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Abstract Background Audiologists often lack confidence in results produced by current protocols
for diagnostic electrophysiologic testing of infants. This leads to repeat testing appoint-
ments and slow protocols which extend the time needed to complete the testing and
consequentlydelayfittingof amplification.A recent publication (Sininger et al50) has shown
how new technologies can be applied to electrophysiologic testing systems to improve
confidence in results and allow faster test protocols. Average test times for complete
audiogram predictions when using new technologies and protocols were found to be just
over 32minutes using auditory brainstem response (ABR) and just under 20minutes using
auditory steady-state response (ASSR) technology.
Purpose The purpose of this manuscript is to provide details of expedited test
protocols for infant and toddler diagnostic electrophysiologic testing.
Summary Several new technologies and their role in test speed and confidence are
described including CE-Chirp stimuli, automated detection of ABRs using a technique
called FMP, Bayesian weighting which is an alternative to standard artifact rejection and
Next-Generation ASSR with improved response detection and chirp stimuli. The test
protocol has the following features: (1) preliminary testing includes impedance
measures and otoacoustic emissions, (2) starting test levels are based on Broad-
Band CE-Chirp thresholds in each ear, (3) ABRs or ASSRs are considered present based
on automated detection rather than on replication of responses, (4) number of test
levels is minimized, (5) ASSR generally evaluates four frequencies in each ear
simultaneously with flexibility to change all test levels independently.
Conclusions Combining new technologies with common-sense strategies has been
shown to substantially reduce test times for predicting audiometric thresholds in
infants and toddlers (Sininger et al50). Details and rationales for changing test
strategies and protocols are given and case examples are used to illustrate.
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Introduction

Dramatic improvements in technology have been imple-
mented in the past 5-10 years, allowing for a change in
strategies and protocols for obtaining audiometric electro-
physiologic assessments of infants and toddlers. These
changes will lead to more reliable results and shorter test
times. Faster testing means fewer compromises and short-
cuts. Information needed to make on-the-spot decisions
during testing is also now available to clinicians. This article
will describe an approach and test protocol that eliminate
guesswork and has been shown to reduce test time in a
recent clinical demonstration project (Sininger et al50).

Fast and accurate hearing threshold evaluations are need-
ed for infants who do not pass newborn screening, as well as
for the thousands of children at risk for hearing loss due to
illness and syndromes associated with hearing loss or those
at risk because of exposures to medications such as ototoxic
medications. Expediting all stages of early identification is
critical to achieve the ultimate goal of providing early
intervention including fitting of amplification. The impor-
tance of this process happening quickly to facilitate commu-
nication development has been emphasized repeatedly
(Yoshinaga-Itano61; Joint-Committee-On-Infant-Hearing36;
Sininger et al49; Yoshinaga-Itano et al62).

According to the 2007 statement of the JCIH, diagnostic
electrophysiologic evaluation of infants who fail screening
should be completed by three months of age. New informa-
tion on the importance of early intervention may influence
the JCIH to recommend, in the near future, that the diagnos-
tic evaluation be completed even earlier. Given that the
current 1-3-6 guidelines are often not met (Yoshinaga-Itano
et al62), meeting even more stringent guidelines will require
dramatic changes in audiologic procedures.

The diagnostic test is necessary to proceed with rehabili-
tation and requires an electrophysiologic methodology for
which the infant must sleep during the assessment (JCIH36;
Dworsak-Dodge et al17). Test sessions in which the infant
sleeps naturally are preferred because they avoid sedation or
anesthesia and generally can be accomplished with proper
scheduling in infants younger than threemonths. However, if
the process is not concluded by three months of age because
the testing could not be completed in a single appointment or
clinicians are not confident in results, the consequences
generally include multiple repeat appointments and often
the need to sedate or anesthetize the child for testing. This
adds cost, additional parental anxiety, scheduling delays, and
other complications. Smaller audiology clinics may not have
the facility to provide proper, medically supervised anesthe-
sia requiring an outside referral. Added to the difficulties of
delayed diagnosis are potentially missed appointments and/
or the total loss to follow-up, increased parental anxiety,
increased audiology workloads, and others. Of course, delay
in the child’s treatment and communication development is
by far themost serious outcome of delays in the early hearing
detection and intervention process.

A recent study by Sininger et al50 found that half of the
infants and toddlers requiring an electrophysiologic audio-

metric evaluation in their clinical sample had normal hear-
ing. Although themission of newborn hearing screening is to
identify, characterize, and habilitate hearing loss, those
children who did not pass screening at birth and yet do
not have permanent hearing loss also need to be accurately
identified and released from the clinical process in a timely
manner.

One obvious solution to late diagnosis is to obtain a
complete, accurate audiogram prediction and additional
diagnostic information during the first, postscreening, au-
diology appointment when the infant should be younger
than three months and can be tested in a natural sleep state.
This goal requires protocols and technology that will facili-
tate rapid and accurate testing. According to Janssen et al34,
the average sleep time during an evaluation for infants
around four months of age is 48.8 minutes, but 20% of the
infants evaluated slept for 33.1 minutes or less. A full
diagnostic assessment should include audiometric thresh-
olds in each ear at four frequencies (500, 1000, 2000, and
4000 Hz), eight thresholds in total. Janssen et al found that
they were able to obtain only four thresholds in 80% of cases
in a natural sleep session in which they were using standard
auditory brainstem response (ABR) methodology with tone
burst stimuli.

Sininger et al50 demonstrated that predicted auditory
thresholds at four frequencies in a clinical sample of infants
and toddlers by automated detection of ABR and next-
generation auditory steady-state response (ASSR) were
equal or slightly lower by ASSR. Excellent agreement in
thresholds for the two techniques provides validation of the
automated detection algorithms as well as the test protocols
used to obtain thresholds for both techniques. The r2 values
for the ABR and ASSR thresholds measured at 500, 1000,
2000 and 4000 Hz ranged from 0.852 to 0.956. These
compare favorably with other similar validation studies,
where ABR thresholds were compared with behavioral
thresholds (Stapells et al52) with equivalent r2 values of
0.88-0.94 or ABR compared with ASSR (Van Maanen and
Stapells59), which found equivalent r2 values ranging from
0.59 to 0.79. In both these studies, the correlations were
reported as r and the aforementioned values are the
squared equivalent.

