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Abstract: Background: Long-term assessments of children with cochlear implants (CI) are
important inputs to help guide families and professionals in therapeutic and counselling
processes. Based on these premises, the primary aim of the present study was to
assess the long-term speech and language outcomes in a sample of prelingually deaf
or hard of hearing (DHH) adolescents and young adults with unilateral or bilateral
implantation in childhood. The secondary aim was to investigate the correlations of age
at implantation with long-term speech and language outcomes. 

Materials and Methods: Retrospective observational study on 54 long-term CI users,
33 unilateral and 21 bilateral (mean age at CI surgery 38.1 ± 24.6 months; mean age
at last follow-up assessment 19.1 ± 4.3 years of age and mean follow-up time 16 ± 3.7
years). Means and standards were used to describe speech perception (in quiet, in
fixed noise and in adaptive noise using It-Matrix) and morphosyntactic comprehension
(TROG-2) outcomes. A univariate analysis was used to evaluate outcome differences
between unilateral and bilateral patients. Bivariate analysis was performed to
investigate the relationships between age at CI, audiological variables, and language
outcomes. Finally, multivariate analysis was performed to quantify the relationship
between It-Matrix, sentence recognition in quiet and at SNR+10 and TROG-2. 

Results: The participants showed good speech recognition performance in quiet (94%
for words and 89% for sentences) whilst their speech-in-noise scores decreased
significantly. For the It-Matrix, only 9.2% of the participants showed scores within the
normative range. This value was 60% for TROG-2 performance. For both auditory and
language skills, group differences for unilateral versus bilateral CI users were not
statistically significant (p >0.05). Bivariate analysis showed that age at CI correlated
significantly with overall results at TROG-2 (r = -0.6; p <0.001) and with It-Matrix (r
=0.5; p <0.001). TROG-2 was negatively correlated with results for It-Matrix (r = -0.5; p
<0.001). In the multivariate analysis with It-Matrix as a dependent variable, the model
explained 63% of the variance, of which 60% was related to sentence recognition and
3% to morphosyntax.

Conclusions: These data contribute to the definition of average long-term outcomes
expected in subjects implanted during childhood whilst increasing our knowledge of the
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effects of variables such as age at CI and morphosyntactic comprehension on speech
perception. Although the majority of this prelingually DHH cohort did not achieve
scores within a normative range, remarkably better It-Matrix scores were observed
when compared to those from postlingually deafened adult CI users.
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Long-term speech perception and morphosyntactic outcomes in adolescents and young adults 1 

implanted in childhood 2 

Abstract  3 

Background: Long-term assessments of children with cochlear implants (CI) are important inputs to 4 

help guide families and professionals in therapeutic and counselling processes. Based on these 5 

premises, the primary aim of the present study was to assess the long-term speech and language 6 

outcomes in a sample of prelingually deaf or hard of hearing (DHH) adolescents and young adults 7 

with unilateral or bilateral implantation in childhood. The secondary aim was to investigate the 8 

correlations of age at implantation with long-term speech and language outcomes.  9 

Materials and Methods: Retrospective observational study on 54 long-term CI users, 33 unilateral 10 

and 21 bilateral (mean age at CI surgery 38.1 ± 24.6 months; mean age at last follow-up assessment 11 

19.1 ± 4.3 years of age and mean follow-up time 16 ± 3.7 years). Means and standards were used to 12 

describe speech perception (in quiet, in fixed noise and in adaptive noise using It-Matrix) and 13 

morphosyntactic comprehension (TROG-2) outcomes. A univariate analysis was used to evaluate 14 

outcome differences between unilateral and bilateral patients. Bivariate analysis was performed to 15 

investigate the relationships between age at CI, audiological variables, and language outcomes. 16 

Finally, multivariate analysis was performed to quantify the relationship between It-Matrix, sentence 17 

recognition in quiet and at SNR+10 and TROG-2.  18 

Results: The participants showed good speech recognition performance in quiet (94% for words and 19 

89% for sentences) whilst their speech-in-noise scores decreased significantly. For the It-Matrix, only 20 

9.2% of the participants showed scores within the normative range. This value was 60% for TROG-21 

2 performance. For both auditory and language skills, group differences for unilateral versus bilateral 22 

CI users were not statistically significant (p >0.05). Bivariate analysis showed that age at CI correlated 23 

significantly with overall results at TROG-2 (r = -0.6; p <0.001) and with It-Matrix (r =0.5; p <0.001). 24 

TROG-2 was negatively correlated with results for It-Matrix (r = -0.5; p <0.001). In the multivariate 25 

analysis with It-Matrix as a dependent variable, the model explained 63% of the variance, of which 26 

60% was related to sentence recognition and 3% to morphosyntax. 27 

Conclusions: These data contribute to the definition of average long-term outcomes expected in 28 

subjects implanted during childhood whilst increasing our knowledge of the effects of variables such 29 

as age at CI and morphosyntactic comprehension on speech perception. Although the majority of this 30 

prelingually DHH cohort did not achieve scores within a normative range, remarkably better It-Matrix 31 

scores were observed when compared to those from postlingually deafened adult CI users.  32 

 33 
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1. Introduction  36 

Cochlear implants (CI) have been proven to be an effective technological source of treatment for 37 

children who have profound or severe hearing loss (deaf or hard of hearing, DHH) [1] and who get 38 

little or no benefit from hearing aids (HA). Indeed, several studies show that the majority of early 39 

implanted DHH children are able to achieve age-appropriate language skills during childhood [2–4]. 40 

On the other hand, many other factors appear to influence their postoperative outcomes, including 41 

age at implant [4–9] duration of auditory deprivation [4,10], bilateral listening [4,7], presence of 42 

multiple disabilities associated with hearing loss  [4,7,11], caregivers’ support [3,7,12], education and 43 

rehabilitative environment [4,13], intelligence quotient (IQ) [14,15], socio-economic factors [16], 44 

integrity of cochlear structures [4], surgical variables such as insertion depth and electrode type or CI 45 

signal processing [4].  46 

As prelingually DHH pediatric CI users get older, questions regarding their long-term speech and 47 

language performance in adolescence or young adulthood arise and should be studied. In fact, most 48 

of the existing studies describe the short- or mid-term postoperative outcomes [2,5,9,17,18] obtained 49 

within the first 2-6 years of CI use, in particular regarding their auditory benefit and 50 

receptive/expressive language development. However, there are very few studies reporting on their 51 

long-term speech and language outcomes [19–21]. The first two papers by Uziel et al. [19] and 52 

Davidson et al. [20] reporting long-term outcomes in adolescents implanted in childhood were 53 

published more than ten years ago when speech perception tests based on adaptive paradigms were 54 

not as available as in recent years. Indeed, both studies used speech perception tests presented either 55 

in quiet or with a fixed signal-to-noise ratio (SNR).  56 

So far, only one research article has been specifically designed to assess long-term outcomes in 57 

adolescents and young adults implanted during childhood, employing an adaptive noise test that is 58 

usually considered more relevant when assessing speech perception performance in settings which 59 

are similar to everyday complex listening environments [22]. Zalt et al. [22] studied speech-in-noise 60 

outcome differences between early and late implanted CI users, to examine the contribution of 61 

linguistic, cognitive, and background factors for speech perception in noise using the Hebrew Matrix 62 

sentence-in-noise test. Results showed poorer performance in noise when compared to hearing peers, 63 

with a large between-subject variability in the CI group. Matrix outcomes were found to be negatively 64 

correlated with non-verbal intelligence in a subgroup of adolescent CI users who showed greater than 65 

50% correct word recognition in quiet.  66 

The Italian version of the Matrix sentence test has been developed and validated in young hearing 67 

subjects for accurate and reliable speech recognition assessment in noise [23]. This test has been 68 

widely distributed and is currently used in research mainly for postlingually deaf adults [24,25]. 69 



However, no Matrix data for DHH adolescents and young adults implanted in childhood are available 70 

in the Italian language. 71 

A further domain which is poorly understood is that of long-term morphosyntactic skills, an area of 72 

language acquisition which is considered an independent contributor to open-set speech perception 73 

[26,27]. It is fundamental when determining reading comprehension skills and remains at risk even 74 

in early implanted DHH children [28,29]. 75 

To our knowledge, no study has yet really assessed morphosyntactic competence in adolescents and 76 

young adults with a follow-up greater than 10 years. Moreover, there is a lack of   studies in the Italian 77 

language exploring the relationship between speech perception in adaptive noise and language 78 

development in terms of morphosyntactic comprehension. Long-term assessments in prelingually 79 

DHH CI users are important inputs to help guide families and professionals in the therapeutic and 80 

counseling process and on the expectations and factors involved in the processes of developing the 81 

communication, educational and occupational skills of children who will grow up with CI.  82 

Based on these premises, the primary aim of the present study was to assess the long-term speech 83 

perception outcomes for the adaptive Italian Matrix test (It-Matrix), and for word/sentence 84 

recognition in quiet and with fixed SNR, and morphosyntactic skills in a sample of unilaterally and 85 

bilaterally implanted adolescents and young adults, who received their CI during childhood. The 86 

secondary aim was to determine if and to what extent adaptive It-Matrix was correlated to speech 87 

perception in quiet and fixed SNR taking account of age at implantation and, furthermore, the extent 88 

to which language skills, in terms of morphosyntactic comprehension, were correlated in adulthood. 89 

 90 

2. Materials and Methods 91 

2.1 Study design and sample group 92 

The present study was a retrospective cohort study involving prelingually DHH adolescents and 93 

young adults who received unilateral or bilateral CI during childhood assessed at the Cochlear Implant 94 

Centre of the xxxxxxxxxxxx. The data were analysed in accordance with the principles and later 95 

amendments to the Declaration of Helsinki (1964) and approved by the Hospital Ethics Committee 96 

(n. 259/2020). 97 

Subjects were selected from a database of patients whose last follow-up occurred in the year prior to 98 

data collection. A total of 110 subjects were screened. Selection criteria for the current study included 99 

prelingual DHH subjects who had received CI during childhood, with a minimum period of 10 years 100 

of follow up after CI surgery, regular CI use (≥ 8 hours per day) and normo-typical development. The 101 

exclusion criteria were CI users with follow ups of less than 10 years, postlingually deaf CI users, 102 



partial-intermittent CI users, bimodal listeners, and the presence of associated neuropsychological 103 

disorders/disabilities. 104 

Fifty-four prelingually DHH CI users (25 F, 29 M) satisfied the selection criteria and were included 105 

in the study. The average age at severe to profound sensorineural hearing loss diagnosis was 14.8 ± 106 

9.8 months and the average age at CI surgery was 38.1 ± 24.6 months. The participants did not display 107 

any postoperative residual hearing in the implanted ear. Unilateral CI users showed a pure tone 108 

average (PTA) of 110.2 dB HL for octave frequencies below 1000 Hz in the non-implanted ear. None 109 

of the participants wore a contralateral HA. The average age at last follow-up assessment was 19.1 ± 110 

4.3 years and the mean follow-up was 16 ± 3.7 years. 111 

Deafness aetiology was unknown in 14 (26%) subjects, hereditary in 35 (65%) subjects (Connexin-112 

26 gene mutation 79%, Usher syndrome 15%, Pendred Syndrome 3%, Waardenburg Syndrome 3%); 113 

and in 5 (9%) the cause of deafness was acquired (40% cytomegalovirus, 40% rubella virus; 20% 114 

meningitis). All but one of the subjects with Usher syndrome had mild night vision loss, and only one 115 

displayed daytime mild vison loss.  116 

Thirty-three were unilateral, 21 were simultaneous (9) or sequential (12) bilateral CI users. Median 117 

sequential inter-implant time was 9 years (range 3 – 11).  118 

Seven patients had a CI reimplantation: four patients from 90K, two patients from CI24RE and one 119 

from CI24M. 120 

Thirty-three of the patients used Advanced Bionics (AB) devices (1 HiRes, 8 HiRes 120-S, 24 121 

Optima-S) and twenty-one patients used Cochlear devices (21 ACE). All sound processors used in 122 

this study were Behind the Ear. Regarding unilateral users, 23/33 had all of the electrodes on, one 123 

had 5 electrodes off, one had 3 electrodes off, five had 2 electrodes off and three had 1 electrode off. 124 

Regarding bilateral users, 17/21 had all the electrodes on bilaterally, two had 2 electrodes off 125 

unilaterally and two had 2 electrodes off bilaterally.  126 

All participants had used HAs prior to implantation and used spoken language as their primary mode 127 

of communication. All were native Italian speakers.  128 

 129 

2.2 Retrospective data  130 

Data were collected using our central clinical database where scores from tests performed during 131 

periodical follow up assessments were recorded. For each subject, the score recorded at the last 132 

assessment was used for the purposes of the study.  Details of the reported data are described below 133 

for both audiological and language assessments. 134 

 135 

2.3 Audiological assessment 136 



Data from pure tone and speech perception testing in quiet and noise were used. Pure tone audiometry 137 

and speech perception testing was performed in a soundproof room using two loudspeakers 138 

(Indianaline, Coral electronic, Italy) positioned at 0° azimuth, 1 meter away from the patient’s head 139 

when seated, connected to an audiometer (Aurical Aud, Otometrics, Natus Medical Srl, Italy) and 140 

using suitable laptop software (Otosuite, Otometrics, Natus Medical Srl, Italy).  141 

PTA and sound field (SF) were both performed with warble tones for octave frequencies between 142 

500 and 4000 Hz. Bilateral users were tested in daily listening mode with both ears.  143 

Speech perception in quiet and fixed noise was evaluated in SF open set with two training lists of 20 144 

bisyllabic words and two training lists of 10 sentences. The pre-recorded material of Cutugno et al. 145 

