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Abstract

Current research on auditory development in children with profound sensorineural hearing loss emphasizes the importance of providing 
effective auditory stimulation as early as possible, preferably before 12 months of age. Cochlear implants have been identified as the most 
effective method for delivering sound to the auditory system in these children. To minimize neurological consequences of congenital profound 
sensorineural hearing loss it is vital to monitor all stages of auditory development right from the moment of implantation. The LittlEARS 
Auditory Questionnaire, by measuring hearing ability in children up to 24 months of age, facilitates such an assessment. In this paper multiple 
approaches to reporting results of the LittlEARS are reviewed. Two difficulties with interpreting the results from cohorts of cochlear implanted 
children are identified, one related to variability of the results and the second to the age of the child at intervention. To overcome these difficulties 
a method of calculating the “relative delay” in auditory development is proposed. The method should facilitate between-group comparisons 
in single or multicenter studies, as well as improve meta-analysis of data in evidence-based practice.
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W STRONĘ UJEDNOLICONEJ METODY OCENY WCZESNEGO ROZWOJU 
SŁUCHOWEGO PO IMPLANTACJI ŚLIMAKOWEJ: POMIAR WZGLĘDNEGO 
OPÓŹNIENIA

Streszczenie

Aktualne badania rozwoju słuchowego dzieci z obustronnym głębokim niedosłuchem odbiorczym wskazują na konieczność zapewnienia 
skutecznej stymulacji słuchowej tak wcześnie, jak to możliwe, najlepiej przed ukończeniem przez te dzieci 12 miesiąca życia. Zastosowanie 
implantów ślimakowych (CIs) uznawane jest obecnie za najskuteczniejszą metodę dostarczania dźwięku do układu słuchowego u tych dzieci. 
Aby zminimalizować neurologiczne konsekwencje wrodzonego głębokiego niedosłuchu zmysłowo-nerwowego u dzieci, konieczne jest 
monitorowanie wszystkich etapów ich rozwoju słuchowego od momentu wszczepienia implantu. LittlEARS – kwestionariusz przeznaczony 
do oceny rozwoju słuchowego u dzieci do 24 miesiąca życia – ułatwia taką ocenę. W niniejszym artykule dokonano przeglądu różnych metod 
raportowania wyników LittlEARS. Zidentyfikowano dwie trudności z interpretacją wyników dzieci korzystających z implantów ślimakowych: 
jedną związaną ze zmiennością wyników, a drugą – z wiekiem dziecka w momencie interwencji. Aby przezwyciężyć te trudności, zaproponowano 
metodę obliczania tzw. względnego opóźnienia rozwoju słuchowego. Metoda ta powinna ułatwić porównania między grupami w badaniach 
jedno- lub wieloośrodkowych, a także umożliwić metaanalizę opublikowanych danych.

Słowa kluczowe: dzieci • implant ślimakowy • rozwój słuchowy • kwestionariusze wypełniane przez rodziców

Key to abbreviations

AAST Adaptive Auditory Speech Test

ABEL Auditory Behavior in Everyday Life

CAEPs cortical auditory evoked potentials

CHILD Children’s Home Inventory for Listening Difficulties

CI cochlear implantation
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Introduction

Current research on auditory development in children with 
profound sensorineural hearing loss emphasizes the critical 
importance of providing effective auditory stimulation as 
early as possible [1,2]. Current guidelines recommend that 
all infants should undergo hearing screening by 1 month of 
age. If the screening results are positive, a comprehensive 
audiological diagnosis should be completed by 3 months, 
followed by early intervention initiated by 6 months [3]. 
In infants with congenital profound sensorineural hearing 
loss, cochlear implantation (CI) is recommended, prefera-
bly within the first 12 months of life [4–6]. This timing is 
recognized as critical for achieving effective auditory stim-
ulation of the auditory system. To ensure optimal outcomes 
following an early CI, it is crucial to assess and monitor 
the initial stages of auditory development. This necessitates 
the use of appropriate tools and methodologies tailored to 
evaluate and support auditory progress.

Auditory development

The development of the auditory pathway enables the au-
ditory system to serve as the anatomical and physiologi-
cal foundation for a wide range of perceptual abilities [7]. 
The classical theory is that the information processing in 
the auditory system proceeds hierarchically. Higher-order 
auditory areas make use of input from lower-order re-
gions to perform increasingly complex operations. In this 
way, the highest cognitive functions integrate contextual 
cues and prior knowledge to generate meaningful audi-
tory information.

Aslin and Smith [7] proposed a three-stage model of 
perceptual development, comprising: Level I – Sensory 
Primitives, which is basic sensory perception; Level II – 
Perceptual Representations, which entails complex neural 

coding at higher processing levels; and Level III – Higher-
Order Representations, which encompasses cognitive and 
linguistic processing. Building on this model, Carney set 
out a linear pathway for auditory perceptual development 
in infants and toddlers [8]. The corresponding stages in 
auditory perception are then defined as: Level I – Sound 
Awareness, the ability to detect auditory stimuli; Level II 
– Sound Discrimination, reflecting the capacity to differ-
entiate between one sound and another; and Level III – 
Sound Identification, involving the extraction of meaning 
from sound sources [9].