The average test times, achieved in the Sininger et al50

study, are exceptionally fast. Four thresholds in each ear
could be predicted at an average of 32.15minutes using
automated ABR and at 19.93minutes using new ASSR tech-
nology. Test times were found to be even faster in cases of
normal hearing (24.62 and 15.31minutes on average for ABR
and ASSR, respectively). Achieving these test times required
specific procedures, including specialized stimuli, response
detection technologies, and time-saving protocols. The roles
of the stimuli and response detection algorithms in reducing
test times are discussed thoroughly in the original article
(Sininger et al50) and in later sections here. The purpose of
this article is to fully describe the specific test procedures, to
give rationales, and to illustrate these with case studies.
Without the implementation of our specific test protocol, the
fast test times demonstrated would not be possible.
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Saving Time and Improving Accuracy
Some factors are not easily changed. Natural-sleep nap dura-
tions arenot under the direct control of the clinicianbutcanbe
optimized. Clinicians should develop a careful sleep depriva-
tion plan that, if followed by the families, will increase the
likelihood and duration of sleep. Infants should be dry and fed
just before testing to sleepmore quietly and for a longer time.
Swaddling can be a very effective way to comfort infants
and help induce sleep. Swaddled infants should be monitored
to be sure that theblanketdoesnot come loose (www.healthy-
children.org/English/ages-stages/baby/sleep/Pages/A-Parents-
Guide-to-Safe-Sleep.aspx). The fact remains that these
techniques are not foolproof, and the duration of the natu-
ral-sleep nap is limited. One can expect about 48minutes of
sleep for infants younger than three months (Janssen et al34).

New Technologies
Sleep time is limited, but technology can be applied to
improve speed, accuracy, and consistency of pediatric
electrophysiologic evaluations. Two technologies have been
particularly useful in this regard. First, specially engineered
stimuli (chirps) will produce larger amplitude electrophysi-
ologic responses which are more easily detected in less time
than standard click or tone burst stimuli. Second, real-time
feedback to the tester on the quality of recordings and
accurate statistical detection of responses will maximize
the use of test time and improve the accuracy of threshold
measurements.

CE-Chirps
Recently described wideband (WB) (Cebulla et al8; Elberling
and Don21; Cebulla and Elberling4) and narrowband stimuli
(Sturzebecher et al58), known as CE-Chirps, have the distinct
advantage of producing a neural response that is larger in
amplitude than the potential generated by standard (click or
tone burst) stimuli under the same recording conditions.
When using these stimuli, the average noise needs less
reduction to reveal the (larger) response and, thus, the
averaging (test) time is reduced.

CE-Chirp stimuli produce larger responses than traditional
stimuli because the time of arrival of low- and high-frequency
energy components in the stimulus is staggered in a manner
that counteracts the frequency-dependent timedelay imposed
by the basilar membrane. Consequently, low-, middle-, and
high-frequency auditory neurons are activated simultaneous-
ly, avoiding response phase cancellations across frequencies
and maximizing neural synchrony and, subsequently, the
amplitude of the composite neural activity.

The response amplitude advantage afforded by CE-Chirps
as compared with traditional clicks and tone bursts or pips
has been well documented and ranges from 30% to 100%
(Elberling and Don21; Ferm et al27; Cebulla et al5; Cho et al9;
Ferm and Lightfoot26; Cobb and Stuart10,11). The use of CE-
Chirp stimuli consequently improves the speed and positive
rate of response detection (Stürzebecher et al58; Cebulla
et al8; Stuart and Cobb54) and lowers the threshold in dB
nHL of the response (Ferm et al27; Ferm and Lightfoot26;
Michel and Jorgensen41).

More than a decade of work has gone into the develop-
ment of the CE-Chirp (Cebulla et al8; Elberling et al23;
Elberling and Don21,22; Cebulla and Elberling4; Elberling
et al18; Elberling et al24; Kristensen and Elberling38), and
the result is a clinical tool with published accurate and
reliable results in infants and older children. A change in
the original modelwhich incorporates the stimulus level into
the equation for the generation of CE-Chips has added a delay
compensation needed to account for performance differ-
ences based on the stimulus level (Elberling and Don22).
Kristensen and Elberling38 have shown that these “level-
specific” or level specific (LS) CE-Chirps demonstrate a
consistent amplitude advantage over the click at all stimulus
levels and also demonstrate better resolution of all peaks of
the ABR waveform. Narrowband LS CE-Chirp stimuli have
been implemented for both ABR and ASSR assessments and
are recommended here as used in the Sininger et al50 study.

FMP for Response Detection of ABR
Objective response detection is the key to optimizing test
time in audiometric application of electrophysiology. An
optimal systemwould stop averagingwhen either a response
is detected or, in the absence ofan answer, when the noise is
sufficiently low to allow detection if a response was present.
In this case, a “no response” is justified.When comparedwith
using a fixed number of sweeps, this stopping rule will save
test time when the ABR is large and/or background noise is
low, but will apply adequate averaging time to resolve low
amplitude (near threshold) responses or those with high
noise. Thus, averaging time is used efficiently.

For the ABR, the FSP/FMP response detection algorithm
meets these criteria. Described initially more than 30 years
ago (Don et al16; Elberling and Don19), the method has been
published repeatedly in experiments to characterize re-
sponse threshold (Elberling and Don20; Cone-Wesson and
Ramirez12; Sininger et al48), to describe the nature of back-
ground noise during averaging (Don and Elberling14), to
determine when to stop averaging (Don and Elberling15),
and as an aid to clinical testing (Sininger46). In 1998, Hyde
et al said, “One of the most thoroughly researched methods
to date, the variance ratio FSP can significantly improve the
objectivity and consistency of ABR measures” (Hyde et al33,
p. 112).

