
Predicting 3-year outcomes of early-identified children with
hearing impairment

T.Y.C. Ching, J. Day, M. Seeto, H. Dillon, V. Marnane, and L. Street
1National Acoustic Laboratories, Sydney, Australia
2The HEARing CRC, Melbourne, Australia

Abstract
Problem/Objectives—Permanent childhood hearing loss has major negative impacts on
children’s health and development. To improve outcomes, universal newborn hearing screening
(UNHS) has been implemented widely. However, high-quality evidence on its efficacy was
lacking. To address this evidence gap, we conducted the Longitudinal Outcomes of Children with
Hearing Impairment (LOCHI) study to directly compare outcomes of early- and late-identified
children. This paper investigates whether early performance measured shortly after initial
amplification predicts language development at 3 years of age.

Methodology—This is a prospective, population-based study. We assessed outcomes at 6- and
12-months after amplification, and then at 3 and 5 years of age. Main outcome measures included
directly-assessed language, receptive vocabulary, speech production; and parent-reported
functional performance in everyday life. A range of demographic and audiological information
was also collected at evaluation intervals.

Results—About 450 children participated, and 3-year outcomes scores were available for 356
participants. Multiple regression analysis revealed that early language scores or functional
performance ratings were significant predictors of 3-year outcomes. Other significant predictors
included the presence or absence of additional disabilities, severity of hearing loss, and age at
cochlear implant activation.

Conclusions—Early performance, either directly-assessed language ability (PLS-4) or parent-
reported functional ratings (PEACH), were significant predictors of 3-year outcomes; along with
presence or absence of additional disabilities, severity of hearing loss, and age at CI activation.
Earlier implantation is possible with early detection of hearing loss via UNHS. Monitoring
performance after initial amplification allows preventive strategies to be implemented early to
improve outcomes.
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Introduction
About 3/1000 children are fitted with hearing aids or receive cochlear implants by school
entry for a permanent hearing loss.1 The presence of hearing loss has major adverse
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developmental and health impacts on children’s lives2 – including speech and language,3

literacy,4 mental health,5 social and cognitive functioning,6 educational achievement,7

employment and socio-economic opportunity.8 Lifetime cost of all care and lost productivity
was estimated to be USD117 million per birth cohort of 80,000 children.9 Universal
newborn hearing screening (UNHS) programs offered new hope for treatment to begin in
infancy by reliably detecting deafness soon after birth. The ultimate goal of UNHS is to
improve long-term developmental outcomes, at a population level. Such programs are very
costly, and previous systematic reviews of their efficacy for improving outcomes have
revealed a lack of high-quality evidence due to epidemiological and methodological flaws in
previous studies.10,11 To address the evidence gap, we commenced a prospective study to
directly compare outcomes of early- and late-identified children – the Longitudinal
Outcomes of Children with Hearing Impairment (LOCHI) study
(www.outcomes.nal.gov.au).

We took advantage of a narrow time window during which states in Australia were at
staggered stages of implementing UNHS programs to recruit sufficiently large numbers of
children who had differential access to the programs but received the same post-diagnostic
hearing services administered by a single national government-funded service provider,
Australian Hearing (AH). The longitudinal study aimed to examine whether UNHS and
early intervention improve child outcomes, at a population level; and to determine what
factors influence spoken language development. Details of the study were reported in Ching
et al.12 Briefly, children were evaluated at 6 and 12 months after initial intervention, and at
chronological ages of 3, 5, and 9 years. A range of outcomes, including functional ability,
speech perception, speech production, receptive and expressive language, literacy,
educational attainment, mental health, social development, and quality of life, were
measured using age-appropriate standardized tests. Information about demographic and
audiological characteristics that potentially affect outcomes (based on published literature)
was collected prospectively around the same time as evaluations.

Early language development paves the foundation for later educational and academic
attainment. Quantifying the predictive strength of early development for later outcomes
offers the opportunity for preventive intervention early on, thereby reducing the lifelong
impact of cumulative disadvantage. The LOCHI study was designed with this purpose in
mind. In this paper, we aimed to quantify the contribution of early scores, in combination
with other demographic characteristics of the LOCHI cohort, to language outcomes at 3
years of age. The early scores were either directly-assessed English language scores or
parent-reported aural/oral functional performance ratings. The former measure is suitable for
children from English speaking background; the latter is applicable for children from any
language background.