The maturation and functional integration of the struc-
tures of auditory pathway occur during the period when 
they start to be actively engaged in sound perception [1]. 
Synchronous activity of neurons within the pathway serves 
as a stimulus, facilitating the formation of connections 
and leading to more efficient auditory processing. The 
changes in neural connections that occur during devel-
opment as a result of environmental interactions are re-
ferred to as developmental neuroplasticity, while the time-
frame during which the brain is particularly receptive to 
these changes is known as the critical period [10]. Within 
the critical period, even brief exposure to stimuli can sig-
nificantly affect the final organization and function of the 
neuronal network.

In summary, auditory perception depends on the success-
ful structural and functional maturation of the auditory 
pathway, especially the development of later neural pro-
cessing stages. The problem in children with congenital 
profound sensorineural hearing loss is that the absence 
of acoustic stimuli leads to a lack of neuronal activity in 
the auditory pathway [11–14]. The lack of neural activi-
ty leads to a weakening, or even loss, of synaptic connec-
tions, and this can cause permanent defects in the central 
auditory pathway [15].

Key to abbreviations

CIs cochlear implants

CPA Conditioned Play Audiometry

ELF Early Listening Function

ESP Early Speech Perception (test)

FAPI Functional Auditory Performance Indicators

IT-MAIS Infant–Toddler Meaningful Auditory Integration Scale

LEAQ LittlEARS Auditory Questionnaire

LIP Listening Progress Profile

MAIS Meaningful Auditory Integration Scale

NH normal hearing

NU-CHIPS Northwestern University–Children’s Perception of Speech (test)

P1 first positive peak

PEACH Parent’s Evaluation of Aural/Oral Performance of Children

PICO patient, intervention, comparator, outcome

PSI Pediatric Speech Intelligibility

pts points

VRASPAC Visual Reinforcement Assessment of the Perception of Speech Pattern Contrasts (test)

VRA Visual Reinforcement Audiometry
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Neural consequences of congenital profound 
sensorineural hearing loss

The three primary consequences of congenital profound 
sensorineural hearing loss are: 

1.	�Intramodal deficits. The absence of auditory stimulation 
during critical developmental periods leads to the un-
derdevelopment and dysfunction of auditory neural cir-
cuits, impairing their ability to accurately process sen-
sory information [16–18].

2.	�Cross-modal plasticity. The sensory deprivation in the 
auditory system results in compensatory recruitment by 
other sensory modalities, a phenomenon that may dis-
rupt neurosensory restoration efforts during later stag-
es of development [19,20].

3.	�Reduced multimodal information processing capacity. 
The limitations in auditory input not only affect hear-
ing-related pathways but also constrain the integration 
and processing of information across multiple sensory 
domains [21].

The observed deficits indicate that the auditory cortex in 
congenital profound sensorineural hearing loss, while ca-
pable of basic stimulus detection, lacks the robust feature 
representation necessary for complex auditory discrimina-
tion and object identification [19]. In children with con-
genital profound sensorineural hearing loss who receive 
cochlear implants (CIs) at a later age, the auditory system 
exhibits functional optimization for basic stimulus detec-
tion (Level I in the Aslin and Smith model) rather than for 
processing and discriminating fine auditory details (Levels 
II and III in the model).

CIs for children with congenital profound senso-
rineural hearing loss

Cochlear implants have been confirmed to be effective in 
providing auditory input to the auditory system. Numerous 
studies have demonstrated that in children with congen-
ital profound sensorineural hearing loss, a CI allows for 
development of auditory perception milestones, including 
a child’s ability to understand speech [12,22–24]. It has also 
been shown that the use of CIs in children with congeni-
tal profound sensorineural hearing loss is far more effec-
tive than the use of hearing aids [25–28]. Additionally, the 
age at implantation has been found to be a determining 
factor in auditory development [23,29,30].

The optimal age for receiving a CI in children with congen-
ital profound sensorineural hearing loss has been investi-
gated using cortical auditory evoked potentials (CAEPs), 
in particular the latency of the first positive peak (P1) of 
the waveform [31,32]. The latency of P1 reflects the effi-
ciency of peripheral and central auditory processing. In 
normally developing children it shortens with age and 
is therefore considered a biomarker for auditory system 
maturation [31].

The results of such studies support the existence of a crit-
ical period for auditory development. In children with 
congenital profound sensorineural hearing loss who re-
ceived CIs before the age of 3.5, their P1 latencies followed 
the same trajectory as normal hearing children [32,33]. 

However, in children who received CIs after the age of 
7 years, the P1 latencies were significantly prolonged and 
did not change with the duration of CI experience. This 
strongly suggests that exposure to sound early in life is es-
sential for appropriate auditory development. These elec-
trophysiological findings are consistent with behavioral 
studies, which show that children who receive CIs be-
fore the age of 2 exhibit faster and more age-appropriate 
speech and language development than those who were 
implanted later [4,12,23,34].

