar 

relationships have not been studied in children.

OBJECTIVE: Evaluate the effect of vestibular loss on working memory and executive function in 

children with a cochlear implant (CCI) compared to children with normal hearing (CNH).

METHODS: Vestibular evoked myogenic potential, video head impulse, rotary chair, and 

balance testing; and the following clinical measures: vision, hearing, speech perception, language, 

executive function, and working memory.

RESULTS: Thirty-eight CNH and 37 CCI participated (26 with normal vestibular function, 

5 with unilateral vestibular loss, 6 with bilateral vestibular loss). Children with vestibular loss 

demonstrated the poorest balance performance. There was no significant reduction in working 

memory or executive function performance for either CCI group with vestibular loss; however, 

multivariate regression analysis suggested balance performance was a significant predictor for 

several working memory subtests and video head impulse gain was a significant predictor for one 

executive function outcome.

CONCLUSIONS: CCI with vestibular loss did not have significantly reduced working memory 

or executive function; however, balance performance was a significant predictor for several 

working memory subtests. Degree of hearing loss should be considered, and larger sample sizes 

are needed.
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INTRODUCTION:

In children, vestibular loss is associated with both sensorineural hearing loss (O’Reilly et al., 

2010; Li et al., 2016) and gross motor delay (Inoue et al., 2013; Janky et al., 2018a; Rine 

et al., 2000; Rine et al., 2004; Janky & Givens, 2015; Kimura et al., 2017). Vestibular loss 

is estimated to occur in 50% of children with severe-to-profound sensorineural hearing loss 

(Cushing et al., 2013; Janky & Givens, 2015; Janky et al., 2018a). Of those, approximately 

25% are estimated to have bilateral vestibular loss (Cushing et al., 2013). Children with 

vestibular loss have delays in meeting their gross motor milestones, and if not treated with 

physical therapy, these delays can be progressive in nature (Rine et al., 2000).

In addition to gross motor delay, several investigations have noted a relationship between 

vestibular loss and reading/academic outcomes in children with hearing loss and those 

without hearing loss. Children with vestibular loss have difficulty seeing clearly while their 

head is in motion, as demonstrated by reduced dynamic visual acuity (Braswell & Rine, 

2006; Martin et al., 2012; Rine et al., 2003; Rine et al., 2013; Janky & Givens, 2015), which 

has been linked to poor reading acuity (Braswell & Rine, 2006). Additionally, vestibular loss 

has been associated with other academic deficits related to learning and reading. Regardless 

of hearing status, vestibular abnormalities have been noted in 40% of children with reading 

difficulties compared to 10% of normal control children (Snashall, 1983). A higher rate 

of vestibular involvement and postural sway has also been documented in children with 

learning difficulties as well as children underperforming in school (Franco et al., 2007; 

Franco et al., 2008; Tomaz et al., 2014).

In adults, vestibular loss has been associated with cognitive deficits. Specifically, vestibular 

loss in adults is associated with decreased spatial navigation (Xie et al., 2017), spatial 

memory (Kremmyda et al., 2016), visuospatial ability (Guidetti et al., 2020; Smith et al., 

2019; Popp et al., 2017; Ayar et al., 2020), attention (Bigelow et al., 2015; Dobbels et al., 

2019), executive function (Popp et al., 2017), and processing speed (Popp et al., 2017), 

among others. While children with vestibular loss exhibit many of the same consequences 

as adults with vestibular loss (i.e., delays in gross motor development, increased fall risk, 

reduced dynamic visual acuity; Braswell & Rine, 2006; Inoue et al., 2013; Janky et al., 

2018a; Janky & Givens, 2015; Kimura et al., 2017; Martin et al., 2012; Rine et al., 2000; 

Rine et al., 2003; Rine et al., 2004; Rine et al., 2013), the relationship between cognition 

and vestibular loss in children has not been widely studied. Lacroix et al. (2020) noted 

reduced performance on measures of visuospatial working memory, mental rotation and 

space orientation, but not visual attention; however, their children represented a small 

heterogeneous cohort (n = 13), half with hearing loss necessitating either a hearing aid 

or a cochlear implant and the remaining children with normal hearing.

While working memory and executive function deficits have been reported in children with 

cochlear implants (Beer et al., Nittrouer et al., 2013; Nittrouer et al., 2017), the contribution 

of vestibular function to the cognitive abilities of this group of children has not yet been 

described. Vestibular loss that affects a child’s working memory and executive function 

abilities could lead to poor academic performance. Therefore, the purpose of this study was 

to quantify the degree of vestibular loss in school-age children with a cochlear implant 
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(CCI) and evaluate the effect of vestibular loss on working memory and executive function 

compared to children with normal hearing (CNH). We hypothesized that like adults with 

vestibular loss, vestibular loss in CCI would result in visuospatial working memory and 

executive function deficits not explained by hearing loss alone.

METHODS:

Participants:

To qualify for the current study, children were required to have nonverbal intelligence scores 

within the range of 1.5 SD below the mean or better to ensure non-verbal intelligence was 

not a factor driving group differences in the cognitive outcomes measured, namely working 

memory and executive function. Nonverbal intelligence was assessed with the Wechsler 

Abbreviated Scale of Intelligence-II (WASI-II; Wechsler & Zhou, 2011) using the block 

design and matrix reasoning subtests, both of which tap an individual’s fluid intelligence. 

In the block design subtest, two-color blocks are used to recreate a two-dimensional pattern 

within a specified amount of time. In the matrix reasoning subtest, participants select the 

picture item that completes a matrix. Scores from the block design and matrix reasoning 

subtests comprise the Perceptual Reasoning Index (PRI) composite score, which had to be ≥ 

77 for inclusion. Three CCI were excluded due to low PRI composite scores.