Method
The LOCHI study is a prospective, population-based study of outcomes of children with
hearing loss. The AH service network provided the sampling frame for this study. Children
born between 2002 and 2005 in three Australian states, New South Wales, Victoria, and
South Queensland, who were identified with hearing loss and accessed hearing services at
AH paediatric centres before 3 years of age, were invited to participate. The only exclusion
criterion was an indication by the parent that the family did not wish to be contacted for
research purposes. This study was approved by the Human Research Ethics Committee of
Australian Hearing.
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Procedures
Written information was provided to all invited families, and researchers obtained written
informed consent to participation from parents of children. Parents were also asked to
provide consent for researchers to access their child’s data held at the AH database or other
healthcare service providers as appropriate. At 6 or 12 months after initial hearing-aid
fitting, and again when the children turned 3 years of age, parents were requested to
complete custom-designed written questionnaires on demographic characteristics and to
provide ratings of their child’s development. The questionnaires were sent to parents prior to
direct evaluations of children, and were collected either at or soon after the assessments.
Children were directly assessed by a team of experienced speech pathologists using
standardised normed tests of speech and language. Direct assessments were video- and
audio-recorded, and randomly selected samples constituting at least 10 percent of the total
were subjected to a second, independent scoring. The inter-rater reliability was 97 percent.

Measures
Direct assessment measures included the Preschool Language Scale, version 4 (PLS-4),13

the Peabody Picture Vocabulary Test (PPVT-4),14 and the Diagnostic Test of Articulation
and Phonology (DEAP).15 Parent report tools included the Child Development Inventory
(CDI),16 and the Parents’ Evaluation of Aural/oral Performance of Children (PEACH).17

Audiological measures included hearing loss severity, defined as the four-frequency pure-
tone average (4FAHL) dB HL across 0.5, 1, 2 and 4 kHz in the better ear within 6 months of
the date of evaluation; device, hearing-aid prescription for fitting, presence or absence of
auditory neuropathy spectrum disorder (ANSD). Demographic measures included child sex,
birth weight, presence or absence of additional disabilities, highest level of education of
parents, whether English was the child’s first language, communication mode at home and
in early education, and the census-based Relative Advantage and Disadvantage Index for
postcode of residence (IRSAD, with higher scores reflecting relatively greater advantage).18

Statistical analysis
The Statistica software19 and R20 with additional R packages were used for analysis.
Missing data were handled by using multiple imputations.21 The primary outcome measures
were summarised in terms of means and standard deviations. To determine the predictability
of 3-year outcomes from earlier performance scores, multiple linear regression analysis was
used. Factor analysis was initially performed to combine test scores from 9 measures (PLS-4
Auditory comprehension score, PLS-4 Expressive Communication score, PPVT-4 receptive
vocabulary score, DEAP consonant correct score, DEAP vowel correct score, CDI
Language Comprehension score, CDI Expressive Language score, CDI Social score, and
PEACH score) into a global outcomes score. Fifteen predictor variables were included in the
analyses. These included 10 categorical variables: gender, device (hearing aids or cochlear
implants), additional disability (present or absent), ANSD (present or absent),
communication mode in early education (no intervention, oral mode, other [including oral +
manual combined mode as well as manual only]), change in communication mode during
educational intervention (not attending or no change, changed from oral mode to other,
changed from other to oral mode), communication mode at home (oral mode or other),
language used at home (English or other), maternal education (≤ 12 years of schooling,
certificate or diploma, university), and hearing-aid prescription (DSL or NAL); and 5
continuous variables: age at first-fitting of hearing aids, age at activation of first cochlear
implant, birth-weight, socio-economic status (expressed as IRSAD scores), and 4FA HL.
Interaction terms of device x age at fitting and device x 4FA HL were included.

The earlier PLS-4 and PEACH scores were obtained at least one year before the 3-year
assessment, at either 6 or 12 months after hearing-aid fitting depending on data availability.
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Separate multiple regression analyses were performed using the global factor score as a
dependent variable and the 15 predictor variables. Firstly, the significance of early PLS-4
score was examined by fitting models without or with early PLS-4 as a predictor. Secondly,
the significance of early PEACH score was examined by fitting regression models without
or with early PEACH score as a predictor.

Results
Table 1 summarizes the outcomes data for children at 3 years of age. On average, children’s
spoken language scores were below age expectations, achieving language and speech
production scores at 1 SD below normative mean. By contrast, receptive vocabulary, social,
self-help, fine motor, and gross motor skills were approximately normal, and close to
expectations for a typically developing group.