At the same time, it has been confirmed that CI surgery 
is safe for children less than 1 year old [5,35]. Indeed, re-
search shows that CIs are most effective in this group of 
children [4–6,25,29,30,36,37]. However, when a child with 
congenital profound sensorineural hearing loss receives 
a CI during their critical period of auditory development, 
it is important to evaluate its efficacy. A major difficulty 
in evaluating a young child is selecting an age-appropriate 
tool that allows their auditory development to be contin-
ually monitored from intervention onwards.

Tools for monitoring auditory development

Auditory development is usually assessed with two types of 
assessment methods, behavioral and electrophysiological. 
Behavioral tests, such as Visual Reinforcement Audiometry 
(VRA), used from 5 months of age, or Conditioned Play 
Audiometry (CPA) for children older than 2 years [38], 
only allow the ability to detect sound (Level I) to be as-
sessed. However, tests are being developed to evalu-
ate other stages of auditory development. The Visual 
Reinforcement Assessment of the Perception of Speech 
Pattern Contrasts test (VRASPAC) can assess the discrim-
ination stage of auditory development (Level II) in chil-
dren as young as 9 months [39]. Nevertheless, the majority 
of tests are only suitable for evaluating speech identifica-
tion (Level III) in children older than 3 years; examples 
are the Automated McCormick Toy Discrimination Test 
[40], the Adaptive Auditory Speech Test (AAST) [41], the 
Northwestern University–Children’s Perception of Speech 
test (NU-CHIPS) [42], the Early Speech Perception (ESP) 
test, and the Pediatric Speech Intelligibility (PSI) test [43].

Behavioral assessments can be limited by the child’s state 
during testing, such as their attentiveness, motor skills to 
perform the response task (e.g., head turning, manipula-
tion of objects, picture pointing, button pushing), as well 
as by their receptive and expressive language skills. The 
tests require high clinician expertise and careful inter-
pretation of the child’s behavior. The second audiological 
method for evaluating early auditory development is to 
use electrophysiological measures. However, it is difficult 
to directly translate the amplitude or latency of acousti-
cally evoked auditory potentials into detection, discrimi-
nation, or identification ability [33].

Auditory development can also be evaluated based on crite-
ria-referenced rating scales such as the Ling Developmental 
Scales [44], the Listening Progress Profile (LIP), and the 
Meaningful Auditory Integration Scale (MAIS) [45]. These 
assessments share a similar limitation as behavioral ones: 
their evaluation relies on the patient’s attentiveness and 
the clinician’s involvement.
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Another possible avenue is to use parental questionnaires 
which ask questions about the child’s auditory behavior in 
everyday situations. Questionnaire items gauge the child’s 
reactions to a variety of environmental sounds and voic-
es, their ability to discriminate between sounds, and their 
skill in deriving meaning from them.

Parental questionnaires

The most widely used parental questionnaires include 
the Auditory Behavior in Everyday Life (ABEL) [46]; 
the Children’s Home Inventory for Listening Difficulties 
(CHILD) [47]; Early Listening Function (ELF) [48]; 
Functional Auditory Performance Indicators (FAPI) 
[49]; LittlEARS Auditory Questionnaire (LEAQ) [50]; 
Parent’s Evaluation of Aural/Oral Performance of Children 
(PEACH) [51]; and the Infant–Toddler Meaningful 
Auditory Integration Scale (IT-MAIS) [52].

Numerous studies have confirmed that such questionnaires 
can provide reliable information about the child’s develop-
ment [53–55]. However to be diagnostically acceptable, a 
questionnaire needs to have been prepared on the basis of 
a theoretical framework, be validated, and have psycho-
metric properties suitable for measuring the defined con-
struct [56,57]. Suitable criteria for assessment tools have 
been proposed by Andresen [58] and include character-
istics related to conceptual clarity (covering the relevant 
construct intended to be measured), the availability of 
norms/ standard values, explanation of the measurement 
model, description of item/instrument bias, respondent 
and administrative burden, reliability, discriminant valid-
ity (ability to differentiate subgroups that are expected to 
differ), convergent validity (validated against a gold stand-
ard and/or with confirmed good psychometric properties), 
ecological validity (evaluates the subject in a realistic envi-
ronment), responsiveness (sensitivity to important chang-
es in interventions), culture/language adaptations, and al-
ternate/accessible forms.

In their Critical Review of Audiological Outcome Measures 
for Infants and Children, Bagatto and colleagues [59] re-
viewed parental questionnaires according to criteria pro-
posed by Andresen [58] and rated them using a three-point 
scale (A, B, C). For the other above-mentioned question-
naires, data on reliability and validity were provided for 
ABEL, CHILD, IT-MAIS, LEAQ, and PEACH. Only for 
IT-MAIS, LEAQ, and PEACH were normative data avail-
able; only for LEAQ and PEACH was there a description 
of a measurement model; and only for LEAQ and PEACH 
were versions available in languages other than the origi-
nal. Overall, LEAQ received the highest rating among the 
evaluated questionnaires. However, Bagatto and colleagues 
highlight a limitation in the LEAQ questionnaire: the lack 
of an assessment of its responsiveness. There was insuffi-
cient evidence to determine whether LEAQ scores are sen-
sitive to significant changes following interventions [58].