In total, 38 CNH (mean age: 12.2 years, range 7 – 18) and 37 CCI (mean age: 13.4, range 

7 – 20) participated in the study. By case history, all CNH denied hearing loss or history 

of dizziness, imbalance or other neurologic complaints. Of the CCI, 25 were bilaterally 

implanted and 12 were unilaterally implanted. Of the 12 children implanted unilaterally, 6 

used a hearing aid and 6 used no form of amplification on the contralateral side. Average 

age of implantation was 38 months (range 10 – 156 months). Two children had delayed 

implantation (156 months) due to progressive hearing loss. Hearing loss etiology in the CCI 

was unknown in 20, malformation (i.e., enlarged vestibular aqueduct, Pendred Syndrome, 

Mondini) in 4, Connexin/GJB2 in 5, auditory neuropathy in 2, Waardenburg Syndrome in 

2, meningitis in 2, cytomegalovirus (CMV) in 1, and Usher Syndrome in 1. Participants 

were recruited from the Human Research Subjects Core database at Boys Town National 

Research Hospital (BTNRH). Children with significant intellectual disabilities, visual or 

motor delays were excluded from this study. All children were from homes where English 

was the primary language due to lack of availability of parallel standardized tests in 

languages other than English at the time of data collection.

Vestibular Function Testing:

Vestibular Evoked Myogenic Potential (VEMP): Cervical and ocular VEMP (c- and 

oVEMP) were completed using an ICS Otometrics Chartr EP 200 system (Natus, Taastrup, 

DK). A 500 Hz Blackman-gated toneburst was presented monaurally via ER-3A insert 

earphones in rarefaction at 126 dB SPL (95 dB nHL) at a repetition rate of 5.1 per second 

(4 ms duration; 2 cycle rise/fall, 0 ms plateau). Electromyography (EMG) signals were 

amplified (5000 μv) and band-passed filtered 10–1000 Hz for cVEMP and 1–1000 Hz for 

oVEMP. One hundred sweeps were averaged for each cVEMP test and 200 sweeps were 

averaged for each oVEMP test. Each condition was replicated to ensure reproducibility.
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For cVEMP testing, non-inverting electrodes were placed on each sternocleidomastoid 

(SCM) muscle with additional electrodes placed directly underneath the non-inverting 

electrode to measure EMG activity of the SCM, an inverting electrode was placed on the 

manubrium of the sternum, and a ground electrode was placed on the forehead. Electrode 

impedances were acceptable if they were under 5k ohms. Participants lay semi-recumbent, 

elevated 30 degrees. They were instructed to lift their head and turn away from the ear 

receiving acoustic stimulation. SCM EMG activity between 50–300 μV was necessary for 

each sweep. Participants were given a hand-held EMG monitor, which provided feedback 

of SCM contraction. cVEMP outcome variables were the p13 and n23 latencies (msec), 

p13/n23 raw amplitude (μV), and the corrected p13/n23 amplitude (raw p13/n23 amplitude 

divided by the average EMG).

For oVEMP testing, non-inverting electrodes were placed 3 mm below the margin of the 

lower eyelid, centered under the pupil, the inverting electrode was placed 2cm below the 

non-inverting electrode, and the ground electrode was placed on the forehead. Participants 

were instructed to look up 30° during acoustic stimulation. Responses were recorded from 

the eye contralateral to the stimulated ear. oVEMP outcome variables were the n10 and p16 

latencies (msec), and the n10/p16 amplitude (μV).

Video Head Impulse Test (vHIT): vHIT was measured with a computerized video head 

impulse system (Otometrics ICS Impulse, Schaumberg, IL). Participants were seated one 

meter from a visual target at eye level and were instructed to keep their eyes on the target as 

the clinician performed head impulses in the plane of each semicircular canal (right and left, 

horizontal, anterior and posterior). For each head impulse, the head was displaced 10 to 20° 

at a peak head velocity between 100 – 300°/s and peak head acceleration between 1000°/s2 

and 2500°/s2. During head impulses, the infrared camera measured eye velocity while the 

gyroscope measured head velocity. The outcome parameter was gain, which was calculated 

by dividing eye velocity from head velocity.

Rotary Chair: Rotary chair testing was completed in a motorized rotational chair 

(Micromedical Technologies, Chatham, IL). Sinusoidal harmonic acceleration (SHA) was 

completed at the following frequencies and velocities: 0.02 Hz (70°/sec), 0.08 Hz (50°/sec), 

0.16 Hz (40°/sec), and 0.32 Hz (30°/sec). Nystagmus in response to rotation was measured 

with either an infrared video or electrodes. For each frequency of rotation, the outcome 

parameters were gain (eye velocity/chair velocity), phase, and symmetry.

Bruininks-Oseretsky Test of Motor Proficiency (BOT-2): The BOT-2 is a 

standardized test of motor proficiency. Only the Balance subtest was completed. This subtest 

consists of 9 tasks which include: 1) standing with feet apart on a line, 2) walking on a 

line, 3) standing on one leg, 4) standing with feet apart on a line, eyes closed, 5) walking 

heel-to-toe, 6) standing on one leg, eyes closed, 7) standing on one leg, on a balance 

beam, 8) standing heel-to-toe on a balance beam, and 9) standing on one leg on a balance 

beam, eyes closed. If the maximum score is not achieved on the first trial, a second trial 

is attempted. Each task has a maximum score of 4, except for the 9th task, which has a 

maximum score of 5, for a total score possible of 37. A scaled score, based on age, was 

determined (range 1 – 35, mean 15, standard deviation 5; Bruininks & Bruininks, 2005).
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Dynamic Visual Acuity: Subjects were seated at eye level 12.5 feet from the computer 

monitor where visual targets were presented. Subjects who wore glasses or contact lenses 

were encouraged to wear them for testing. Visual targets were the letters C, D, H, K, O, N, 

S, R, V, A and Z, presented in random order. Letter were reviewed with the children prior 

to testing to ensure familiarity. Subjects wore a head mounted rate sensor positioned in the 

plane of the horizontal canal (O-Navi, Vista, CA, USA). Software was modified from the 

NIH Toolbox DVA test (Rine et al., 2012; Rine et al., 2013). Head velocity was detected 

by the rate sensor and visual targets were presented when head velocities were between 

120–180 degrees/second. DVA was measured 4 times: in response to right- and leftward 

head movements both actively (with the subject shaking their own head) and passively (with 

the examiner moving the subject’s head).

Clinical measures:

A battery of clinical measures was administered to all participants assessing the following 

areas: working memory, executive function, hearing and speech perception, language, and 

vision. Working memory and executive function performance were the primary outcomes. 