Data from 356 children who had scores on at least two test instruments were included in the
factor analysis to derive a global outcomes score. Of these, 169 had an earlier PLS-4 score
that was obtained at least one year before the 3-year assessment. Table 2 compares the
models fit without or with early PLS-4 score as a predictor. The average R2 value was 0.40
for the model without the early PLS-4 score, and 0.49 for the model with early PLS-4. The
statistical significance (p value) of predictor variables and the associated impact in terms of
global outcomes scores are shown. The impact represents the effect size associated with a
change from one category to another for categorical variables; or a change from one value to
another as specified for continuous variables. Significant predictors of developmental
outcomes at 3 years included the presence or absence of additional disabilities, gender,
severity of hearing loss, maternal education and age at cochlear implant (CI) activation.
Once early PLS-4 was included as a predictor, gender and maternal education were no
longer significant at the 5% probability level. Figure 1 shows the 3-year global outcomes
score in relation to early PLS-4 scores, separately for children with hearing aids (HA) and
those for cochlear implants (CI).

Of the 356 children with a global outcomes score at 3 years of age, 102 had an earlier
PEACH score. The average R2 value was 0.40 for the model without early PEACH score,
and 0.45 for the model with early PEACH score. Table 3 summarises the two models.
Without the early PEACH score in the model, presence of additional disabilities, gender,
severity of hearing loss, maternal education, birth weight, and age at CI activation were
significant predictors of 3-year outcomes. Once early PEACH score was included, birth
weight, gender and maternal education were no longer significant. Figure 2 shows the 3-year
global outcomes score in relation to early PEACH scores, separately for children with HA
and CI.

Discussion
The primary goal of this paper was to investigate the strength of early performance, together
with a range of predictor variables, for predicting developmental outcomes at 3 years of age.
We found that performance scores obtained at 6 or 12 months after initial amplification,
whether they were specific English language scores obtained through direct assessment of a
child (PLS-4) or general functional performance scores based on parent reports (PEACH),
accounted for a significant proportion of variation in 3-year global outcome scores. This
finding has important clinical implications. The identification of increased risk of low
language or functional status within a year of initial amplification makes it possible for early
remediation. Alternative strategies, including but not limited to cochlear implantation, more
intensive educational intervention, or alternative communication modes, would be necessary
to avoid further delays for children at risk of language deficits. Standard care of children
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with permanent childhood hearing loss needs to include vigilant monitoring of child
performance for optimising outcomes.

Early English language (PLS-4) scores, or early functional performance (PEACH) ratings,
combining with severity of hearing loss, presence of additional disabilities, and early age of
CI activation explained 45% – 49% of the variation in language development at 3 years of
age. Delaying implantation from 10 to 24 months of age was associated with a reduction of
8–9 global factor score points. Given that the global factor score has been scaled so that a
normal population should have a mean of 100 and a standard deviation of 15 points, a
reduction of 8 points represents a more than one-half standard deviation shift in outcomes,
which is a substantial decrement. Previous studies have reported on the advantage of early
CI,22 but none reported on the effect of age at CI activation at a population level after
controlling for a range of demographic variables, nor quantified the degradation of outcomes
as a function of age at CI activation. Consistent with previous population studies,23 we
found that more severe hearing loss was associated with poorer outcomes. For children with
hearing aids, a change from moderate to severe degrees of 4FA HL in the better ear was
associated with a decrease in 6.4 factor score points.

For the models which did not include early scores (PLS-4 or PEACH) as a predictor,
maternal education, gender, and birth weight were also significant at the 5% probability
level. These findings are consistent with other studies on outcomes of young children with
normal hearing.24 None of these variables was significant after allowing for the effects of
early scores.

Other predictor variables that would be of clinical interest were the presence of ANSD and
choice of hearing-aid prescription for fitting. Neither of the variables met the 5%
significance level, after allowing for the effects of other variables in the models. No
previous studies had quantified the impact of ANSD at a population level and allowed for
the range of demographic characteristics as in the present study; and reported findings were
mostly based on case studies or convenience samples (see a review by Roush et al).25 The
choice of hearing-aid prescription was not a significant predictor, even though one
prescription provided much higher gain than the other for the same degree of hearing loss.26

The mean effect size of each of these variables is very close to zero, which is neither
statistically nor clinically significant.

Strengths of the study
This is the first population-based study to directly examine whether early performance
predicted later outcomes in children with hearing loss. This study extends findings from
previous studies by measuring a range of outcomes prospectively and controlling for the
effects of a wide range of demographic characteristics collected during the same time
period.

Limitations
These findings are applicable only to children at 3 years of age. Whether outcomes at later
ages may be predicted on the basis of early performance remains to be investigated. By
design, this longitudinal study will assess the children at 5 and 9 years of age. It will then be
possible to quantify the predictive strength of early measures for outcomes at an older age.

