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Perhaps no other field in otolaryngology has expanded as rapidly as the evaluation and management of hearing loss in children. From safer and higher-resolution imaging techniques to more focused genetic analyses, the old ratio of congenital sensorineural hearing loss, 25-25-50, idiopathic-acquired-genetic, is rapidly changing as many idiopathic causes for hearing loss are being elucidated, and many specific causes of genetic hearing loss have been discovered. With the widespread mandate of newborn hearing screening in every state, children with hearing loss are being identified earlier and, ideally, diagnosed by 3 months of age with intervention by 6 months of age. However, diagnosing the cause of hearing loss in the young child remains challenging, and clinicians are left to ponder who should be tested, when, and what tests to order. Genotype-phenotype correlations and techniques from linkage algorithms to whole genome screening have mapped deafness and other associated traits to specific chromosomes in the human genome, allowing researchers and clinicians to identify many of the causes of both syndromic and nonsyndromic pediatric sensorineural hearing loss. Interestingly, the genetic analysis of hearing loss has shed light on the structure, physiology, function, and development of the cochlea and other inner ear structures. With over 100 specific genes identified whose mutation causes hearing loss (with likely more by the time this is published!), keeping up with the science is quite challenging for clinicians (see the Hereditary Hearing Loss homepage at hereditaryhearingloss.org).


Whether to order computed tomography (CT) or magnetic resonance imaging (MRI) is often a question asked at otolaryngology meetings in the evaluation of children with hearing loss. The answer, of course, depends on the clinical question being asked and the nature of the hearing loss. One article in this issue comprehensively discusses imaging for pediatric hearing loss, the ideal study, when to pursue it, and what to look for.


Cytomegalovirus (CMV) is now recognized as the most common viral cause of congenital hearing loss and a likely cause of progressive hearing loss. Although the optimal diagnostic test as well as management of CMV remains in flux, this common virus needs to be recognized as an important part of the newborn hearing loss diagnostic effort.


Management options for children with hearing loss include any number of interventions from individualized education programs to surgery to hearing aids (conventional and bone conducting), cochlear implantation, and even brain stem implants. Several articles address these options for children with both conductive and sensorineural hearing loss, including an entire article addressing the child with unilateral hearing loss, an often difficult clinical scenario to assess and manage.


In summary, we asked the world’s leading pediatric otologic clinicians and scientists to present the most up-to-date, evidence-based recommendations to guide clinicians—otolaryngologists, pediatricians, audiologists, speech-language therapists, and other hearing health care professionals—in the workup and habilitation of these children. And what is coming down the road? Better cochlear implant technology and coding strategies, auditory brainstem implant technology, and finally, gene therapy or stem cell therapy for sensorineural hearing loss are all exciting prospects for the near and distant future.


We also cannot thank enough the authors who have generously donated their time and expertise to make this issue of Otolaryngologic Clinics of North America a practical, informative, exciting, and relevant addition to the ever-expanding literature on hearing loss in children, and who provide outstanding care for these children every day.










Audiometric Evaluation of Children with Hearing Loss
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This article provides the reader with basic knowledge regarding the measurement tools needed to assess hearing in children. The test batteries described here are adaptable and interchangeable to meet the needs of the entire pediatric population no matter what the age or developmental stage. It is meant to provide the team of professionals involved in the treatment of pediatric hearing disorders with a framework from which the process of diagnosis, treatment, and rehabilitation can begin at an early age.

Keywords

Pediatric hearing loss; Evaluation; Diagnosis; Measures

Key points



• Early diagnosis of pediatric hearing loss is possible and desirable.

• Measurement tools are available to diagnosis all types of hearing loss in children of all ages.

• Medical and surgical intervention and rehabilitation can begin at a very young age because of the ability to measure hearing loss effectively.






Abbreviations



	ABR
	Auditory brainstem response



	BOA
	Behavioral observation audiometry



	CAPD
	Central auditory processing disorder



	CPA
	Conditioned play audiometry



	OAE
	Otoacoustic emissions



	SRT
	Speech reception threshold







Introduction

The goal of pediatric audiologic assessment is to determine if a hearing loss exists and to diagnose the type, degree, and specific nature of the hearing loss. The types of hearing loss include conductive, sensorineural, and mixed; the degree is defined in Table 1.




Table 1


Classification of degree of hearing loss








	Hearing Level (dB)

	Classification of Hearing Loss









	≤0–15

	Normal hearing





	16–25

	Slight hearing loss





	26–40

	Mild hearing loss





	41–55

	Moderate hearing loss





	56–70

	Moderately severe hearing loss





	71–90

	Severe hearing loss





	91+

	Profound hearing loss








From Clark JG. Puretone evaluation. In: Katz J, editor. Handbook of clinical audiology. 5th edition. Baltimore (MD): Lippincott Williams & Wilkins; 2002. p. 82; with permission.





The accuracy of the results is crucial because the treatment plan depends on the outcome of the diagnosis. To choose appropriate techniques, consideration must be given to the child’s age, developmental status, physical status, and functional age level. Best practices involve using a test battery approach and not relying solely on one measure to avoid the possibility of error by using the cross-check principle.1

Screening for hearing loss

Early detection of any amount and type of hearing loss leads to earlier intervention increasing the possibility that a child can reach his or her developmental potential in all areas. Mandatory newborn hearing screening has significantly reduced the age at which hearing loss is identified, from approximately 14 months of age for significant hearing loss and from 2.5 years of age for less severe degrees of hearing loss to ideally 3 months of age. Late identification of hearing loss causes a lag in the needed medical and audiologic treatment and increases the possibility of delayed linguistic and overall development. Because approximately 2 to 3 per 1000 babies in the United States are born with some amount of hearing loss in one or both ears, the value of newborn hearing screening programs is evident. Currently in the United States, 95% of newborn babies are screened before hospital discharge, although follow-up of all children has been more difficult to achieve.2,3 Screening is most frequently accomplished using either auditory brainstem response (ABR) testing and/or otoacoustic emissions (OAEs) testing and is performed ideally before the newborn leaves the hospital.

Otoacoustic Emissions

OAEs are sounds given off by outer hair cells when the cochlea is stimulated by sound. The movement of outer hair cells produces an inaudible sound that echoes back into the middle ear, which can be measured with a small microphone inserted into the ear canal. The status of the middle ear affects OAEs and can prevent their detection while assisting in the diagnosis of middle ear effusion or other middle ear conditions that cause conductive hearing loss.