Hearing, speech perception, language, and vision testing were completed to ensure that these 

factors were not driving group differences in the working memory and executive function 

outcomes, particularly in the group of children with vestibular loss. All clinical assessments 

were administered by an audiologist or a speech-language pathologist experienced in 

working with children with hearing loss. Administration of all assessments occurred in 

a quiet room and required 3–4 hours of testing over the course of 1–2 visits. CCI wore 

their cochlear implant (CI) during the testing sessions. Examiners followed standardized 

testing guidelines unless specified otherwise. Videotaped assessments were periodically 

reviewed to ensure proper adherence to protocols and assessments were double-scored and 

double-entered into a repository database to ensure accuracy.

Most participants used spoken English at home and in school; administration of their 

measures was in spoken language. Five participants used a combination of Signing Exact 

English (SEE-II) and spoken language in their educational settings and required varying 

levels of sign support for clinical measures in the individualized testing environment. Of 

these participants, two utilized an interpreter for most of the measures, which involved 

simultaneous presentation of items in sign (SEE-II) and spoken language. Two participants 

were provided sign support via an interpreter for test directions only; administration 

proceeded in spoken language. The remaining participant used the interpreter as needed, but 

not for all measures. The interpreter was fluent in SEE-II and served for several years as an 

educational interpreter in the schools. The research team developed guidelines for aligning 

Peabody Picture Vocabulary Test – 4 (PPVT-4) items with established SEE-II signs; items 

with no corresponding sign or items that were highly iconic were presented in fingerspelling. 

Finger-spelled items were also presented in print to ensure that measurement of vocabulary 

was not confounded by processing of fingerspelling. All remaining measures that involved 

sign support were presented in SEE-II to maintain English grammatical integrity. For all 

participants, speech perception testing was administered without sign support.
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Background variables were gathered for each child with an intake interview. Parents 

or guardians were interviewed about demographic and family characteristics, childcare 

information, current services and health history, and hearing history. Medical records of the 

CCI were reviewed to obtain dates of implantation, etiologies of hearing loss and device 

types.

Working Memory: The Automated Working Memory Assessment (AWMA; Alloway, 

2007) was given to assess working memory in the domains of verbal short-term memory, 

verbal working memory, visuo-spatial short-term memory, and visuo-spatial working 

memory. Six subtests of the AWMA were given to participants: digit recall, counting recall, 

dot matrix, block recall, odd-one-out, and spatial recall. The digit recall subtest measures 

verbal short term memory. In digit recall, the child is required to recall a sequence of 

digits in the correct order. The number of digits in each series increases after the child 

attains four correct answers in a set of six sequences. The counting recall subtest measures 

verbal working memory and requires the child to count the number of red circles in an 

array of blue and red circles and triangles and then recall the correct number of red circles 

in an increasing sequence. The dot matrix and block recall subtests measure visuo-spatial 

short-term memory. In the dot matrix subtest, the child is required to watch the position of a 

red dot on a four by four grid and respond by indicating the dot’s position on a blank grid. 

The number of dots in each sequence increases when the child attains four correct answers 

in a set of six sequences. The block recall subtest requires the child to view a series of nine 

blocks being tapped and recall the sequence in the correct order by tapping on the image of 

the blocks. The number of blocks tapped in each sequence increase after the child attains 

four correct answers in a set of six sequences. The odd one out and spatial recall subtests 

measures visuo-spatial working memory. In the odd one out subtest the child is required to 

first indicate the “odd one out” or different shape from a set of three shapes and then to 

correctly recall the position of the different shape on an empty grid. The spatial recall subtest 

requires the child to determine if two shapes are the “same” or “opposite” of each other. The 

shape on the right has a red dot above it and may be rotated in reference to the shape on the 

left. The child then needs to recall the position of the red dot on an empty grid with three 

possible positions marked. Again, the number of grids or shapes in each sequence increases 

after the child obtains four correct answers in a set of six sequences. Results of each subtest 

are reported as raw scores.

Executive Function: The Behavior Rating Inventory of Executive Function (BRIEF; 

Gioia, et. al., 2000) was given to assess parent report of executive functioning. The 

BRIEF is a parent-report questionnaire which measures the following domains of executive 

functioning; inhibit, shift, emotional control, initiate, working memory, plan/organize, 

organization of materials, and monitor. Broad indices of behavioral regulation and 

metacognition can be calculated along with the overall global executive composite score.

The Flanker Inhibitory Control and Attention (Flanker) and Dimensional Change Card 

Sort (DCCS) subtests of the NIH Toolbox (Gershon, et. al., 2013) were used to measure 

executive function. For each subtest, the age-corrected standard score is reported (mean = 

100, SD = 15), which incorporates the child’s accuracy and reaction time. Attention and 
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inhibitory control are measured by the Flanker subtest by requiring the child to focus on a 

stimulus while inhibiting attention to surrounding stimuli, both congruent and incongruent. 

Cognitive flexibility is measured by the DCCS subtest, which requires the child to match a 

series of bivalent pictures (e.g. yellow balls and blue trucks) to target pictures according to 

the dimensions of color and shape. Initially, trials are presented according to one dimension 

at a time, and then progress to alternating between dimensions to assess flexibility.

Hearing and Speech Perception: Ear-specific audiometric thresholds for all CNH were 

obtained using conventional audiometry by an audiologist in a sound-treated, double-walled 

booth using insert or supra-aural headphones. CNH had air-conducted thresholds 15 dB HL 

or better at all octave frequencies 250–8000 Hz, bilaterally.

Speech perception was assessed using adult AZBio sentences (Spahr et al., 2012), or when 

the adult lists were too difficult for an older child or a child was under the age of 13 

years, pediatric AZBio sentence lists were used (Spahr et al., 2014). The sentence lists were 

presented in the soundfield in quiet at 65 dB SPL. When requested, presentation level was 

increased to most comfortable loudness (MCL) for CCI. The number of words repeated 

correctly for each sentence was used to calculate a percent correct score for each participant.

Vocabulary: Receptive vocabulary was assessed using the PPVT-4 (Dunn & Dunn, 2007), 

which requires the child to select the correct picture from a set of four choices when given a 

target word. Results are reported as standard scores calculated based on the child’s age.

Language sample: Elementary age children (6–9 years) were also given a conversational 

language sample based on Pam Hadley’s interview protocol (1998) adapted from Dollaghan, 

Campbell, and Tomblin (1990), Evans and Craig (1992), and McCabe and Rollins (1994). 