FMP are values that describe the “quality” of the response
and are closely related to the signal-to-noise ratio. The noise in
the average response is estimated by calculating the variance
of the amplitude of either a single point (FSP) or multiple (5)
points (FMP) per sweep for approximately 256 points. Large
variance in amplitude fromsweep to sweep is clear evidenceof
a noisy recording and vice versa. With FMP, the estimated
background noise in the average is quantified and reported
at regular intervals. The numerator of the FSP/FMP equation is
the amplitude variance across a central 10-msec period of the
average (taken at regular intervals, every 50 sweeps for FMP).
Consider that a very low variance would be indicative of flat
average found when ABR amplitude is either very small or no
response exists. The variance across the responsewindowwill
always include any ABR (signal) and unresolved noise. It is,
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therefore, possible to have high residual noise in the recording
contributing to a high variance in the numerator, regardless of
the amplitude of any ABR. Therefore, the FSP/FMP must divide
the numerator by the estimated background noise (Elberling
andDon19) and the resulting value is related to the true signal-
to-noise ratio (SNR) plus one. (FMP numerator is the [Signal
{ABR}þNoise], whereas the denominator is [Noise]. Sig-
nalþNoise/Noise¼ SNRþ 1.)

The FMP and the background noise functions are plotted
during the averaging process, providing valuable informa-
tion to audiologists (see ►Figure 1). The noise function is
reduced logarithmically as the number of averaged sweeps
increases (Don and Elberling14). The amount of averaging
needed to achieve a given noise level that will produce
evidence of a response will depend on the stability and level
of the noise as well as on the overall amplitude of the ABR. It
should be noted that the reduction in noise is responsible for
the growth of the FMP function. Reduction in noise with time
is the sign of a stable average, and, conversely, persistent high
noise is the sign of poor recording conditions and should be
investigated.

The value of FMP is updated every 50 sweeps and, if a
response is present, grows as the noise is reduced with
averaging, as shown in the example in ►Figure 1. The FMP,
as a ratio of variances, has an F distribution with 5 and
250 degrees of freedom (Elberling and Don19), which allows
the determination of confidence levels for FMP values. The
99% confidence level of a true response presence is FSP or
FMP¼ 3.10, and the 95% confidence level is 2.25. Sininger46

found that the 95% confidence of FMP correlates best with the
“visual response detection” of a trained clinician. Conse-
quently, the recommended stopping value for ABR response
detection is FMP¼ 2.25 after a minimum of 800 sweeps.

If no response is detected, it is efficient to stop averaging
when the background noise has been reduced sufficiently to
have allowed detection of a small response if it were present.
The Sininger et al50 study evaluated ABR in pediatric patients

with NB CE-Chirps from 500 to 4000 Hz using FMP as the
response criteria. Based on that study, a 15-nV noise level is
recommended for stopping an average in a “no response”
condition.

The distribution of the number of sweeps needed to reach
the 2.25 FMP criteria at threshold in the Sininger et al50 study is
shown in ►Figure 2. As can be seen, there is an objective
stopping rule demonstrating that responses can be adequately
resolved even at threshold, with as few as 800 sweeps, but
othersmay be low amplitude and/or high noise and require as
manyas8,000sweeps tobedetermined.Anychosenvalue for a
“fixed” number of sweeps for averaging would be inadequate
and would either average longer than necessary when the

Fig. 1 Plot of FMP and residual noise by averaged sweeps for the ABR shown below elicited by a 10 dB nHLWB CE-Chirp in an infant. The plot at the
top is FMP. The recording was stopped at about 2,500 sweeps when the FMP exceeded 2.25 which is the 95% response confidence level shown at
the left. The indicator box turns green when a response is reached and, if selected, the average is terminated. The descending plot is the residual
noise which achieved a value of 45.27 nV when the recording was terminated by FMP. The 20 nV noise value at the right is the set stopping criteria
for background noise for this recording. The FMP and the residual noise level should both be set, and the first to reach criterion value before the
maximum number of sweeps is achieved will stop the recording.

Fig. 2 Distribution of the number of sweeps required to reach the
ABR threshold for all stimuli, both ears, and all participants. Eight
hundred was the minimum number of sweeps allowed, and for most
averages, 6,000 was the maximum. The user could extend the
maximum number of sweeps as needed.
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response is large or not average long enough to see small
responses at threshold. Based on the data in ►Figure 2, the
recommendedmaximum number of sweeps for ABR averages
is 6,000. The average will usually be stopped before that time
but can be increased by the user in individual cases.

Bayesian Weighting
The process knownas “Bayesianweighting”wasfirst proposed
by Elberling and Wahlgreen25 as a method of noise manage-
ment during averaging. Rather than rejecting all sweeps with
high amplitude (traditional noise rejection), Bayesian weight-
ing assigns a “weight” to each block (50) of sweeps based on
the estimated noise in the block (multipoint variance as
calculated for FMP). All blocks of sweeps are included in the
average, but each has a weighting factor determined by its
background noise. A low noise block is given greater “weight”
in the overall average, and the noisy block of sweeps is
assigned less weight in the average, but no data are discarded.
Large bursts of noise that sometimes contaminate otherwise
quiet recordings can be minimized because they receive low
weights in the average (Don and Elberling14).

Lightfoot and Stevens39 compared the effects on residual
noise of standard artifact rejection (AR) levels and Bayesian
weighting techniques in babies. Bayesian weighting was
implemented along with a 10- and 20-µV standard AR.
Each average had an acquisition time of 61 seconds. They
found that in low noise conditions, standard AR of 5 µV
produced the lowest residual noise, but Bayesian weighting
with 10 µV produced nearly equivalent results. For moderate
noise conditions, a 6.5-µV standard AR and Bayesian weight-
ing with a 10-µVAR produced averageswith equivalent noise
levels and in severe noise level conditions, the Bayesian
weighting (10 µV AR) produced averages with the lowest
noise. Because infants’ noise levels during testingmay not be
obvious at the beginning of a recording, it would be prudent
to use the Bayesian weighting with the 10-µV standard AR
that will provide the most help if the infant is very noisy and
essentially equivalent results if the noise levels are mild or
moderate.