[30] was used and presented at 65 dB SPL in quiet and at fixed SNR +10 dB and +5 dB. The patients 146 

repeated words and sentences that they were able to understand, while the examiner evaluated the 147 

responses by assigning a score. For word lists, the performance score was based on a phonemic count, 148 

a word had 4 phonemic connections, with a minimum score set at 0 and the maximum at 4; for the 149 

lists of sentences two different scores were recorded: one score ranged from 0 to 3, since there were 150 

3 keywords to repeat within the sentence; the second score was based on an evaluation of the full 151 

correct sentence. The program recorded the scores for each single performance and showed them as 152 

a percentage value.  153 

Speech perception was also tested with adaptive noise through the Italian Matrix sentence test (It-154 

Matrix) [23] which is the Italian adaptation of the Oldenburg Sentence Test (OLSA) [31]. The test 155 

consists of semantically unpredictable sentences but with a fixed syntactic structure: subject - verb - 156 

number - complement - adjective. The noise (speech noise) was presented at 65 dB SPL while the 157 

signal was adaptive. The examination was performed in all patients in open set: the patient repeated 158 

the words which they were able to understand, and the examiner marked the answers. The 159 

standardized and validated normal range data found from the second to the third adaptive 160 

measurement for Italian has a mean SRT of –6.7 ± 0.7 dB SNR and –7.4 ± 0.7 dB SNR for open- and 161 

closed-set tests. The results for It-Matrix were either a positive or negative dB value. The SRT 162 

represented the difference between the level of the speech signal and the level of the noise signal 163 

where the patient understood 50% of the words. As for the standardized procedure developed by 164 

Puglisi et al. [23], patients undertook two training lists of 30 items, followed by one test list of 30 165 

items.  166 

Both SF and speech perception testing in quiet and with fixed noise were completed by all subjects 167 

in the sample group, while 5 subjects were not able to complete the It-Matrix test. For these subjects, 168 

for statistical analysis purposes, the maximum test score (20 dB SNR), considered as the test limit, 169 

was computed [32].  170 



 171 

2.4 Language assessment  172 

As a measure of language competence, morphosyntactic comprehension was used. In our clinic, 173 

language competence is routinely assessed through the Italian standardized version of the Test for 174 

Reception of Grammar (TROG-2)[33]. TROG-2 consists of 20 blocks, each testing a specific 175 

grammatical construction, having an increasing order of difficulty. Each block contains four items 176 

and the child needs to respond correctly to all of them to level up. Each test stimulus is presented in 177 

a four-picture, multiple-choice format with lexical and grammatical foils. For each item, the examiner 178 

reads a sentence that refers to one of the four drawings, and the participant’s task is to point to the 179 

drawing that corresponds to the meaning of the sentence. The raw score is calculated as a total number 180 

of achieved blocks and then converted into standard scores, using the tables included in the test 181 

manual. Based on its standard normative data, a score < 1 SD from the mean was considered as 182 

pathologic and this was indicated in the test manual as a standard score ≤ 85. Split-half reliability and 183 

internal consistency of the tests were 0.88 and 0.90, respectively. 184 

The two tests were administered using spoken language to each CI subject individually in a quiet 185 

room, by one speech therapist. 186 

 187 

2.5 Statistical Analysis 188 

The Shapiro–Wilk test was used to assess normal data distribution. Categorical variables were 189 

calculated using frequencies and proportions whilst continuous data were estimated by means, 190 

standard deviations and ranges, where appropriate. The percentages of correct responses for speech 191 

perception in quiet and in noise were transformed to Rationalized Arcsine Units (RAUs) to limit the 192 

floor and ceiling effect [34].  193 

A univariate analysis was performed using non-parametric tests. Kruskal-Wallis and Mann-Whitney 194 

U tests were used to compare listening modes (bilateral simultaneous, bilateral sequential, unilateral 195 

users), demographic variables (ages at diagnosis, HA, CI, last follow up and follow up length of time), 196 

audiological variables (SF, speech perception in quiet with fixed and adaptive noise) and finally 197 

linguistic variables (TROG-2). Where appropriate, average values for the study group were compared 198 

with those of the normative population with a one-sample z-test. 199 

A bivariate analysis was conducted using the Spearman Rank Correlation Coefficient. It was used to 200 

calculate and investigate the relationships between age at CI, audiological variables (speech 201 

perception in quiet, with fixed and adaptive noise) and language (TROG-2) outcomes. A multivariate 202 

analysis was performed to quantify the relationships between a dependent variable (It-Matrix) and a 203 

set of explanatory variables (age at CI, speech perception in quiet and with noise, language skills, 204 



TROG-2) using a stepwise hierarchical linear regression model including all the variables with p ≤ 205 

0.05 [35]. As noted below, the contribution of each variable to the prediction of the model was 206 

assessed in stages, progressively filtering the information, and allowing the identification of a 207 

statistically significant amount of variance in the outcomes that could be related to specific predictors. 208 

The variables that progressively entered the later stages of the analysis were tested for their specific 209 

contribution to variance after considering all the other preceding variables. A significant improvement 210 

in R2 was achieved by comparing one model to another. Calculated p values were 2-sided, a P-value 211 

of less than 0.05 was considered as significant and the range of confidence interval was 95%, where 212 

appropriate. Statistical Analysis was performed using The Statistical Package for Social Sciences 213 

(SPSS) ver. 25 (SPSS IBM). 214 

 215 

3. Results 216 

3.1 Descriptive and comparative analysis 217 

The mean SF at last follow up assessment was 31.3 ± 6.1 dB HL for the whole study group. Whole 218 

sample mean speech perception scores were as follows: words in quiet (W/Q) 94 ± 9.4%, words with 219 

SNR+10 (W/SNR+10) 71 ± 17.2%, words with SNR+5 dB (W/SNR+5) 42 ± 21%, sentences in quiet 220 

(S/Q) 89 ± 18%, sentences with SNR +10 dB (S/SNR+10) 64 ± 28% and sentences with SNR+5 dB 221 

(S/SNR+5) 26 ± 24%. Differences between speech in quiet and in noise were considered significant 222 

for both words and sentences (p<0.001).  223 

Intelligibility in noise through It-Matrix showed a median SRT of -1.1 dB (range -6.8 – 20). This 224 

value is significantly different (p<0.001) to the normative mean of -6.8 (SD 0.8) dB SNR for the 225 

young, hearing population as reported by Puglisi et al [36]. Only 9.2% (5) of subjects fell within the 226 

normative range.  Morphosyntactic comprehension assessed through TROG-2 showed a median score 227 

of 92 (range 55-119), with 60% of subjects scoring within the normal range of performance as 228 

reported in the manual (standard score ≥85). Table 1 reports detailed mean and median scores for 229 

audiological variables, speech perception (words and sentences in quiet, at fixed SNR +10 dB and +5 230 

dB and It-Matrix) and morphosyntactic comprehension (TROG-2). Outcomes were separately 231 

reported in subgroups according to the subject’s listening mode: bilateral (simultaneous/sequential) 232 

and unilateral.  233 

Comparing each subgroup, the univariate comparative analysis showed statistically significant 234 

differences for all three listening modes concerning the following variables: age at last follow up 235 

(unilateral/bilateral simultaneous users p = 0.03; unilateral/bilateral sequential and bilateral 236 

simultaneous/bilateral sequential users p = <0.001); follow up length (p = <0.001; unilateral/bilateral 237 

sequential users p = <0.001;  bilateral simultaneous/bilateral sequential users p = <0.001) and SF 500-238 



4000 Hz (unilateral/bilateral simultaneous users p = <0.001; unilateral/bilateral sequential users p = 239 

<0.001;  bilateral simultaneous/bilateral sequential users p = <0.001). Considering bilateral users as 240 

just one sample, the only statistically significant difference with unilateral users was found for SF 241 

500-4000 Hz (p = <0.001). No other significant differences were observed.  242 

 243 

3.2 Correlations between age at CI, audiological variables and morphosyntax 244 

Table 2 shows results from bivariate analysis. Overall age at CI was strongly correlated with age at 245 

last follow-up, with sentence recognition in quiet and at SNR +10, It-Matrix, and TROG-2. It-Matrix 246 

was strongly correlated with speech perception in quiet and fixed SNR (p <0.001). Considering the 247 

large datasets of outcome variables and the high correlations between them, to reduce the number of 248 

features per observation a Principal Component Analysis (PCA) was used [37]. Two PCAs were 249 

identified regarding speech perception: the PCA word recognition (PCA-W) and the PCA sentence 250 

recognition (PCA-S), both based on the RAU scores. Both PCAs were based on open-set recognition 251 

scores in quiet and in fixed noise presented at SNR +10 dB and SNR +5 dB (Table 3). Both PCAs 252 

had good loading of components; KMO index was equal to 0.64 for PCA-W and to 0.60 for PCA-S, 253 

while for both, the Bartlett’s test was statistically significant with p < 0.001.  254 

The new bivariate (Table 4) showed that It-Matrix was significantly correlated with all speech 255 

perception outcomes and with morphosyntax (TROG-2), and the significant correlations continued 256 

while controlling for age at CI and for age at last follow up. Furthermore, both It-Matrix and TROG-257 

2 maintained their significant correlations with age at CI while controlling for age at last follow-up. 258 

All correlations showed a medium/good coefficient.  259 

 260 

3.3 Factors predicting It-Matrix  261 

The multivariate regression analysis was performed stepwise including variables from bivariate 262 

partial correlation and comparative analysis with p ≤ 0.05.  263 

Table 5 shows the analysis using It-Matrix as the dependent variable. Step 1 included Age at CI and 264 

Age at Last Follow Up and the model was entirely explained by Age at CI alone that accounted for 265 

almost 40% of the variance. In step 2, PCA-W and PCA-S were computed to the model, adding a 266 

further 21% to the overall variance, thereby reaching 61% of explained variance. In this second step 267 

the model variance was explained by PCA-S, while age at CI was excluded by the model. In step 3, 268 

TROG-2, which described morphosyntactic comprehension, was added and apportioned an additional 269 

3.6%, for a total 65% of explainable variances. This model suggests that there is a specific 270 

contribution of PCA-S and TROG-2 to It-Matrix. 271 

 272 



4. Discussion 273 

Long-term assessments of implanted children are important inputs to guide families and professionals 274 

in therapeutic and counselling processes. There are relatively few studies reporting on long-term 275 

outcomes in adolescents and young adults implanted during childhood, and who have grown up with 276 

CI. Hence the present study aimed to assess the long-term speech and language outcomes in a sample 277 

of prelingually DHH adolescents and young adults. 278 

4.1 Primary outcome: Long-term speech perception outcomes and morphosyntactic 279 

comprehension 280 

Speech perception tests in quiet are being used routinely for the assessment of performance benefits 281 

in pediatric and adult CI users. CI users generally demonstrate higher level performance in quiet 282 

listening conditions. Although these test materials provide valuable information regarding users' 283 

performance, they do not give realistic information for adverse conditions such as listening in the 284 

presence of background noise at different SNRs [38]. The present study provided, for the first time, 285 

the long-term outcomes for speech perception in quiet and in noise tests conducted in Italian, 286 

measured in a heterogeneous sample of adolescents and young adults implanted during childhood. 287 

One primary outcome of the present study was to evaluate long-term speech perception of words and 288 

sentences in quiet and with fixed SNR, and in adaptive noise using the Italian adaptation of the 289 

Oldenburg sentence test (It-Matrix). The data that emerged in our study showed that the use of CI 290 

positively contributed to the recognition of sentences in quiet and in noise, even in children with late 291 

access to surgery. However, the average values for speech perception in adaptive noise were 292 

significantly worse when compared to normative values, and only 9.2% of subjects fell within the 293 

normative range.  Accordingly, words and sentence recognition at SNR + 10 dB and +5 dB showed 294 

a noteworthy performance deterioration compared to speech tests in quiet.  295 

There is a paucity of papers reporting outcomes for fixed SNR and adaptive noise tests collected over 296 

the longer term. As mentioned above, the Uziel et al. study [19]  involving 79 adolescents reported 297 

mean word recognition in quiet and with SNR+10 dB of 72% and 44% respectively. Age at CI was 298 

found to be a strong predictor of outcomes.  Davidson et al. [20] performed a study observing mid- 299 

and long-term outcomes in a group of 112 teenagers. The authors observed that open-set recognition 300 

scores for words and sentences increased significantly as a function of increased age and listening 301 

experience: word recognition in quiet was 60% and sentences recognition in quiet and in noise were 302 

80% and 52%, respectively. Outcomes recorded in the present study were only slightly better being 303 

94% and 71% for words in quiet and with SNR +10 dB, and 89% and 64% for sentences in quiet and 304 

with SNR +10 dB. These differences might be explained by the different test materials, but also by a 305 

higher mean age at test and a longer follow-up for subjects belonging to the present study. As 306 



discussed by Davidson et al. [20] and Beadle et al. [39] speech perception and language skills tend to 307 

improve with age, positively influenced by increased experience with CI and by taking advantage of 308 

improved linguistic competence [40]. 309 

Regarding the current literature on It-Matrix sentence tests, there are currently two articles on adults 310 

and only one article on pediatric subjects. Gallo et al. [24] explored It-Matrix in a cohort of 45 311 

unilateral and bimodal CI users, with a median age at test of 50 years and with short-term CI use. In 312 

their sample, unilateral and bimodal users achieved a median SRT of 4.15 dB and 2.85 dB 313 

respectively, with a wide range of outcomes. Dincer D’Alessandro et al.[25] assessed a group of 20 314 

unilateral CI users with a median age of 65, and a median SRT of 7.6 dB SNR, once again with wide 315 

intrasubject variability. Concerning the pediatric population, Forli et al. [41] analyzed a sample of 36 316 

children with bilateral sequential CI and a mean age of 11 years and a mean inter-implant time of 5 317 

years. The mean SRTs reported were 3.9 dB with the first CI and 2 dB with the bilateral sequential 318 