Material and methods

LittlEARS Auditory Questionnaire

The LEAQ questionnaire has gained recognition among 
researchers and clinicians due to its clearly described 

measurement model, evidence of its validity, availability 
of normative data, and low respondent and administrative 
burden. This has resulted in an increasing number of lin-
guistic adaptations and ongoing research [60–65]. Studies 
using different linguistic versions provide further evidence 
of the questionnaire’s responsiveness and sensitivity to ma-
jor interventional changes [64,66,67]. Obrycka et al. [30] 
collected evidence for discriminant validity. The authors 
identified differences in LEAQ scores among the follow-
ing groups: 1) children implanted before 12 months of age 
compared to those implanted between 12 and 24 months; 
2) children with extended versus shorter experience with 
hearing aids prior to CI; and 3) children who, before im-
plantation, exhibited responses across a wide frequency 
range with their hearing aids compared to children who 
did not [30]. Wang et al. [68] found  a negative correla-
tion between LEAQ total score and P1 latency of CAEPs, 
with higher scores corresponding to shorter P1 latency (a 
biomarker for auditory system maturation). This provides 
further evidence that LEAQ measures auditory develop-
ment and demonstrates convergent validity.

LEAQ was developed to assess the auditory development 
of infants and toddlers following a CI by measuring hear-
ing abilities as they get older [50]. It consists of 35 ques-
tions for parents, organized according to the milestones of 
auditory development that children typically acquire over 
the first 24 months of life. The results of the questionnaire 
fall in the range 0 to 35 points depending on the child’s age, 
although the expected (mean) value for normally develop-
ing children varies from approximately 3 pts in newborns 
to 33 pts in 2-year-olds (green lines in Figures 1a, 1b).

The structure of LEAQ is organized such that the 35 items 
increase in difficulty in line with the Aslin and Smith three-
level model of auditory development: Level I (detection), 
Level II (discrimination), and Level III (identification). 
Items 1–16 focus primarily on Levels I and II (detection 
and discrimination) and assess the child’s responses to 
human voices, music, environmental sounds, and sound-
producing toys. Items 17–35, which relate to Level III of 
auditory development, evaluate the child’s ability to iden-
tify sounds by, for example, associating names with ob-
jects or following spoken instructions.

The results of LEAQ can only be sensibly interpreted in 
terms of the child’s age. For example, in Figure 1a the blue 
point is placed at the intersection of the horizontal line 
representing the child’s LEAQ total score (15 points) and 
the vertical line representing the child’s age (10 months). 
Any result above the minimum value (red dashed line) 
is interpreted as age-appropriate. A result falling on the 
green line reflects a value expected from an average nor-
mal hearing (NH) child (Figure 1b). Such a visualization 
is helpful in everyday clinical practice, when the trajec-
tory of auditory development in a child can be analyzed 
and discussed with the parents.

Despite its numerous advantages, the LEAQ questionnaire 
is not without limitations. The primary limitation of the 
LEAQ questionnaire is its restricted period of applicabil-
ity, being validated only for children up to 2 years of age 
[60,61]. From a clinical standpoint, there is a need to fa-
cilitate longitudinal assessment of auditory development 
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beyond this age using the same tool. Consequently, 
the 2-year age limit represents a significant constraint.

Additionally, the LEAQ should not be employed for chil-
dren older than 24 months, as the absence of normative 
data for this age group renders interpretation of results 
problematic. This limitation is particularly relevant in cas-
es where intervention is delayed, and the child exceeds 
2 years of age. In such cases, interpretations derived from 
the LEAQ should be approached with caution due to the 
saturation of normative data for older children. The fol-
lowing sections address this issue and other challenges 
associated with interpreting results, particularly those in-
volving group analyses.

Challenges in interpreting LEAQ scores

The challenge comes when analyzing data from a cohort 
of children, for example when trying to assess the effec-
tiveness of a CI over time or performing between-group 
comparisons. The traditional approach of comparing mean 
results before a CI and 1 year afterwards can produce mis-
leading conclusions.

Firstly, as already said, the LEAQ total score is meaning-
less without reference to the child’s age. Thus, a mean to-
tal score of 8 pts might be expected for a 3-month-old 
baby, be a minimum for a 7-month-old, and be far be-
low the minimum for an 18-month-old (points A, B, and 
C in Figure 2).

Secondly, the age at which children receive a CI varies con-
siderably. For example, Liu and colleagues [69] evaluated 
33 children implanted between 6 and 46 months of age. 
The average LEAQ total scores for the group at 1, 12, and 
24 months of CI use were 5, 24, and 33 pts respectively. 
When analyzing scores at 1 month post CI, for the young-
est children (7 months of age) this score is very close to the 
normative range (2 pts below the minimum score), where-
as for children receiving a CI later, the distance away from 
the normative range grows progressively larger (around 22 

pts for children at 24 months) until it becomes undefined 
for children older than 24 months (Figure 3, blue arrows).