Automated Detection of ASSR
A tonal stimulus that is amplitude-modulated at a specific
frequency shouldproduce a spike in thespectrumof theEEGat
that frequency. Detection of ASSR may involve inspection of
the phase of the neural response at the modulation frequency
for “phase coherence” and/or the magnitude of the spectral
component at the modulation frequency, which is compared
with surrounding frequencies with an F-test (Korczak et al37).
These tests are termed “single sample” tests as they use
information in the first harmonic (modulation) frequency
only. Cebulla et al7 demonstrated the advantages of using
information from asmany as six harmonics of themodulation
frequency for the detection with ASSR. That study compared
several statistical approaches with a single sample and q-
sample tests and found that the six sample test produced
higher detection rates and reduced detection times.

Bonferroni corrections for multiple statistical tests were
replaced by more appropriately corrected critical test values

developed with a simulation procedure (Sturzebecher
et al57). The Eclipse ASSR system implements this procedure
with a table lookup of critical test values “for each test step
number that corresponds exactly to the given error proba-
bility” (Sturzebecher and Cebulla56, p. 862). This method
allows individualized statistical criteria for ASSR tests based
on the exact number of test steps used, further improving
detection rates and decreasing test time (Sturzebecher and
Cebulla56; Cebulla and Sturzebecher6). The current Eclipse
ASSR detection scheme, which we will term “next genera-
tion,” includes assessment of amplitude and phase in 12
modulation harmonics. The excellent sensitivity of this ASSR
systemwas demonstrated by the ability to detect thresholds
at levels as low or lower than good ABR technology in
normal-hearing infants and toddlers (Sininger et al50).

Avoid Unnecessary Tests
Without an objective measure of response presence or
absence, the audiologic community has promoted the test-
retest principle. Consequently, ABRs, even those that seemed
to contain an obvious response or clear absent response, are
often repeated at a given stimulus level to check for consis-
tency. This repetition has the potential of doubling the test
time and is unnecessary when better methods of response
validation, including common sense, are available. Also,
when doing a “threshold search” procedure, it is unnecessary
to routinely test at regular stimulus intervals. In other words,
there is no real need for a latency-intensity function to be
produced when time is limited. Our protocol also describes
ways to predict the sensation level of the stimulus from the
characteristics of the response, which can guide in the
selection of subsequent stimulus levels.

Multiple Tests and Test Order
Years ago, Jerger and Hayes35 described the cross-check
principle for audiology. They emphasized the need to vali-
date the findings of one test by looking for consistency in
additional tests. In that same vein, the order of test presen-
tation can serve to expedite the test battery, which in this
instance is critically important. The test battery described
strongly suggests that testing begins with tympanometry
(WB and three dimensional if possible) and otoacoustic
emissions. These tests can generally be performed very
quickly, do not require that the child is sleeping, and often
can be performed on the same equipment for expediency.
Whereas they should not be performed in isolation, prior
knowledge of the status of themiddle ear and the presence or
absence of otoacoustic emissions can be very valuable when
attempting to focus in on whether hearing loss is present
and, if so, what is the type of loss. Both tests have been shown
to be valuable, particularly in predicting conductive hearing
loss (Hunter et al32; Prieve et al44; Aithal et al1; Blankenship
et al3).

The protocol being described also suggests using aWB CE-
Chirp stimulus for a quick, preliminary threshold test by ABR
in each ear. This threshold will indicate appropriate starting
levels for frequency-specific threshold searches when using
either ABR or ASSR tests.
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Protocol

Pre-electrophysiologic Measures: Tympanometry and
Distortion Product Otoacoustic Emissions (DPOAEs)
The Sininger et al50 study used the following procedures that
worked effectively and thus are recommended. However, the
study emphasized both ABR and ASSR methods. All tests
were performed on the Interacoustics Eclipse system. The
software version for ABR (EP25) was 4.2.1 and for ASSR was
1.2.6. The exact methodology described here for tympan-
ometry and otoacoustic emissions has not been optimized to
achieve the best results, but the performance of these tests
relative to the entire test battery will be discussed.

WB tympanometry usedmedium pump speed, a pressure
range ofþ200 to—400 daPa, and a click stimulus to elicit the
response. The WB response was initially plotted in three
dimensions: pressure by frequency by absorbance. Narrow-
band (800-2000 Hz) and singlefrequency tympanograms
(226 and 1000 Hz) were extracted and displayed along
with normative data based on the child’s age. Absorbance
was also plotted by frequency overlaid on age-specific nor-
mative areas. Visual inspection of the narrowband tympan-
ometry and the absorbance plot relative to normative data
for the child’s age were used to categorize the ear’s test as
normal or abnormal (Hunter et al32; Hunter et al31; Hunter
et al29,30; Aithal et al2; Myers et al42,43).

DPOAEs were evaluated using the Interacoustics Titan
with the same probe mechanism used for WB tympanom-
etry. DPOAE SNR was measured with f2 of 2, 3, 4, 5, 6, and
8 kHz, f2/f1¼ 1.22, and stimulus levels of 65 and 55 (L1 and
L2) dB SPL. The criteria for a response at each frequency
included a min imum DPOAE level of — 10 dB, SNR of 6 dB,
and residual noise of —20 dB SPL or less. It should be noted
that these parameters were not tested for their predictive
value in anyway as this was not a research goal for the study.

These preliminary tests can be performed quickly on an
awake infant, and current testing routines should take no
more than 10minutes. The entire study protocol in Sininger
et al50 was lengthy because both ABR and ASSR were
evaluated. However, of 102 participants, tympanograms
were completed on 80 children in the right ear and on 79
in the left. DPOAEs were completed in 91 right ears and 89
left ears. This indicated that there was ample time and
participant compliance to complete these preliminary tests
in most clinical participants, especially if only one threshold
procedure (ABR or ASSR) is then performed.

Electrode placement should follow the OAE and tympan-
ometry tests toavoidupsetting the infantbeforethetests.After
the preparation for the electrodes and perhaps a feeding and
diaper change, the infant is usually ready for sleep. Standard
electrode application procedures are suggested with either
mastoid or earlobe electrodes, and high midline forehead
reference. Ground electrodes can be placed according to the
audiologists’ preference. Interelectrode impedance should be
measured with an emphasis on closely matched impedance
across electrodes and all values less than 3 kΩ if possible. Good
electrode preparation is considered essential for quiet record-
ings, which will ultimately reduce the test time.