CI respectively, which were found to be significantly different. Overall, the results from the above 319 

studies show large variability dependent on the sample examined (age, audiological characteristics, 320 

listening mode) and on the assessment setting. 321 

It-Matrix intelligibility in our sample population showed a median SRT of -1.1 dB SNR for the whole 322 

sample and a value of -0.6 dB, -2 dB and -1.7 dB SNR for unilateral, bilateral sequential and bilateral 323 

simultaneous users respectively. These results are considerably better when compared to the studies 324 

of the adult population by Gallo et al. and Dincer D’Alessandro et al. [24,25] but also when compared 325 

to the study on younger subjects by Forli et al. [41]. 326 

Concerning better outcomes for It-Matrix observed in our study when compared to the adult hearing 327 

population, different variables might support such differences. From a perceptive point of view, 328 

speech perception through CI is influenced by frequency resolution which is poorer in CI when 329 

compared to hearing subjects [42]. Nevertheless, poor frequency resolution does not appear to limit 330 

speech perception in noise for prelingually deaf, early implanted children as much as it does for 331 

postlingually deaf adults.  Short-term hearing deprivation and brain plasticity [43], which was 332 

observed in most children included in the present study, might have supported better outcomes as 333 

opposed to the adult population from Gallo et al.[24]. 334 

When comparing It-Matrix results to those found in the early implanted pediatric population by Forli 335 

et al.[41], better outcomes were observed for subjects included in the present study. Performance 336 

differences with worse outcomes reported by Forli et al. [41] might be due to younger mean age at 337 

test and the wider age range of subjects included in their work, whereas the standard It-Matrix test 338 

was administered in a younger pediatric sample (≥ 6 years). This once again is possibly related to the 339 

influence that age has on speech perception score, which increases significantly as a function of 340 



increased age and listening experience, being positively influenced by increased CI experience 341 

[20,39]. 342 

Children with different listening modes showed significantly better results for bilateral listeners in SF 343 

audiometric threshold, possibly owing to the summation effect measured in the current S0/N0 setting. 344 

Better SF thresholds increase audibility that in turn has been shown to be clinically more robust in 345 

bilateral when compared to unilateral and bimodal pediatric CI users, and in turn positively influence 346 

speech perception outcomes [44]. 347 

Sequential and simultaneous bilateral users did not show significant differences for speech perception 348 

in quiet and in noise. Most likely, such results reflect the fact that our sample included a high 349 

percentage of subjects with sequential implants (> 4 years) and there were no substantial age-related 350 

group differences at CI age. However, it may be argued that in the long term, as suggested by Kim et 351 

al. [45] the effects of the delayed sequential implantation might not be as relevant when speech 352 

discrimination is assessed in the S0/N0 testing mode. This last outcome once again might be linked 353 

to the prevalence of unilateral users in the study group and to the prevalence of subjects with 354 

sequential implantation in the bilateral subgroup. The composition of the sample size was determined 355 

by a more recent diffusion of the UNHS in Italy [46] and by differences in funding models between 356 

countries [47]. Therefore, there are still many patients who received unilateral implant or delayed 357 

sequential bilateral implant in childhood who are now young adults. Finally, although group 358 

differences between unilateral and bilateral users (1.4 dB SNR) were not statistically significant at It-359 

Matrix, differences higher than 1 dB SNR are considered clinically significant [48] 360 

Morphosyntactic comprehension is considered an independent contributor to open-set speech 361 

perception in paediatric HA or CI users [26,27]. Furthermore, morphosyntactic knowledge is 362 

fundamental when determining reading comprehension skills in DHH subjects and could be 363 

considered one of the most important factors that explain the variances observed in DHH students 364 

[29]. The present sample showed wide inter-individual variability for this skill. Although the 365 

percentage of subjects within the normal range (a score ≥ 85) was 60%, the other 40% didn’t achieve 366 

normal syntactic comprehension despite a mean period of 16 years of CI use. Indeed, children with 367 

higher scores in this kind of task have probably developed the skill set necessary to recognize entire 368 

sentences with the support of syntactic knowledge [28].  369 

During childhood, several studies highlighted the risk for CI users to show fragility in the domain of 370 

morphosyntactic skills, both in the expressive and comprehension areas [49–55]. CI recipient children 371 

tend to reveal poorer grammatical processing such as omissions or substitutions of clitic pronouns 372 

marking gender or number, and verbal flexions [50].  They also show poorer performance when using 373 



complex sentence structures and such outcome differences with hearing peers are still present after 5 374 

years of CI use [51].   375 

As for morphosyntactic production, variability in results was also reported in comprehension [52–376 

55]. Regarding this aspect, Geers et al. [54] found that about two thirds of CI recipient children aged 377 

5–7 years and implanted within 5 years of chronological age, scored one standard deviation or more 378 

below controls on language comprehension. Schorr et al. [53] reported similar results for CI recipient 379 

children aged 5–14 years (age at implant 0;11 to 5;1), although this proportion decreases to 40% in 380 

Geers et al. [52], and down to one third in Hansson et al. [55].  381 

The present study is, at this time, the only one that has been published concerning morphosyntactic 382 

comprehension of CI adolescents and young adults who were implanted during childhood. Therefore, 383 

it is not possible to make a direct comparison with other studies. If we compare our findings with the 384 

above reported literature, it suggests that the proportion of CI subjects with problems in 385 

morphosyntactic comprehension to be about 30%-40% as already indicated by Geers et al. and 386 

Hansson et al. [52,55], and this deficit can still be observed after 16 or more years of CI use and 387 

during adulthood. These results differ from those which were reported by Breland et al. [56], who 388 

found that differences detectable during earlier years of school may disappear during the high-school 389 

period. The present study included subjects who were implanted more than 20 years ago, when 390 

diagnosis of hearing loss and intervention was more delayed when compared to more recent years. 391 

Early intervention is one of the primary acknowledged factors impacting linguistic outcomes [57] and 392 

the present findings showed significant effects of age at implantation on morphosyntactic 393 

development.  394 

Finally, statistically significant differences were not observed in our study even when dividing 395 

subjects into subgroups according to listening mode. Also, in this case, as discussed in the speech 396 

perception section, it could possibly be due to the smaller sample size and higher number of sequential 397 

versus simultaneous patients. In fact, other studies have shown better outcomes in bilateral young 398 

adult users with at least 10 years use regarding the development of receptive and expressive outcomes 399 

when compared to their peers with unilateral CI [58–60]. 400 

 401 

4.2 Secondary outcome: correlations between subjective, audiological variables and 402 

morphosyntactic comprehension 403 

The bivariate analysis showed a significant correlation between speech perception and age at 404 

implantation especially in difficult listening conditions: the effects of age at CI persist into adulthood 405 

and both speech perception at fixed SNR and It-Matrix were inversely correlated with age at CI even 406 

when data were adjusted for age at test. 407 



These results are in line with those described by Zalt et al. [22] in their long-term case control study. 408 

The authors found significant differences in outcomes for speech perception in quiet and for the 409 

Hebrew Matrix in all subgroups when compared to hearing controls. These results were mainly 410 

influenced by age at diagnosis and implantation despite a large subjective variability. Also, Pearson 411 

analysis showed a significant correlation between speech-in-noise and Raven, the receptive 412 

vocabulary, and the phonemic fluency score, underlying once again how speech perception is highly 413 

correlated to language.  414 

Furthermore, our study highlights the correlation between the It-Matrix results and recognition of 415 

words and sentences in quiet and in fixed signal noise and this outcome is not influenced by age at 416 

CI or age at test. In general, It-Matrix results for the whole sample had great interpersonal and 417 

intergroup variability with similar results being found by Zaltz et al.[22] (SRT values between -4.5 418 

and +1.25; a range of approximately 17 dB SNR). In addition, we demonstrated no differences 419 

between unilateral or bilateral samples.  420 

The correlation of It-Matrix with speech perception in noise with fixed SNR +5 dB and +10 dB is a 421 

further novelty of the present study, as there is no other study which confirms this correlation both in 422 

the Italian language and for young CI users.  Only a few studies have compared two or more different 423 

sentence-level SIN tests in the hearing-impaired adult population [61–63]. In particular, Jansen et al. 424 

[62] observed how the French Matrix had a significant correlation with everyday sentences in noise 425 

tests showing that the newly developed test was accurate and reliable in a large group of hearing and 426 

DHH subjects. In our opinion, the presence of a strong correlation between the standard It-Matrix and 427 

the Italian standard words and sentences in noise tests supports reliability and accuracy of 428 

measurements in the adolescent and young adult early implanted population.  429 

Concerning morphosyntactic comprehension, this skill was found to be strongly correlated to It-430 

Matrix and age at implantation. However, using a stepwise multiple regression analysis the weight of 431 

age at the time of implant decreased when predicting performance over It-Matrix and 432 

morphosyntactic comprehension. Late implantation age is therefore a risk factor, but it does not of 433 

itself explain the differences in auditory perception in noise or language development. Regarding the 434 

It-Matrix test, the most significant variables were PCA-S and TROG-2 (morphosyntactic 435 

comprehension). PCA-S alone explained 60% of variance and TROG-2 added 3% to the total 436 

variance. The ability to adequately perceive and repeat sentences, both in quiet and noise, was 437 

therefore the greater contributor to CI users’ performance in listening with adaptive noise, probably 438 

due to the similarity between all of these tasks where the subject is asked to repeat a series of words, 439 

maintaining not only their semantic meaning, as happens for word recognition tasks, but also 440 

processing their role and function in sentence structure.  This is an ability that, with respect to word 441 



recognition tasks, also requires more mature and efficient competences regarding other cognitive 442 

factors, such as working memory. In fact, in a study on postlingually deafened adult CI users, 443 

Kaandorp et al. [64] observed that the working memory capacity alone, measured through the Reading 444 

Span, explained 55% of the variance in SIN thresholds, suggesting that poor verbal working memory 445 

capacity limits speech-recognition abilities in CI listeners. In the same way, working memory may 446 

also influence performance in adults who grew up with CI and this facet should receive more 447 

attention.  448 

Regarding the role of linguistic aspects, which, in the present study, were represented by the scores 449 

obtained at TROG-2. Various authors have already probed the independent contributions of speech 450 

production and language ability to open-set speech perception scores in children using either HAs or 451 

CIs [26,27]. Furthermore, Eisenberg et al. [28] found that children’s performance in Comprehensive 452 

Assessment of Spoken Language, a test structured to assess subjects’ skills in syntactic constructions 453 

and paragraph comprehension, yielded the strongest correlation with sentence recognition.  They 454 

concluded that children with higher scores in this type of syntactic task have probably developed, at 455 

the same time, the skill set necessary to recognize entire sentences with the support of syntactic 456 

knowledge and this phenomenon is already detectable commencing 5-6 years after CI activation. Our 457 

study supports the hypothesis that syntactic skills are still influential in adulthood, but with a smaller 458 

contribution than that measured by Eisenberg et al. in the pediatric population [28].  459 

 460 

Limitations and future directions 461 

A limitation of the present study concerns the paucity of bilateral simultaneous users in the study 462 

sample. Because of the small sample size and the absence of differences in age range at implantation 463 

between sequential and concurrent users, a comparative analysis was performed but was not 464 

statistically significant. However, it is possible that by supplementing the sample of simultaneous 465 

bilateral users with the results of the next generation of implanted children, these results may change, 466 

as nowadays simultaneous bilateral implantation is becoming an earlier and more widespread 467 

indication than in the past. Another limitation of the present study is the fact that, due to the 468 

retrospective nature of data collection, we were unable to test for other variables that could have 469 

explained the 40% residual variance. One of these variables is non-verbal intelligence, which has 470 

been found to be significantly correlated with Matrix outcomes in adolescent and young adult CI 471 

users by Zaltz et al. [22]. Conversely, non-verbal intelligence was not found to correlate significantly 472 

with adaptive speech perception in noise outcomes in CI recipient children with typical and atypical 473 

language development by Torkildsen et al. [65]. 474 



Non-verbal intelligence has been found to correlate with receptive and expressive language skills in 475 

children with associated disabilities [14]. In contrast to the Meinzen-Derr study, non-verbal 476 

intelligence didn’t reach statistical significance within a model of linear correlation including early 477 

CI and socioeconomic status. Particularly early implantation remains a dominant factor in children 478 

and adolescents, leading to better outcomes [66]. Similarly, the effects of non-verbal intelligence in 479 

a large cohort of early implanted children showed no significant correlations with postoperative 480 

comprehensive assessments of spoken language [67]. 481 

Differing results concerning the effects of non-verbal IQ between various studies might be as a result 482 

of different test methodologies and the lack of normative data for children with hearing loss, 483 

disadvantaging them in terms of clinical interpretation and recommendations [67]. 484 

The present study, being retrospective in nature, did not have complete non-verbal intelligence data, 485 

and therefore, could not contribute to shedding light on this important aspect. 486 

Nevertheless, the outcomes of this study have provided a solid foundation for future prospective 487 

research, which should be designed to verify the role of variables such as auditory attention, working 488 

memory and cognitive functions on speech perception in noise and linguistic skills.  489 

 490 

Conclusions 491 

The results of the present study show the positive contribution made by CI in speech perception in 492 

quiet and in noise and in morphosyntactic skills, in DHH adolescents and young adults who received 493 

CI in childhood. Performances in quiet and in noise with fixed and adaptive SNR were, on average, 494 

better than that reported in the DHH adult population, despite wide variability in individual 495 

performances. Age at CI still represents an important factor influencing outcomes in long-term 496 

assessments. The study also provides insight into how speech perception and morphosyntactic 497 

comprehension are still interlinked in adolescence and adulthood.  498 

 499 

Acknowledgments: The authors would like to thank all the patients of the Cochlear Implant Centre 500 

of the Policlinico Umberto I Hospital-Rome, who took part in this research, without whom this project 501 

would not have been possible. The authors wish to sincerely thank Dan McAuley for his support with 502 

the English language revision and for the invaluable improvement in the linguistics of the manuscript. 503 

Finally, the authors would like to thank the reviewers of IJPORL whose comments have significantly 504 

improved the manuscript. 505 

 506 



References 

 

[1] World Health Organization, World Report on Hearing (WRH), in: Licence: CC BY-

NC-SA 3.0 IGO  ISBN: 978-92-4-002048-1, 2021: p. 252. 

https://www.who.int/publications/i/item/9789240020481. 

