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ABSTRACT

Pediatric audiology has seen the inclusion of the auditory steady-state response
(ASSR) in clinical test-batteries as a valuable diagnostic tool. Its unique stimuli,
recording and analysis characteristics allow for applications not previously possible
with other auditory evoked responses in infants and young children. Although the
longstanding research and clinical validation history of the frequency-specific
auditory brainstem response (ABR) make it the current gold standard for estimating
hearing thresholds, accumulating evidence is establishing the ASSR as a reliable
and accurate tool for the diagnosis of hearing loss in infants. Current test-protocol
efficiency and accuracy may be improved by including the ASSR to supplement ABR
data and to cross-check test results. This article reviews the ASSR and its current
clinical applications and limitations for determining hearing thresholds in infants and

young children.

LEARNING OBJECTIVES
1. The learner will be able to identify the clinical strengths and limitations of the
ASSR in infants
2. The learner will be able to list the complementary roles of the ASSR in the

recommended ABR test-battery for infants
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ABBREVIATIONS

ABR — Auditory Brainstem Response
AEP — Auditory Evoked Potential

AM — Amplitude Modulation

ASSR — Auditory Steady-State Response
EEG - Electroencephalographic

FFT — Fast Fourier Transform

FM — Frequency-Modulation

OAE - Oto-Acoustic Emission

UNHS — Universal Newborn Hear Screening

INTRODUCTION

Auditory evoked potentials (AEP) have served as important tools in pediatric
audiology since the discovery of the Auditory Brainstem Response (ABR) in 1971".
Most prominently, these scalp recorded potentials have been utilized to screen for
hearing loss and to estimate hearing thresholds in infants and young children who

are unable to provide reliable responses with behavioral audiometry.

The number of pediatric patients requiring these tests has increased significantly
since the widespread implementation of Universal Newborn Hearing Screening
(UNHS) programs. Automated ABR screening devices are used globally in many
UNHS programs to identify newborns that may be at-risk for hearing loss. Pediatric
audiologists may now routinely see patients within the first few weeks of life for a

diagnostic assessment of their hearing. The ABR has become the gold standard for



diagnostic purposes to determine hearing thresholds in these infants 2 This
diagnostic information is the foundation of accountable intervention. It allows
appropriate medical referral and informed decisions regarding amplification options
(e.g. hearing aid, cochlear implant) and their subsequent programming and
utilization, to be made. Ultimately, it serves to ensure optimal developmental

outcomes for children diagnosed with hearing loss.

A more recent clinical AEP at the disposal of audiologists is the Auditory Steady-
State Response (ASSR). Although first described three decades ago using slightly
different methods, it only became available as a clinical tool for pediatric populations
less than 10 years ago °. It was referred to by many different names including, the
40Hz response, amplitude following response and steady stated evoked potential 3,
Its clinical value for pediatric populations before this time was very limited since
responses were absent when subjects were asleep. Only once higher modulation
frequencies were utilized, during the mid 90’s, could children be tested during sleep.
Since this discovery the ASSR has been investigated with great interest for its
unique application possibilities. Current recommendations for diagnosis of hearing
loss in infants have indicated that the ASSR should be used in combination with
frequency-specific ABR measurements and not in place of these yet 2. New evidence
is however continually emerging in the validation of the ASSR as a reliable and

accurate tool in diagnosis of hearing loss in infants.



BACKGROUND ON THE ASSR

The ASSR is characterized by its periodic nature which is directly related to the
periodic nature of the stimulus used to evoke the response. Figure 1 provides an
illustration of this stimulus-response relationship. The most commonly used stimulus
is a tone modulated in amplitude at a specific modulation frequency. The tone
denotes the region of the basilar membrane being stimulated and is referred to as
the carrier frequency or test frequency. The modulation frequency determines the
rate of stimulation at the basilar membrane and is also the signature frequency used
to identify if the response is present or not. In a sense the ASSR is a demonstration
of how well the brain “follows” the periodic changes (modulation frequency) of the
stimulus or conversely, how the stimulus “drives” the brain at a particular rate
(modulation frequency)*. The rate of neural firing is therefore representative of the
rate of stimulation. If a response is present, a peak of neural activity corresponding
to the modulation frequency will be observed. Because the responses occur very
rapidly as a function of the rapid stimulation, the brain’s response to each stimulus is
evoked before the response to the prior stimulus has ended. As a result the
response does not return to a baseline state but remains a “steady-state” or

sustained response.