The conversational interview included questions about the child’s family, favorite activities, 

and favorite books and movies. Participants aged 10–18 years were given an expository 

language sample which included a fable retell task. This language sample task was based on 

the interview protocol from the work of Nippold and colleagues (2008, 2014 & 2015) and 

included a conversational interview, expository interview about a favorite game or sport and 

fable retelling task followed by a series of critical thinking questions. The fable “The Fox 

and the Crow” was used for the retell portion of the language sample. Language samples 

were transcribed and coded for analysis in the Computerized Language Analysis (CLAN) 

program (MacWhinney, 2000). Mean length of utterance (MLU) was calculated for each 

participant. Reliability of language sample transcription was calculated on 10% of samples 

and word-by-word match of two transcribers was 93.93%.

Vision: Each participant completed a visual acuity screening in a well-lit room using a 

Sloan letters chart (Ferris et al, 1982). Participants with prescription glasses or contacts 

were required to wear them during the screening. The non-test eye was occluded, and the 

participant identified the letters of each line down to the smallest line where 4 out of 5 

letters could be correctly identified. A screening threshold of 20/32 or better in each eye was 

required to pass the screening.
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Statistics:

To determine if there were significant differences between groups, a one-way ANOVA was 

computed for WASI-II, BOT-2 (raw and scaled scores), PPVT-4, Flanker, DCCS and BRIEF 

scores. When needed, post hoc testing was completed using Tukey’s honest significant 

difference (HSD). A between groups factorial ANOVA using raw score as the outcome 

variable and age as a covariate was computed for MLU and all AWMA subtests. When 

needed, post hoc testing was completed using Bonferroni correction. Multivariate regression 

analyses were completed for all working memory subtests to determine if average vHIT 

gain, age or PPVT-4 score predicted working memory performance. A secondary analysis 

was completed to determine if balance performance (BOT-2, scaled score) rather than vHIT 

gain better predicted working memory performance.

RESULTS:

Degree of vestibular loss:

All subjects completed vHIT, and rotary chair testing. All subjects except 1 with bilateral 

atresia completed VEMP testing. VEMP response rates and amplitudes are shown in Table 

1 for CNH and CCI separated by implant ear (CCI-ipsi, n = 60) and non-implant ear (CCI-

contra, n = 12). CNH demonstrated a significantly higher percentage of present cVEMP (X2 

= 33.025, p < 0.001) and oVEMP (X2 = 25.482, p < 0.001) responses compared to CCI-ipsi 

and CCI-contra. There was not a significant difference in cVEMP response rates between 

CCI-ipsi and CCI-contra; however, CCI-ipsi demonstrated a significantly greater proportion 

of absent oVEMP responses compared to CCI-contra (p < 0.001). CNH and CCI-contra ears 

had significantly higher cVEMP amplitudes compared to CCI-ipsi (F = 34.479, p < 0.001); 

while the model was significant for oVEMP amplitude (F = 3.486, p = 0.033), post hoc 

group differences were not significant. Recent work in our lab showed that air-conducted 

VEMP testing may inaccurately depict the degree of vestibular loss in CCI (Merchant et 

al., 2020) due to the presence of air-bone gaps following cochlear implantation (Chole et al. 

2014; Banakis Hartl et al. 2016; Mattingly et al. 2016). Response rates may be inaccurately 

absent in 26% of cVEMP and 37% of oVEMP responses (Merchant et al., 2020); therefore, 

degree of vestibular loss was defined by horizontal vHIT results and confirmed by rotary 

chair.

Head impulses were considered abnormal if gain was < 2 SDs below the normal control 

group mean (horizontal canal mean: 0.96, SD = 0.065, 2 SD = 0.82) and if compensatory 

saccades were present in greater than 80% of head impulses and exceeded 50° in amplitude 

(Janky et al., 2018b). This classification scheme resulted in the following subject groups: 

CNH (n = 38, mean age: 12.2 years, range 7 – 18), CCI with normal vestibular function 

(CCI-NV; n = 26, mean age: 13.5 years, range 7 – 19), and CCI with vestibular loss 

(CCI-VL; n = 11, mean age: 13, range 7 – 20). Of the CCI-VL, 5 had unilateral vestibular 

loss (CCI-UVL; mean age: 13.1, range 7 – 20) and 6 had bilateral vestibular loss (CCI-BVL; 

mean age: 13, range 7 – 19). Mean age at implantation was 39.9 months for CCI-NV, 28.6 

months for CCI-UVL and 19.5 months for CCI-BVL.
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All analyses include children with a WASI-II PRI composite score ≥ 77. There were no 

significant group differences in the WASI-II PRI composite score (F (3, 71) = .919, p = 

.436, ES = .19; Table 2). The 5 children who used sign support were spread across the CCI 

groups; 4 had normal vestibular function and 1 had unilateral vestibular loss.

For the BOT-2, there was a significant difference in balance ability between groups using 

both the raw score (F (3, 67) = 22.4, p < .001, ES = .71) and scaled score (F (3, 67) 

= 11.37, p < .001, ES = .58). Post hoc testing for the raw score using Tukey’s HSD 

demonstrated no significant difference in mean performance between CNH and CCI-NV 

(p = .157), CCI-UVL performed significantly worse than CNH (p < 0.001), and CCI-BVL 

performed significantly worse than both CNH (p < .001) and CCI-NV (p < .001); there was 

no difference in BOT-2 performance between the groups of CCI with vestibular loss (p = 

.257, Table 2). Post hoc testing for the scaled score using Tukey’s HSD demonstrated a 

step-wise reduction in performance; CNH performed significantly better than both groups 

with vestibular loss (UVL, p = .01, BVL, p = < .001), CCI-NV performed better than 

CCI-BVL (p = .009), and there was no difference between the groups of CCI with vestibular 

loss (p = .916, Table 2).

There was a significant difference in DVA between groups both actively (F (3, 64) = 5.013, p 

= .003, ES = .44) and passively (F (3, 63) = 9.556, p < .001, ES = .56); see Table 2. Post hoc 

testing using Tukey’s HSD demonstrated that for both active and passive DVA, CCI-BVL 

had significantly worse DVA scores compared to CNH and CCI-NV (p = .005 - < .001). 

There was no difference between the groups of CCI with vestibular loss (active: p = .381, 

passive: p = .221).