[2] T.Y.C. Ching, H. Dillon, Major findings of the LOCHI study on children at 3 years of 

age and implications for audiological management, Int J Audiol. 52 (2013) S65–S68. 

https://doi.org/10.3109/14992027.2013.866339. 

[3] A.E. Geers, M.J. Strube, E.A. Tobey, D.B. Pisoni, J.S. Moog, Epilogue: factors 

contributing to long-term outcomes of cochlear implantation in early childhood., Ear 

Hear. 32 (2011) 84S-92S. https://doi.org/10.1097/aud.0b013e3181ffd5b5. 

[4] M.K. Cosetti, S.B. Waltzman, Outcomes in cochlear implantation: Variables affecting 

performance in adults and children, Otolaryngol Clin North Am. 45 (2012) 155–71. 

https://doi.org/10.1016/j.otc.2011.08.023. 

[5] P.J. Govaerts, C. De Beukelaer, K. Daemers, G. De Ceulaer, M. Yperman, T. Somers, 

I. Schatteman, F.E. Offeciers, Outcome of cochlear implantation at different ages from 

0 to 6 years, Otology and Neurotology. 23 (2002) 885–90. 

https://doi.org/10.1097/00129492-200211000-00013. 

[6] S.J. Dettman, R.C. Dowell, D. Choo, W. Arnott, Y. Abrahams, A. Davis, D. Dornan, 

J. Leigh, G. Constantinescu, R. Cowan, R.J. Briggs, Long-Term communication 

outcomes for children receiving cochlear implants younger than 12 months: A 

multicenter study, in: Otology and Neurotology, 2016: pp. e82-95. 

https://doi.org/10.1097/MAO.0000000000000915. 

[7] F. Forli, E. Arslan, S. Bellelli, S. Burdo, P. Mancini, A. Martini, M. Miccoli, N. 

Quaranta, S. Berrettini, Systematic review of the literature on the clinical effectiveness 

of the cochlear implant procedure in paediatric patients., Acta Otorhinolaryngol Ital. 

31 (2011) 281–98. 

[8] A.N. Naik, V. V. Varadarajan, P.S. Malhotra, Early pediatric Cochlear implantation: 

An update, Laryngoscope Investig Otolaryngol. 6 (2021) 512–521. 

https://doi.org/10.1002/lio2.574. 

[9] E.A. Tobey, D. Thal, J.K. Niparko, L.S. Eisenberg, A.L. Quittner, N.Y. Wang, 

Influence of implantation age on school-age language performance in pediatric 

cochlear implant users, Int J Audiol. 52 (2013) 219–29. 

https://doi.org/10.3109/14992027.2012.759666. 

[10] L.F. Tanamati, O. Alves Costa, M.C. Bevilacqua, Long-term results by using cochlear 

Implants on children: Systematic review Resultados a longo prazo com o uso do 

implante coclear em crianças: Revisão sistemática, Intl. Arch. Otorhinolaryngol. 15 

(2011) 365–375. https://doi.org/10.1590/S1809-48722011000300016. 

[11] P. Mancini, L. Mariani, M. Nicastri, S. Cavicchiolo, I. Giallini, P. Scimemi, D. 

Zanetti, S. Montino, E. Lovo, F. Di Berardino, P. Trevisi, S. Rosamaria, Cochlear 

implantation in children with Autism Spectrum Disorder (ASD): Outcomes and 

implant fitting characteristics, Int J Pediatr Otorhinolaryngol. 149 (2021). 

https://doi.org/10.1016/j.ijporl.2021.110876. 



[12] Á. Ramos-Macías, S. Borkoski-Barreiro, J.C. Falcón-González, D.P. Plasencia, 

Results in cochlear implanted children before 5 years of age. A long term follow up, 

Int J Pediatr Otorhinolaryngol. 78 (2014) 2183–9. 

https://doi.org/10.1016/j.ijporl.2014.10.006. 

[13] I. Giallini, M. Nicastri, L. Mariani, R. Turchetta, G. Ruoppolo, M. de Vincentiis, C. 

De Vito, A. Sciurti, V. Baccolini, P. Mancini, Benefits of Parent Training in the 

Rehabilitation of Deaf or Hard of Hearing Children of Hearing Parents: A Systematic 

Review, Audiol Res. 11 (2021) 653–672. https://doi.org/10.3390/audiolres11040060. 

[14] J. Meinzen-Derr, S. Wiley, S. Grether, D.I. Choo, Language performance in children 

with cochlear implants and additional disabilities, Laryngoscope. 120 (2010) 405–13. 

https://doi.org/10.1002/lary.20728. 

[15] A. Geers, C. Brenner, L. Davidson, Factors associated with development of speech 

perception skills in children implanted by age five, Ear Hear. 24 (2003) 24S-35S. 

https://doi.org/10.1097/01.aud.0000051687.99218.0f. 

[16] S. Sharma, K. Bhatia, S. Singh, A.K. Lahiri, A. Aggarwal, Impact of socioeconomic 

factors on paediatric cochlear implant outcomes, Int J Pediatr Otorhinolaryngol. 102 

(2017) 90–97. https://doi.org/10.1016/j.ijporl.2017.09.010. 

[17] B. Richter, S. Eißele, R. Laszig, E. Löhle, Receptive and expressive language skills of 

106 children with a minimum of 2 years’ experience in hearing with a cochlear 

implant, Int J Pediatr Otorhinolaryngol. 64 (2002) 111–25. 

https://doi.org/10.1016/S0165-5876(02)00037-X. 

[18] J. Lyu, Y. Kong, T.Q. Xu, R.J. Dong, B.E. Qi, S. Wang, Y.X. Li, H.H. Liu, X.Q. 

Chen, Long-term follow-up of auditory performance and speech perception and effects 

of age on cochlear implantation in children with pre-lingual deafness, Chin Med J 

(Engl). 132 (2019) 1925–1934. https://doi.org/10.1097/CM9.0000000000000370. 

[19] A.S. Uziel, M. Sillon, A. Vieu, F. Artieres, J.P. Piron, J.P. Daures, M. Mondain, Ten-

year follow-up of a consecutive series of children with multichannel cochlear 

implants, Otology and Neurotology. 28 (2007) 615–28. 

https://doi.org/10.1097/01.mao.0000281802.59444.02. 

[20] L.S. Davidson, A.E. Geers, C. Brenner, Cochlear implant characteristics and speech 

perception skills of adolescents with long-term device use, Otology and Neurotology. 

31 (2010) 1310–4. https://doi.org/10.1097/MAO.0b013e3181eb320c. 

[21] Y. Bugannim, D.A.E. Roth, D. Zechoval, L. Kishon-Rabin, Training of Speech 

Perception in Noise in Pre-Lingual Hearing Impaired Adults with Cochlear Implants 

Compared with Normal Hearing Adults, Otology and Neurotology. 40 (2019) e316–

e325. https://doi.org/10.1097/MAO.0000000000002128. 

[22] Y. Zaltz, Y. Bugannim, D. Zechoval, L. Kishon-Rabin, R. Perez, Listening in Noise 

Remains a Significant Challenge for Cochlear Implant Users: Evidence from Early 

Deafened and Those with Progressive Hearing Loss Compared to Peers with Normal 

Hearing, J Clin Med. 9 (2020) 1381. https://doi.org/10.3390/jcm9051381. 

[23] G.E. Puglisi, A. Warzybok, S. Hochmuth, C. Visentin, A. Astolfi, N. Prodi, B. 

Kollmeier, An Italian matrix sentence test for the evaluation of speech intelligibility in 

noise, Int J Audiol. 54 (2015) 44–50. https://doi.org/10.3109/14992027.2015.1061709. 



[24] S. Gallo, A. Castiglione, The signal-to-noise ratio assessment in cochlear implanted 

patients through the Italian Matrix Sentence test (Oldenburg test), Hearing Balance 

Commun. 17 (2019) 145–148. https://doi.org/10.1080/21695717.2019.1603949. 

[25] H. Dincer D’Alessandro, P.J. Boyle, G. Portanova, P. Mancini, Music perception and 

speech intelligibility in noise performance by Italian-speaking cochlear implant users, 

European Archives of Oto-Rhino-Laryngology. 279 (2022) 3821–3829. 

https://doi.org/10.1007/s00405-021-07103-x. 

[26] P. Blamey, J. Sarant, Speech perception and language criteria for paediatric cochlear 

implant candidature, Audiol Neurootol. 7 (2002) 114–21. 

https://doi.org/10.1159/000057659. 

[27] P.J. Blamey, J.Z. Sarant, L.E. Paatsch, J.G. Barry, C.P. Bow, R.J. Wales, M. Wright, 

C. Psarros, K. Rattigan, R. Tooher, Relationships among Speech Perception, 

Production, Language, Hearing Loss, and Age in Children with Impaired Hearing, 

Journal of Speech, Language, and Hearing Research. 44 (2001) 264–85. 

https://doi.org/10.1044/1092-4388(2001/022). 

[28] L.S. Eisenberg, L.M. Fisher, K.C. Johnson, D.H. Ganguly, T. Grace, J.K. Niparko, 

Sentence recognition in quiet and noise by pediatric cochlear implant users: 

Relationships to spoken language, in: Otology and Neurotology, 2016: pp. e75-81. 

https://doi.org/10.1097/MAO.0000000000000910. 

[29] P. Miller, T. Kargin, B. Guldenoglu, C. Rathmann, O. Kubus, P. Hauser, E. Spurgeon, 

Factors distinguishing skilled and less skilled deaf readers: Evidence from four 

orthographies, J Deaf Stud Deaf Educ. 17 (2012) 439–62. 

https://doi.org/10.1093/deafed/ens022. 

[30] F. Cutugno, S. Prosser, M. Turrini, Audiometria vocale, Italy, 2000. 

[31] B. Kollmeier, M. Wesselkamp, Development and evaluation of a German sentence test 

for objective and subjective speech intelligibility assessment, J Acoust Soc Am. 102 

(1997) 2412–21. https://doi.org/10.1121/1.419624. 

[32] P. Mancini, H. Dincer D’Alessandro, G. Portanova, F. Atturo, F.Y. Russo, A. Greco, 

M. de Vincentiis, I. Giallini, D. De Seta, Bimodal cochlear implantation in elderly 

patients, Int J Audiol. 60 (2021) 469–478. 

https://doi.org/10.1080/14992027.2020.1843080. 

[33] Bishop DVM, TROG-2: test for reception of grammar—Version 2. (2009), In: Suraniti 

S, Ferri R. Neri V (eds) Italian adaptation, Giunti Psychometric Edition, Florence, n.d. 

[34] G.A. Studebaker, A “rationalized” arcsine transform., J Speech Hear Res. 28 (1985) 

455–62. https://doi.org/10.1044/jshr.2803.455. 

[35] D.W. Hosmer, S. Lemeshow, Applied logistic regression. 2nd Edition, 2000. 

[36] G.E. Puglisi, F. di Berardino, C. Montuschi, F. Sellami, A. Albera, D. Zanetti, R. 

Albera, A. Astolfi, B. Kollmeier, A. Warzybok, Evaluation of Italian Simplified 

Matrix Test for Speech-Recognition Measurements in Noise, Audiol Res. 11 (2021) 

73–88. https://doi.org/10.3390/audiolres11010009. 

[37] C.E. Heckler, L. Hatcher, A Step-by-Step Approach to Using the SAS® System for 

Factor Analysis and Structural Equation Modeling, Technometrics. 38 (1996). 

https://doi.org/10.2307/1270628. 



[38] K.F. Faulkner, D.B. Pisoni, Some observations about cochlear implants: challenges 

and future directions, Neuroscience Discovery. 1 (2013). https://doi.org/10.7243/2052-

6946-1-9. 

[39] E.A.R. Beadle, D.J. McKinley, T.P. Nikolopoulos, J. Brough, G.M. O’Donoghue, 

S.M. Archbold, Long-term functional outcomes and academic-occupational status in 

implanted children after 10 to 14 years of cochlear implant use, Otology and 

Neurotology. 26 (2005) 1152–60. 

https://doi.org/10.1097/01.mao.0000180483.16619.8f. 

[40] S.B. Waltzman, N.L. Cohen, J. Green, J.T. Roland, Long-term effects of cochlear 

implants in children, Otolaryngology - Head and Neck Surgery. 126 (2002) 505–11. 

https://doi.org/10.1067/mhn.2002.124472. 

[41] F. Forli, L. Bruschini, B. Franciosi, S. Berrettini, F. Lazzerini, Sequential bilateral 

cochlear implant: long-term speech perception results in children first implanted at an 

early age, European Archives of Oto-Rhino-Laryngology. 280 (2022) 1073–1080. 

https://doi.org/10.1007/s00405-022-07568-4. 

[42] D.L. Horn, D.J. Dudley, K. Dedhia, K. Nie, W.R. Drennan, J.H. Won, J.T. Rubinstein, 

L.A. Werner, Effects of age and hearing mechanism on spectral resolution in normal 

hearing and cochlear-implanted listeners, J Acoust Soc Am. 141 (2017) 613. 

https://doi.org/10.1121/1.4974203. 

[43] M.A. Svirsky, S.W. Teoh, H. Neuburger, Development of language and speech 

perception in congenitally, profoundly deaf children as a function of age at cochlear 

implantation, Audiol Neurootol. 9 (2004) 224–33. https://doi.org/10.1159/000078392. 