INSERT FIGURE 1

The exact neural generators of the ASSR are not easy to identify since the whole

nervous system is activated by modulated tones. Different regions of the auditory

nervous system are however more involved depending on the rate of modulation 4,



As a general rule the cortex is the dominant source for rates below 20 Hz and the
brainstem becomes increasingly predominant with rates greater than 50 Hz * The 40
Hz response generators have been attributed to the primary auditory cortices and

thalamocortical circuits *.

Stimuli

The most commonly used stimulus for determining hearing thresholds is an
amplitude modulated tone (Figure 1). Frequency modulation is commonly also added
to increase the area of stimulation on the basilar membrane in an effort to increase
the response amplitude. Other optional stimulus enhancements, such as exponential
modulation, may also be available with the goal of increasing response amplitude to

improve response detection.

An important advantage of the stimuli used in recording the ASSR above the ABR is
the ability to simultaneously present multiple stimuli to both ears. As long as each
stimulus is amplitude modulated at a different frequency. This multiple stimulus setup
typically presents 500, 1000, 2000 and 4000 Hz tones modulated at distinctly
different rates to each ear simultaneously. The signature modulation frequency
denotes the carrier frequency being assessed and therefore allows for simultaneous
evaluation of up to eight frequencies (four in each ear). Multiple frequency
stimulation is only recommended up to an intensity of approximately 80 dB HL where
after interactions on the basilar membrane may reduce frequency-specificity and

response amplitude. Typical stimulus parameters are provided in table 1.

INSERT TABLE 1



Recording

Current clinical ASSR systems typically use a single recording channel utilizing three
scalp electrodes. The typical recording parameters and considerations for infants
and children are provided in table 2. The ASSR is a far-field potential and extremely
small compared to the background electroencephalographic (EEG) noise. Improving
the signal-to-noise ratio is achieved by adaptations to the stimulus (e.g. frequency
modulation, exponential modulation etc), increasing the amount of averaging,
including an artifact rejection criteria and making patient adaptations to ensure they
are quiet and comfortable *. In young infants response amplitudes are largest when
recorded from the ipsilateral mastoid. As a result, ff a single-channel AEP system is

used it is best to record multiple frequencies simultaneously in one ear at a time 3,

INSERT TABLE 2

The averaging approaches between clinical systems may differ. Some systems use
a fixed averaging period (e.g. 90 seconds) for presentation of a stimulus independent
of the stimulation intensity. Others use an adaptive averaging period that increase
the averaging time as the intensity is decreased to compensate for the poorer signal-
to-noise ratio at lower intensities. The fixed averaging method requires an alternative
way of compensating for elevated electrophysiological thresholds at lower intensities

and employs a predictive formula to estimate hearing thresholds from the ASSR data

3



Recent reports have proposed the use of a fixed signal-to-noise ratio as a stop
criterion as opposed to fixed time periods®®. The noise levels recommended as a
stop criterion varies from 5 nV to 15 nV3. Some noisy patients may not reach these
levels within a clinically acceptable time frame and for such cases a maximum time

limit should also be employed.

Analysis

Analysis of the ASSR is quite different to that of the ABR. In contrast to the ABR
typically analyzed in the time-domain, the ASSR, is analyzed in the frequency
domain. Utilizing higher modulation rates (70 — 110 Hz), necessary for reliable ASSR
recordings in infants and young children, small amplitude responses are elicited that
are difficult to recognize in the time-domain. Using a fast Fourier Transform (FFT)
algorithm the amplitude and latency information in the time-domain is converted to
the frequency-domain where recorded neural activity is represented as spectral

components visualized in frequency and amplitude (see Figure 1).

Determining the presence of a response is also quite different for the ASSR
compared to the ABR. Objective statistical methods are employed to determine
whether a response was present in ASSR analysis as opposed to the subjective
clinician analysis of an ABR recording. Two main approaches are used in objective
response detection. The first evaluates the amplitude of the response in the
frequency domain at the rate of modulation in relation to the background EEG in the
adjacent regions (i.e. F-test). If a response is present it shows up as statistically
significant at a level of p<0.03 or p<0.05. The second statistical procedure utilized by

some systems uses the phase information contained at the response and is usually



visualized on a vector plot. A response is present when the phases of each neural
recording at the rate of modulation group together whilst it is absent if these phases
are randomly distributed. A phase statistic (e.g. phase coherence) is used to
determine if there is a significant difference (e.g. p<0.05) between the recorded

phases and a typical random distribution.