Auditory Brainstem Response

ABR measures the auditory nerve and brain's response to sound. It uses surface electrodes placed on the head to measure the coordinated electrical activity of the auditory nerve and brainstem relay pathways when the ear is stimulated by sound. Measuring the threshold (minimum sound intensity to elicit the electrical response) greatly assists in the diagnosis of sensorineural hearing loss.


These two screening techniques can lead to the diagnosis of mild to profound hearing loss be they conductive or sensorineural in nature (and are covered in greater depth later in the article). A definitive diagnosis requires follow-up after hospital discharge. According to the Joint Committee on Infant Hearing 2007 Position Statement, all infants should have access to hearing screening by 1 month of age. If the infant did not pass the hearing screening and subsequent rescreenings, a diagnostic audiologic evaluation and medical evaluation should be performed to confirm the presence of hearing loss by 3 months of age. All infants with confirmed hearing loss should receive intervention by 6 months of age.3


Behavioral audiometry

Although these objective electrophysiologic measures provide an estimate of hearing levels, they are not a substitute for behavioral testing. The diagnosis of hearing loss requires at least ear-specific pure tone air and bone testing, which can be accomplished using age-dependent measures. Because behavioral testing is not a viable approach in infants, behavioral observation audiometry (BOA) is often used as an adjunct to electrophysiologic methods when the infant is younger than the age of 6 months. Although BOA does not provide ear-specific information or information regarding absolute thresholds, it does assess the infant’s reflexive response to auditory stimuli including warbled pure tones, narrow-band noise, and speech signals presented through speakers in a sound field. Reflexive responses include full body startle, head/limb reflex, and eye blink. Attentive responses include motion cessation; eye widening; and in older infants smiling, laughing, pointing, and the cessation/initiation of crying or babbling. In general, the responses should be seen within a few seconds of the stimulus presentation (Table 2).4




Table 2


Auditory maturation of normal hearing infants
 









	Age

	Auditory Maturation









	0–4 mo

	Newborn behavioral responses to auditory stimulus are limited to reflexive actions





	4–7 mo

	

Response to sound is a horizontal head turn toward the side of the sound source

4-mo head turn is slow

6-mo head turn is definite and brisk









	7 mo

	Localize sound source in lower plane (looking downward)





	9 mo

	Locate sound source when presented above head height





	12 mo

	Locate sound source in any plane on either side of the body easily and briskly
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Knowledge of the auditory maturation can provide useful and predictive information in the difficult-to-evaluate child with developmental delays.


Data from Northern JL, Downs MP. Behavioral hearing tests with children. In: Northern JL, Downs MP, editors. Hearing in children. 6th edition. San Diego (CA): Plural Publishing, Inc; 2014. p. 247–307.





From the age of approximately 6 months to 2 years, visual reinforcement audiometry is used to estimate auditory thresholds based on responses that have been shown to be closely aligned with pure tone thresholds obtained with the standard hand raising technique used in older children and adults. The goal is to obtain ear- and frequency-specific information before the child loses interest. The method requires that a child turn her or his head toward the sound source that is coupled with conditioned reinforcement, such as a lighted toy. In an ideal situation, two audiologists are used: one to initiate the stimulus and the second to observe the child’s response. The response should be time-locked to within a few seconds of the stimulus presentation for it to be considered a true response. The paradigm is stimulus-response-reinforcement: a stimulus (either a pure tone or speech) is presented and the child learns that a response (turning head toward stimulus source) will result in reinforcement, usually an animated toy enclosed in smoked plexiglass.4 Note that some children are frightened by some animations so alternatives should be available. To obtain ear-specific information insert earphones or standard headphones should be used. Either is acceptable depending on the will of the child. It is also possible that some children will not accept any form of earphone and sound field testing will have to be substituted. In this case, the results are a reflection of the better hearing ear only. Results should be combined with OAEs, tympanometry, and reflexes to obtain a total picture regarding hearing status.

Conditioned Play Audiometry

Conditioned play audiometry (CPA) is the next level of behavioral testing and can often be used with children 2 years of age through 4 to 5 years of age. The primary goal of CPA is to obtain ear- and frequency-specific thresholds via air and bone conduction allowing for the diagnosis of conductive, sensorineural, or mixed hearing loss. For air conduction testing, insert earphones should be used, whereas a bone oscillator is placed for bone conduction testing. The test used a form of operant conditioning where the child is taught to wait, listen for a tone or speech signal, and then perform an activity as a response.4 Most popular tasks include putting a block in a box, pegs in a board, or doing a simple puzzle. In some situations with the consent of the parent or guardian, the child can be offered a tangible item (ie, food or candy) as a reward. It is important not only to choose a task that the child can perform with ease but also to switch tasks often to avoid boredom. As with all the evaluation procedures, CPA needs to be combined with OAEs, tympanometry, and reflexes to obtain a complete picture. There can also be situations where the child because of the existence of multiple disabilities and/or delays cannot respond adequately. In these cases, ABR testing is recommended to obtain a clearer picture of hearing status.


By 5 years of age in a child with average cognitive abilities and some extra encouragement, children should be able to be tested using standard pure tone testing techniques, such as hand-raising or button pushing, and ear-specific air and bone conduction thresholds should be obtained with relative ease.


Speech audiometry

Although pure tone thresholds provide the information regarding type and degree of hearing loss, speech perception measures provide insight into the extent the hearing loss affects the child’s ability to hear, recognize, and understand simple and complex speech stimuli. Testing can be performed using headphones for individual ear information and/or sound field, if necessary. The most basic speech testing is the speech detection threshold, which is defined as the lowest level (intensity) that a child is aware that a speech signal is being delivered. The next, and more informative, level of testing is the measurement of the speech reception threshold (SRT), which provides a quick estimate of hearing levels in each ear and is obtained using two-syllable spondee words specifically designed for children. SRT is the minimum intensity (measured in decibels hearing level) at which the child can repeat 50% of a spondee word list. The SRT correlates well to pure tone averages (within 6 dB) providing an excellent validation of degree of hearing loss. There are numerous methods to obtain an accurate SRT including picture cards, spondee toys (ie, toothbrush, airplane, hot dog), and the Children’s Spondee Word list.5 The method used depends on the age and cognitive level of the child as determined by the clinician.