Looking now at scores 12 months post CI, for the youngest 
children (6 months old at CI, 18 months old after 1 year 
of CI use), a result of 24 points indicates age-appropriate 
auditory development (5 pts below the expected score, 
but 2 pts above the minimum value). On the other hand, 
for the oldest children (46 months at CI and 58 months 
after 12 months of CI use) a score of 24 points indicates 
a substantial gain in auditory development compared to 
the initial score, but nevertheless it cannot be compared to 
NH children due to the age range substantially exceeding 
24 months (Figure 3, orange arrows). To properly assess 
these children, a different age-appropriate tool is needed.

Figure 1. Interpretations of LEAQ total scores. a) Total score (blue dot) above minimum value (red dashed line), indicating satisfactory 
auditory development for a 10-month-old with a CI. b) Total score of 10-month-old equal to the average score of a normal hearing 
10-month-old child (blue dot coinciding with green line of expected values)
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Figure 2. By itself, an LEAQ score is meaningless without know-
ing the child’s age. For example, an LEAQ score of 8 points could 
come from a normal baby 3 months old (A), from a 7-month-old 
baby at minimum value (B), or from an 18-month-old far below 
the minimum (C)
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We can therefore see that comparing means only makes 
sense within a group of children implanted at similar ages 
and later assessed at a time within the range where LEAQ 
remains applicable (i.e. less than 2 years of age). Such an 
analysis was performed by Honigman and colleagues when 
they used LEAQ to assess CI effectiveness in 134 chil-
dren implanted within the age range of 9 to 11 months 
[70]. LEAQ was administered pre-operatively and post-
operatively out to 2 years. A comparison of pre-implant 
score (mean 5.2, SD 6.3) to post-implant score (mean 27.3, 
SD 7.5) indicates substantial progress in auditory develop-
ment. Nevertheless, such a comparison requires additional 
exploration into whether the results are age-appropriate. 
A total score of 5.2 pts for children at age 9–11 months is 
far below the minimum value (which ranges from 10.7 to 
13.6 pts). A score of 27.3 pts after 2 years of CI use can-
not be interpreted in the same way (using normative val-
ues) since the age of the tested children is now 33–35 
months, which is beyond the LEAQ assessment range. A 

good example of such an “out of range” assessment is pre-
sented in Figure 4a.

To overcome the limitation of going beyond the standard 
age range for LEAQ assessment, a number of studies have 
presented their results in terms of auditory age. For chil-
dren with normal hearing, auditory age is of course the 
same as chronological age. But for implanted children, it is 
assumed that auditory development only begins when the 
implant is activated, so that auditory age then becomes the 
duration of CI use. The results are plotted in a similar way 
except that the x-axis is labelled as auditory age (or hear-
ing age, or time after CI switch-on, etc.) [64,66,67,71,72]. 
For example, Yidi and colleagues [71] tested 287 children 
implanted at ages of 7 to 36 months. Taking the individ-
ual results, the authors built a model of auditory devel-
opment from CI activation to 20 months of CI use. The 
authors concluded that auditory development in CI chil-
dren was approximately the same as in NH children [71]. 

Figure 3. Relation between normative curve and average LEAQ total scores in a group of children implanted at ages ranging from 6 to 
46 months. Blue line: after 1 month of CI use; orange line: after 12 months of CI use
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of chronological age; b) data plotted as a function of auditory age (duration of CI use). Green lines are data for normal hearing children 
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But the concern here is that, after 24 months of CI use, 
the older children were 5 years old but only had the lev-
el of auditory development of a NH child 2 years old. 
This represents a substantial developmental delay, since 
at age 5 much more complex auditory ability is expected 
(Level III, object identification) but it is beyond the range 
probed by LEAQ.

As an aside, it is not uncommon in LEAQ studies that the 
trajectory of total score as a function of duration of CI use 
falls above the normative curve. Keep in mind, however, 
that such graphs are usually overviews of early auditory 
development in CI children who are 2–3 years older than 
normal hearing children [66,67,71] (and sometimes even 
5 years older [64]). Such graphs do not show the true re-
lationship between auditory development in NH and CI 
children. The real goal of implantation is actually to reduce 
the delay, and examples of how the gap can be reduced are 
presented in Figure 4b.

Another complication is the assumption that auditory age 
should be counted from CI surgery or activation. In fact, 
there is a huge variability in LEAQ scores at this time. 
Scores may range from 0 to 17 pts [71], 20 pts [67], or 
even up to 33 pts [64]. This suggests that many children 
achieve some level of auditory development before receiv-
ing a CI and so their auditory age should not necessarily 
be counted from CI activation.

Calculation of auditory development delay

The huge variability in preoperative scores can be tak-
en into account by using normative values for auditory 
age calculations [25,27]. For example, if the LEAQ total 
score is 20 points (Figure 5) we look for the age at which 
a child with normal hearing achieves 20 points (by mov-
ing left along the x-axis to the green line). For the Polish 
version of LEAQ this occurs at 10.5 months of age. Thus, 
if a child’s LEAQ total score is 20 points, we determine 
that, based on expected values, the child’s auditory age is 
10.5 months, irrespective of actual age. Then, knowing the 
child’s chronological age, we calculate the delay in audito-
ry development as the difference between the chronologi-
cal age and the auditory age. For example, if a 20-month-
old child has a total score of 20 pts then its auditory age 
is 10.5 months and the delay in auditory development is 
9.5 months. That is, the auditory age corresponds to the 
age at which the horizontal line intersects the normative 
curve, and the delay is the horizontal gap between the ac-
tual LEAQ total score and the norm.