CLINICAL APPLICATION IN INFANTS & CHILDREN

Screening

The ASSR’s objective detection methods and the possibility of simultaneously testing
multiple frequencies in both ears make it an appealing hearing screening technology.
Current methods such as automated ABR and oto-acoustic emission (OAE)
screening are however, very well established with excellent sensitivity and
specificity. Any ASSR screening technology will therefore have to clearly
demonstrate at least the same level of reliability and efficiency. New systems are
being developed that employ the ASSR automated response detection methods to
the presentation of broadband stimuli such as clicks, chirps and white noise. The use
of low and high frequency stimuli (e.qg. filtered noise or chirps) simultaneously
presented to screen for hearing loss may be very useful to differentiate referrals due
to middle-ear effusion and also to identify low frequency hearing loss often missed
by a click ABR. At present however ASSR-based screening methods will have to
show comparative results or additional advantages compared to the gold standard of

automated ABR 3.



Air conduction thresholds

Hearing thresholds have effectively been estimated by ASSR recordings in infants
and young children. A maturation effect is observed for ASSR in normal hearing
infants compared to adults. Infant thresholds are typically elevated by between 10 to
15 dB, most prominently at 500 followed by 4000 Hz "*3. Current evidence suggests
the maturational effects are most prominent in the first few weeks of life dissipating
within the first three months ®”'*. A recent study comparing ASSR thresholds for
preterm and term infants revealed a significant difference between thresholds at 500
and 4000 Hz with slightly higher thresholds for preterm infants (. The maturational
effect has been attributed to a combination of neural immaturity, vernix in the ear
canal and developmental changes in the acoustics of the ear canal or middle-ear
81215 |n a more recent study no significant differences in ASSR thresholds were
noted in normal hearing infants younger than 6 months and those older than 6
months ®. Comparing ASSR thresholds between a sub-group of the 10 youngest
infants (1 to 3 months of age) and the other infants revealed no significant
differences in this study. Current evidence therefore suggest that the ASSR may
reliably confirm normal hearing in infants from 4 to 12 weeks of age ®'%'®, The
expected normal hearing levels for ASSR thresholds in infants beyond the first few

weeks of life is 50, 45, 40 and 40 dB at 500, 1000, 2000 and 4000 Hz 6

Research validation for ASSR thresholds in children with hearing loss, especially
with the multiple stimulus technique, has been insufficient to date. Existing data
suggest that ASSR thresholds can be obtained significantly closer to behavioral
thresholds with increasing sensorineural hearing loss severity. This has been

attributed to a physiological recruitment phenomenon that results in higher amplitude

10



responses close to threshold in cases of hearing loss compared to normal hearing
subjects ®'”. The reliability of air conduction ASSR thresholds for conductive hearing
loss in infants is not clear but adult studies indicate that thresholds are reliable and
representative °. Differentiating between mild sensorineural hearing loss and normal
hearing and mild and moderate sensorineural hearing loss in adults suggest that this

may be difficult especially at 500 and 2000 Hz °.

A single-stimulus ASSR study in newborns, comparing 500 and 2000 Hz tone-burst
ABR and ASSR thresholds, indicated that ASSR thresholds are elevated and more
variable in the first 6 weeks of life . The reported differences between the two
techniques seem to disappear by 6 weeks of age. A recent study did similar
comparisons between the multiple ASSR technique and tone burst ABR thresholds
in infants between 2 and 36 months of age with sensorineural hearing loss '°. The
tone burst ABR and ASSR thresholds at 500, 1000, 2000 and 4000 Hz were highly
correlated with mean differences of between -0.2 and -2.8 dB and standard
deviations between 3.9 and 6.4 dB '°. The tone burst ABR and ASSR thresholds
were also compared to behavioral thresholds that were recorded at a later stage.
Although the sample size was small, results indicate similar correlations between the
electrophysiological thresholds of the two techniques compared to behavioral

thresholds .