Speech perception (AZBio) and language (PPVT-4 & a language sample) evaluations were 

completed. As expected, there were significant group differences in AZBio performance (F 

(3, 71) = 6.75, p < .001, ES = .47) and PPVT-4 (F (3, 71) = 11.52, p < .001, ES = .57). For 

both outcomes CNH outperformed all CCI except for CCI-BVL; there were no significant 

differences between CCI-NV, CCI-UVL and CCI-BVL (Table 2). For MLU on the language 

sample, while age was a significant covariate (F (1, 62) = 9.88, p = .003, ES = .57), there 

was no significant difference in performance between groups (F (3, 62) = 2.63, p = .058, ES 

= .34).

Automated Working Memory Assessment (AWMA):

For digit recall, a measure of verbal short-term memory, significant group differences in 

performance were noted (F (3, 65) = 7.27, p < .001, ES = .5, Figure 1A) with age as 

a significant covariate (F (1, 65) = 7.26, p = .009). Post hoc testing revealed that CNH 

performed better than both CCI-NV (p = .001) and CCI-UVL (p = .01). There were no 

significant differences between the CCI groups.

For counting recall, a measure of verbal working memory, there was no significant 

difference in performance between groups (F (3, 69) = 1.24, p = .304, ES = .23, Figure 1B); 

however, age was a significant covariate (F (1, 69) = 25.22, p < .001). Similar findings were 

noted for counting recall processing. There was no significant difference between groups (F 

Janky et al. Page 9

J Vestib Res. Author manuscript; available in PMC 2023 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(3, 69) = 1.12, p = .348, ES = .22); however, age was a significant covariate (F (1, 69) = 

17.4, p < .001).

For measures of visuo-spatial short-term memory, there were significant group differences in 

performance for dot matrix (F (3, 70) = 3.63, p = 0.017, ES = .37, Figure 1C), but not block 

recall (F (3, 67) = 1.55, p = .21, ES = .25, Figure 1D) with age as a significant covariate for 

both dot matrix (F (1, 70) = 59.92, p < .001) and block recall (F (1, 67) = 31.46, p < .001). 

For the dot matrix subtest, post hoc testing revealed that CNH performed better than both 

CCI-NV (p = .009) and CCI-UVL (p = .048). There were no significant differences between 

the CCI groups.

For measures of visuo-spatial working memory, there were no significant differences in 

performance between groups for odd-one-out (F (3, 70) = 2.28, p = .087, ES = .3, Figure 

1E), odd-one-out processing (F (3, 70) = 2.38, p = .077, ES = .3), spatial recall (F (3, 70) = 

.46, p = .715, ES = .14, Figure 1F), or spatial recall processing (F (3, 70) = .76, p = .522, 

ES = .18). Age was a significant covariate for odd-one-out (F (1, 70) = 40.74, p < .001), 

odd-one-out processing (F (1, 70) = 38.21, p < .001), spatial recall (F (1, 70) = 18.32, p < 

.001), and spatial recall processing (F (1, 70) = 17.23, p < .001).

In summary, there was no significant reduction in working memory performance for either 

group of CCI with vestibular loss on the AWMA tasks. While no differences were noted 

in the performance of CCI compared to CNH on any of the verbal or visuospatial working 

memory tasks, CCI-NV and CCI-UVL groups performed significantly poorer than CNH 

on the verbal short-term memory subtest and one of the visuospatial short-term memory 

subtests. Given the small sample size, multivariate regression analysis was completed 

to determine if average vHIT gain, age or PPVT-4 vocabulary score predicted AWMA 

performance. A secondary analysis was completed to determine if balance performance 

(BOT-2, Scaled Score) or passive DVA better predicted AWMA performance. Models with 

higher order interactions were not significant; therefore, only the main effects are reported 

in Table 3. As expected, age was a significant predictor for all AWMA subtests, while 

PPVT-4 was a significant predictor for all AWMA subtests except for Block Recall and 

Odd One Out. Average vHIT gain and passive DVA were not predictors of any working 

memory subtest (Table 3); however, interestingly BOT-2 performance (Scaled Score) was a 

significant predictor for several AWMA subtests (Table 3, Figure 2A–F).

Executive Function:

For the Flanker, a measure of attention and inhibitory control, significant group differences 

in performance (F (3, 68) = 4.93, p = 0.004, ES = .42, Table 2) were noted. Post hoc testing 

revealed that CCI-NV performed significantly more poorly than CNH (p = .003). There was 

no statistically significant difference in performance between CNH and either group of CCI 

with vestibular loss (UVL or BVL).

For the DCCS, a measure of cognitive flexibility, significant group differences in 

performance (F (3, 70) = 3.41, p = 0.022, ES = .36, Table 2) were noted. Like Flanker 

performance, post hoc testing revealed that CCI-NV performed significantly more poorly 
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than CNH (p = .022). There was no statistically significant difference in performance 

between CNH and either group of CCI with vestibular loss (UVL or BVL).

For the BRIEF, a parent report of executive functioning, there was no significant difference 

in performance between groups for the global composite score (F (3, 66) = 2.52, p = .065, 

ES = .32, Table 2).

In summary, there was no significant reduction in executive function performance for 

either group of CCI with vestibular loss compared to CNH or CCI-NV on the executive 

function tasks; however, CCI-NV performed significantly poorer than CNH on the Flanker 

and DCCS. Given the small sample size, multivariate regression analysis was completed 

to determine if average vHIT gain, age or PPVT-4 vocabulary score predicted executive 

function performance. A secondary analysis was completed to determine if balance 

performance (BOT-2, Scaled Score) or passive DVA better predicted executive function 

performance. Models with higher order interactions were not significant for the Flanker or 

BRIEF; therefore, only the main effects are reported in Table 3. For the Flanker, age and 

vHIT, but not PPVT-4, were significant predictors. In the secondary analysis with balance, 

only age was a significant predictor. In the analysis with passive DVA, both age and passive 

DVA were predictors. For the DCCS, the two-way interactions between PPVT-4 and age 

and PPVT-4 and vHIT gain were significant predictors, indicating the relationship between 

DCCS and PPVT-4 is dependent on both age and vHIT gain. In the secondary analysis, 

only the two-way interaction between PPVT-4 and age were significant predictors for both 

balance and passive DVA. For the BRIEF, none of the models were significant.