Calculating delays in auditory development in this way 
have been used in some studies on the effectiveness of 
CIs based on the PICO (patient, intervention, compara-
tor, outcome) schema [25,27]. In this work, 32 children 
(P) implanted before the age of 12 months were compared 
(C) to 19 children who used hearing aids. Both groups of 
children were fitted with their respective devices at ap-
proximately the same age; they were also matched for age 
and degree of hearing loss. Some 10 months after the ini-
tial fitting of their devices, the children were assessed us-
ing LEAQ. The LEAQ total score was used to determine 
the delay (O) in auditory development. On average, the 
auditory development delay in the hearing aid group was 

14.3 months longer than in the CI group after 10 months 
of device use.

Although calculation of the delay in auditory development 
allows for the assessment of CI effectiveness in relation 
to normal hearing children, this method still has some 
limitations. The 9.5 months delay in auditory develop-
ment, as presented in Figure 5, may seem to be insignifi-
cant. However, if we take into account a child’s age, then 
for a 20-month-old child a 9.5-month delay means 48% 
of their life, while for a 9.5-month-old child, a 9.5-month 
delay corresponds to 100% of their life (there has been a 
complete lack of auditory development). Due to these dif-
ficulties in comparing the results of children implanted at 
different ages and at different stages of auditory develop-
ment, a unified way to calculating auditory delay, one that 
takes into account a child’s age, is proposed.

Relative delay in auditory development

The relative delay in auditory development is defined as 
the child’s delay in auditory development divided by their 
chronological age. That is,

Relative delay = 
Delay in auditory development

Chronological age
×100%

 = 
Chronological age – Auditory age

Chronological age
×100%

As described in the previous section, the auditory age can 
be derived from the child’s LEAQ total score and a chart 
containing normative curves. A more accurate method is to 
calculate the hearing age from the normative curve equa-
tion. This requires solving a quadratic equation of the form 
ax2 + bx + c – y = 0 , where x is auditory age; y is the LEAQ 

Figure 5. Interpreting LEAQ scores in terms of delay in audi-
tory development. The example is a 20-month-old child with an 
LEAQ total score of 20 pts (blue dot). This same score would be 
achieved by a normal child at 10.5 months, meaning that in this 
case the auditory age is 10.5 months and the delay in auditory 
development is 9.5 months
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Table 1. Equations for calculating relative delay from different linguistic adaptations of LEAQ

Adaptation Regression equation  
(y = ax2 + bx + c) Relative delay (Drel)

OVERALL 
[60] y = – 0.038 x2 + 2.163 x + 3.47

Achr – 

Achr

–2.163 + √4.679 + 0.152 (3.47 – LEAQ)

–0.076
×100%

Bulgaria
[60] y = – 0.018 x2 + 1.604 x + 5.56

Achr – 

Achr

–2.604 + √2.573 + 0.072 (5.56 – LEAQ)

–0.036
×100%

Belgium
[60] y = – 0.016 x2 + 1.666 x + 3.673

Achr – 

Achr

–1.666 + √2.776 + 0.064 (3.376 – LEAQ)

–0.032
×100%

Slovakia 
[60] y = – 0.033 x2 + 2.147 x + 4.143

Achr – 

Achr

–2.147 + √4.61 + 0.132 (4.143 – LEAQ)

–0.066
×100%

USA (English) 
[60] y = – 0.047 x2 + 2.402 x + 2.308

Achr – 

Achr

–2.402 + √5.77 + 0.188 (2.308 – LEAQ)

–0.094
×100%

Romania 
[60] y = – 0.031 x2 + 1.919 x + 2.538

Achr – 

Achr

–1.919 + √3.683 + 0.124 (2.538 – LEAQ)

–0.062
×100%

France
[60] y = – 0.049 x2 + 2.461 x + 0.879

Achr – 

Achr

–2.461 + √6.507 + 0.196 (0.879 – LEAQ)

–0.098
×100%

Serbia
[60] y = – 0.046 x2 + 2.463 x + 0.879

Achr – 

Achr

–2.463 + √6.066 + 0.184 (0.879 – LEAQ)

–0.092
×100%

Finland
[60] y = – 0.029 x2 + 1.947 x + 4.586

Achr – 

Achr

–1.947 + √3.791 + 0.116 (4.586 – LEAQ)

–0.058
×100%

Slovenia 
[60] y = – 0.033 x2 + 2.075 x + 3.762

Achr – 

Achr

–2.075 + √4.306 + 0.132 (3.762 – LEAQ)

–0.066
×100%

Germany 
[60] y = – 0.038 x2 + 2.217 x + 2.066

Achr – 

Achr

–2.217 + √4.915 + 0.152 (2.066 – LEAQ)