A possible advantage of the ASSR is the fact that the modulated tones may provide
a better estimation of steeply sloping high-frequency hearing loss than frequency-
specific ABR °. The nature of the ASSR stimuli also allows for assessing hearing

loss at intensities exceeding the maximum ABR output limit of approximately 95 dB

11



nHL?. Assessing hearing at levels of up to 120 dB HL make it possible to
differentiate severe and profound hearing losses, which cannot be achieved with the
ABR. This advantage was brought into question due to reports indicating spurious or
artifactual ASSR thresholds at these high intensities in the absence of any
behavioral thresholds?'??>. These responses were not generated in the auditory
system and were attributed primarily to the relatively slow analog-to-digital (A/D)
rates (500 and 1000 Hz) employed by early systems. This resulted in aliasing of the
stimulus artifact to the recording if carrier frequencies were integers of the A/D rate
2221 Newer systems and software versions have now changed A/D sampling rates
and added steep anti-aliasing filters to avoid these artifactual responses. Using
single-polarity air conducted stimuli with an A/D rate of 1250 Hz allow accurate
threshold determination for all frequencies, except perhaps 1000 Hz, up to at least
114 to 120 dB HL ?°. Another possible source of spurious responses in the low
frequencies (<1000 Hz) is the vestibular system. Responses at 500 Hz seem to be
biologic in nature since they do not invert with reverse stimulus polarity. High-
intensity thresholds (>95 dB HL) should be therefore be interpreted with caution at

this frequency >%.

Bone conduction thresholds

Including auditory evoked potentials to measure bone conduction thresholds
provides a way of differentiating types of hearing loss and should be a part of routine
diagnostic procedures for infants?. Current research indicates that reliable bone
conduction thresholds can be obtained in preterm, term and older infants with normal
hearing 2*?’. A maturational effect suggests that bone conduction ASSR thresholds

improve in the high frequencies and deteriorate in the low frequencies as illustrated

12



in figure 2. A series of studies investigating the procedural factors that may influence

2427 racommend

the measurement of bone conduction ASSR thresholds in infants
the following: (1) Coupling the bone oscillator can be done with an elastic band or
handheld with training; (2) Forehead placement should be avoided but temporal and
mastoid placement is appropriate; (3) Occlusion does not have a significant effect on
threshold estimation; (4) Interaural attenuation for infants with bone conduction is

greater than for adults (at least 10 to 30 dB) making isolation of the test cochlea

easier.

INSERT FIGURE 2

An important concern in bone conduction ASSR measurement is the presence of
artifactual responses at reasonably low stimulation levels as illustrate in figure 2272,
Artifactual responses are due to the same reasons as spurious air conduction
thresholds at high intensities (discussed in previous section). Bone conduction ASSR
thresholds recorded in a sample of infants with severe-to-profound sensorineural
hearing loss indicate that these response may begin to occur at 25, 40, 60, 60 and
60 dB for 250, 500, 1000, 2000 and 4000 Hz respectively ?’. Although not confirmed
in actual investigations in infants to date, there are procedural adaptations to the
bone conduction test setup that may reduce the stimulus artifact. These include
selecting more appropriate A/D conversion rates (e.g. 1250 Hz), braided electrode
wires, and using a grounded screen for the bone conduction transducer and its cable

29 Alternatively the Sensitivity Acuity Level (SAL) technique can be adapted for the

ASSR to estimate bone conduction thresholds *°. This technique may however be

13



open to more variability since bone conduction thresholds are derived from two

estimated thresholds.

Bone conduction ASSR thresholds in infants may be useful to categorize normal
sensorineural hearing in infants but the occurrence of artifactual responses at low
levels make differentiating types and degrees of hearing loss difficult. Current
evidence suggest that sensorineural hearing loss of a mild or greater degree in the
low frequencies (<500 Hz) and of a moderate and greater degree in the high
frequencies (21000 Hz), cannot be quantified confidently 2”.More research data is
necessary to validate and compare bone conduction ASSR testing in infants and
children compared to frequency-specific ABR before it can be recommended for

widespread clinical use.

Sound-field thresholds

The continuous modulated tones, used to evoke the ASSR, are less likely to distort
when presented through sound-field speakers or when processed by a hearing aid
than transient stimuli used for ABR recordings. Successful recordings of aided ASSR
thresholds that correlate reasonably well with behavioral thresholds have been
reported for adults and infants *"*?. Aided ASSR thresholds recorded in a group of
infants demonstrated the largest variability at 500 Hz with more than half of these
thresholds being absent during sound-field recordings *'. Other frequencies were
consistently present and this information provided the first robust evidence of hearing
aid benefit in these young infants who were unable to provide reliable behavioral

responses at that time 3 This type of information may be very valuable to guide

14



case management, especially in light of the increasingly younger population being

served by audiologists with the widespread implementation of UNHS.