Speech Perception Testing

The next level of speech testing involves determining the ability of the child to understand speech at suprathreshold levels (ie, conversational speech). The speech perception test provides particular insight into the extent to which a hearing loss affects everyday understanding of speech and often provides the initial clue to additional cognitive disabilities. There are numerous speech discrimination tests to choose from depending on the age and level of the child and the preference of the audiologist. The tests can be administered live voice or recorded depending on the needs of the child and are divided into two categories: closed set and open set tests. In closed set tests, the child has a limited set of test items from which to choose, compared with open-set tests, which are more challenging because the response set is not limited: the child simply repeats what he or she hears.


Table 3 includes some of the standard pediatric speech perception tests available for evaluating children with hearing loss. In recent years perception tests have been developed specifically for those children with moderate-to-severe-to-profound sensorineural hearing loss who are being considered for cochlear implantation and for evaluation following implantation (Table 4). There is, however, no reason not to consider these tests for use in children with all levels of hearing loss.




Table 3


Speech perception measures










	Closed-Set Tests





	Auditory Numbers Test (ANT)6


	
Simple auditory test, child must be able to count to 5


Picture pointing response


Picture cards have groups of one to five ants on them







	Sound Effects Recognition Test (SERT)7


	
An alternative to traditional speech tests to assess children with very limited verbal abilities


Test uses familiar environmental sounds instead of speech stimuli (ie, dog barking, toilet flushing, baby crying)


Picture pointing response


Minimum age 3 y







	Pediatric Speech Intelligibility (PSI)8,9


	
20 monosyllabic words and 10 sentences (showing actions)


Picture pointing response


Minimum age 3 y







	Northwestern University Children’s Perception of Speech (NU-CHIPS)10


	
Based on receptive vocabulary of 3–5 y olds


Picture pointing response


Four pictures per card







	Word Intelligibility by Picture Identification (WIPI)11


	
Based on receptive vocabulary of children 4–6 y old


Picture pointing response


Six pictures per card


Is more difficult than NU-CHIPS because more test items per card and requires finer auditory skills because the foils are more challenging







	Open-Set Tests





	Phonetically Balanced Kindergarten (PB-K)12


	
Based on vocabulary of a typical kindergartener (age 5)


50 monosyllabic words
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Note: NU-CHIPS and WIPI can be used without the pictures making them open-set measures.







Table 4


Speech perception measures used with cochlear implants










	Closed-Set Tests





	Monosyllabic Trochee Spondee (MTS)13


	
12 words: four monosyllabic, four trochees, four spondees


Score is representative of the correct stress pattern and the number of words correctly identified


Picture pointing response







	Glendonald Auditory Screening Procedure (GASP)14


	
Similar to the MTS


12 words: three monosyllabic, three trochees, three spondees


10 common everyday sentences and phoneme detection task


Picture pointing response







	Early Speech Perception Test (ESP)15


	

Assesses pattern perception, spondee identification, and monosyllable identification

Standard and low verbal versions uses pictures or objects

Minimum age 2 y

Scoring is based on four categories

Category 1: no pattern perception

Category 2: pattern perception

Category 3: some word identification

Category 4: consistent word identification









	Open-Set Tests





	Multisyllabic Lexical Neighborhood Test (MLNT) and Lexical Neighborhood Test (LNT)16


	
Assesses word recognition and lexical discrimination in children with hearing loss


Test vocabulary is that of a profoundly deaf child age 3–5


MLNT: two- and three-syllable words


LNT: monosyllabic words







	Hearing in Noise Test for Children (HINT-C)17


	
130 sentences divided into 13 lists of 10 sentences each


Administered in quiet or speech-shaped noise


5 y of age or older







	Pediatric AzBio sentence18


	
320 sentences divided into 16 lists of 20 sentences each


Administered in quiet or multitalker babble


Sentences have a rather high linguistic complexity
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Although these lists are by no means exhaustive, they are representative of the tests available to evaluate the hearing-impaired child. It is up to the clinician to decide the appropriateness of a given measure depending on the age, level of hearing loss, and level of functioning of a particular child.


An additional confounding factor is the presence of a central auditory processing disorder (CAPD), defined as a deficiency in the ability of the brain to fully interpret and process sound. Although children with this disorder by definition have normal peripheral hearing, their failure to respond appropriately to pure tone and speech stimuli particularly in noise can be mistaken for hearing loss. Inconsistencies between subjective and objective testing and behavioral observations, often made by a multidisciplinary team consisting of teachers, psychologists, and speech-language pathologists, can assist with the diagnosis. CAPD is most often accompanied by other disabilities, such as reading and language disorders and attention deficit issues. If CAPD is suspected, a test battery (eg, SCAN-3:C) can be administered (generally to children at least 7 or 8 years old). Electrophysiologic measures can also aid in making the diagnosis when behavioral testing is not feasible. Often neuropsychologists and audiologists, when evaluating children for CAPD, do a battery of tests that look at auditory memory and other auditory processing tasks that seem to be reliable and specific indicators of auditory processing deficits (but only in the presence of normal peripheral hearing).


Objective measures

Physiologic measures of auditory system function can be obtained without the child’s participation (nonbehavioral; ie, does not require any active response from the child). Although behavioral measures are the “gold standard” for obtaining definitive thresholds, objective measures are a valuable part of the pediatric test battery in that they provide useful information and serve as a cross-check to behavioral methods.1 The tests can be performed while the child is awake, asleep, in a resting state, or under sedation, and thus are effective in very young children, multiply disabled children, and others who cannot complete the tasks necessary for behavioral testing.

Acoustic Immittance Measures

Acoustic immittance measures help to assess middle ear transfer function and auditory pathway integrity and confirm conductive hearing loss caused by middle ear effusion or other abnormality. Because the middle ear system transfers vibrational energy in air to fluid waves in the cochlea, measures of immittance provide information regarding the integrity of the middle ear sound conducting system and its ability to transfer the mechanical energy of sound to the fluid in the cochlea.19

Tympanometry

Tympanometry is the dynamic measure of acoustic immittance of the middle ear as a function of ear canal pressure. A probe placed in the ear canal forms an air-tight seal, delivers a tone, varies the air pressure, and measures the acoustic energy in the canal. A classification system is used to describe the shape of the curve that reflects middle ear admittance and its concomitant middle ear pathology (Table 5).