–0.076
×100%

Russia
[60] y = – 0.072 x2 + 3.156 x – 2.354

Achr – 

Achr

–3.156 + √9.96 + 0.288 (–2.354 – LEAQ)

–0.144
×100%

China
[60] y = – 0.038 x2 + 2.23 x + 1.211

Achr – 

Achr

–2.23 + √4.973 + 0.152 (1.211 – LEAQ)

–0.076
×100%

USA (Spanish) 
[60] y = – 0.026 x2 + 1.779 x + 9.084

Achr – 

Achr

–1.779 + √3.165 + 0.104 (9.084 – LEAQ)

–0.052
×100%

Switzerland [60] y = – 0.030 x2 + 1.921 x + 4.687
Achr – 

Achr

–1.921 + √3.69 + 0.12 (4.687 – LEAQ)

–0.06
×100%
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total score, and a, b, c are coefficients of the quadratic func-
tion of auditory development determined for the particular 
language version of LEAQ used. Strictly, this equation has 
two solutions, but only one is in the range assessed with 
the questionnaire (0–24 months), so the auditory age can 
be specified as: 

Auditory age =
–b + √b2 – 4a (c – LEAQ score)

2a

and relative delay of auditory development as: 

Relative delay =

 –b + √b2 – 4a (c – LEAQ score)
2a ×100%

Chronological age –

Chronological age

The normative curve established from 16 studies by 
Coninx and colleagues is described by the equation 
y = – 0.038 x2 + 2.163 x + 3.470 [60]. Based on this curve 
the relative delay can be calculated as: 

Relative delay =

 –2.163 + √4.679 + 0.152 (3.47 – LEAQ score)
–0.076 ×100%

Chronological age –

Chronological age

For different linguistic adaptations, the corresponding 
equations for relative delay are presented in Table 1.

At this point, the proposed method was used to reanalyze 
data from two already published studies [30,66]. To calcu-
late mean relative delay in the study by Obrycka et al. [30] 
the LEAQ results of 54 children implanted ‘early’ (before 
the age of 12 months, first group) and those of 68 chil-
dren implanted ‘late’ (between 12 and 24 months, second 
group) were used. Relative delay was calculated based on 
the equation for Poland from Obrycka et al. (see Table 1). 
For the other study, Kosaner et al. [66], the results of 20 
children implanted between 15 and 35 months (third 
group) were recalculated based on the ‘overall’ equation 
(top of Table 1). The mean relative delays for each group 
are shown in Figure 6.

Discussion

Based on current knowledge of the neural consequences 
of congenital profound sensorineural hearing loss in chil-
dren and existing guidelines for early detection and inter-
vention, such children should be provided with a CIs as 
early as possible [2–4,6,12,23,32]. Here, assessing early au-
ditory development is of highest importance.

The LittlEARS Auditory Questionnaire (LEAQ) is an ap-
propriate tool for monitoring early auditory development 
from the moment a CI is provided. However, some chal-
lenges in interpreting results from cohorts of CI children 
have been identified, primarily related to the variabili-
ty in outcomes and the age at which children received 

Note: Achr, chronological age; LEAQ, LEAQ total score

Table 1 continued. Equations for calculating relative delay from different linguistic adaptations of LEAQ

Adaptation Regression equation  
(y = ax2 + bx + c) Relative delay (Drel)

Poland
[61] y = – 0.028 x2 + 1.969 x + 2.396

Achr – 

Achr

–1.952 + √3.81 + 0.112 (2.917 – LEAQ)

–0.056
×100%

Greece
[60] y = – 0.064 x2 + 2.653 x + 6.272

Achr – 

Achr

–2.653 + √7.038 + 0.256 (6.272 – LEAQ)

–0.128
×100%

Israel (Hebrew) 
[64] y = – 0.036 x2 + 2.181 x + 2.531

Achr – 

Achr

–2.181 + √4.757 + 0.152 (2.531 – LEAQ)

–0.076
×100%

Israel (Arabic)
[64] y = – 0.029 x2 + 1.862 x + 4.744

Achr – 

Achr

–1.862 + √3.467 + 0.144 (4.744 – LEAQ)

–0.072
×100%

Canada (English) 
[62] y = – 0.013 x2 + 1.55 x + 6.55

Achr – 

Achr

–1.55 + √2.403 + 0.052 (6.55 – LEAQ)

–0.026
×100%

Spain
[63] y = – 0.052 x2 + 2.69 x – 0.72

Achr – 

Achr

–2.69 + √7.236 + 0.208 (–0.72 – LEAQ)

–0.104
×100%

Ghana
[65] y = – 0.081 x2 + 3.303 x + 0.648

Achr – 

Achr

–3.303 + √10.91 + 0.324 (0.648 – LEAQ)

–0.162
×100%
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the intervention. To address these challenges, a method 
for calculating the relative delay in auditory development 
has been proposed. This method was applied to reanalyze 
data from three groups: children implanted “early” (before 
12 months of age, first group), children implanted “late” 
(between 12 and 24 months of age, second group) as re-
ported by Obrycka et al. [30], and a third group described 
by Kosaner et al [66].