[44] R.H. Gifford, Bilateral Cochlear Implants or Bimodal Hearing for Children with 

Bilateral Sensorineural Hearing Loss, Curr Otorhinolaryngol Rep. 8 (2020) 385–394. 

https://doi.org/10.1007/s40136-020-00314-6. 

[45] J.S. Kim, L.S. Kim, S.W. Jeong, Functional benefits of sequential bilateral cochlear 

implantation in children with long inter-stage interval between two implants, Int J 

Pediatr Otorhinolaryngol. 77 (2013) 162–9. 

https://doi.org/10.1016/j.ijporl.2012.10.010. 

[46] L. Bubbico, G. Tognola, F. Grandori, Evolution of Italian universal newborn hearing 

screening programs, Ann Ig. 29 (2017) 116–122. https://doi.org/10.7416/ai.2017.2138. 

[47] D. Vickers, L. De Raeve, J. Graham, International survey of cochlear implant 

candidacy, Cochlear Implants Int. 17 (2016) 36–41. 

https://doi.org/10.1080/14670100.2016.1155809. 

[48] K.C. Wagener, T. Brand, B. Kollmeier, Development and evaluation of a German 

sentence test Part III: Evaluation of the Oldenburg sentence test, Zeitschrift Für 

Audiologie. 38 (1999) 44–56. 

[49] T.P. Nikolopoulos, D. Dyar, S. Archbold, G.M. O’Donoghue, Development of Spoken 

Language Grammar Following Cochlear Implantation in Prelingually Deaf Children, 

Archives of Otolaryngology - Head and Neck Surgery. 130 (2004) 629–33. 

https://doi.org/10.1001/archotol.130.5.629. 

[50] F. Halle, L. Duchesne, Morphosyntactic skills in deaf children with cochlear implants: 

A systematic review, Canadian Journal of Speech-Language Pathology and 

Audiology. 39 (2015) 260–297. 



[51] S.D. Golestani, N. Jalilevand, M. Kamali, A comparison of morpho-syntactic abilities 

in deaf children with cochlear implant and 5-year-old normal-hearing children, Int J 

Pediatr Otorhinolaryngol. 110 (2018) 27–30. 

https://doi.org/10.1016/j.ijporl.2018.04.019. 

[52] A.E. Geers, Speech, Language, and Reading Skills after Early Cochlear Implantation, 

Archives of Otolaryngology - Head and Neck Surgery. 130 (2004) 634–8. 

https://doi.org/10.1001/archotol.130.5.634. 

[53] E.A. Schorr, F.P. Roth, N.A. Fox, A Comparison of the Speech and Language Skills 

of Children With Cochlear Implants and Children With Normal Hearing, Commun 

Disord Q. 29 (2008) 195–210. https://doi.org/10.1177/1525740108321217. 

[54] A.E. Geers, J.S. Moog, J. Biedenstein, C. Brenner, H. Hayes, Spoken language scores 

of children using cochlear implants compared to hearing age-mates at school entry, J 

Deaf Stud Deaf Educ. 14 (2009) 371–85. https://doi.org/10.1093/deafed/enn046. 

[55] K. Hansson, T. Ibertsson, L. Asker-árnason, B. Sahlén, Phonological processing, 

grammar and sentence comprehension in older and younger generations of Swedish 

children with cochlear implants, Autism Dev Lang Impair. 2 (2017). 

https://doi.org/10.1177/2396941517692809. 

[56] L. Breland, J.H. Lowenstein, S. Nittrouer, Disparate Oral and Written Language 

Abilities in Adolescents With Cochlear Implants: Evidence From Narrative Samples, 

Lang Speech Hear Serv Sch. 53 (2022) 193–212. 

https://doi.org/10.1044/2021_LSHSS-21-00062. 

[57] C. Yoshinaga-Itano, A.L. Sedey, M. Wiggin, C.A. Mason, Language outcomes 

improved through early hearing detection and earlier cochlear implantation, Otology 

and Neurotology. 39 (2018) 1256–1263. 

https://doi.org/10.1097/MAO.0000000000001976. 

[58] J. Sarant, D. Harris, L. Bennet, S. Bant, Bilateral versus unilateral cochlear implants in 

children: A study of spoken language outcomes, Ear Hear. 35 (2014) 396–409. 

https://doi.org/10.1097/AUD.0000000000000022. 

[59] T. Boons, J.P.L. Brokx, J.H.M. Frijns, L. Peeraer, B. Philips, A. Vermeulen, J. 

Wouters, A. Van Wieringen, Effect of pediatric bilateral cochlear implantation on 

language development, Arch Pediatr Adolesc Med. 166 (2012) 28–34. 

https://doi.org/10.1001/archpediatrics.2011.748. 

[60] H.R. Eskridge, L.R. Park, K.D. Brown, The impact of unilateral, simultaneous, or 

sequential cochlear implantation on pediatric language outcomes, Cochlear Implants 

Int. 22 (2021) 187–194. https://doi.org/10.1080/14670100.2020.1871267. 

[61] R.H. Wilson, R.A. McArdle, S.L. Smith, An evaluation of the BKB-SIN, HINT, 

QuickSIN, and WIN materials on listeners with normal hearing and listeners with 

hearing loss, Journal of Speech, Language, and Hearing Research. 50 (2007) 844–56. 

https://doi.org/10.1044/1092-4388(2007/059). 

[62] S. Jansen, H. Luts, K.C. Wagener, B. Kollmeier, M. Del Rio, R. Dauman, C. James, B. 

Fraysse, E. Vormès, B. Frachet, J. Wouters, A. Van Wieringen, Comparison of three 

types of French speech-in-noise tests: A multi-center study, Int J Audiol. 51 (2012) 

164–73. https://doi.org/10.3109/14992027.2011.633568. 



[63] T. Willberg, V. Sivonen, P. Linder, A. Dietz, Comparing the speech perception of 

cochlear implant users with three different finnish speech intelligibility tests in noise, J 

Clin Med. 10 (2021) 3666. https://doi.org/10.3390/jcm10163666. 

[64] M.W. Kaandorp, C. Smits, P. Merkus, J.M. Festen, S.T. Goverts, Lexical-Access 

Ability and Cognitive Predictors of Speech Recognition in Noise in Adult Cochlear 

Implant Users, Trends Hear. 21 (2017) 2331216517743887. 

https://doi.org/10.1177/2331216517743887. 

[65] J. von K. Torkildsen, A. Hitchins, M. Myhrum, O.B.ø. Wie, Speech-in-Noise 

Perception in Children With Cochlear Implants, Hearing Aids, Developmental 

Language Disorder and Typical Development: The Effects of Linguistic and Cognitive 

Abilities, Front Psychol. 10 (2019) 2530. https://doi.org/10.3389/fpsyg.2019.02530. 

[66] E.A. Tobey, A.E. Geers, M. Sundarrajan, S. Shin, Factors influencing speech 

production in elementary and high school-aged cochlear implant users., Ear Hear. 32 

(2011) 27S-38S. https://doi.org/10.1097/aud.0b013e3181fa41bb. 

[67] I. Cejas, C.M. Mitchell, M. Hoffman, A.L. Quittner, C. Della Santina, D. Marsiglia, D. 

Martinez, F. Telischi, R. Glover, C. Sarangoulis, T. Zwolan, C. Arnedt, H.F.B. Teagle, 

J. Woodard, H. Eskridge, L.S. Eisenberg, K. Johnson, L. Fisher, D.H. Ganguly, A. 

Warner-Czyz, A. Geers, K. Wiseman, L. Britt, T. Grace, P. Bayton, A. Quittner, L.S. 

Eisenberg, A. Geers, N.Y. Wang, Comparisons of IQ in children with and without 

cochlear implants: Longitudinal findings and associations with language, Ear Hear. 39 

(2018) 1187-1198. https://doi.org/10.1097/AUD.0000000000000578. 

 



 



 1 

Long-term speech perception and morphosyntactic outcomes in adolescents and young adults 2 

implanted in childhood 3 

Abstract  4 

Background: Long-term assessments of speech perception and language outcomes in children 5 

children with cochlear implants (CI) are important inputs to help guide families and professionals in 6 

therapeutic and counselling processes. Based on these premises, the primary aim of the present study 7 

was to assess the long-term speech and language outcomes in a sample of prelingually deaf or hard 8 

of hearing (DHH) adolescents and young adults with unilateral or bilateral implantation in childhood. 9 

The secondary aim was to investigate the correlations of age at implantation with long-term speech 10 

and language outcomes.  11 

Materials and Methods: Retrospective observational study on 54 long-term CI users, 33 unilateral 12 

and 21 bilateral (mean age at CI surgery 38.1 ± 24.6 months; mean age at last follow-up assessment 13 

19.1 ± 4.3 years of age and mean follow-up time 16 ± 3.7 years). Means and standards were used to 14 

describe speech perception (in quiet, in fixed noise and in adaptive noise using It-Matrix) and 15 

morphosyntactic comprehension (TROG-2) outcomes. A univariate analysis was used to evaluate 16 

outcome differences between unilateral and bilateral patients. Bivariate analysis was performed to 17 

investigate the relationships between age at CI, audiological variables, and language outcomes. 18 

Finally, multivariate analysis was performed to quantify the relationship between It-Matrix, sentence 19 

recognition in quiet and at SNR+10 and TROG-2.  20 

Results: The participants showed good speech recognition performance in quiet (94% for words 21 

and 89% for sentences) whilst their speech-in-noise scores decreased significantly. For the It-22 

Matrix, only 9.2% of the participants showed scores within the normative range. This value 23 

was 60% for TROG-2 performance. For both auditory and language skills, group differences 24 

for unilateral versus bilateral CI users were not statistically significant (p >0.05). Bivariate 25 

analysis showed that age at CI correlated significantly with overall results at TROG-2 (r = -0.6; p 26 

<0.001) and with It-Matrix (r =0.5; p <0.001). TROG-2 was negatively correlated with results for It-27 

Matrix (r = -0.5; p <0.001). In the multivariate analysis with It-Matrix as a dependent variable, the 28 

model explained 63% of the variance, of which 60% was related to sentence recognition and 3% to 29 

morphosyntax. 30 

Conclusions: These data contribute to the definition of average long-term outcomes expected in 31 

subjects implanted during childhood whilst increasing our knowledge of the effects of variables such 32 

as age at CI and morphosyntactic comprehension on speech perception. Although the majority of 33 

this prelingually DHH cohort did not achieve scores within a normative range, remarkably 34 
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better It-Matrix scores were observed when compared to those from postlingually deafened 35 

adult CI users.  36 

 37 

Keywords: cochlear implant, speech perception, deafness, adolescents, long-term outcomes, 38 

sentence recognition, listening condition39 



1. Introduction  40 

Cochlear implants (CI) have been proven to be an effective technological source of treatment 41 

for children who have profound or severe hearing loss (deaf or hard of hearing, DHH))  [1]and 42 

who get little or no benefit from hearing aids (HA). Indeed, several studies show that the majority 43 

of early implanted DHH children are able to achieve age-appropriate language skills during childhood 44 

[2–4][1–3]. On the other hand, many other factors appear to influence their postoperative outcomes, 45 

including age at implant [4–9][3–8] duration of auditory deprivation [4,10][3,9], bilateral listening 46 

[4,7][3,6], presence of multiple disabilities associated with hearing loss  [4,7,11][3,6,10], caregivers’ 47 

support [3,7,12][2,6,11], education and rehabilitative environment [4,13][3,12], intelligence quotient 48 

(IQ) [14,15][13,14], socio-economic factors [16][15], integrity of cochlear structures [4][3], surgical 49 

variables such as insertion depth and electrode type or CI signal processing [4][3].  50 

As prelingually DHH pediatric CI users get older, questions regarding their long-term speech 51 

and language performance in adolescence or young adulthood arise and should be studied. In fact, 52 

most of the existing studies describe the short- or mid-term postoperative outcomes 53 

[2,5,9,17,18][1,4,8,16,17] obtained within the first 2-6 years of CI use, in particular regarding their 54 

auditory benefit and receptive/expressive language development. However, there are very few studies 55 

reporting on their long-term speech and language outcomes [19–21][18–20]. The first two papers by 56 

Uziel et al. [19][18] and Davidson et al. [20][19] reporting long-term outcomes in adolescents 57 

implanted in childhood were published more than ten years ago when speech perception tests based 58 

on adaptive paradigms were not as available as in recent years. Indeed, both studies used speech 59 

perception tests presented either in quiet or with a fixed signal-to-noise ratio (SNR).  60 

So far, only one research article has been specifically designed to assess long-term outcomes 61 

in adolescents and young adults implanted during childhood, employing an adaptive noise test that is 62 

usually considered more relevant when assessing speech perception performance in settings which 63 

are similar to everyday complex listening environments [22][21]. Zalt et al. [22][21] studied speech-64 

in-noise outcome differences between early and late implanted CI users, to examine the contribution 65 

of linguistic, cognitive, and background factors for speech perception in noise using the Hebrew 66 

Matrix sentence-in-noise test. Results showed poorer performance in noise when compared to hearing 67 

peers, with a large between-subject variability in the CI group. Matrix outcomes were found to be 68 

negatively correlated with non-verbal intelligence in a subgroup of adolescent CI users who showed 69 

greater than 50% correct word recognition in quiet.  70 

The Italian version of the Matrix sentence test has been developed and validated in young 71 

hearing subjects for accurate and reliable speech recognition assessment in noise [23][22]. This test 72 

has been widely distributed and is currently used in research mainly for postlingually deaf adults 73 



