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Purpose: The purpose of this study was to analyze the
impact of cumulative hearing hour percentage (HHP) on
pediatric cochlear implant users’ speech and language
development at age 3 years and to determine an evidence-
based wear time recommendation that yields typical spoken
language standard scores.
Method: A retrospective chart review of 40 pediatric cochlear
implant recipients was completed. Children met the following
criteria: prelingually deafened, implanted at age 2 years
or younger, utilized a speech processor with datalogging
capabilities, a minimum of 1 year of cochlear implant use,
and language testing completed at approximately age 3 years.
Exclusion criteria included significant inner ear malformation
(i.e., common cavity) or developmental delay that would
preclude spoken language development.
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Results: Multiple regression analysis revealed that age and
implantation and HHP were predictive of spoken language
skills at age 3 years. Further analysis yielded wear time
recommendations associated with age-appropriate spoken
language based on the age at implantation.
Conclusions: When the goal is age-appropriate spoken
language, wear time recommendations should reflect a
child’s current age, age at implantation, and the comparative
daily sound access of age-matched normal-hearing peers.
The HHP measurement can help provide that information.
The minimum wear time recommendation should be set
to 80% HHP with the ultimate goal of 100% HHP to give
pediatric cochlear implant recipients enough access to
sound and language to achieve their spoken language
goals.
For children diagnosed with congenital severe-to-
profound hearing loss, cochlear implantation has
become a standard of care, with overwhelming lit-

erature to support younger age at implantation for improved
spoken language outcomes (Ching et al., 2013; Colletti et al.,
2011; Dettman et al., 2016; Houston & Miyamoto, 2010;
Leigh et al., 2016; Nicholas & Geers, 2018; Niparko et al.,
2010). Implantation before a child’s first birthday has become
typical practice in many European countries and Australia
(Karltorp et al., 2020). Retention at this young age can be
challenging with coil-offs and coil-off time found to be higher
the younger the child’s age (Easwar et al. 2016). Variability
in moods, time spent in car seats, strollers or highchairs, and
the general instability of infants and toddlers are retention
obstacles unique to this age group (Easwar et al., 2016;
Walker et al., 2013). To overcome these challenges, clinicians
and parents navigate the vast array of hearing technology
retention options such as headbands, shirt clips, pilot caps,
toupee tape, and manufacturer specific accessories. At de-
vice activation, clinicians counsel parents about the impor-
tance of wear time with clinical jargon such as full-time use,
consistent use, all waking hours, eyes open ears on, and all
the time. Yet, these phrases do not give a parent a specific
and tangible goal for their child’s cochlear implant device
use.

The datalogging feature in cochlear implant speech
processors allows clinicians to give objective feedback to re-
cipients and parents regarding cochlear implant wear time.
A variety of information from time the device is maintain-
ing lock, the number of coil-offs, coil-off time, streaming,
and program usage are just a few of the measures clinicians
may view in the programming software. Clinicians have ac-
cess to a plethora of datalogging metrics; however, there is
limited research assessing what wear time a child should be
striving to meet. Current research does not have a univer-
sal approach to quantifying full-time use, nor are full-time
Disclosure: The authors have declared that no competing interests existed at the time
of publication.

1 • Copyright © 2021 American Speech-Language-Hearing Association 1369

https://orcid.org/0000-0001-8901-1512
https://orcid.org/0000-0001-9804-2425


use metrics based on spoken language outcomes for co-
chlear implant recipients.

There is ample research assessing pediatric cochlear
implant device use; however, there is not cohesion regarding
how to quantify or label full-time use. Some studies have
focused on subjective descriptions or reports. Contrera et al.
(2014) used e-mail or postal surveys to assess device wear
time and set regular cochlear implant device use at 8 hr per
day in a study of long-term rates of cochlear implant use.
Similarly, 8 hr was the definition for consistent device used
by Spencer et al. (2004) when obtaining wear time via patient
questionnaire in a long-term outcomes study, though this was
below the average reported length of device use of 10.56 hr. A
study by Archbold et al. (2013) utilized parent judgment to
rank their child’s device use into the following categories: all
of the time, most of the time, some of the time, or none of
the time. These categories were not given any further defini-
tions or hour ranges. Marnane and Ching (2015) utilized the
Parents’ Evaluation of Aural/Oral Performance of Children
(PEACH) questionnaire (Ching & Hill, 2007) in their usage
pattern study. Response options on the PEACH are never
(0%), seldom (1%–25%), sometimes (26%–50%), often (51%–

75%), and always (75%–100%). Fitzgerald et al. (2013) studied
acceptance of sequential cochlear implants by wear time be-
tween the devices, consistent bilateral use was denoted as
bilateral use all waking hours (parent report), and inconsistent
bilateral use was defined as wearing one device all waking hours
while sometimes turning off the second device. These studies
all address subjective device use but are not universal or objec-
tive in how they define or quantify cochlear implant use.