Table 5


Jerger’s classification system of tympanograms








	Type

	Description

	Indicative of









	Type A

	
Normal static admittance, normal height of peak


Normal ME pressure



	Normal ME function





	Type As


	
Abnormally low static admittance, “shallow” or reduced peak height


Normal ME pressure



	
Reduced TM mobility


Ossicular abnormalities or fixation (otosclerosis)


Thick or scarred tympanic membrane


Severe tympanosclerosis







	Type Ad


	
Abnormally high static admittance, “deep” or increased peak height


Normal ME pressure



	
Increased TM mobility


Ossicular disarticulation


Extremely flaccid eardrum







	Type B

	No change in static admittance as air pressure in external ear is varied, no peak

	
“Flat” tympanogram


ME effusion (normal ear canal volume)


TM perforation (large ear canal volume)


Patent ventilation tubes (large ear canal volume)


Occluding cerumen (small ear canal volume)







	Type C

	
Near-normal static admittance


ME pressure of -200 daPa or worsea



	
“Negative” pressure tympanogram


Eustachian tube dysfunction










Abbreviations: ME, middle ear; TM, tympanic membrane.


aLimits of normal/abnormal ME pressure may vary and clinics may have their own norms.


Data from Jerger J. Clinical experience with impedance audiometery. Arch Otolaryngol 1970;92:311–24.




Acoustic Reflex Threshold

The acoustic reflex threshold is a measurement of the suprathreshold sound intensity needed to cause a change in middle ear immittance (increased resistance or stiffness) because of the contraction of the stapedius muscle. Absent or elevated reflex thresholds can indicate either middle ear or cochlear pathology. The amplitude, latency, and decay are quantified to reflect various pathologies. A normal-hearing ear requires a sound of approximately 60 dB sensation level (above threshold) to elicit the reflex. Reflexes may be present at reduced sensation levels for children with sensory loss (ie, cochlear pathology) and may be absent for children with neural loss (ie, retrocochlear pathology/eighth nerve lesion) or a conductive hearing loss.19 Reflex measurements are still used as part of a test battery particularly when behavioral measures of acoustic thresholds cannot be obtained. Their usefulness as a tool to diagnose eighth nerve lesions, rare in children, is less valuable because of a high number of false positives and the advent of MRI.

Otoacoustic Emissions

OAEs are signals generated by the outer hair cells of the cochlea that travel outward into the middle ear space and ear canal. They are elicited by a stimulus delivered via a probe placed in the ear canal, which then measures the sound reflected back. Currently there are two types of evoked OAEs used for clinical assessment: transient-evoked OAEs, which stimulate the cochlea using a transient signal (ie, click); and distortion product OAEs, which stimulate the cochlea using two different pure tones simultaneously.19 Because OAEs are usually absent if a hearing loss is greater than 30 dB, they can be helpful in the diagnosis of hearing loss and the monitoring of cochlear function in children too young or not able to complete behavioral testing. It is important to obtain tympanometric measures in conjunction with OAEs to rule out the presence of a conductive hearing loss and middle ear pathology so as not to misdiagnose. Because OAEs are quick to administer, they are often used as a neonatal hearing screening tool and for monitoring cochlear function in children receiving potentially ototoxic medication. OAEs can also be valuable in the diagnosis of auditory neuropathy in children. Present OAEs in the absence of responses on ABR have been associated with a diagnosis of auditory neuropathy and are often the first indication of the pathology (discussed in more detail elsewhere in this issue).

Auditory Brainstem Response

ABR is the electrical potential recorded from a signal, generated by a sound, as it travels along the auditory pathway. It can be performed on children, either under sedation or sleeping, who are too young or incapable of performing behavioral audiometry. The results are used to estimate thresholds using both air and bone conduction transducers. Although the most common stimulus used is a click, tone-bursts can be used to obtain frequency-specific information, and correction factors are applied to convert the results to estimate hearing thresholds. It is common to begin testing at high intensity levels where all waveforms can be seen and systematically reduce the presentation level to where only a wave V is seen when nearing threshold, defined as the minimum intensity of sound needed to generate a reliable wave V repsonse.19 Screening ABRs are often used for neonatal screening in conjunction with OAEs.


It is important to emphasize that electrophysiologic methods and behavioral testing are not mutually exclusive and are best used in conjunction with one another. The information obtained from each form of testing is synchronous and provides a total picture of the type and degree of the hearing loss.


Functional auditory assessment tools

No discussion of pediatric assessment is complete without a mention of functional assessment tools. In addition to obtaining absolute information regarding the hearing status of a child, it is important to know how the child responds to sound and functions in daily life and the day-to-day effects of hearing impairment. There are numerous questionnaires designed for parents, caregivers, teachers, and so forth that help provide needed information regarding the child so that a total picture is obtained and an accurate treatment plan is developed. Table 6 provides a list, hardly exhaustive, of some of the more commonly used tools.




Table 6


Commonly used functional assessment measures








	Measure

	Age Range

	Description









	Infant Toddler Meaningful Auditory Integration Scale (IT-MAIS)20


	Birth–3 y

	
Parent questionnaire


10 questions that evaluate the extent to which a child makes meaningful use of sound in everyday life







	Meaningful Auditory Integration Scale (MAIS)21,22


	3 y+

	
Parent questionnaire


Same purpose as IT-MAIS just designed for older children







	Little Ears: Auditory Questionnaire23


	Birth+

	
Parent questionnaire


35 questions to address auditory development at various ages







	Children’s Home Inventory for Listening Difficulties (CHILD)24


	3–12 y

	
Questionnaire designed for child and parent


Rate how well the child understands speech in 15 situations







	Auditory Behavior in Everyday Life (ABEL)25


	2–12 y

	Evaluates auditory behavior in everyday life via a 24-item questionnaire










Summary


This article provides the reader with basic knowledge regarding the measurement tools needed to assess pediatric hearing loss. It is meant to be a starting point in the evaluation process and designed to be integrated into areas covered elsewhere in this issue. Although it has not specifically addressed the testing of those children with multiple and pervasive disabilities, the test battery described here is adaptable and interchangeable to meet the needs of the entire pediatric population no matter what the age or developmental stage. It is meant to provide the team of professionals involved in the treatment of pediatric hearing disorders with a framework from which the process of diagnosis, treatment, and rehabilitation can begin.
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Hearing loss is one of the most common childhood disorders and has far reaching effects on communication and socialization in children. Language acquisition, the most commonly sought and measured outcome, is tightly linked to age at diagnosis of the hearing loss and the speed with which rehabilitation is instituted. Treatment is often not affected by the underlying cause of the hearing loss and should be initiated at the time of initial identification. History-taking and physical examination in the setting of pediatric hearing loss are straightforward and should include an assessment of motor milestones, balance, and vestibular function.
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Key points



• Hearing loss is one of the most common disorders of childhood and has far reaching impact on communication.