[24,25][23,24]. However, no Matrix data for DHH adolescents and young adults implanted in 74 

childhood are available in the Italian language. 75 

A further domain which is poorly understood is that of long-term morphosyntactic skills, 76 

an area of language acquisition which is considered an independent contributor to open-set 77 

speech perception [26,27][26,27]. It is fundamental when determining reading comprehension 78 

skills and remains at risk even in early implanted DHH children [28,29][28,29]. 79 

To our knowledge, no study has yet really assessed morphosyntactic competence in 80 

adolescents and young adults with a follow-up greater than 10 years. Moreover, there is a lack of   81 

studies in the Italian language exploring the relationship between speech perception in adaptive noise 82 

and language development in terms of morphosyntactic comprehension. Long-term assessments in 83 

prelingually DHH CI users are important inputs to help guide families and professionals in the 84 

therapeutic and counseling process and on the expectations and factors involved in the processes of 85 

developing the communication, educational and occupational skills of children who will grow up with 86 

CI.  87 

Based on these premises, the primary aim of the present study was to assess the long-term 88 

speech perception outcomes for the adaptive Italian Matrix test (It-Matrix), and for word/sentence 89 

recognition in quiet and with fixed SNR, and morphosyntactic skills in a sample of unilaterally and 90 

bilaterally implanted adolescents and young adults, who received their CI during childhood. The 91 

secondary aim was to determine if and to what extent adaptive It-Matrix was correlated to speech 92 

perception in quiet and fixed SNR taking account of age at implantation and, furthermore, the extent 93 

to which language skills, in terms of morphosyntactic comprehension, were correlated in adulthood. 94 

 95 

2. Materials and Methods 96 

2.1 Study design and sample group 97 

The present study was a retrospective cohort study involving prelingually DHH adolescents and 98 

young adults who received unilateral or bilateral CI during childhood assessed at the Cochlear Implant 99 

Centre of the xxxxxxxxxxxx. The data were analysed in accordance with the principles and later 100 

amendments to the Declaration of Helsinki (1964) and approved by the Hospital Ethics Committee 101 

(n. 259/2020). 102 

Subjects were selected from a database of patients whose last follow-up occurred in the year prior to 103 

data collection. A total of 110 subjects were screened. Selection criteria for the current study included 104 

prelingual DHH subjects who had received CI during childhood, with a minimum period of 10 years 105 

of follow up after CI surgery, regular CI use (≥ 8 hours per day) and normo-typical development. The 106 

exclusion criteria were CI users with follow ups of less than 10 years, postlingually deaf CI users, 107 



partial-intermittent CI users, bimodal listeners, and the presence of associated neuropsychological 108 

disorders/disabilities. 109 

Fifty-four prelingually DHH CI users (25 F, 29 M) satisfied the selection criteria and were included 110 

in the study. The average age at severe to profound sensorineural hearing loss diagnosis was 14.8 ± 111 

9.8 months and the average age at CI surgery was 38.1 ± 24.6 months. The participants did not 112 

display any postoperative residual hearing in the implanted ear. Unilateral CI users showed a 113 

pure tone average (PTA) of 110.2 dB HL for octave frequencies below 1000 Hz in the non-114 

implanted ear. None of the participants wore a contralateral HA. The average age at last follow-115 

up assessment was 19.1 ± 4.3 years and the mean follow-up was 16 ± 3.7 years. 116 

Deafness aetiology was unknown in 14 (26%) subjects, hereditary in 35 (65%) subjects (Connexin-117 

26 gene mutation 79%, Usher syndrome 15%, Pendred Syndrome 3%, Waardenburg Syndrome 3%); 118 

and in 5 (9%) the cause of deafness was acquired (40% cytomegalovirus, 40% rubella virus; 20% 119 

meningitis). All but one of the subjects with Usher syndrome had mild night vision loss, and only one 120 

displayed daytime mild vison loss.  121 

Thirty-three were unilateral, 21 were simultaneous (9) or sequential (12) bilateral CI users. Median 122 

sequential inter-implant time was 9 years (range 3 – 11).  123 

Seven patients had a CI reimplantation: four patients from 90K, two patients from CI24RE and one 124 

from CI24M. 125 

Thirty-three of the patients used Advanced Bionics (AB) devices (1 HiRes, 8 HiRes 120-S, 24 126 

Optima-S) and twenty-one patients used Cochlear devices (21 ACE). All sound processors used in 127 

this study were Behind the Ear. Regarding unilateral users, 23/33 had all of the electrodes on, one 128 

had 5 electrodes off, one had 3 electrodes off, five had 2 electrodes off and three had 1 electrode off. 129 

Regarding bilateral users, 17/21 had all the electrodes on bilaterally, two had 2 electrodes off 130 

unilaterally and two had 2 electrodes off bilaterally.  131 

All participants had used HAs prior to implantation and used spoken language as their primary mode 132 

of communication. All were native Italian speakers.  133 

 134 

2.2 Retrospective data  135 

Data were collected using our central clinical database where scores from tests performed during 136 

periodical follow up assessments were recorded. For each subject, the score recorded at the last 137 

assessment was used for the purposes of the study.  Details of the reported data are described below 138 

for both audiological and language assessments. 139 

 140 

2.3 Audiological assessment 141 



Data from pure tone and speech perception testing in quiet and noise were used. Pure tone audiometry 142 

and speech perception testing was performed in a soundproof room using two loudspeakers 143 

(Indianaline, Coral electronic, Italy) positioned at 0° azimuth, 1 meter away from the patient’s head 144 

when seated, connected to an audiometer (Aurical Aud, Otometrics, Natus Medical Srl, Italy) and 145 

using suitable laptop software (Otosuite, Otometrics, Natus Medical Srl, Italy).  146 

PTA and sound field (SF) were both performed with warble tones for octave frequencies between 147 

500 and 4000 Hz. Bilateral users were tested in daily listening mode with both ears.  148 

Speech perception in quiet and fixed noise was evaluated in SF open set with two training lists of 20 149 

bisyllabic words and two training lists of 10 sentences. The pre-recorded material of Cutugno et al. 150 

[30][30] was used and presented at 65 dB SPL in quiet and at fixed SNR +10 dB and +5 dB. The 151 

patients repeated words and sentences that they were able to understand, while the examiner evaluated 152 

the responses by assigning a score. For word lists, the performance score was based on a phonemic 153 

count, a word had 4 phonemic connections, with a minimum score set at 0 and the maximum at 4; for 154 

the lists of sentences two different scores were recorded: one score ranged from 0 to 3, since there 155 

were 3 keywords to repeat within the sentence; the second score was based on an evaluation of the 156 

full correct sentence. The program recorded the scores for each single performance and showed them 157 

as a percentage value.  158 

Speech perception was also tested with adaptive noise through the Italian Matrix sentence test (It-159 

Matrix) [23][22] which is the Italian adaptation of the Oldenburg Sentence Test (OLSA) [31][31]. 160 

The test consists of semantically unpredictable sentences but with a fixed syntactic structure: subject 161 

- verb - number - complement - adjective. The noise (speech noise) was presented at 65 dB SPL while 162 

the signal was adaptive. The examination was performed in all patients in open set: the patient 163 

repeated the words which they were able to understand, and the examiner marked the answers. The 164 

standardized and validated normal range data found from the second to the third adaptive 165 

measurement for Italian has a mean SRT of –6.7 ± 0.7 dB SNR and –7.4 ± 0.7 dB SNR for open- and 166 

closed-set tests. The results for It-Matrix were either a positive or negative dB value. The SRT 167 

represented the difference between the level of the speech signal and the level of the noise signal 168 

where the patient understood 50% of the words. As for the standardized procedure developed by 169 

Puglisi et al. [23][22], patients undertook two training lists of 30 items, followed by one test list of 170 

30 items.  171 

Both SF and speech perception testing in quiet and with fixed noise were completed by all subjects 172 

in the sample group, while 5 subjects were not able to complete the It-Matrix test. For these subjects, 173 

for statistical analysis purposes, the maximum test score (20 dB SNR), considered as the test limit, 174 

was computed [32][32].  175 



 176 

2.4 Language assessment  177 

As a measure of language competence, morphosyntactic comprehension was used. In our clinic, 178 

language competence is routinely assessed through the Italian standardized version of the Test for 179 

Reception of Grammar (TROG-2)[33][33]. TROG-2 consists of 20 blocks, each testing a specific 180 

grammatical construction, having an increasing order of difficulty. Each block contains four items 181 

and the child needs to respond correctly to all of them to level up. Each test stimulus is presented in 182 

a four-picture, multiple-choice format with lexical and grammatical foils. For each item, the examiner 183 

reads a sentence that refers to one of the four drawings, and the participant’s task is to point to the 184 

drawing that corresponds to the meaning of the sentence. The raw score is calculated as a total number 185 

of achieved blocks and then converted into standard scores, using the tables included in the test 186 

manual. Based on its standard normative data, a score < 1 SD from the mean was considered as 187 

pathologic and this was indicated in the test manual as a standard score ≤ 85. Split-half reliability and 188 

internal consistency of the tests were 0.88 and 0.90, respectively. 189 

The two tests were administered using spoken language to each CI subject individually in a quiet 190 

room, by one speech therapist. 191 

 192 

2.5 Statistical Analysis 193 

The Shapiro–Wilk test was used to assess normal data distribution. Categorical variables were 194 

calculated using frequencies and proportions whilst continuous data were estimated by means, 195 

standard deviations and ranges, where appropriate. The percentages of correct responses for speech 196 

perception in quiet and in noise were transformed to Rationalized Arcsine Units (RAUs) to limit the 197 

floor and ceiling effect [34][34].  198 

A univariate analysis was performed using non-parametric tests. Kruskal-Wallis and Mann-Whitney 199 

U tests were used to compare listening modes (bilateral simultaneous, bilateral sequential, unilateral 200 

users), demographic variables (ages at diagnosis, HA, CI, last follow up and follow up length of time), 201 

audiological variables (SF, speech perception in quiet with fixed and adaptive noise) and finally 202 

linguistic variables (TROG-2). Where appropriate, average values for the study group were compared 203 

with those of the normative population with a one-sample z-test. 204 

A bivariate analysis was conducted using the Spearman Rank Correlation Coefficient. It was used to 205 

calculate and investigate the relationships between age at CI, audiological variables (speech 206 

perception in quiet, with fixed and adaptive noise) and language (TROG-2) outcomes. A multivariate 207 

analysis was performed to quantify the relationships between a dependent variable (It-Matrix) and a 208 

set of explanatory variables (age at CI, speech perception in quiet and with noise, language skills, 209 



TROG-2) using a stepwise hierarchical linear regression model including all the variables with p ≤ 210 

0.05 [35][35]. As noted below, the contribution of each variable to the prediction of the model was 211 

assessed in stages, progressively filtering the information, and allowing the identification of a 212 

statistically significant amount of variance in the outcomes that could be related to specific predictors. 213 

The variables that progressively entered the later stages of the analysis were tested for their specific 214 

contribution to variance after considering all the other preceding variables. A significant improvement 215 

in R2 was achieved by comparing one model to another. Calculated p values were 2-sided, a P-value 216 

of less than 0.05 was considered as significant and the range of confidence interval was 95%, where 217 

appropriate. Statistical Analysis was performed using The Statistical Package for Social Sciences 218 

(SPSS) ver. 25 (SPSS IBM). 219 

 220 

3. Results 221 

3.1 Descriptive and comparative analysis 222 

The mean SF at last follow up assessment was 31.3 ± 6.1 dB HL for the whole study group. Whole 223 

sample mean speech perception scores were as follows: words in quiet (W/Q) 94 ± 9.4%, words with 224 

SNR+10 (W/SNR+10) 71 ± 17.2%, words with SNR+5 dB (W/SNR+5) 42 ± 21%, sentences in quiet 225 

(S/Q) 89 ± 18%, sentences with SNR +10 dB (S/SNR+10) 64 ± 28% and sentences with SNR+5 dB 226 

(S/SNR+5) 26 ± 24%. Differences between speech in quiet and in noise were considered significant 227 

for both words and sentences (p<0.001).  228 

Intelligibility in noise through It-Matrix showed a median SRT of -1.1 dB (range -6.8 – 20). This 229 

value is significantly different (p<0.001) to the normative mean of -6.8 (SD 0.8) dB SNR for the 230 

young, hearing population as reported by Puglisi et al [36][36]. Only 9.2% (5) of subjects fell within 231 

the normative range.  Morphosyntactic comprehension assessed through TROG-2 showed a median 232 

score of 92 (range 55-119), with 60% of subjects scoring within the normal range of performance as 233 

reported in the manual (standard score ≥85). Table 1 reports detailed mean and median scores for 234 

audiological variables, speech perception (words and sentences in quiet, at fixed SNR +10 dB and +5 235 

dB and It-Matrix) and morphosyntactic comprehension (TROG-2). Outcomes were separately 236 

reported in subgroups according to the subject’s listening mode: bilateral (simultaneous/sequential) 237 

and unilateral.  238 

Comparing each subgroup, the univariate comparative analysis showed statistically significant 239 

differences for all three listening modes concerning the following variables: age at last follow up 240 

(unilateral/bilateral simultaneous users p = 0.03; unilateral/bilateral sequential and bilateral 241 

simultaneous/bilateral sequential users p = <0.001); follow up length (p = <0.001; unilateral/bilateral 242 

sequential users p = <0.001;  bilateral simultaneous/bilateral sequential users p = <0.001) and SF 500-243 



4000 Hz (unilateral/bilateral simultaneous users p = <0.001; unilateral/bilateral sequential users p = 244 

<0.001;  bilateral simultaneous/bilateral sequential users p = <0.001). Considering bilateral users as 245 

just one sample, the only statistically significant difference with unilateral users was found for SF 246 