DISCUSSION

The purpose of the current study was to quantify degree of vestibular loss in CCI and 

evaluate the effect of vestibular loss on working memory and executive function compared 

to CNH. Overall, our results show there was no significant effect of vestibular loss on 

working memory or executive function performance. The findings of the current study 

indicate that hearing loss, and not vestibular loss, had a detrimental effect on the executive 

function abilities of the children tested. No group differences in the Flanker, DCCS or 

BRIEF results were noted between the groups of CCI. Our findings are consistent with 

Bigelow et al. (2015) who found that tests of executive function and verbal memory were 

not associated with vestibular loss. While this may seem to contradict the findings of Popp 

et al. (2017) who found that executive function was significantly affected in adults with 

vestibular loss; hearing loss was not a factor considered in the study. vHIT gain was found to 

be a significant predictor of the Flanker, but not all tests of executive function. This disparate 

finding could reflect the association between vestibular loss and subsequent deficits in 

attention (Bigelow et al., 2015; Dobbels et al., 2019).

For working memory performance, we found no group differences for any of the AWMA 

subtests with respect to CCI with vestibular loss. Further, neither average vHIT gain nor 

passive DVA were significant predictors of any working memory subtest; however, balance 

ability (i.e., BOT-2 Scaled Score) was a significant predictor for several working memory 

subtests. Differences in our outcomes regarding working memory compared to others 
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(Lacroix et al. 2020; Guidetti et al, 2020; Bigelow et al., 2015; Popp et al., 2017) could 

be related to several factors.

First, the vestibular system is comprised of 5 different rate sensors. Thus, there are various 

vestibular assessment methods that can be used to quantify vestibular function (i.e., caloric, 

rotary chair, vHIT, cervical VEMP, ocular VEMP, etc). There has been wide variation among 

studies in the vestibular function test used to group subjects. Some have used cervical 

VEMPS in isolation (Bigelow et al., 2015), at least one abnormality among cervical VEMP, 

ocular VEMP and caloric (Lacroix et al., 2020), a combination of several outcomes (vHIT, 

caloric, rotary chair, cervical VEMP, Dobbels et al., 2019; Xie et al., 2017), history of 

bilateral nerve section (Brandt et al., 2005), or not fully disclosing the method of assessing 

vestibular function (Guidetti et al., 2020). In the current study, vHIT was used to quantify 

degree of vestibular loss. While it has been estimated that approximately 50% of CCI 

evidence some degree of vestibular loss with 50% of those having BVL (Cushing et al., 

2013), only 11/37 (30%) in the current study had vestibular loss; of those 5/11 (45%) had 

unilateral vestibular loss and 6/11 (55%) had bilateral vestibular loss. This rate of vestibular 

loss is lower than what has been reported in the literature. We attribute our lower rate of 

vestibular loss to not using VEMP data to quantify degree of vestibular loss. Air-conducted 

VEMPs were completed on all participants (Table 1); however, after data collection was 

completed for the present study our lab demonstrated that air-conducted VEMP testing may 

inaccurately depict the degree of vestibular loss in CCI (Merchant et al., 2020). Placement 

of a cochlear implant has been shown to result in small air-bone gaps (Chole et al. 2014; 

Banakis Hartl et al. 2016; Mattingly et al. 2016). While this is not relevant to the hearing 

of most children post-CI as they are stimulated electrically via the implant, we showed that 

compared to air-conduction, VEMP response rates improved when using bone conduction 

suggesting this air-bone gap can abolish the air-conducted VEMP (Merchant et al., 2020). 

Therefore, VEMP data was not used to quantify degree of vestibular loss. Use of vHIT 

in isolation could have resulted in an underestimation of the degree of vestibular loss in 

the current study. Additionally, there are conflicting findings regarding the links between 

cognitive deficits and otolith function (Bigelow et al., 2015; Dobbels et al., 2019). As noted, 

otolith function was not considered in this study, which could be a focus of future work in 

children.

Second, few studies have considered the additional effect of hearing loss on cognitive 

outcomes. Lacroix et al. (2020) noted reduced performance on measures of visuospatial 

working memory, mental rotation and space orientation, but not visual attention; however, 

their children represented a small (n = 13) heterogeneous cohort with varying degree and 

type of vestibular loss as well as hearing loss. Vestibular loss was quantified as at least 

one abnormality among cervical VEMP, ocular VEMP and caloric (Lacroix et al., 2020), 

suggesting a heterogeneous cohort regarding vestibular loss type (otolith versus canal) and 

severity. Additionally, 7/13 subjects had hearing loss necessitating either a hearing aid or a 

cochlear implant and the remaining children had normal hearing suggesting a heterogeneous 

cohort regarding hearing loss severity, which was not factored into any analyses. Dobbels et 

al. (2019) specifically investigated the effect of both vestibular and hearing loss on cognition 

and found that hearing loss was associated with deficits in immediate memory and language, 

while vestibular loss was associated with deficits in attention. In the current study, 2 control 
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groups were included, an age-matched group with normal hearing and an age-matched group 

matched on degree of hearing loss (i.e., speech perception) and vocabulary, but normal 

vestibular function. While performance on the working memory outcomes demonstrated a 

downward trend as vestibular loss severity increased (Fig 1A–F), reduced performance can 

also be noted for the children with hearing loss and normal vestibular function, suggesting 

that hearing loss alone, and not vestibular loss, plays a significant role in working memory 

performance, which is a consistent finding across studies in children with hearing loss who 

utilize a CI (Nittrouer et al., 2013; Nittrouer et al., 2017). Significant differences were also 

noted between our control population with normal hearing and CCI with normal vestibular 

function on tests of executive function, which is also consistent with others (Beer et al., 

2014). Without the inclusion of the control group with hearing loss and normal vestibular 

function, significant differences in performance between CCI with vestibular loss and CNH 

may have been misattributed to vestibular loss. Instead, the results suggest that hearing loss 

is a significant consideration when investigating the effects of vestibular loss on cognition.

Third, while there was not a statistically significant difference in AWMA or executive 

function performance between CCI-NV and CCI-UVL and -BVL, Figure 1A–F 

demonstrates a downward trend in performance in children with vestibular loss for the 

AWMA and Table 2 shows that CCI-BVL had the lowest mean DCCS scores, yet did not 

perform significantly different from the CNH group. Effect sizes varied from 0.14 – 0.5. 