Electrophysiologic Measures: ABR and ASSR
Procedures are described for frequency-specific ABR and
ASSR thresholds. It is not necessary to do both tests (as
described here), as they have been shown to be essentially
equivalent (Sininger et al50).

For tests conducted during natural sleep, infants should
generally be sleep deprived or tested during their regular nap
time. Just before the evaluation, the infantmay be fed and the
diapers changed as appropriate. Both insert earphones
should be inserted securely before the testing begins to avoid
disturbing the baby during the test. Natural sleep testing
should take place in a sound-isolated room.

Before starting frequency-specific testing, an ABR thresh-
old search using a WB CE-Chirp is recommended. A broad-
band CE-Chirp threshold in each ear may not predict the
entire audiogram but does quickly provide an excellent
“starting” level reference for frequency-specific testing, for
ABR or ASSR. The appropriate level to use when starting a
threshold search is a frequently asked question in audiology.
Using the obtained WB CE-Chirp threshold level or perhaps
10 or 20 dB above, to begin testing with NB stimuli, helps to
avoid waking the infant with a loud stimulus. The WB CE-
Chirp threshold will also be able to provide a quick estimate
of the average hearing levels in each ear for comparison. The
preliminary proceduremay start in either ear and should use
a quick bracketing with a final 10-dB step. Both ears should
be evaluated, and there is no need to search less than 10 or
20 dB nHL.

ABR-Recommended Threshold Procedures

Stimuli
The recommended stimuli used for audiogram prediction are
NB CE-Chirps, LS with center frequencies of 500, 1000, 2000,
and 4000Hz developed by Sturzebecher et al.58 Narrow
(octave)bandchirpswere createdby theadditionof individual
cosines, with the phase of each component adjusted to com-
pensate for cochleardelay basedon themodel ofdeBoer.13The
stimuli are presented at 37.9 Hz with alternating polarity.

The order of presentation of the four stimuli is at the
discretion of the tester. If one ear shows a lowerWB CE-Chirp
threshold, testing could begin in that ear so that masking
could be applied to the opposite ear if necessary. The starting
level for all frequencies is determined by adding 0-20 dB to
the WB CE-Chirp threshold. This rule is ear specific.

Recording Parameters
The recording filter used in the study set low pass at 1500 Hz
and high pass at 100 Hz (12 dB/octave). Although significant
ABR energy is found less than 100 Hz in infants (Spivak51;
Stuart and Yang55; Sininger47), the 100-Hz high-pass filter
was used for several reasons. First, the audiologists were
familiar with viewing ABRs recorded with this setting.
Second, sedated recordings often took place in hostile elec-
trical noise environments where it was necessary to avoid
60 Hz contamination. Finally, the FMP calculations require
data to be filtered with 100-Hz high pass. Any filter settings
can be used for data acquisition, but before FMP calculations,
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the obligatory 100-Hz high pass will automatically be im-
posed by the software.

Bayesian weighting should be used along with a� 40 µV
AR.

The recommended recording window is 20msec. It
should be noted that the NB CE-Chirps are staggered in
time of presentation based on the known cochlear delay
time that eliminates the need for long recording windows
when testing with lower frequency stimuli (see ►Figure 3).

Objective Threshold Determination with FMP

• The stopping rules for averaging are as follows: (a) re-
sponse confidence of 95% (FMP� 2.25) or (b) residual
Noise� 15 nV (infants and toddlers). By using both rules,

the recording will stop on the target (Fmp or low noise)
that is first reached. The 15 nV noise criterion is only
necessary when a “no response” average is being evaluat-
ed. The noise can be higher if the FMP value indicates a
response. The number of sweeps should be set high, e.g.,
6,000. Only when neither target is reached will 6,000
sweeps be needed. Note: If the FMP is growing as the
maximum number of sweeps is approached, the number
of sweeps can be increased by the tester to improve the
chances of reaching the FMP criteria.

• When the average is completed, repetition at the same
level is not needed. Instead, use standard bracketing rules
to determine the next level with the following added
guidance. If the previous average shows a response pres-
ent after 1,000 sweeps or less, decrease the level by 10 or
20 dB. If the previous average requires 3,000 or more
sweeps to reach the criteria, decrease the level by 5-10 dB.

• If the average stops on “low noise” or at maximum sweeps,
increase the level for the subsequent average unless the
“maximum level” has been reached. Themaximum level of
stimulation should be determined at each facility.

• The final step size should be between 5 and 10 dB at the
discretion of the tester. Keep inmind that the added speed
found when using these procedures may allow sufficient
time to use a 5-dB step.

• The threshold level will be the lowest level demonstrating
a positive response (FMP� 2.25) with a “no response” at
the level one step below.

• Correction factors for NB CE-Chirp-generated ABRs are
15 dB at 500Hz, 10 dB at 1000Hz, and 5 dB at 2000 and
4000Hz (see ►Table 1). Searching for responses with
stimuli below these levels would not be clinically useful.
However, given the speed of this technique, including the
added amplitude afforded by the CE-Chirp stimuli, there is
no need to stop at suprathreshold (25-30dB) levels. The
Siningeret al50 studydidnot test less than20 dBat500Hzor
10 dB at the other three frequencies. This allowed a precise
prediction ofnormal hearing, while maximizing efficiency.

• Mark peak latencies and amplitudes on an ABR only
during the acquisition of another average or after the
test. Avoid using precious sleep time to mark peaks.