• A working knowledge of the physical features associated with syndromic causes of hearing loss is essential.

• Findings on history and physical examination may help tailor the use of diagnostic and ancillary testing yielding a cost-effective approach.

• Early rehabilitation is essential and should not be delayed while determining the underlying cause.

• Vestibular and balance function should be assessed in all children presenting with hearing loss.






Abbreviations



	ANSD
	Auditory Neuropathy Spectrum Disorder



	BOR
	Branchio-oto-renal syndrome



	CI
	Cochlear implantation



	CMV
	Cytomegalovirus



	CT
	Computed tomography



	SNHL
	Sensorineural hearing loss



	USH1
	Usher syndrome type 1



	VEMP
	Vestibular evoked myogenic potentials



	WS
	Waardenburg syndrome







Introduction


Don’t tell me the sky is the limit when there are footprints on the moon


—Paul Brandt (1972), Canadian songwriter from the song, There’s a World Out There, 1999



The limits of the evaluative, diagnostic, and treatment algorithms for pediatric hearing loss are ever changing. What has driven the expansion in these domains beyond previous limits has been the development and evolution of a variety of diagnostic, surgical, and rehabilitative technologies. The relationship between hearing loss and technology extends back to the industrial revolution when exposure to loud machinery hastened the acquisition of deafness in workers. The technologies of war, and specifically, societies’ attempt to accurately document and compensate for damage from hearing loss after the First World War led Fletcher and Munson (1933)1 to carefully document normal hearing thresholds for the first time. This ability to identify and measure hearing loss was, and remains, essential to its treatment. In the past, noise exposure, and the hearing loss that ensued, was primarily the concern of soldiers, laborers, hunters, and musicians, and safety measures have been put in place to reduce these exposures, minimizing their impact on hearing. However, in this modern day, the evolution of technology continues to put us at risk. In fact, when measured, both the level and the constant nature of noise within our environment are truly remarkable.2 Consider the daily commute for example, which brings with it the noise associated with traffic and construction. Our days are filled with noise, over which we have little control, as well as considerable noise we volitionally introduce ourselves to, most frequently in the name of entertainment. We do this knowingly as consenting adults, but also expose our infants and children, for example, by introducing white noise machines, which promise the elusive goal of improved sleep at the potential expense of our child’s hearing.3 Technology is obviously not responsible for all forms of hearing loss, particularly in children. In fact, the relationship between hearing loss and technology is deeply entwined in that it is also responsible for some of the most significant advances in the treatment of hearing loss, and it is this relationship that provides the perspective for this article.


The most significant introduction of technology in the therapeutic domain for hearing loss has been the advent of cochlear implantation (CI). Before the introduction of CI, the treatment options and therefore outcomes in severe to profound sensorineural hearing loss (SNHL) were limited. Although there were means available for measuring hearing loss, there was however less of an impetus to identify it early. However, the introduction of CI as an effective treatment option, where performance is ultimately tied to early identification and implantation within critical developmental periods, has driven the development and implementation of early identification strategies such as newborn hearing screening. Similar examples can be found in many domains surrounding pediatric hearing loss and are highlighted throughout this article. This article does not provide a laundry list of all possible features detected on history and all findings on physical examination in the child presenting with hearing loss. Rather, this article aims to arm the clinician with an approach to the child with hearing loss that focuses on the information that is relevant to today’s limits in the domains of diagnosis, treatment, and the prediction of outcome. It focuses on how this entwined relationship between hearing loss and technology has shaped the field, focusing on the newest additions to the clinical armamentarium, while also acknowledging that tomorrow there may well be footprints on Mars.

Prevalence and impact hearing loss

Hearing loss is one of the most common disorders of childhood. Approximately 14.9% of US children have low-frequency or high-frequency hearing loss of at least 16 dB hearing level in one or both ears.4 Profound, early-onset deafness is present in 4 to 11 per 10,000 children,5 with the overall estimates for congenital onset hearing loss ranging from 1 to 6 per 1000 newborns.5–7


The challenges of managing hearing loss extend beyond simply hearing and affect many aspects of communication. Specifically, compared with children who have normal hearing, those with hearing loss will face additional challenges with many aspects of verbal communication and socialization (ie, vocabulary, grammar).8 There can be demonstrable deficits in language quotients in unrehabilitated hearing loss. These deficits can occur as early as 18 months of age when hearing loss is unrehabilitated.9 It is therefore important to identify and rehabilitate children with hearing loss as early as possible.

Symptom criteria

Hearing loss can be categorized in any number of ways. Typically, distinction is made between SNHL, which relates to deficits in the cochlea or the neural elements supplying or supplied by it, and conductive hearing loss, which relates to a deficit in the mechanical transmission of sound waves from the external auditory canal, through the eardrum and ossicles, to the cochlea. There are a large number of etiologic mechanisms contained within these 2 categories. Beyond this distinction, hearing loss can be characterized by its onset (ie, congenital vs acquired), its time course (ie, progressive vs nonprogressive), its severity (mild to profound), or its associated cause (ie, syndromic vs nonsyndromic; genetic vs nongenetic). For the purpose of this article, the clinical history and physical examination of the child with SNHL are the main focus.

Clinical findings

In most cases, hearing loss is nonsyndromic in nature, and most commonly, there are no outward signs of the disorder. Although some parents may recognize the failure to startle in children with profound SNHL, it can be exceedingly difficult to interpret the very subtle cues that suggest even very significant hearing loss in an infant or child. The reasons for this are that children remain very motivated to connecting with their environment and those around them. Even in the complete absence of hearing, they have a remarkable ability to use social cues associated with vision, and other sensory cues in their environment, to respond in ways that make it difficult for their caregivers to perceive the hearing loss; this can be compounded by caregiver denial that there is a sensory deficit with their child.