500-4000 Hz (p = <0.001). No other significant differences were observed.  247 

 248 

3.2 Correlations between age at CI, audiological variables and morphosyntax 249 

Table 2 shows results from bivariate analysis. Overall age at CI was strongly correlated with age at 250 

last follow-up, with sentence recognition in quiet and at SNR +10, It-Matrix, and TROG-2. It-Matrix 251 

was strongly correlated with speech perception in quiet and fixed SNR (p <0.001). Considering the 252 

large datasets of outcome variables and the high correlations between them, to reduce the number of 253 

features per observation a Principal Component Analysis (PCA) was used [37][37]. Two PCAs were 254 

identified regarding speech perception: the PCA word recognition (PCA-W) and the PCA sentence 255 

recognition (PCA-S), both based on the RAU scores. Both PCAs were based on open-set recognition 256 

scores in quiet and in fixed noise presented at SNR +10 dB and SNR +5 dB (Table 3). Both PCAs 257 

had good loading of components; KMO index was equal to 0.64 for PCA-W and to 0.60 for PCA-S, 258 

while for both, the Bartlett’s test was statistically significant with p < 0.001.  259 

The new bivariate (Table 4) showed that It-Matrix was significantly correlated with all speech 260 

perception outcomes and with morphosyntax (TROG-2), and the significant correlations continued 261 

while controlling for age at CI and for age at last follow up. Furthermore, both It-Matrix and TROG-262 

2 maintained their significant correlations with age at CI while controlling for age at last follow-up. 263 

All correlations showed a medium/good coefficient.  264 

 265 

3.3 Factors predicting It-Matrix  266 

The multivariate regression analysis was performed stepwise including variables from bivariate 267 

partial correlation and comparative analysis with p ≤ 0.05.  268 

Table 5 shows the analysis using It-Matrix as the dependent variable. Step 1 included Age at CI and 269 

Age at Last Follow Up and the model was entirely explained by Age at CI alone that accounted for 270 

almost 40% of the variance. In step 2, PCA-W and PCA-S were computed to the model, adding a 271 

further 21% to the overall variance, thereby reaching 61% of explained variance. In this second step 272 

the model variance was explained by PCA-S, while age at CI was excluded by the model. In step 3, 273 

TROG-2, which described morphosyntactic comprehension, was added and apportioned an additional 274 

3.6%, for a total 65% of explainable variances. This model suggests that there is a specific 275 

contribution of PCA-S and TROG-2 to It-Matrix. 276 

 277 



4. Discussion 278 

Long-term assessments of implanted children are important inputs to guide families and professionals 279 

in therapeutic and counselling processes. There are relatively few studies reporting on long-term 280 

outcomes in adolescents and young adults implanted during childhood, and who have grown up with 281 

CI. Hence the present study aimed to assess the long-term speech and language outcomes in a sample 282 

of prelingually DHH adolescents and young adults. 283 

4.1 Primary outcome: Long-term speech perception outcomes and morphosyntactic 284 

comprehension 285 

Speech perception tests in quiet are being used routinely for the assessment of performance benefits 286 

in pediatric and adult CI users. CI users generally demonstrate higher level performance in quiet 287 

listening conditions. Although these test materials provide valuable information regarding users' 288 

performance, they do not give realistic information for adverse conditions such as listening in the 289 

presence of background noise at different SNRs [38][38]. The present study provided, for the first 290 

time, the long-term outcomes for speech perception in quiet and in noise tests conducted in Italian, 291 

measured in a heterogeneous sample of adolescents and young adults implanted during childhood. 292 

One primary outcome of the present study was to evaluate long-term speech perception of words and 293 

sentences in quiet and with fixed SNR, and in adaptive noise using the Italian adaptation of the 294 

Oldenburg sentence test (It-Matrix). The data that emerged in our study showed that the use of CI 295 

positively contributed to the recognition of sentences in quiet and in noise, even in children with late 296 

access to surgery. However, the average values for speech perception in adaptive noise were 297 

significantly worse when compared to normative values, and only 9.2% of subjects fell within the 298 

normative range.  Accordingly, words and sentence recognition at SNR + 10 dB and +5 dB showed 299 

a noteworthy performance deterioration compared to speech tests in quiet.  300 

There is a paucity of papers reporting outcomes for fixed SNR and adaptive noise tests collected over 301 

the longer term. As mentioned above, the Uziel et al. study [19][18]  involving 79 adolescents 302 

reported mean word recognition in quiet and with SNR+10 dB of 72% and 44% respectively. Age at 303 

CI was found to be a strong predictor of outcomes.  Davidson et al. [20][19] performed a study 304 

observing mid- and long-term outcomes in a group of 112 teenagers. The authors observed that open-305 

set recognition scores for words and sentences increased significantly as a function of increased age 306 

and listening experience: word recognition in quiet was 60% and sentences recognition in quiet and 307 

in noise were 80% and 52%, respectively. Outcomes recorded in the present study were only slightly 308 

better being 94% and 71% for words in quiet and with SNR +10 dB, and 89% and 64% for sentences 309 

in quiet and with SNR +10 dB. These differences might be explained by the different test materials, 310 

but also by a higher mean age at test and a longer follow-up for subjects belonging to the present 311 
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study. As discussed by Davidson et al. [20][19] and Beadle et al. [39][39] speech perception and 312 

language skills tend to improve with age, positively influenced by increased experience with CI and 313 

by taking advantage of improved linguistic competence [40][40]. 314 

Regarding the current literature on It-Matrix sentence tests, there are currently two articles on adults 315 

and only one article on pediatric subjects. Gallo et al. [24][23] explored It-Matrix in a cohort of 45 316 

unilateral and bimodal CI users, with a median age at test of 50 years and with short-term CI use. In 317 

their sample, unilateral and bimodal users achieved a median SRT of 4.15 dB and 2.85 dB 318 

respectively, with a wide range of outcomes. Dincer D’Alessandro et al.[25][24] assessed a group of 319 

20 unilateral CI users with a median age of 65, and a median SRT of 7.6 dB SNR, once again with 320 

wide intrasubject variability. Concerning the pediatric population, Forli et al. [41][41] analyzed a 321 

sample of 36 children with bilateral sequential CI and a mean age of 11 years and a mean inter-322 

implant time of 5 years. The mean SRTs reported were 3.9 dB with the first CI and 2 dB with the 323 

bilateral sequential CI respectively, which were found to be significantly different. Overall, the results 324 

from the above studies show large variability dependent on the sample examined (age, audiological 325 

characteristics, listening mode) and on the assessment setting. 326 

It-Matrix intelligibility in our sample population showed a median SRT of -1.1 dB SNR for the whole 327 

sample and a value of -0.6 dB, -2 dB and -1.7 dB SNR for unilateral, bilateral sequential and bilateral 328 

simultaneous users respectively. These results are considerably better when compared to the studies 329 

of the adult population by Gallo et al. and Dincer D’Alessandro et al. [24,25][23,24] but also when 330 

compared to the study on younger subjects by Forli et al. [41][41]. 331 

Concerning better outcomes for It-Matrix observed in our study when compared to the adult hearing 332 

population, different variables might support such differences. From a perceptive point of view, 333 

speech perception through CI is influenced by frequency resolution which is poorer in CI when 334 

compared to hearing subjects [42][42]. Nevertheless, poor frequency resolution does not appear to 335 

limit speech perception in noise for prelingually deaf, early implanted children as much as it does for 336 

postlingually deaf adults.  Short-term hearing deprivation and brain plasticity [43][43], which was 337 

observed in most children included in the present study, might have supported better outcomes as 338 

opposed to the adult population from Gallo et al.[24][23]. 339 

When comparing It-Matrix results to those found in the early implanted pediatric population by Forli 340 

et al.[41][41], better outcomes were observed for subjects included in the present study. Performance 341 

differences with worse outcomes reported by Forli et al. [41][41] might be due to younger mean age 342 

at test and the wider age range of subjects included in their work, whereas the standard It-Matrix test 343 

was administered in a younger pediatric sample (≥ 6 years). This once again is possibly related to the 344 

influence that age has on speech perception score, which increases significantly as a function of 345 
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increased age and listening experience, being positively influenced by increased CI experience 346 

[20,39][19,39]. 347 

Children with different listening modes showed significantly better results for bilateral listeners in SF 348 

audiometric threshold, possibly owing to the summation effect measured in the current S0/N0 setting. 349 

Better SF thresholds increase audibility that in turn has been shown to be clinically more robust in 350 

bilateral when compared to unilateral and bimodal pediatric CI users, and in turn positively influence 351 

speech perception outcomes [44][44]. 352 

Sequential and simultaneous bilateral users did not show significant differences for speech perception 353 

in quiet and in noise. Most likely, such results reflect the fact that our sample included a high 354 

percentage of subjects with sequential implants (> 4 years) and there were no substantial age-related 355 

group differences at CI age. However, it may be argued that in the long term, as suggested by Kim et 356 

al. [45][45] the effects of the delayed sequential implantation might not be as relevant when speech 357 

discrimination is assessed in the S0/N0 testing mode. This last outcome once again might be linked 358 

to the prevalence of unilateral users in the study group and to the prevalence of subjects with 359 

sequential implantation in the bilateral subgroup. The composition of the sample size was determined 360 

by a more recent diffusion of the UNHS in Italy [46][46] and by differences in funding models 361 

between countries [47][47]. Therefore, there are still many patients who received unilateral implant 362 

or delayed sequential bilateral implant in childhood who are now young adults. Finally, although 363 

group differences between unilateral and bilateral users (1.4 dB SNR) were not statistically significant 364 

at It-Matrix, differences higher than 1 dB SNR are considered clinically significant [48][48]. 365 

Morphosyntactic comprehension is considered an independent contributor to open-set speech 366 

perception in paediatric HA or CI users [26,27][26,27]. Furthermore, morphosyntactic 367 

knowledge is fundamental when determining reading comprehension skills in DHH subjects 368 

and could be considered one of the most important factors that explain the variances observed 369 

in DHH students [29][29]. The present sample showed wide inter-individual variability for this 370 

skill. Although the percentage of subjects within the normal range (a score ≥ 85) was 60%, the 371 

other 40% didn’t achieve normal syntactic comprehension despite a mean period of 16 years of 372 

CI use. Indeed, children with higher scores in this kind of task have probably developed the 373 

skill set necessary to recognize entire sentences with the support of syntactic knowledge 374 

[28][28].  375 

During childhood, several studies highlighted the risk for CI users to show fragility in the domain of 376 

morphosyntactic skills, both in the expressive and comprehension areas [49–55][25,49–54]. CI 377 

recipient children tend to reveal poorer grammatical processing such as omissions or substitutions of 378 

clitic pronouns marking gender or number, and verbal flexions [50][49].  They also show poorer 379 



performance when using complex sentence structures and such outcome differences with hearing 380 

peers are still present after 5 years of CI use [51][50].   381 

As for morphosyntactic production, variability in results was also reported in comprehension [52–382 

55][51–54]. Regarding this aspect, Geers et al. [54][53] found that about two thirds of CI recipient 383 

children aged 5–7 years and implanted within 5 years of chronological age, scored one standard 384 

deviation or more below controls on language comprehension. Schorr et al. [53][52] reported similar 385 

results for CI recipient children aged 5–14 years (age at implant 0;11 to 5;1), although this proportion 386 

decreases to 40% in Geers et al. [52][51], and down to one third in Hansson et al. [55][54].  387 

The present study is, at this time, the only one that has been published concerning morphosyntactic 388 

comprehension of CI adolescents and young adults who were implanted during childhood. Therefore, 389 

it is not possible to make a direct comparison with other studies. If we compare our findings with the 390 

above reported literature, it suggests that the proportion of CI subjects with problems in 391 

morphosyntactic comprehension to be about 30%-40% as already indicated by Geers et al. and 392 

Hansson et al. [52,55][51,54], and this deficit can still be observed after 16 or more years of CI use 393 

and during adulthood. These results differ from those which were reported by Breland et al. [56][55], 394 

who found that differences detectable during earlier years of school may disappear during the high-395 

school period. The present study included subjects who were implanted more than 20 years ago, when 396 

diagnosis of hearing loss and intervention was more delayed when compared to more recent years. 397 

Early intervention is one of the primary acknowledged factors impacting linguistic outcomes [57][56] 398 

and the present findings showed significant effects of age at implantation on morphosyntactic 399 

development.  400 

Finally, statistically significant differences were not observed in our study even when dividing 401 

subjects into subgroups according to listening mode. Also, in this case, as discussed in the speech 402 

perception section, it could possibly be due to the smaller sample size and higher number of sequential 403 

versus simultaneous patients. In fact, other studies have shown better outcomes in bilateral young 404 

adult users with at least 10 years use regarding the development of receptive and expressive outcomes 405 

when compared to their peers with unilateral CI [58–60][57–59]. 406 

 407 

4.2 Secondary outcome: correlations between subjective, audiological variables and 408 

morphosyntactic comprehension 409 

The bivariate analysis showed a significant correlation between speech perception and age at 410 

implantation especially in difficult listening conditions: the effects of age at CI persist into adulthood 411 

and both speech perception at fixed SNR and It-Matrix were inversely correlated with age at CI even 412 

when data were adjusted for age at test. 413 



These results are in line with those described by Zalt et al. [22][21] in their long-term case control 414 

study. The authors found significant differences in outcomes for speech perception in quiet and for 415 

the Hebrew Matrix in all subgroups when compared to hearing controls. These results were mainly 416 

influenced by age at diagnosis and implantation despite a large subjective variability. Also, Pearson 417 

analysis showed a significant correlation between speech-in-noise and Raven, the receptive 418 

vocabulary, and the phonemic fluency score, underlying once again how speech perception is highly 419 

correlated to language.  420 

Furthermore, our study highlights the correlation between the It-Matrix results and recognition of 421 

words and sentences in quiet and in fixed signal noise and this outcome is not influenced by age at 422 

CI or age at test. In general, It-Matrix results for the whole sample had great interpersonal and 423 

intergroup variability with similar results being found by Zaltz et al.[22][21] (SRT values between -424 