Table 1 Correction Factors Applied to Thresholds at Dial Reading for Children Tested with ER-3A Insert Transducers

Test nHL level in
dB -> (Hz)

dB nHL to dB eHL Correction Factors

0–5 10–15 20–25 30–35 40–45 50–55 60–65 70–75 80–85 90–95 100

ABR eHL 500 �15 �15 �15 �15 �10 �10 �5 �5 �5 0 0

1000 �10 �10 �10 �10 �5 �5 0 0 0 0 0

2000 �5 �5 �5 �5 �5 �5 0 0 0 0 0

4000 �5 �5 �5 �5 �5 �5 0 0 0 0 0

ASSR eHL 500 �25 �25 �25 �25 �20 �15 �15 �10 �5 �5 0

1000 �15 �15 �15 �15 �10 �10 �10 �5 �5 0 0

2000 �5 �5 �5 �5 �5 �5 �5 0 0 0 0

4000 �5 �5 �5 �5 �5 �5 �5 0 0 0 0

Note: ASSR corrections apply to modulation rates at or near 90 Hz from Interacoustics based on data from Rodrigues and Lewis.45 Correction factors
diminish with increasing nHL as suggested by McCreery et al.40

Fig. 3 The time waveforms of the four NB CE-Chirps are shown. The
time scale is in ms relative to the onset of the recording window. The
presentation of the NB CE-Chirps is staggered relative to the start of
the recording window to compensate for the cochlear delay time for
each frequency in the same way these components are staggered in
the broad-band CE-Chirp. The result is that the expected latency for
any of the NB CE-Chirp ABR will be the same as that of the broadband
response at the same nHL. Consequently, no changes in the recording
window are needed to compensate for expected response latency
differences.
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For all averages, watch the ongoing EEG on the screen. If EEG
or residual noise is very high, check electrodes and the baby’s
state and correct accordingly. Use the pause function if
necessary, but the need for pausing is greatly reduced by
using the Bayesian weighting. Avoid the temptation to stop
the averagemanually unless high noise is encountered at the
beginning of the average. If so, throw away the average and
start again. The FMP graph at the top will turn green, and the
averaging will stop if a significant response is reached (see
►Figure 1). If no response is found, the systemwill also stop if
the noise goes less than the 15-nVcriteria or if themaximum
number (6,000) of sweeps are reached. In the meantime, the
noise function should descend as the average progresses and
the FMP function should ascend (if a response is present) or
may be flat if no response is present. Also, note that if the
noise is very high and not diminishing, the FMP plot will not
grow, regardless of whether a response is present. Testers
should avoid making judgments about response presence or
absence if noise is very high. In this case, a correction to
recording conditions should be made to bring the noise into
the range that can allow testing.

Sininger et al50 had a simplified approach to bone con-
duction. This was because of the added test time needed for
the research protocol. Sininger recommended the use of a
WBCE-Chirp stimulus to obtain a bone conduction threshold
by ABR if the tester deemed it necessary. The bone conduc-
tion threshold could be compared with the WB CE-Chirp air
conduction thresholds. Based on previous studies that find
air-bone gaps in normal-hearing babies particularly at
500 Hz (Cone-Wesson and Ramirez12; Vander Werff60), a
small correction factor of 10 dB was added to the WB bone
threshold for infants. This was a best estimate, as the exact
correction factor for a WB CE-Chirp by bone conduction in
infants has not been established. Ferm et al28 found large
corrections of 30 dB and 20 dB (500 and 1000 Hz) for bone
conduction relative to air conduction thresholds in infants.
The discrepancy may be due to the supra-aural earphones
used for air conduction in their study rather than the insert
phones preferred in the United States.

To determine thresholds in eHL, the correction factors
from ►Table 1 are applied to the observed thresholds to
predict the audiogram. When minimum test values are
obtained, thresholds should be designated as less than or
equal to the corrected value.

Auditory Neuropathy (AN) Screening
A routine screening for AN can be included in the protocol for
testing of children. At first, a moderate level (�80 dB nHL)
click should be used to generate an ABR. Most systems allow
for an alternating polarity stimulus and will divide the
rarefaction and condensation averages for display afterward.
Averaging should be continued until the noise is less than 50
nV to insure a quiet recording. Next, display the response in
the polarity split mode and examine for a cochlear micro-
phonic which presents as a mirror image starting in the first
millisecond after stimulation (Starr et al53). Finally, proceed
based on local standards for diagnosis and management of
auditory neuropathy.

ASSR-Recommended Procedures
The ASSR procedure should beginwith the same preliminary
child preparation, electrodes, and WB CE-Chirp threshold
search as previously described. The appropriate stimulus
rate setting for children is 90 Hz. The default stimuli are NB
CE-Chirps. The test method priority should be set to “speed.”
As with ABR, the “speed” setting will provide a response that
is slightly less strict (closer to 95% confidence) than the
“accuracy” setting.

In most cases, both ears will be tested simultaneously. If
a unilateral or significant asymmetric loss is suspected, the
ears should be tested individually with the better ear tested
first. This possibility can be determined during the initial
WB chirp test. Contralateral masking is available if neces-
sary. As with ABR, it is prudent to set each of the frequency-
specific stimuli in each ear at 0-20 dB greater than the WB
CE-Chirp threshold for that ear to begin the test. An AR level
of 40 nV is an appropriate starting level for children. This
level can be increased during testing if a child is particularly
noisy.

It is prudent towatch the background EEG andwait for the
child to settle before testing starts. Once the child is quiet, the
START buttonwill start all stimuli at once. All eight responses
will be tracked at the same time.

The tester must watch the entire screen. The response
window for each test looks much like the FMP graph. The
noise is shown as a shadow and falls off substantially with
averaging. The response trace, tagged with the associated
stimulus level, will grow with averaging if a response is
present and will stop the average and change from red to
green when the response criteria are met. The actual values
of the response criteria percentage and the background noise
can be read at any time from a table at the bottom of the
screen.

If not stopped by a detected response, the averaging
continues for six minutes. There is no automatic stopping
for low noise presently implemented in the Eclipse software.
The Sininger et al50 study allowed testers tomanually stop an
average if all the following conditions were met: (a) the
response criterion measure was 50% or less, (b) the back-
ground noise was� 15 nV, and (c) at least three minutes had
elapsed. This procedurewas used to shorten the test time. As
with ABR, the user can extend the averaging time if it appears
that a response is growing and is approaching a positive
response.

When a response is reached at a given level, the next test
level is chosen with a mouse click inside the appropriate
response box, and acquisition will start up immediately.
Consequently, many different levels may be running simul-
taneously. However, the systemwill alert the user if the level
of any one stimulus differs from any other simultaneous
stimulus by 30 dB or more. The system will not allow a large
discrepancy in the presentation of stimulus levels to avoid
the spread of masking. A disallowed level is placed in a
“waiting” mode and will start up when the levels of other
stimuli allow.