Auditory Neuropathy

This auditory condition reportedly constitutes approximately 10% of all permanent
hearing loss cases *>*. It is characterized by evidence of cochlear functioning by the
presence of a cochlear microphonic response and/or present oto-acoustic emissions.
The ABR in contrast is totally absent or present at high intensities but grossly
abnormal. These findings typically result in varying degrees of hearing loss and
perceptual difficulties related to temporal processing. ASSR thresholds in cases of
auditory neuropathy do not demonstrate correlation to behavioral thresholds and if
present are typically elevated by 30 to 40 dB'*>3°38 As a result, ASSR thresholds
in cases of auditory neuropathy do not predict hearing thresholds and neither can the
ASSR diagnose the condition. The ABR remains essential in diagnosing the
presence of auditory neuropathy although, as with the ASSR, it cannot predict

hearing thresholds for these patients.

CONCLUSION

The ASSR has been used clinically for close to a decade and has proved itself to be
a valuable part of the audiological test-battery in pediatric audiology. The
longstanding research and clinical validation history of the frequency-specific ABR
make it the current gold standard for estimating hearing thresholds in young infants

and children? but accumulating evidence is establishing the ASSR in its own right.

15



ASSR may offer unique advantages such as its frequency-specific determination of
auditory functioning with the capability of multiple frequencies simultaneously
assessed in both ears without the need for a clinician to interpret responses. The
continuous nature of ASSR stimuli allow for higher intensities (exceeding 100 dB
HL), where ABR thresholds may be absent, to be assessed and for aided thresholds
to be recorded. Although more evidence is necessary, reports are indicating close
correlations between air conduction ABR and ASSR thresholds **. More validation
data is however required in infants and children with hearing loss whilst bone
conduction testing should be optimized to reduce artifactual responses and increase

the effective range of stimulation.

At present the ASSR is an invaluable adjunct to the ABR. It may be utilized to
improve the efficiency of test-protocols, supplementing ABR data and cross-checking
test results. The efficiency the audiological test-battery may be improved by
employing the ASSR to determine if infants have responses at normal hearing levels
across several frequencies assed simultaneously in both ears . If responses are
present frequency-specific ABR measures may be omitted from the test-battery. It
can supplement the test-battery when ABR thresholds are absent at maximum
intensities since the ASSR can stimulate at higher intensities. This information could
differentiate severe and profound hearing losses and direct amplification and

intervention decisions more precisely.
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Table 1. Typical ASSR stimulus parameters for infants and children

Parameter

Selection

Carrier frequencies

Modulation frequencies

Amplitude modulation (AM) depth
Frequency modulation (FM) depth
Advanced modulation options

Stimulus intensity range

Transducers

Calibration reference

500, 1000, 2000, 4000 Hz

70-100 Hz
Multiple simultaneous stimuli carrier tones

modulated at distinct rates

100%

10-20%

Exponential modulation (AM?)

0-125 dB HL (depending on transducer and
frequency)

Simultaneous multiple stimuli <80 dB HL
Single stimuli > 80 dB HL.

Insert earphones, supra-aural earphones, sound-

field speaker, bone oscillator

dB HL

22



Table 2. Typical ASSR recording parameters for infants and children

Parameter

Selection

Electrode montage

Electrode impedance

Filter settings

Amplification
Averaging periods
Analysis time (epoch)
Epochs in sweep

Sweeps

Single-stimulus ASSR:

Noninverting = Cz or Fz; Inverting = ipsilateral mastoid; Ground
= contralateral mastoid

Multiple-stimulus ASSR:

2 channel ASSR, noninverting to ipsilateral side of each ear

1 channel ASSR test multiple frequencies in one ear at a time in

infants

< 6 kOhms and interelectrode difference < 3 kOhms

80 Hz ASSR: 30-300 Hz
6 dB/octave slope

10,000-50,000

40 seconds to 15 minutes
Usually + 1 second

16 (may vary)

Variable

23
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Figure 1. ASSR stimulus-response relationship. The 1000 Hz carrier tone is amplitude
modulated at 91 Hz. The carrier tone (1000 Hz) determines the region of the basilar
membrane being stimulated and the modulation rate designates the rate of stimulation.
Recorded EEG activity represented in the time-domain is converted to the frequency-domain
using a fast Fourier Transform (FFT). The recorded neural activity is plotted as a function of
amplitude and frequency (phase information is also preserved) and indicates a response peak
at the rate of stimulation (91 Hz).
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250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz
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—/— Post-term infants (0-11 months) *
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Figure 2. Effective range for bone conduction testing and normal threshold levels for infants.
Shaded area denotes the range in which artifactual ASSR thresholds do not occur (Source:
Swanepoel et al.”’). *More than 90% of infants with normal hearing had thresholds at theses
levels. (Source: Small & Stapells***®)

25