4.5 and +1.25; a range of approximately 17 dB SNR). In addition, we demonstrated no differences 425 

between unilateral or bilateral samples.  426 

The correlation of It-Matrix with speech perception in noise with fixed SNR +5 dB and +10 dB is a 427 

further novelty of the present study, as there is no other study which confirms this correlation both in 428 

the Italian language and for young CI users.  Only a few studies have compared two or more different 429 

sentence-level SIN tests in the hearing-impaired adult population [61–63][60–62]. In particular, 430 

Jansen et al. [62][61] observed how the French Matrix had a significant correlation with everyday 431 

sentences in noise tests showing that the newly developed test was accurate and reliable in a large 432 

group of hearing and DHH subjects. In our opinion, the presence of a strong correlation between the 433 

standard It-Matrix and the Italian standard words and sentences in noise tests supports reliability and 434 

accuracy of measurements in the adolescent and young adult early implanted population.  435 

Concerning morphosyntactic comprehension, this skill was found to be strongly correlated to It-436 

Matrix and age at implantation. However, using a stepwise multiple regression analysis the weight of 437 

age at the time of implant decreased when predicting performance over It-Matrix and 438 

morphosyntactic comprehension. Late implantation age is therefore a risk factor, but it does not of 439 

itself explain the differences in auditory perception in noise or language development. Regarding the 440 

It-Matrix test, the most significant variables were PCA-S and TROG-2 (morphosyntactic 441 

comprehension). PCA-S alone explained 60% of variance and TROG-2 added 3% to the total 442 

variance. The ability to adequately perceive and repeat sentences, both in quiet and noise, was 443 

therefore the greater contributor to CI users’ performance in listening with adaptive noise, probably 444 

due to the similarity between all of these tasks where the subject is asked to repeat a series of words, 445 

maintaining not only their semantic meaning, as happens for word recognition tasks, but also 446 

processing their role and function in sentence structure.  This is an ability that, with respect to word 447 



recognition tasks, also requires more mature and efficient competences regarding other cognitive 448 

factors, such as working memory. In fact, in a study on postlingually deafened adult CI users, 449 

Kaandorp et al. [64][63] observed that the working memory capacity alone, measured through the 450 

Reading Span, explained 55% of the variance in SIN thresholds, suggesting that poor verbal working 451 

memory capacity limits speech-recognition abilities in CI listeners. In the same way, working 452 

memory may also influence performance in adults who grew up with CI and this facet should receive 453 

more attention.  454 

Regarding the role of linguistic aspects, which, in the present study, were represented by the scores 455 

obtained at TROG-2. Various authors have already probed the independent contributions of speech 456 

production and language ability to open-set speech perception scores in children using either HAs or 457 

CIs [26,27][26,27]. Furthermore, Eisenberg et al. [28][28] found that children’s performance in 458 

Comprehensive Assessment of Spoken Language, a test structured to assess subjects’ skills in 459 

syntactic constructions and paragraph comprehension, yielded the strongest correlation with sentence 460 

recognition.  They concluded that children with higher scores in this type of syntactic task have 461 

probably developed, at the same time, the skill set necessary to recognize entire sentences with the 462 

support of syntactic knowledge and this phenomenon is already detectable commencing 5-6 years 463 

after CI activation. Our study supports the hypothesis that syntactic skills are still influential in 464 

adulthood, but with a smaller contribution than that measured by Eisenberg et al. in the pediatric 465 

population [28][28].  466 

 467 

Limitations and future directions 468 

A limitation of the present study concerns the paucity of bilateral simultaneous users in the study 469 

sample. Because of the small sample size and the absence of differences in age range at implantation 470 

between sequential and concurrent users, a comparative analysis was performed but was not 471 

statistically significant. However, it is possible that by supplementing the sample of simultaneous 472 

bilateral users with the results of the next generation of implanted children, these results may change, 473 

as nowadays simultaneous bilateral implantation is becoming an earlier and more widespread 474 

indication than in the past. Another limitation of the present study is the fact that, due to the 475 

retrospective nature of data collection, we were unable to test for other variables that could have 476 

explained the 40% residual variance. One of these variables is non-verbal intelligence, which has 477 

been found to be significantly correlated with Matrix outcomes in adolescent and young adult CI 478 

users by Zaltz et al. [22][21]. Conversely, non-verbal intelligence was not found to correlate 479 

significantly with adaptive speech perception in noise outcomes in CI recipient children with typical 480 

and atypical language development by Torkildsen et al. [65][64]. 481 



Non-verbal intelligence has been found to correlate with receptive and expressive language skills in 482 

children with associated disabilities [14][13]. In contrast to the Meinzen-Derr study, non-verbal 483 

intelligence didn’t reach statistical significance within a model of linear correlation including early 484 

CI and socioeconomic status. Particularly early implantation remains a dominant factor in children 485 

and adolescents, leading to better outcomes [66][65]. Similarly, the effects of non-verbal intelligence 486 

in a large cohort of early implanted children showed no significant correlations with postoperative 487 

comprehensive assessments of spoken language [67][66]. 488 

Differing results concerning the effects of non-verbal IQ between various studies might be as a result 489 

of different test methodologies and the lack of normative data for children with hearing loss, 490 

disadvantaging them in terms of clinical interpretation and recommendations [67][66]. 491 

The present study, being retrospective in nature, did not have complete non-verbal intelligence data, 492 

and therefore, could not contribute to shedding light on this important aspect. 493 

Nevertheless, the outcomes of this study have provided a solid foundation for future prospective 494 

research, which should be designed to verify the role of variables such as auditory attention, working 495 

memory and cognitive functions on speech perception in noise and linguistic skills.  496 

 497 

Conclusions 498 

The results of the present study show the positive contribution made by CI in speech perception in 499 

quiet and in noise and in morphosyntactic skills, in DHH adolescents and young adults who received 500 

CI in childhood. Performances in quiet and in noise with fixed and adaptive SNR were, on average, 501 

better than that reported in the DHH adult population, despite wide variability in individual 502 

performances. Age at CI still represents an important factor influencing outcomes in long-term 503 

assessments. The study also provides insight into how speech perception and morphosyntactic 504 

comprehension are still interlinked in adolescence and adulthood.  505 
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Table 1. Descriptive statistic of subgroups: mean and median values concerning subjective and audiological characteristics for unilateral and 

bilateral users. Bilateral users were further subgrouped into simultaneous and sequential. Median sequential inter-implant time was 9 years (range 3 

– 11).  

 

SD, standard deviation; HA, hearing aid; CI, cochlear implant; SF, sound field; Hz, hertz; W/Q, Words in quiet; W/SNR, Words/Sound Noise Ratio; S/Q, Sentences in quiet; 

S/SNR, Sentences/Sound Noise Ratio; It-Matrix, Italian Matrix; TROG-2, Test for Reception of Grammar.  

 Bilateral simultaneous (N=9) Bilateral sequential  

(N=12) 

Bilateral 

(N=21) 

Unilateral users  

(N=33) 

Subjective variables Mean SD Mean SD Mean SD Mean SD 

         

Age at diagnosis (months) 16.3 10 10.9 5.7 13.4 8.8 14.1 6.7 

Age at HA (months) 18.2 10.2 12.5 5.8 15 8.8 15.6 7 

Age at CI (months) 41.2 36.9 31.3 23.2 32.7 25 37.4 19.1 

Age at last follow up (years) 16.3 5.8 22.1 2.4 19.1 4.7 18.5 3.7 

Follow up length (years) 12.9 2.9 20 3.1 16.4 4.6 15.3 2.7 

Audiological variables Mean SD Mean SD Mean SD Mean SD 

SF 500-4000 Hz dB  29 3.2 26.5 5 27.6 5 33.7 6 

W/Q % 93.8 11.1 97.7 4.6 96 8.1 95 8.7 

W/SNR +10 % 73 7 72.1 13.9 74 11.4 73 18.1 

W/SNR +5 % 41.2 24.2 44 14.5 43 19.1 45 21 

S/Q % 87 24.6 94.3 9.7 90 17.6 90 16.8 

S/SNR +10 % 60 30.5 78 21.8 69.3 27.7 62.5 27.7 

S/SNR +5 % 25.7 33.8 22 14.6 23.5 24.3 28.7 25.1 

 Median Range Median Range Median Range Median Range 

  min max  min max  min max  min max 

It-Matrix dB SNR -1.7 -2.9 20 -2 -5.4 18 -1,7 -5.4 20 -0.6 -6.8 20 

TROG-2 101 61 117 89 83 112 89 61 117 95 55 119 
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Table 2. Bivariate Spearman’s analysis. Rho and p values calculated between age at CI and at last follow-up, audiological variables (speech 

perception in quiet, with SNR +10 and 5, and It-Matrix) and TROG-2 as language variables.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CI, cochlear implant; SF, sound field; HL, hearing level; Rau, Rationalized Arcsine Units; SNR +10 and +5, Signal-to-Noise Ratio evaluated at +10 and +5; It-Matrix, Italian 

Matrix test; TROG-2, Test for Reception of Grammar. In bold significant differences for p<0.05 

 

 

 
Age at CI 

(months) 

It-Matrix 

(dB SNR) 

TROG-2 

(score) 

Variables (unit) Rho (p) Rho (p) Rho (p) 

Age at CI (months)  -- 0.5 (<0.001) -0.6 (<0.001) 

Age at last follow up (years)  0.5 (0.001) 0.2 (0.100) -0.5 (0.001) 

Words (RAU) quiet -0.1 (0.200) -0.5 (<0.001) 0.5 (<0.001) 

 SNR+10 -0.1 (0.300) -0.2 (0.040) 0.2 (0.100) 

 SNR+5 -0.1 (0.4) -0.3 (0.008) 0.3 (0.01) 

Sentences (RAU) quiet -0.3 (0.020) -0.5 (<0.001) 0.6 (<0.001) 

 SNR+10 -0.5(<0.001) -0.5 (<0.001) 0.6 (<0.001) 

 SNR+5 -0.3 (0.020) -0.4 (0.003) 0.6 (<0.001) 

SF (dB HL)  0.2 (0.09) 0.1 (0.2) -0.1 (0.3) 

It-Matrix (dB SNR)  0.5 (<0.001) -- -0.5 (<0.001) 
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Table 3. Principal Component Analysis (PCA) loadings for words and sentences recognition components. 

 

 

 

 

PCA words, PCA-W; PCA sentences, PCA_S; Rau, Rationalized Arcsine Units; SNR +10 and +5, Signal-to-Noise Ratio evaluated at +10 and +5 

 

 

 

 

 

 

 

 

 

 

 

Components Variance explained Loadings 

PCA-W (RAU) 70% 
 

Quiet  0.72 

SNR+10  0.89 

SNR+5  0.88 

PCA-S (RAU) 77%  

Quiet  0.83 

SNR+10  0.94 

SNR+5  0.85 
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Table 4. Partial Bivariate Spearman’s correlation. Rho and p values were calculated controlling for age at CI and for age at last follow up. It-Matrix adaptive noise outcomes remained 

significantly correlated to morphosyntactic comprehension (TROG-2), when controlling for age at CI and for age at last follow-up. Also, words and sentences in quiet and with SNR +10 and 5 

remained correlated to It-Matrix. Finally, when controlling for age at last follow-up, all speech perception and morphosyntactic comprehension tests were correlated to age at CI. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CI, cochlear implant; SF, sound field; HL, hearing level; PCA, Principal component analysis; It-Matrix, Italian Matrix test; TROG-2, Test for Reception of Grammar. In bold significant values 

for p≤0.05 

Controlling for Age at CI Age at last follow up 

(years) 

It-Matrix  

(dB SNR) 

TROG-2 

(score) 

 Rho (p) Rho (p) Rho (p) 

Age at diagnosis (months) -0.1 (0.400) -0.03 (0.800) 0.05 (0.700) 

Age at last follow up (years) - -0.3 (0.800) -0.1 (0.500) 

PCA words recognition -0.1 (0.400) -0.3 (0.030) 0.4 (0.003) 

PCA sentences recognition -0.2 (0.100) -0.3 (0.060) 0.5 (<0.001) 

SF (dB HL) -0.1 (0.200) 0.05 (0.700) -0.1 (0.300) 

It-Matrix (dB SNR) -0.03 (0.800) - -0.3 (0.020) 

Controlling for Age at last follow up Age at CI  

(months) 

It-Matrix 

(dB SNR) 

TROG-2 

(score) 

 Rho (p) Rho (p) Rho (p) 

Age at diagnosis (months) 0.4 (0.009) 0.1 (0.300) -0.2 (0.200) 

Age at CI (months) - 0.4 (0.005) -0.5 (0.001) 

PCA words recognition -0.1 (0.500) -0.3 (0.030) 0.4 (0.006) 

PCA sentences recognition -0.3 (0.030) -0.4 (0.007) 0.6 (<0.001) 

SF (dB HL) 0.1 (0.400) 0.1 (0.500) -0.2 (0.100) 

It-Matrix (dB SNR) 0.4 (0.005) - -0.5 (<0.001) 
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Table 5. Hierarchical regression analysis for It-Matrix.  

 

Variables STEP 1 STEP 2 STEP 3 

 β (p) β (p) β (p) 

Age at CI 
0.630 (<0.001) 0.153 (0.196) 0.011 (0.935) 

Age at last follow up -0.105 (0.406) -0.091 (0.891) -0.161 (0.157) 

PCA words recognition  -0.007 (0.962) -0.017 (0,921) 

PCA sentences recognition 
 -0.782 (<0.001) -0.505 (0.002) 

TROG-2   -0.352 (0.027) 

ΔR2 

 0.214 0.036 

R2 
0.397 0.611 0.647 

 

PCA, Principal component analysis; It-Matrix, Italian Matrix test; TROG-2, Test for Reception of Grammar. In bold significant values for p≤0.05 
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