As with FMP, the length of time needed to achieve a
response will be related to the sensation level of the eliciting
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stimulus and the level of the background noise. The
responses that are confirmed in less than one minute are
the most robust and vice versa. This information can be
useful in choosing levels in the threshold bracketing process.
The ASSR systemwill automatically plot the uncorrected and
corrected (based on ►Table 2) thresholds onto an “estimat-
ed” audiogram form as shown in the case studies.

Case Studies

Two cases from Sininger et al50 study have been chosen to
illustrate the protocol. The first case involves a one-month-
old infant who failed newborn hearing screening but had no
other risk factors associatedwith hearing loss. The infant was
evaluated during natural sleep. Test results from this baby
are found in ►Figures 4A and B. The middle ear measure-
ments and DPOAE results are within normal limits in both
the ears.

It should be noted that the 226-Hz tympanogram was
routinely extracted but is not appropriate for a one-month-
old infant. The electrophysiologic tests for this baby are
shown in ►Figure 4B. ABR was used to obtain responses
(FMP> 2.25) to WB CE-Chirps at 10 dB in each ear. Thresh-
olds were obtained at all four frequencies in each ear for
each test.

For both ABR and ASSR, the lowest level tested was 20 dB
at 500 Hz and 10 dB at all other frequencies. In this case, ASSR
testing was started at 20 dB, and the lowest levels produced a
response at all frequencies in the right ear but were elevated
by 5 dB at 500 and 1000 Hz in the left. The ABR results are
shown for 1000 and 4000 Hz as examples. Testing started at
20 dB in the left ear, but only the lowest test level (10 dB)was
evaluated on the right. The strategy of only testing the base
level was often used when such encouraging results were
obtained in preliminary tests and this saved time. ABR
responses were determined using the FMP criteria of 2.25.
The corrected thresholds are shown on the predicted audio-
gram at the bottom of►Figure 4B. Both techniques found the
same results of 0-5 dB thresholds. The time needed to
complete the ASSR testing was 9.5 minutes, and the ABR
was completed in 9.3minutes.

The second case is presented in ►Figures 5A and B. This
three-month-old failed NHS after an emergency C-section
birth. Two other audiologic assessments had been carried out
before this infant was enrolled in the study. The first of these
assessments found a mild, likely sensorineural hearing loss

and the second ABR again showed a mild, but possibly
conductive loss. The tympanometry on the day of this
assessment showed peaked tympanograms in both ears
with normal middle ear pressure in the right and —300
daPa in the left ear. The absorbance, when corrected for
middle ear pressure, was primarily within the normal range
but displayed absorbance peaks slightly greater than normal
at �1500 and 4000 Hz in both ears. The DPOAEs were
considered absent at all frequencies in both ears.

The WB CE-Chirp thresholds were 50 dB in the right ear
and 45 dB on the left (uncorrected). ASSR threshold searches
started around 60 dB, and the final thresholds ranged from
45-55 in the right to 30-55 in the left ear. The corrected pure-
tone averages by ASSR were 41.25 dB eHL in the right and
35 dB eHL in the left ear.

ABR thresholds were generally consistent with the ASSR
but were slightly higher with PTAs of 48.75 dB eHL in the
right and 43.75 dB eHL in the left ear. In general, thresholds
by ABR were slightly higher than those found with ASSR by
Sininger et al.50 Sound-field behavioral thresholds were also
evaluated and found to be 51.25-dB HL on average, consis-
tent with sound field to insert earphone correction factors.

Finally, WB CE-Chirp thresholds were obtained by
unmasked bone conduction revealing thresholds of 30 on
the right and 35 on the left. These can be compared with 50
(R) and 45 (L) dB (dial) by air conduction. Bone-conduction
thresholds are expected to be lower than air-conducted
thresholds in infants without conductive hearing loss, but
the correction fromair to bone for aWB stimulus is unclear. If
the initial assumption of about 10 dB holds up, it appears that
there is a possible 10 dB air-bone gap on the right and no
appreciable gap on the left.

Only the 500 and 2000 Hz ABRs are shown, but thresholds
were found for all four frequencies. The evaluation time for
this infant by ABR (excluding WB air and bone) was
43.98minutes. The ASSR thresholds were obtained in
32.57minutes. Overall, faster evaluations by ASSR than
ABR were commonly found by Sininger et al.50

Discussion

The purpose of this publication is to provide all details of the
testing protocol that produced audiometric predictions on
children with reduced test times. This is provided to assist
clinicians seeking to replicate the findings in Sininger et al50

so that they can use the same procedures.

Table 2 Average Hearing (0.5,1, 2, and 4 kHz) Thresholds in dB eHL determined by Electrophysiology (ABR, ASSR or Both) for all 10
Participants (P1-10) from Sininger et al50 inWhomDPOAEsWere Absent at all Frequencies andWB TympanometryWas Found to be
Normal