This coupled with our small sample size of children with vestibular loss (n = 11) suggest 

that our findings could be underpowered. Despite our small sample size, separating the 

children with UVL from those with BVL was felt to be necessary given cognitive deficits 

in both animals and humans are tied with degree of vestibular involvement; those with BVL 

demonstrating more severe deficits than those with UVL (Grabherr et al., 2011; Péruch 

et al., 2011; Popp et al., 2017). Initial analyses were completed combining the children 

with UVL and BVL and our pattern of findings remained the same. Additionally, it could 

be reasonably justified to include several factors that might affect working memory or 

executive function performance in addition to vestibular loss, but we are not adequately 

powered to include all these variables in any given model. Thus, we attempted to match 

the groups on nonverbal intelligence, speech perception and language/vocabulary. While 

there were no statistically significant differences between CCI groups for all these measures, 

Table 2 demonstrates some potential clinical differences, further suggesting that our findings 

could be underpowered. The groups appear to be balanced with respect to age, use of sign 

support and those who had unilateral versus bilateral CI (Table 4). While the distribution of 

household income was also similar among the groups (X2 = 22.84, p = 0.088), there was 

a significant difference in maternal education (X2 = 22.949, p = 0.006). The CNH tended 

to have mothers with a college or postgraduate education compared to CCI-NV whose 

maternal education was evenly distributed, which could account for some of the group 

differences between CNH and CCI-NV.

Of the children with vestibular loss, all had deficits in balance performance on the BOT-2. 

CNH and CCI-NV were all within 1 SD of the mean (Scaled score mean = 15, SD = 

5); however, both groups of CCI with vestibular loss scored greater than 1 SD below the 

mean with CCI-BVL scoring greater than 2 SDs below the mean. In addition to age, and 

in some instances vocabulary, balance performance was found to be a significant predictor 

Janky et al. Page 13

J Vestib Res. Author manuscript; available in PMC 2023 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of several working memory subtests (Table 3). Postural control has been shown to be 

related to cognitive and academic outcomes. Greater postural sway has been documented in 

children who were underperforming in school (Tomaz et al., 2014). Balance skills have been 

shown to account for a significant amount of the variance in both spatial and proportional 

reasoning (Frick et al., 2016). In adults with vestibular loss, posture and short-term memory 

are significantly associated (Smith et al., 2019). Our results suggest that postural control 

accounts for some of the variance in working memory performance as well. Because balance 

function improves with vestibular rehabilitation (Rine et al., 2004; Lofti et al., 2017), studies 

investigating the relationship between cognitive deficits and balance performance as well as 

the effects of vestibular rehabilitation on cognitive deficits could be a focus of future work in 

children with hearing and vestibular loss.

Of the children with vestibular loss, only CCI-BVL had significant deficits in DVA. DVA 

was not a significant predictor of any working memory or executive function subtests 

following a similar pattern to average vHIT gain suggesting these two tests reflect similar 

underlying constructs.

While the pathophysiology underlying cognitive deficits in individuals with vestibular loss is 

unknown, there are several hypotheses. The vestibular system has numerous projections to 

the insula, superior temporal gyrus, hippocampus, thalamus, cerebellum and the inferior 

parietal lobule, among other cortical areas (e.g., Bigelow & Agrawal, 2015, Hitier et 

al., 2014) which respond to vestibular stimulation (e.g., Hanes & McCollum, 2006). 

Additionally, there is likely an interaction among these areas (Hitier et al., 2014). Vestibular 

information is thought to modulate place, border, head direction, and grid cells in the 

hippocampus; thus, accounting for some of the cognitive changes in individuals with 

vestibular loss (Hitier et al., 2014). Brandt et al. (2005) noted decreased hippocampus 

volume in patients with bilateral vestibular loss which was linked to spatial memory deficits. 

This finding was later replicated by Kremmyda et al. (2016) in patients with partial bilateral 

vestibular loss. However, differences in hippocampal atrophy have been noted between 

human and animal studies. Because stress and anxiety are higher in individuals with 

vestibular loss (Guinand et al., 2012; Ayar et al., 2020), an interaction between hippocampal 

volume, vestibular loss, and stress/anxiety has been proposed (Kremmyda et al., 2016) 

and a ‘vestibular cognitive affective syndrome’ has been proposed to account for the 

constellation of cognitive, psychiatric and sleep symptoms (Smith et al., 2019). In children, 

the hippocampus undergoes several stages of maturation, thus, early onset vestibular loss 

is hypothesized to affect cognitive performance (Wiener-Vacher et al., 2013); however, few 

studies have investigated cognitive function in children with vestibular loss along with the 

concurrence of other psychiatric, sleep or fatigue symptoms.

Because our study population consisted of children, our results may deviate from those 

of others in that they do not account for the aging process or physiological changes that 

occur in the event vestibular loss is acquired. In children with hearing and vestibular 

loss, vestibular loss is either congenital or early acquired. While we hypothesize that the 

consequences of vestibular loss are the same in children as they are in adults, it may be 

that early onset vestibular loss has a differential effect on children given the time course 

within development. Future studies are needed to better understand the interaction of hearing 

Janky et al. Page 14

J Vestib Res. Author manuscript; available in PMC 2023 April 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



loss and vestibular loss severity on various cognitive outcomes in children with early onset 

hearing and vestibular loss.

CONCLUSIONS:

Overall, results suggest that vestibular loss does not play a significant role in the working 

memory or executive function abilities of children with hearing and vestibular loss; 

however, balance ability accounted for a significant part of the variance in working memory 

performance. Our results may vary from others in our lack of including tests of otolith 

function and due to our small sample size. Children with hearing loss are a heterogenous 

group with varying degree of vestibular loss, degree of hearing loss, use of sign support, 

speech perception, and language ability. Thus, further investigations assessing the effects of 

vestibular loss on cognition in children should incorporate tests of both canal and otolith 

function, larger sample sizes and should control for additional variables which could drive 

group level effects such as degree of hearing loss, use of sign support, speech perception, 

and language ability; not accounting for these factors could result in group differences 

misattributed to vestibular loss.
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Figure 1. Estimated Marginal Means by group for each Automated Working Memory 
Assessment subtest.
There was no significant reduction in working memory performance for either group of CCI 

with vestibular loss. CNH – children with normal hearing; CCI – children with cochlear 

implants, UVL = unilateral vestibular loss, BVL = bilateral vestibular loss.
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Figure 2. Scatterplots of Automated Working memory performance for each subtest by BOT-2 
Scaled Score.
Average vHIT gain was not a predictor of any working memory subtest; however, the BOT-2 

Scaled Score was a significant predictor for several working memory subtests. * = subtests 

in which BOT-2 performance was a significant predictor.
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Table 1.