Further studies have analyzed objective datalogging
evidence and reveal average wear time found for the study
population. Easwar et al. (2016) found that children use their
cochlear implant for an average of 9.86 hr. In a subsequent
study of children capable of completing speech perception test-
ing, Easwar et al. (2018) found that increased device use and
increased duration of cochlear implant use were associated
with increased speech perception outcomes. Busch et al. (2017)
reviewed 1,501 logs from various clinics across the world, with
recipients ranging in age from 0 to 96 years with the aim of an-
alyzing the users’ auditory environment. This study found that
average wear time increased with age, with an average for
early childhood use at 8.5 hr. A recent article from Busch et al.
(2020) reveals a positive association receptive vocabulary
scores on the Peabody Picture Vocabulary Test (PPVT)
and daily cochlear implant use in congenitally deafened
children. Daily cochlear implant use in this study was calcu-
lated based on average wear time in the year prior to the
PPVT assessment. The mean wear time was 10.07 hours per
day. These studies provide insight into objective cochlear
implant wear time and the range of average wear time based
on age and how use impacts speech perception and vocabu-
lary development, yet, there are no current evidenced-based
wear time recommendations based on spoken language out-
comes. Wiseman and Warner-Czyz (2018) state:
1370
The current study defined ‘full-time’ use as 8 hours of
daily device use to roughly match the earlier research
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and clinical recommendations. However, it is unknown
the amount of device use a child with a CI needs to
yield optimal outcomes. (p. 135)
This illustrates the current void in datalogging research
and the need to quantify the requisite cochlear implant
wear time necessary to achieve the desired spoken language
outcome. As standard of care is pivoting toward younger
age at implantation, the need for a wear time recommenda-
tion based on language outcomes is magnified. Two recent
studies have introduced the hearing hour percentage (HHP)
as a wear time metric to account for both a child’s age and
wake time (Gagnon et al., 2020; Park et al., 2019). The
HHP uses the objective wear time datalog as a percentage
of the mean wake time for children based on their age, or
the estimated percentage of the day that the child has access
to sound. This uses typical hearing peers as the baseline
metric for hearing, as a typical hearing child hears 100%
of their waking hours. Gagnon et al. (2020) found that
HHP was a significant predictor of receptive language scores
in congenitally deafened cochlear implant recipients after
1 year of device use. Park et al. (2019) found that the age
at which a child established full-time use was a better pre-
dictor of spoken language development at age 3 years than
age at implantation. Full-time use was defined as 80%
HHP and was compared to a traditional metric of 8 hr. HHP
accounted for more variability in spoken language outcomes
making HHP a stronger metric. Park et al. (2019) relied on
80% HHP as full-time use because “it was the highest per-
centage that greater than 50% of the recipients achieved
prior to the language test date” (p. 988). These studies are
unique, as they demonstrate the relationship between early
cochlear implant use via HHP and language outcomes in-
stead of speech perception outcomes, and focus on young
children who are acquiring spoken language. However,
they do not reveal what HHP is necessary to obtain typical
spoken language development.

The premise made by Park et al. (2019) that age at
which a child establishes full-time use predicts outcomes
could be reflective of a child’s cumulative device use. A
child who establishes full-time use early would theoretically
have more access to sound for the first 3 years of use. Lan-
guage abilities at age 3 years were chosen because it is the
age when a child makes the transition from an Individual-
ized Family Service Plan, with home-based parent-centered
early intervention services (Part C), to an Individualized Ed-
ucation Program with school-based services (Part B). While
this is a necessary transition, it is a critical time to have a
language foundation and a benchmark age for language as-
sessments, as results from these language assessments will
impact the child’s educational and classroom placement.
Other studies have only utilized the most recent datalog pe-
riod (Easwar et al. 2016, 2018), which is not reflective of
the entirety of the subject’s device use. The purpose of this
study is twofold: as an extension of Gagnon et al. (2020) to
analyze cumulative HHP and spoken language outcomes
by the age of 3 years and to produce an evidence-based defi-
nition of full-time use that yields typical spoken language.
375 • April 2021