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

RE Avg 100 97.5 95 90 80 77.5 70 47.5 36.25 28.75

LE Avg 100 100 95 90 43.75 78.75 65 18.75 36.25 17.5

Bone >50 >50 >50 >50

Note: Bone conduction was tested by WB CE-Chip in four subjects.
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Fig. 4 (A) Case 1. Tympanometry and distortion-product otoacoustic emissions results on Case 1. Tympanograms were extracted from the click
response at 226 Hz, 1000 Hz and a composite tympanogram from 800 to 2000 Hz. The latter is superimposed on normative data for a one-
month-old infant. The extracted tympanograms showed normal middle ear pressure and absorbance peaks within the normal range. In the
center, the absorbance at peak pressure (4 daPa in the right and —32 daPa in the left ear) is plotted by frequency. Bothears show data that is
superimposed upon, and essentially within the norms fora 1-month old child. On the right panels are DPOAE results. Clear responses were noted
at all frequencies except 3 kHz in both ears. (B) Electrophysiologic results from Case 1. The ASSR was completed at all four frequencies in each ear
as illustrated above. The uncorrected thresholds for each are plotted on the audiogram at the bottom. All ABR uncorrected thresholds are also
shown on the audiogram, and the actual averages for 1000 and 4000 Hz are illustrated above. Thresholds predicted after corrections (COR) are
also shown for both technologies and indicate normal hearing sensitivity.
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Fig. 5 (A) Tympanometry and distortion-product otoacoustic emissions results on Case 2. Tympanograms from 226Hz, 1000Hz and a composite
tympanogram from 800 to 2000Hz were extracted from the broad band (click) response. In the center, the Absorbance at 0 daPa and corrected peak pressure
(–105 daPa in the right and –298 daPa in the left ear) is plotted by frequency. When corrected for peak pressure, both ears show data that is primarily
superimposed upon the norms for a 3-monthold child. The extracted tympanograms shownormalmiddle ear pressure in the right ear and negativemiddle ear
pressure in the left ear. Normal amplitude absorbance peaks are seen on the tympanograms in both ears. On the far right are DPOAE results. No response was
noted at any test frequency in either ear. (B) Electrophysiologic results from Case 2. The initial WB-CE-Chirp ABR thresholds by air conduction were 50 dB in the
right ear and 45 in the left. The ASSRwas completed at all four frequencies in each ear. The thresholds for each are plotted on the audiogram at the bottom. All
ABR thresholds are also shown on the audiogram, and the actual averages for 500 and 2000Hz are illustrated above. Thresholds predicted after corrections are
also shown for both technologies and indicate a moderate flat hearing loss with slightly lower thresholds predicted by ASSR. Also shown are Sound-Field (S)
audiometric thresholds.
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Application of “Good Clinical” Principles in Testing
The suggested protocol uses several principles that are
supported by both the need for clinical efficiency and by
evidence. One is that the order of the tests can improve
efficiency. Knowing the status of the middle ear and the
outer hair cells can save valuable time and avoid unnecessary
testing. Therefore, as in the Sininger et al50 study, this
protocol recommends performing otoacoustic emissions
tests and tympanometry (WB if possible) at the beginning
of the evaluation.

The second principle is to use, whenever possible, well-
established technologies to improve the SNR of the electro-
physiologic recording. Two examples of such technologies
are Bayesian weighting (Elberling and Wahlgreen25) for
control of recording noise and narrowband CE-Chirp stimuli
(Sturzebecher) for enhancing the amplitude of the auditory
neurophysiologic response.

Another principle of the protocol is to save time in any
way that is reasonable. This protocol used the samehardware
for tympanometry and otoacoustic emissions: in this case,
the Interacoustics Titan. Timewas saved by inserting the test
probe into each ear just once and changing software twice.
For example, tympanometry could be performed in the right
ear followed by DPOAE, changing the probe to the left ear,
starting with DPOAE and completing tympanometry in the
left ear. This not only saved time but also was minimally
invasive for the infant.

The final principle of the protocol is to use carefully
developed and experimentally proven objective methods
for response detection. Both FMP for ABR or detection by
“next-generation” ASSR will meet these criteria. Such tech-
niques will improve accuracy of results as well as speed/
efficiency of the test time.

Optimization on Other Clinical Electrophysiology
Systems
The Sininger et al50 study used the Interacoustics Eclipse
system. Many of the types of features that we found useful in
improving the quality of recordings and reducing test are
implemented on other clinical systems. Most systems allow
for a variety of tests to be administered from the same piece
of equipment, e.g., OAEs and middle ear measurements with
the same probe placement, which saved time and was more
convenient. Using one piece of equipment means fitting the
correct probe size is easier because only one probe was
needed. Combined hardware and software are also more
cost efficient and space efficient.

Several systems includemeasurement of real-time residual
noise or even SNR.However, specifics on these calculations are
not always published or readily available. It is important to
know how noise is calculated and how to interpret the values.
It is also important to know whether these calculations are
available to the clinician in terms of stopping rules for averag-
ing. Knowing the values after the averaging has stopped is
valuable but will not improve the overall testing speed.

Many systems provide reproducibility statistics for wave-
forms, either replications or split-half waveforms. These
measures have long been considered as a proxy for SNR,

and they can be useful. However, there are no guidelines to
indicate the level of correlation value that is “acceptable” nor
is there a window placement or duration for correlation that
is recommended.

Users should obtain as much information as possible on
the implementation of automated noise or detection
schemes on any piece of equipment they use or hope to
buy. If none is available, practical measures can be substitut-
ed. Watch the ongoing EEG to indicate the levels of noise that
are contributing to the response and intervene if they are too
high. It is useless to record 2,000 or 4,000 sweeps of noise and
hope to interpret the results later!When noise levels are low
and stable, watch the average for the desired waveforms to
emerge. If possible, check the split halves for consistency and
manually stop the averaging when the response is present. A
response replication at the lowest level can be helpful when
this approach is used.

What was Learned from Preliminary DPOAE and
Immittance Tests?
Although tympanometry will not predict average hearing
levels, 3-D tympanometry that is normal on everymetric can
impact the decision of whether to use clinic time for bone
conduction (Hunter et al32; Prieve et al44; Aithal et al1).
Normal middle-ear measures will also have a significant
impact on the interpretation of otoacoustic emissions tests
(Blankenship et al3).

For example, ten children from the Sininger et al50 study
were found to have “normal” WB tympanometry and absent
DPOAEs. All these children were subsequently found to have
significant hearing loss as shown in ►Table 2.

Sininger et al50 found that ABR (with automated detection
as described here) could be expected to predict a full audio-
gram in both ears of typical infant and toddler patients in less
than 33minutes and ASSR could do the same in less than
20minutes. Ninety percent of children could be tested in
53.7minutes or less by ABR and 31.26minutes by ASSR. It is
not necessary to do both tests. Based on the results of
Sininger et al,50 either ABR or ASSR will provide accurate
results in a reasonable amount of time. The important
indication is that these procedures will allow most children
to be evaluated during natural sleep by ABR and nearly all by
ASSR. The consequence of shorter test times for those
children who require anesthesia is also important.

Abbreviations

ABR auditory brainstem response
AR artifact rejection
ASSR auditory steady-state response
DPOAEs distortion product otoacoustic emissions
LS level specific
SNR signal-to-noise ratio
WB wideband
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