As a result, the most common indicator of hearing loss before infant hearing screening was failure to develop language. In the absence of screening, the age of detection for severe to profound SNHL ranged between 2 and 3 years of age. For less severe or unilateral hearing loss, this age was even older, often only being recognized when the child was able to articulate a difficulty with hearing or had failed a school screening. The challenges of reliably detecting hearing loss coupled with the need for early rehabilitation make hearing loss an ideal disorder to subject to a screening protocol. Jurisdictions in which neonatal screening for hearing loss has been instituted have seen a dramatic reduction in the age of detection, the age at which intervention has been instituted, and ultimately, the outcome. Screening, however, is not perfect, nor is it universal, even in developed countries. In addition, in some cases hearing loss may not occur until later in childhood and will therefore not be picked up by a screening protocol. In these instances, a normal hearing screen may provide undue reassurance to both clinicians and parents. Clinicians should not hesitate to re-refer into screening programs for further audiologic evaluation in children with normal screens where either new risk factors arose following the initial screen (ie, hyperbilirubinemia, meningitis) or with any delay in language or parental/clinician concern.


As mentioned above, most pediatric hearing loss is nonsyndromic in nature, and therefore, in many cases, there are no outward signs of the disorder. Not infrequently in such cases, the clinician may not detect a single abnormality on history or physical examination. In addition, unlike other conditions, even when abnormalities are noted on history and physical examination, this information has, in most cases, little relevance in determining a treatment course. As such, medical clearance for hearing aids should be initiated by the clinician who is first aware of the audiologic diagnosis, even if they do not consider themselves a hearing loss expert. One should not delay the initiation of hearing aids while waiting for a consultation with an expert in pediatric hearing loss or while undertaking the diagnostic evaluation. There is a fear of overamplification in children that is largely unfounded, and the authors suggest immediate and reasonable amplification as soon as it can be applied after diagnosis, regardless of cause.


So why, one might ask, do we continue to perform, teach, and advocate for a complete history and physical examination in children with SNHL? The true utility of the clinical history in this population is to guide the diagnostic protocol aimed at identifying the underlying cause of the hearing loss. In some centers, such as the authors’ center, the findings on clinical history and physical examination will be used to create an individualized, so-called “à la carte” approach to the use of further diagnostic modalities with the goal of containing cost. This approach is most relevant in a socialized, envelope-funded system but is increasingly becoming more relevant worldwide. Determining the cause, while again rarely essential to initial treatment, is advantageous for many reasons, not the least of which is providing families with the answer to the question: “Why does my child have a hearing loss?”. The psychological impact of answering this question should not be underestimated. In addition, determining the cause can indicate if the child is at risk for any other conditions and can also help predict the recurrence risk for hearing loss within the family. Although knowledge of outcome and performance based on cause is useful at the group level, it may be difficult to predict outcome based on cause at the individual level. Consistent with the underlying theme of this article, when it comes to the clinical history in children with hearing loss, questions are only asked based on access to diagnostic means. Finally, the clinical history also provides the opportunity to educate, which is of particular relevance in the setting of noise exposure and immunization.


As with any clinical complaint, in this case hearing loss, inquiry regarding the onset, variability, and associated signs and symptoms of the presenting complaint, is carried out.

Review of Risk Factors for Hearing Loss

Most importantly, the history should contain a review of known risk factors for hearing loss.

Perinatal history

Risk factors for SNHL can be elucidated by eliciting the prenatal and perinatal history. Specifically of relevance is a history of prematurity and the underlying inciting factor if known. In the setting of prematurity, a thorough history of the course and sequelae (ie, hypoxia, sepsis, hyperbilirubinemia) is relevant, particularly as they may support a cause for an audiologic diagnosis of auditory neuropathy spectrum disorder (ANSD). Exposure to antibiotics or diuretics throughout the course of prematurity may point toward an ototoxic exposure. The occurrence of any intrauterine infections and, in particular, a suspicion or confirmation of cytomegalovirus (CMV) even in the asymptomatic child is becoming increasingly relevant.

Family history

Beyond the perinatal history, a review of family history of hearing loss at a young age as well as a history of consanguinity may increase suspicion for an underlying genetic cause. It should be noted however that the most common genetic causes of hearing loss are recessive in nature; therefore, genetic hearing loss frequently presents in families where no other individual is affected. Families are often surprised by this notion that their child might be the index case, and it is an ideal opportunity to educate them on the importance of heightened awareness for the potential of hearing loss in other siblings and cousins within the family.

Delays of motor milestones

A history of delayed motor milestones (Table 1) may increase the suspicion of an associated vestibular disorder, more common in children with cochleovestibular anomalies, some syndromic causes of hearing loss (ie, Usher and Pendred syndromes), acquired infectious causes of hearing loss (ie, meningitis and CMV), ototoxicity, or ANSD.




Table 1


Red flags indicating delay in motor milestones








	Motor Milestone

	Time Frame (mo)









	Absence of head control

	4





	Unable to sit unsupported

	7–9





	Unable to crawl/bottom shuffle

	12





	Not attempting to walk

	18










Infection and immunization

A known history of bacterial meningitis is clearly a risk factor for hearing loss; however, not all meningitis is diagnosed. Therefore, a history of a febrile illness, particularly those requiring hospital admission or intravenous antibiotics, should be noted. In keeping with this, a review of immunization status is important for many reasons. First, the nonimmunized child remains at increased risk of acute otitis media and its complications, including meningitis. Although immunization status is relevant for all children regardless of presenting complaint, it is particularly important in children with an underlying cochleovestibular anomaly who are at increased risk of otogenic meningitis. Clinicians may not yet be aware of the presence of a cochleovestibular anomaly when a child presents to the clinic as an infant; however, it is the practice of the authors to make the assumption that the child is at increased risk until such a time as imaging is obtained.

Noise exposure

As mentioned in the introduction, our modern world presents many opportunities for excessive noise exposure. A history of high-risk activities for noise exposure is particularly relevant in the older child and adolescent presenting with new-onset hearing loss. Although, currently, this may make up a minority of the patients presenting to clinics with hearing loss, asking the question about noise exposure provides an ideal opportunity for parents and older children to reflect and consider the ways in which they may be putting their own and their family’s hearing at risk. It indeed provides a teachable moment.