Cervical and Ocular VEMP Response Rates and Amplitudes

CNH
(n = 76)

CCI

Statistic* p-valueipsi
(n = 60)

contra
(n = 12)

cVEMP Response Rate 75/76
(99%)

36/60
(60%)

9/12
(75%) 33.025 < 0.001

Corrected Amplitude (SD) 2.22
(1.08)

0.71
(0.84)

2.74
2.42) 34.479 < 0.001

oVEMP Response Rate 58/76
(76%)

20/60
(33%)

6/12
(50%) 25.482 < 0.001

Amplitude (SD) 5.34
(5.64)

2.97
(5.71)

6.54
(8.17) 3.486 0.033

*
Response rate differences between CCI and CNH using Chi-Square and amplitude differences using one-way ANOVA
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Table 2.

Mean scores per group for all outcome measures.

Outcomes Group
p-value

Group

CNH CCI-NV CCI-UVL CCI-BVL

Nonverbal Intelligence

WASI-II PRI Composite Score p = .436 109.3 104.4 101.2 105.7

Balance Function

BOT-2 – Raw Score p < .001 32.5 30.6 24.4 20.2

BOT-2 – Scaled Score p < .001 13.43 10.85 6.2 4.6

Dynamic Visual Acuity

Active DVA p = .003 .23 .23 .30 .41

Passive DVA p < .001 .27 .25 .41 .57

Speech Perception

AZBio p < .001 99.6 86.5 74.2 87.7

Language / Vocabulary

PPVT-4 p < .001 118.7 97.6 91.2 107.2

MLU p = .154 8.1 7.8 6.7 6.6

Automated Working Memory Assessment

Digit Recall* p < .001 35.39 28.5 25.42 31.41

Counting Recall* p = .304 22.56 21.07 20.11 19.33

Counting Recall Processing* p = .348 77.01 68.32 67.03 59.37

Dot Matrix* p = .017 29.23 25.9 25.23 26.3

Block Recall* p = .210 26.52 25.22 23.99 22.56

Odd One Out* p = .087 27.18 24.92 25.27 22.66

Odd One Out Processing* p = .077 101.1 86.88 90.59 76.54

Spatial Recall* p = .715 24.48 22.64 25.06 22.49

Spatial Recall Processing* p = .522 89.22 76.06 89.8 72.88

Executive Function

Flanker p = .004 114.34 94.09 99.56 97.98

DCCS p = .022 103.01 89.40 94.85 88.35

BRIEF p = .065 47.73 50.58 59.0 42.6

*
denotes univariate analyses completed; marginal means are reported.

Bold = significant group differences.
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Table 3:

Multivariate Regression analyses

Outcome R2

Predictor 
Variables(Unstandardized B) R2

Predictor 
Variables(Unstandardized B) R2

Predictor 
Variables(Unstandardized B)

age PPVT-4 vHIT age PPVT-4 BOT-2 age PPVT-4 DVA

Automated Working Memory Assessment

Digit Recall .329 .72 .22 −.56 .398 .81 .20 .32 .368 .75 .23 −4.41

Counting 
Recall .289 .82 .08 1.53 .377 .91 .07 .28 .328 .87 .10 −2.7

Counting 
Recall 
Processing

.226 3.87 .43 4.05 .313 4.23 .35 1.63 .265 4.07 .50 −21.31

Dot Matrix .415 1.09 .07 1.02 .453 1.12 .06 .23 .411 1.09 .07 .32

Block 
Recall .329 .91 .05 5.74 .320 .86 .03 .25 .280 .80 .05 −4.27

Odd One 
Out .35 1.00 .05 4.12 .395 1.03 .03 .29 .354 1.03 .06 −.21

Odd One 
Out 
Processing

.329 5.47 .3 18.22 .369 5.61 .22 1.47 .340 5.67 .37 9.35

Spatial 
Recall .274 1.17 .13 1.03 .300 1.16 .14 −.07 .306 1.21 .15 .28

Spatial 
Recall 
Processing

.273 6.24 .78 9.83 .307 6.35 .82 −.53 .303 6.54 .83 −.49

Executive Function

Flanker .301 −.801 −.037 −7.78 .320 −.957 −.053 −.185 .377 −.91 −.05 11.65

DCCS* .530 −3.02 −1.233 −60.72 .366 −4.2 −.652 .716 .289 −3.93 −.42 47.63

BRIEF .061 .040 −.117 8.297 .041 .127 −.100 .009 .054 −.01 −.13 −1.09

PPVT-4 = Peabody Picture Vocabulary Test; vHIT = video head impulse test; BOT-2 = Bruininks-Oseretsky Test of Motor Proficiency. DVA = 
Dynamic Visual Acuity. All significant effects are bolded,

*
unstandardized B coefficients from the model with 2-way interactions.
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Table 4.

Demographic Data

Group
% use 
sign 

support

Mean
Age 

(range)

% 
bilateral 

CI

Household Income Mother’s Education

20 – 
40k

40 – 
60k

60 – 
80k

80 – 
100k

> 
100k NR HS PS C PG

CNH
N = 38 0% 12.2 years

(7 – 18) 0% 0% 3% 5% 16% 55% 21% 0% 3% 43% 54%

CCI-NV
N = 26 15% 13.5 years

(7 – 19) 69% 23% 12% 15% 4% 23% 23% 27% 19% 19% 35%

CCI-
UVL
N = 5

20% 13.1 years
(7 – 20) 60% 20% 0% 20% 20% 20% 20% 0% 20% 60% 20%

CCI-
BVL
N = 6

0% 13 years
(7 – 19) 67% 0% 17% 0% 17% 50% 17% 0% 17% 33% 50%

HS = Completed High School, PS = Postsecondary Education, C = College Graduate, PG = Postgraduate work
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