Method
Participants

This study was approved by the institutional re-
view board at the University of North Carolina at Chapel
Hill (UNC). A retrospective chart review was completed
from 2014 to 2019, and 40 children met the following criteria:
prelingually deafened, completed a speech and language
evaluation at age 3 years, a minimum of 1 year of device
use by the date of the speech and language evaluation, and
utilized a speech processor capable of datalogging for the
entirety of device use. There was one exception to these cri-
teria: A participant was included who was deafened due to
meningitis at 14 months of age. The following were exclu-
sion criteria: a major anatomical malformation (i.e., common
cavity) and no significant developmental delay that would
preclude spoken language development. The mean age at
implantation was 1.2 years (SD = .47), and the mean du-
ration of cochlear implant use at the time of language evalu-
ation was 1.8 years (SD = .43; see Table 1). Of the 40 subjects,
30 were bilateral cochlear implant recipients, while 10 were
unilateral.
Data Collection and HHP Calculation
For subjects utilizing Nucleus 6, Nucleus 7 or Kanso

processors, datalog files were extracted from the Custom
Sound software using the Clinical Datalog Extractor software
provided by Cochlear Ltd. Extracted datalogs from the en-
tirety of device use, from activation to speech and language
evaluation at age 3 years, were obtained. For recipients uti-
lizing the Med-El Sonnet processor, datalogging information
from every clinical visit was input in the UNC Hearing and
Language database in the FileMaker platform. The time
from one visit date to the next was defined as the datalog
period.

The equation for HHP uses the inverse of the median
sleep recommendations from the American Academy of
Sleep Medicine, which aligns with a sleep meta-analysis
to find the child’s wake time based on age (Gagnon et al.,
2020; Park et al., 2019; Paruthi et al., 2016). A polynomial
equation was used to calculate average wake time by age
using the data provided in Paruthi et al. (2016).
Table 1. This table displays the etiology of hearing loss for the
study sample.

Etiology Total

Connexin 26 7
EVA/Pendred syndrome 5
Infection (CMV, meningitis) 5
Malformation 2
Other 5
Unknown 13
Waardenburg syndrome 3
Total 40

Note. EVA = enlarged vestibular aqueduct; CMV = cytomegalovirus.

Gagnon e
Mean Awake Time ¼ –0:00012 þ 0:0548 Age in Monthsð Þ
ð1Þþ10:462

This calculation results in values of 10.8 hours for 6-month-olds,
10.9 hours for 9-month-olds, 11.1 hours for 12-month-olds, 11.7
hours for 2-year-olds, and 12.3 hours for 3-year-olds. The stan-
dard HHP equation, (wear time/mean awake time) × 100,
was adjusted to calculate cumulative HHP. Average daily
wear time for each log was multiplied by the cumulative
number of days for each datalog period and totaled from
activation through the date of the language evaluation.
For bilateral users, the ear with the greatest total hours
was utilized. Average awake hours based on the subject’s
age during the datalog period were multiplied by the number
of days in each datalog period and were totaled as well. The
cumulative hours of device use was the numerator with
cumulative awake hours at the denominator multiplied by
100 to calculate cumulative HHP. See Table 2 for mean wake
time by age.

Language Testing
Testing was completed using either the Preschool Lan-

guage Scale–Fifth Edition or Oral and Written Language
Scales–Second Edition (Carrow-Woolfolk, 2011; Zimmerman
et al., 2011). Both tests yield standard scores with the same
mean of 100 and a standard deviation of 15, meaning that
scores within the range of typical language development
would be between 85 and 115.

Analysis
Two multiple regression analyses were run, the first with

receptive language scores at age 3 years as the dependent vari-
able and the second with expressive language as the depen-
dent variable. Independent variables for both analyses were
cumulative HHP and age at implantation (see Figure 1).