Physical examination

Beyond the otoscopic examination, which rarely reveals the cause of a SNHL, a thorough evaluation of the head and neck, as well as a general examination, is warranted in the child presenting with hearing loss. As outlined above, the physical examination will be completely normal (with the exception of the vestibular examination, which is discussed later) in most children presenting with hearing loss. The examination, however, is of upmost importance in identifying children with syndromic hearing loss. Therefore, the physical examination must be accompanied with a working knowledge of the associated features of a variety of both common and uncommon syndromic causes of hearing loss. Even such prominent features, such as the blue irises, white forelock, vitiligo, and dystopia canthorum associated with Waardenburg syndrome (WS), the blue sclera associated with osteogenesis imperfecta, or small preauricular or cervical pits or skin tags associated with branchio-oto-renal (BOR) syndrome, can be easily missed. These same physical examination findings may occur in other family members who may or may not have the hearing loss, but who could actually have, for example, BOR or WS, whereby hearing loss is a variable feature.

Balance and Vestibular Dysfunction

The most common associated feature of hearing loss is vestibular and balance dysfunction, with the literature indicating that as many as 70% of children with profound SNHL have some degree of vestibular dysfunction and with 20% to 40% displaying severe to profound and often bilateral vestibular loss.10–14


Given the high frequency of this associated disorder, it is recommended that all children be screened for vestibular and balance impairments. Clinicians, however, rarely examine vestibular or balance function in children with SNHL, likely a reflection of the challenges of doing so, and a potential lack of time and expertise in the clinic setting. Ideally, formal vestibular testing, including tests of horizontal canal function (ie, caloric and rotary chair or video head impulse testing) as well as tests of otolith function (cervical and ocular vestibular evoked myogenic potentials [VEMP]) would be performed.


The availability of vestibular testing for pediatric patients varies by institution. However, without a vestibular laboratory, a clinically useful minimum battery of tests may be obtained. The authors recommend obtaining a history of motor milestones, a test of static balance (ie, standing on one foot eyes open and eyes closed), and ideally, a clinical test of vestibular end-organ function (ie, head thrust test or dynamic visual acuity testing) to identify children at risk of bilateral vestibular impairment. The authors have recently examined the utility of using simple balance tasks to screen for bilateral vestibular impairment in children with SNHL. They have found that any one of the following 3 tasks has excellent sensitivity and specificity in predicting bilateral vestibular dysfunction in children with SNHL over 4 years of age:




1. One foot standing, eyes open (cutoff <8 seconds)


2. One foot standing, eyes closed (cutoff <4 seconds)


3. Tandem stance, eyes closed (cutoff <8 seconds)





Item 2, one foot standing, eyes closed, displays the best properties and should be preferentially used. Any child who is unable to complete these tasks to the cutoff should be considered at risk of having bilateral vestibular loss. Once identified, suspicion can then be confirmed with end-organ testing as outlined above (Sharon L. Cushing, unpublished data, 2015).


The identification of vestibular impairment is relevant to the child with hearing loss for several reasons, including identification of Usher syndrome type 1 (USH1), a genetic recessive disorder characterized by hearing loss, vestibular dysfunction, and progressive vision loss due to retinitis pigmentosa. In the authors’ clinic, children with bilateral profound vestibular end-organ dysfunction (areflexia) without cause (ie, no history of meningitis or cochleovestibular anomaly on imaging) are referred for ophthalmologic assessment, which includes electroretinogram as well as genetic evaluation to assess for USH1. The early identification of USH1 allows for simple interventions (ie, minimizing light exposure, vitamin therapy),15,16 which may delay the onset and progression of the eventual visual impairment. Although the capacity of these interventions to halt disease progression is limited, the ability as clinicians to obtain an early and definitive diagnosis will be exceedingly important, if and when additional therapeutic strategies, experimental or otherwise, become available for the treatment of retinitis pigmentosa. Such a treatment presents another example of where technology and capacity to treat will drive the evolution and necessity for improved diagnostics. In contradiction to the previous statement that the identification of cause in most cases does not alter the course of treatment, this may not be the case in the setting of USH1. The identification of USH1 supports proceeding with bilateral CI and promoting an auditory verbal approach to communication rather than reliance on visual communication.17,18 In addition, from a physical therapy standpoint, it supports the use of nonvisual strategies to improve the maintenance of balance.


Finally, identifying vestibular dysfunction in children who are deaf is important beyond etiologic considerations. A recent review of the authors’ database demonstrated that an absence of bilateral horizontal canal function (areflexia) increased the odds of cochlear implant device failure 7.6 times,19 whereby failure is defined as mechanical or electrical malfunction of the surgically implanted internal component. Likewise, poor balance, measured on objective tests of function, and saccular dysfunction, measured by absence of a cervical VEMP, were also significantly more common in children with cochlear implant failure. In summary, balance is poor in children with cochlear implant failure due to vestibular impairment, which increases the odds of failure nearly 8-fold. The likely mechanism is an increase in falls leading to device damage. Vestibular dysfunction is therefore the largest patient-related factor contributing to cochlear implant failure identified to date.19 In addition, vestibular and balance dysfunction is also monitored for in children who present with magnet displacement, which again, often follows from a traumatic event as well as presentation to the emergency room for concussion, fractures, and other traumatic injuries due to poor balance.


Diagnostic modalities


Beyond the history and physical examination, there are several important diagnostic modalities to be applied in the setting of pediatric hearing loss. This article does not review the available modalities in detail, but rather provides a summary of the main diagnostic modalities which can be divided into imaging techniques, laboratory evaluation, and genetic evaluation. Different centers will adopt a variety of approaches to the application of these diagnostic modalities with some centers using a more “shotgun” approach, others using an algorithmic approach, and others still applying an “à la carte” approach based on risk factors and findings obtained on history and physical examination. Which approach is adopted will be dependent on the financial and litigious environment, the individual preference of the physician, and at times, the family. As with the clinical history and physical examination, the findings of these diagnostic evaluations are commonly not essential to the treatment of the underlying hearing loss. This finding allows, in some cases, the flexibility of optimally rehabilitating the child’s hearing loss while delaying the diagnostic evaluation until a more suitable time (ie, until the child is older and therefore does not require an anesthetic to undergo imaging). An exception to this approach would occur in the setting of hearing loss, whose course and progression could be modified through treatment. Although this scenario is currently uncommon, this may change as the approach to hearing loss due to CMV infection evolves. A further discussion of CMV hearing loss follows in later discussion. Each of these main areas of diagnostic modalities also provides examples of where the evaluative paradigm has followed from the needs of the technology used for treatment. For example, initially, computed tomography (CT) was the preferred modality for imaging of the cochlea. However, CT imaging can miss subtle anomalies of the auditory nerve, which may predispose to a poor outcome after cochlear implantation. As a result, MRI began to be used for the specific purpose of identifying the cochlear nerve within the internal auditory canal, and additionally, better defining the status of the intracochlear fluids (ie, in meningitis) and abnormalities in the brain (ie, increased signal intensity within the globus pallidus following hyperbilirubinemia and temporal gyrus plaques in CMV). In addition, laboratory evaluation for CMV is also an area of diagnostic expansion. Given that CMV may be a potentially treatable cause of hearing loss, much focus is being placed on improved diagnostics, even considering neonatal screening in some jurisdictions. Again, this is another example of where the availability of treatment drives the evolution of the diagnostics.