Conclusion
This population study shows that early measures of either language ability or functional
performance shortly after initial amplification were significant predictors of 3-year
outcomes; along with presence or absence of additional disabilities, severity of hearing loss,
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and age at CI activation. Early implantation is possible with early detection of hearing loss
via UNHS. Monitoring of performance after initial amplification allows preventive
intervention to be implemented to optimise outcomes.
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Figure 1.
Outcomes at 3 years (global outcome factor score) in relation to earlier PLS-4 score. The
solid line is the predicted value of the factor score as the earlier PLS-4 score varies, with
early intervention mode fixed at oral only, no change in intervention mode over the first 3
years, maternal education fixed at diploma or certificate level, and other predictors fixed at
their mean values. The shaded area shows the pointwise 95% confidence intervals for the
mean values. Filled symbols depict scores of children with hearing aids (HA only), and open
symbols depict scores of children with cochlear implants (CI).
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Figure 2.
Outcomes at 3 years (global outcome factor score) in relation to earlier PEACH score. The
solid line is the predicted value of the factor score as the earlier PEACH score varies, with
early intervention mode fixed at oral only, no change in intervention mode over the first 3
years, maternal education fixed at diploma or certificate level, and other predictors fixed at
their mean values. The shaded area shows the pointwise 95% confidence intervals for the
mean values. Filled symbols depict scores of children with hearing aids (HA only), and open
symbols depict scores of children with cochlear implants (CI).
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Table 2

Multiple regression summary table for 3-year outcomes, without or with earlier PLS-4 score as a predictor.
Estimates of the impact of significant predictors (marked by asterisks), together with 95% confidence interval
(CInt) are shown for the change in the mean of the dependent variable associated with a change in the
predictor from the first to the second value specified in the Predictor column, with the other predictors held
constant.

Predictor Without earlier PLS With earlier PLS

p value Impact (95% CInt) p value Impact (95% CInt)

Other disability (present re absent) <0.001* −10.3 (−14.5, −6.1) 0.004* −6.5 (−11.0, −2.1)

Gender (Female re male) 0.02* 3.8 (0.6, 6.9) 0.09 -

Maternal education (university re school) 0.007* 6.2 (2.2, 10.3) 0.14 -

4FA HL (43 to 85 dB HL) 0.04* −7.5 (−13.9, − 1.1) 0.03* −6.4 (−12.3, −0.5)

Age at CI activation (10 to 24 months) 0.02* −9.1 (−15.3, − 2.9) 0.04* −8.0 (−14.1, −1.9)

Birth weight 0.07 - 0.98 -

Communication mode in early intervention 0.06 - 0.12 -

Mode change in early intervention 0.42 - 0.49 -

SES 0.07 - 0.05 -

English at home 0.13 - 0.65 -

Communication mode at home 0.39 - 0.57 -

Hearing aid prescription 0.59 - 0.68 -

Age at HA fitting 0.55 - 0.12 -

Auditory neuropathy 0.65 - 0.67 -

Device: HA or CI 0.74 - 0.61 -

Early PLS-4 (each unit score) <0.001* 0.4 (0.3, 0.6)
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Table 3

Multiple regression summary table for 3-year outcomes, without or with earlier PEACH score as a predictor.
Estimates of the impact of significant predictors (marked by asterisks), together with 95% confidence interval
(95% CInt) are shown for the change in the mean of the dependent variable associated with a change in the
predictor from the first to the second value specified in the Predictor column, with the other predictors held
constant.

Predictor Without PEACH With PEACH

p value Impact (95% CInt) p value Impact (95% CInt)

Other disability (present re absent) <0.001* −10.4 (−14.3, −6.5) 0.002* −8.4 (−13.8, −3.0)

Gender (Female re male) 0.01* 4.0 (0.9, 7.1) 0.10 -

Maternal education (university re school) 0.005* 6.6 (2.5, 10.7) 0.05 -

4FA HL (43 to 85 dB HL) 0.04* −7.8 (−14.8, − 0.8) 0.04* −6.5 (−13.5, 0.4)

Age at CI activation (10 to 24 months) 0.02* −9.1 (−15.5, − 2.7) 0.03* −9.3 (−16.1, −2.5)

Birth weight (2.6 to 3.6 kg) 0.02* 2.3 (0.04, 4.7) 0.17 -

Communication mode in early intervention 0.05 0.11

Mode change in early intervention 0.42 0.36

SES 0.05 0.11

English at home 0.10 - 0.17 -

Communication mode at home 0.38 - 0.24 -

Hearing aid prescription 0.54 - 0.70 -

Age at HA fitting 0.61 - 0.20 -

Auditory neuropathy 0.56 - 0.99 -

Device: HA or CI 0.70 - 0.55 -

Early PEACH (each unit score) 0.03* 0.2 (0.02, 0.4)
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