Results
The multiple regression analyses were significant, for

both receptive, F(2, 37) = 22.23, p < .001, R2 = .55, and
expressive language, F(2, 37) = 32.48, p < .001, R2 = .64.
This indicated that there was a collective significant effect
between cumulative HHP and age at cochlear implantation
Table 2. This table displays the inverse of the average sleep time by
age based on pediatric sleep meta-analysis from Paruthi et al. (2016).

Age Average wake time (hours)

Under 3 Months 9.4
3 Months 10.4
6 Months 11.1
9 Months 11.4
12 Months 11.1
2 Years 12.
3 Years 12.25

Note. Average wake time displays the potential time for auditory
input based on age to calculate the hearing hour percentage.

t al.: Cochlear Implant Wear Time and Language Outcomes 1371



Figure 1. This graph displays the predicted receptive language standard score based on cumulative HHP and age at implantation. Normal
range for standard scores is 85–115. The four regression lines account for the differences in age at implantation. These have the same slope
but a different intercept, meaning that increased cumulative HHP is required with increased age at implantation.

Table 3. This table displays the summary of the multiple regression
analysis for receptive language at age 3 years.

Variable B SEB ϐ p

Intercept 61.476 9.088
Age at CI −1.435 0.4 −0.4 .001
Cumulative HHP 0.653 0.109 0.667 < .001

Note. Both age at implantation and cumulative HHP were found to be
significant predictors of receptive language scores. B = unstandardized
regression coefficient; SEB = Standard error of the coefficient; ϐ =
standardized coefficient; CI = cochlear implantation; HHP = hearing
hour percentage.
on language outcomes at age 3 years. When investigating
individual predictors, both age at implantation and cumulative
HHP were significant predictors for receptive language
(p = .001 and p < .001, respectively; see Table 3) and expres-
sive language (p < .001 for both predictors; see Table 4).
Based on these regression models, the initial intention was
to create a single wear time recommendation from the
regression line. However, because age was a significant
factor for both models, equations were derived from each
model to account for age at implantation. The equation for
receptive language was [Y = 61.476–1.435 (age in months) +
.653 (HHP)] and the equation for expressive language was
[Y = 68.994–1.311(age in months) + .547 (HHP)]. Utilizing
these equations, the predicted cumulative HHP required for
mean age-appropriate spoken language (standard score of
100) was computed for the following ages of implantation:
9, 12, 18, and 24 months. While the slope of the regression
line was constant for each age group, the intercept varied
based on age at cochlear implantation (see Figures 1 and 2).
The results revealed a requisite cumulative HHP for a 9-
month-old to obtain a receptive language standard score of
100 was 79%. For a 12-month-old, this increased to 85%
1372 Journal of Speech, Language, and Hearing Research • Vol. 64 •
cumulative HHP; for a 18-month-old, this increased to a
99% cumulative HHP; and this increased to a 112% cumu-
lative HHP for a child implanted at 24 months old. For
expressive language, to obtain a 100 standard score, a 78%
cumulative HHP was required at 9 months, an 85% cumu-
lative HHP was needed at 12 months, a 100% cumulative
HHP at 18 months old, and finally increasing to 114% for a
child implanted at 24 months old (see Table 5).
1369–1375 • April 2021



Table 4. This table displays the summary of the multiple regression
analysis for expressive language at age 3 years.

Variable B SEB ϐ p

Intercept 68.994 6.442
Age at CI −1.311 0.283 −0.461 < .001
Cumulative HHP 0.547 0.077 0.705 < .001

Note. Both age at implantation and cumulative HHP were found to be
significant predictors of receptive language scores. B = unstandardized
regression coefficient; SEB = standard error of the coefficient; ϐ =
standardized coefficient; CI = cochlear implantation; HHP = hearing
hour percentage.
Discussion
Gagnon et al. (2020) hypothesized that increased HHP

would be predictive of both receptive and expressive standard
language scores, but found that HHP after 1 year of device
use was predictive of only receptive speech and language
Figure 2. This graph displays the predicted expressive language standard
range for standard scores is 85–115. The four regression lines account for
but a different intercept, meaning that increased cumulative HHP is require

Gagnon e
standard scores. After longer than 1 year of device use,
results of this study confirm the prior hypothesis. Cumu-
lative HHP and age of cochlear implantation were found to
be significant predictors of both receptive and expressive
spoken language outcomes at age 3 years.