Collaborative approach


The successful diagnosis, workup, and treatment of hearing loss in children is a blueprint for the collaborative approach in that it ideally involves audiologists, auditory verbal and speech therapists, social workers, teachers of the deaf, otolaryngologists, pediatricians, and researchers, among other clinicians.

Summary


Hearing loss is one of the most common childhood disorders and has a significant impact on all aspects of development, particularly when diagnosis and treatment are delayed. The prevalence of hearing loss is likely only going to increase given the multitude of opportunities for noise exposure in today’s modern environment. The understanding and capacity to determine the cause of hearing loss have greatly improved and have been driven by the introduction of more effective treatments such as cochlear implants. Despite this improvement, cause remains elusive in many children with hearing loss, despite a full diagnostic evaluation, which speaks to our incomplete understanding. History-taking and physical examination in the setting of pediatric hearing loss are straightforward and should include an assessment of motor milestones, balance, and vestibular function. A thorough history and physical examination may provide clues that allow us to tailor our diagnostic evaluation and focus the use of ancillary testing, improving the cost-effectiveness of our workup for hearing loss, an increasingly important and universal consideration in today’s health care systems. It also provides an opportunity to educate families regarding hearing health. Outcome in a child with hearing loss is tightly linked to age at diagnosis and rehabilitation, and therefore, treatment should be sought at initial detection of the hearing loss and not be delayed awaiting the completion of a full diagnostic evaluation.
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Computed tomography (CT) and MRI have become an integral part of the evaluation of children with hearing loss. Abnormalities on CT or MRI are found in 20% to 50% of children with sensorineural hearing loss and correlate with the degree of hearing loss. CT and MRI have distinct advantages and disadvantages in imaging the middle and inner ear. The timing of radiographic imaging is an important consideration. This article reviews radiographic abnormalities associated with sensorineural, mixed, and conductive hearing losses in children and offers guidance about the proper utilization of imaging studies.
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CT temporal bone; MRI temporal bone; Childhood hearing loss; Radiographic evaluation; Enlarged vestibular aqueduct; Common cavity deformity; Mondini deformity

Key points



• High-resolution CT of the temporal bone offers excellent visualization of the osseous anatomy of the temporal bone, but has some limitations in the evaluation of soft tissue.

• MRI is associated with a higher cost and probable need for sedation, but offers excellent soft tissue detail and superior identification of intracranial pathology compared to CT.

• For children being considered for cochlear implantation, MRI is the recommended imaging study of choice.

• Enlarged vestibular aqueduct is the most common imaging finding. Findings are bilateral in up to 87% of patients and associated with cochlear malformation in 84%.





Introduction

Hearing loss is a common problem within the pediatric population, with 6 in 1000 children being diagnosed by the age of 18.1
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Age Auditory Maturation

0-4 mo | Newborn behavioral responses to auditory stimulus are limited to reflexive actions

4-7 mo Response to sound is a horizontal head turn toward the side of the sound source
4-mo head turn is slow
6-mo head turn is definite and brisk

7mo | Localize sound source in lower plane (looking downward)

9mo [ Locate sound source when presented above head height

12mo | Locate sound source in any plane on either side of the body easily and briskly
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Closed-Set Tests

Auditory Numbers Test (ANT)"

Simple auditory test, child must be able to count to 5
Picture pointing response
Picture cards have groups of one to five ants on them

Sound Effects Recognition Test (SERT)”

An alternative to traditional speech tests to assess children with very limited verbal abilities

Test uses familiar environmental sounds instead of speech stimuili (ie, dog barking, toilet flushing, baby crying)
Picture pointing response

Minimum age 3 y

Pediatric Speech Intelligibility (PST)**

20 monosyllabic words and 10 sentences (showing actions)
Picture pointing response
Minimum age 3 y

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

Based on receptive vocabulary of 3-5y olds
Picture pointing response
Four pictures per card

Word Intelligibility by Picture Identification (WIPI)'!

Based on receptive vocabulary of children 4-6 y old

Picture pointing response

Six pictures per card

Is more difficult than NU-CHIPS because more test items per card and requires finer auditory skills because the foils are more
challenging

Open-Set Tests

Phonetically Balanced Kindergarten (PB-K)'*

Based on vocabulary of a typical kindergartener (age 5)
50 monosyllabic words
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Closed-Set Tests

Monosyllabic Trochee Spondee (MTS)"?

12 words: four monosyllabic, four trochees, four spondees
Score is representative of the correct stress pattern and the number of words correctly identified
Picture pointing response

Glendonald Auditory Screening Procedure (GASP)!

Similar to the MTS

12 words: three monosyllabic, three trochees, three spondees
10 common everyday sentences and phoneme detection task
Picture pointing response

Early Speech Perception Test (ESP)"

Assesses pattern perception, spondee identification, and monosyllable identification
Standard and low verbal versions uses pictures or objects
Minimum age 2 y
Scoring is based on four categories
Category 1: no pattern perception
Category 2: pattern perception
Category 3: some word identification
Category 4: consistent word identification

Open-Set Tests

Multisyllabic Lexical Neighborhood Test (MLNT) and Lexical Neighborhood Test (LNT)'®

Assesses word recognition and lexical discrimination in children with hearing loss
Test vocabulary is that of a profoundly deaf child age 3-5

MLNT: two- and three-syllable words

LNT: monosyllabic words

Hearing in Noise Test for Children (HINT-C)'”

130 sentences divided into 13 lists of 10 sentences each
Administered in quiet or speech-shaped noise
5y ofage or older

Pediatric AzBio sentence'®

320 sentences divided into 16 lists of 20 sentences each
Administered in quiet or multitalker babble
Sentences have a rather high linguistic complexity
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