In both groups examined from Obrycka et al. [30], rela-
tive delay at CI activation was lower (73% and 70% for ear-
ly and late groups respectively) than in the group studied 
by Kosaner et al. [66] (110%). This indicates that the ini-
tial stage of auditory development (in terms of LEAQ to-
tal score) was higher in the Obrycka et al. study (7.7 pts in 
the early group and 10.5 pts in the late group) compared 
to Kosaner et al. (0.3 pts) (see Figure 4a). Moreover, the 
delay in auditory development in terms of distance from 
the normative curve is longer in the late group than in 
the early group (Figure 4a). However, the combination of 
longer delay in auditory development and older age in the 
late group yields similar relative delay to the early group 
who had shorter delays and younger ages. Additionally, 
the relative delay above 100% in the group evaluated by 
Kosaner et al. (Figure 6) comes from initial scores close 
to 0 pts, while in NH children the result at birth is around 
3 pts, indicating that auditory development starts in the 
mother’s womb (Figure 2).

Figure 6 shows that in all three groups there is a reduc-
tion in relative delay over time. The most effective rela-
tive delay reduction is observed in the early group who 
received their CIs at an average age of 10 months. In this 
group the relative delay after 9 months of CI use was −5% 
and at 12 months −3%. Negative values of relative delay 
indicate LEAQ total scores above the average for NH chil-
dren. In the group implanted late (average age at CI of 16 
months), after a further 12 months of CI use the relative 
delay was reduced to 27% and in the third group implanted 

even later (mean age at CI of 26 months) the delay reached 
66% over the same period.

Those differences are not clear when just mean LEAQ to-
tal score is analyzed (Figure 4b), especially between the 
groups implanted early and late. The recalculated results 
show a clear difference between the groups, whereas the 
traditional approach shows only a small difference after 
a year of using a CI. The proposed method therefore allows 
differences to be captured earlier on. Using the traditional 
approach, differences are small and can only be detected 
after an extended period of observation [30].

Finally, in all three groups the raw LEAQ plateaued, ap-
proaching maximum values. In the early group this indi-
cated age-appropriate auditory development (relative delays 
even below 0%) whereas in the late group the maximum 
score still equated to a relative delay of 27%. The third group 
of CI children [66] approached maximum values about 
2 years later than NH children, indicating a 62% relative 
delay. Such a large delay may hamper auditory processing 
and discrimination of fine auditory detail, equivalent to 
Levels II and III of the Aslin and Smith model. The large 
relative delay was due to late CI implantation, where the age 
at CI was significantly later than in the other two groups.

The proposed method of assessing relative delay appears to 
be more sensitive to between-group differences. Moreover, 
it has more precision in showing the degree of auditory 
development compared to previously used methods. This 
method may assist researchers and clinicians in reporting 
early auditory development in a manner that allows for 
comparisons across different languages, studies, and cent-
ers. However, an important issue arises: the LEAQ has 
been validated only for children older than 2 years. The 
use of this questionnaire in older children, such as when 
intervention is delayed or in children with comorbidi-
ties where behavioral assessment is challenging, may be 
helpful in monitoring changes in auditory development. 

Figure 6. Relative delay in auditory development recalculated from studies by Obrycka et al. [30] and Kosaner et al. 2013 [66]
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Nonetheless, the results cannot be compared to norma-
tive data, nor can they confirm that the child is develop-
ing faster than peers with normal hearing since the met-
rical age of the study group and the normative group are 
different. This finding has significant implications, since in 
children younger than 2 years, early auditory development 
(as evidenced by age-appropriate scores on the LEAQ) can 
serve as a reliable indicator of typical speech and language 
development. In contrast, such predictive validity is not 
observed in children older than 2 years.

Conclusions

To minimize the neurological consequences of congenital 
profound sensorineural hearing loss there is general con-
sensus that a child should be provided with a CI early on, 
even before 12 months of age. When doing so, it is im-
portant to check that the intervention has been effective, 
i.e. it has allowed the child to reach all levels of early au-
ditory development as described by the Aslin and Smith 
model. A good measure of CI effectiveness is the delay (in 
months) in the child’s auditory development compared to 
NH children. If the delay can be eliminated during the first 
year of CI use, then it is quite possible that the child will 
attain age-appropriate hearing by 2 years of age. Such a de-
gree of auditory development will form a solid foundation 
for the development of higher-order auditory capabilities.

An excellent tool for monitoring all levels of early audi-
tory development, as well as its delay in infants and tod-
dlers, is the LittlEARS Auditory Questionnaire (LEAQ). 
It can be used to assess the effectiveness of cochlear im-
plants, beginning from the first moment of CI activation.

The method proposed here for assessing the relative de-
lay in auditory development based on LEAQ eliminates 
two difficulties in interpreting results within a cohort of 
CI children: one is related to the variability of results and 
the second is the age at intervention. This unified meth-
od should facilitate between-group comparisons in single 
or multicenter studies, as well as improve meta-analysis of 
data in evidence-based practice.
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