Cumulative HHP takes the entirety of device use into
account. With known delays in establishing full-time use
(Park et al., 2019), this metric reflects the aggregate of the
child’s device use. The requisite HHP for receptive language
standard scores of 100 is 79% for a child implanted at 9 months
old; this is an attainable wear time goal based on findings from
Park et al. (2019). However, the requisite HHP increases to
114% for expressive language for children implanted at
24 months old. Based on the findings of Park et al. (2019),
this is not a practical wear time goal and likely not feasi-
ble based on pediatric sleep meta-analysis by Paruthi et al.
(2016). This difference between wear time needs could be
due to a reduced hearing and language gap, due to shorter
duration of deafness (Leigh et al., 2016). To help obtain
practical and feasible wear time recommendations, this study
score based on cumulative HHP and age at implantation. Normal
the differences in age at implantation. These have the same slope
d with increased age at implantation.
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Table 5. This table displays the requisite HHP to obtain a standard
score of 100 for both receptive and expressive spoken language
measures accounting for age at implantation.

HHP
9

Months
12

Months
18

Months
24

Months

Receptive language 79% 85% 99% 112%
Expressive language 78% 85% 100% 114%

Note. HHP = hearing hour percentage.
further validates younger age at implantation but emphasizes
that, for optimal spoken language outcomes to be achieved,
device wear time is a significant variable.

The results of this study suggest the following HHP
goals: 80% for those implanted at 9 months, 85% for those
implanted at 12 months, 100% for children implanted at
18 months, and 100% with the likely addition of aggressive
listening and spoken language therapy to help close the lan-
guage gap for children implanted at 24 months. Pediatric re-
cipients should be striving to meet their language potential,
which could be much higher than a standard score of 100.
This necessitates increased device use and therapy. An 80%
HHP in a 12-month-old child translates into 8.88 hr of wear
time, supporting the notion that the traditional 8-hr defini-
tion of full-time use is too conservative to achieve optimal
spoken language outcomes. In addition, an 80% HHP has
been found to be achievable by the majority of pediatric
listeners (Park et al. 2019), but higher levels may be more
difficult to achieve. Further work should be completed to find
effective counseling strategies, device retention, and speech
processor wearing options to optimize use. While this study
provides information on cumulative device use and lan-
guage development, there were limitations. This was a ret-
rospective study; one of the clinical assessments utilized in
young children was the PLS-5. Studies have raised concerns
that this measure may inflate scores (Smith, 2014). In addi-
tion, datalogs from multiple manufacturers were used (Co-
chlear and Med-El). Datalogs from Cochlear indicated the
length of time the internal and external devices were locked,
while datalog information from Med-El provided the length
of time the device was powered on, not necessarily transmit-
ting to the internal device. Quality and quantity of therapy
could have an impact on language outcomes, but these could
not be studied in this retrospective work. In North Carolina,
all children birth to 3 years receive Early Intervention services
with a teacher of the deaf, generally once a week; however,
some opt for additional private therapy services. The focus
of therapies at this age is to teach the parent how to inte-
grate language learning into daily life, thus making the quality
of language intervention in the home an unknown variable.
The current study did not investigate the impact of types of
input as measured by the datalog. Busch et al. (2020) found
a connection between speech variables from datalog metrics
and PPTV scores and negative association between music and
PPTV scores. They hypothesize that television use could have
been classified as music. Further research is needed to better
1374 Journal of Speech, Language, and Hearing Research • Vol. 64 •
understand the relationship between cochlear implant wear
time and listening environments on early language develop-
ment. Furthermore, the study sample included a heterogeneous
group of both unilateral and bilateral cochlear implant recipi-
ents. A variety of studies have revealed the positive impact
bilateral cochlear implantation conveys on language as op-
posed to unilateral cochlear implantation (Boons et al.,
2012; De Raeve et al., 2015; Sarant et al., 2014). This
variable was not controlled for in the current study but
would be an interesting addition to further research re-
garding device wear time.

This study fills a void in the literature by providing
cochlear implant wear time recommendations based on age
at implantation that predict age-appropriate language
outcomes. These recommendations can support counseling
tools for parents as they work through establishing a co-
chlear implant wear time routine and navigate the various
pediatric retention options. As standard of care pivots toward
younger age at implantation, a tangible wear time goal can be
utilized to help achieve typical spoken language outcomes.
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