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Objectives: The first objective of this study was to compare the pre-
dicted audiometric thresholds obtained by auditory steady state 
response (ASSR) and auditory brainstem response (ABR) in infants 
and toddlers when both techniques use optimal stimuli and detection 
algorithms. This information will aid in determining the basis for large 
discrepancies in ABR and ASSR measures found in past studies. The 
hypothesis was that advancements in ASSR response detection would 
improve (lower) thresholds and decrease discrepancies between the 
thresholds produced by the two techniques. The second objective was 
to determine and compare test times required by the two techniques to 
predict thresholds for both ears at the 4 basic audiometric frequencies 
of 500, 1000, 2000, and 4000 Hz.

Design: A multicenter clinical study was implemented at three univer-
sity-based children’s hospital audiology departments. Participants were 
102 infants and toddlers referred to the centers for electrophysiologic 
testing for audiometric purposes. The test battery included wideband 
tympanometry, distortion-product otoacoustic emissions, and threshold 
measurements at four frequencies in both ears using ABR and ASSR 
(randomized) as implemented on the Interacoustics Eclipse systems with 
“Next-Generation” ASSR detection and FMP analysis for ABR. Both meth-
ods utilized narrow band CE-Chirp stimuli. Testers were trained on a spe-
cialized test battery designed to minimize test time for both techniques. 
Testing with both techniques was performed in one session. Thresholds 
were evaluated and confirmed by the first author and correction factors 
were applied. Test times were documented in system software.

Results: Corrected thresholds for ABR and ASSR were compared by 
regression, by the Bland–Altman technique and by matched pairs t tests. 
Thresholds were significantly lower for ASSR than ABR. The ABR–ASSR 
discrepancy at 500 Hz was 14.39 dB, at 1000 Hz was 10.12 dB, at 2000 
Hz was 3.73 dB, and at 4000 Hz was 3.67 dB. The average test time for 

ASSR of 19.93 min (for 8 thresholds) was found to be significantly lower 
(p < 0.001) than the ABR test time of 32.15 min. One half of the subjects 
were found to have normal hearing. ASSR thresholds plotted in dB nHL 
for normal-hearing children in this study were found to be the lowest yet 
described except for one study which used the same technology.

Conclusions: This study found a reversal of previous findings with up 
to 14 dB lower thresholds found when using the ASSR technique with 
“Next-Generation” detection as compared with ABR using an automated 
detection (FMP). The test time for an audiogram prediction was signifi-
cantly lower when using ASSR than ABR but was excellent by clinical 
standards for both techniques. ASSRs improved threshold performance 
was attributed to advancements in response detection including utiliza-
tion of information at multiple harmonics of the modulation frequency. 
The stimulation paradigm which utilized narrow band CE-Chirps also 
contributed to the low absolute levels of the thresholds in nHL found 
with both techniques.

Key words: Auditory brainstem response, Auditory steady state 
response, Children, Hearing loss.
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INTRODUCTION

The Need for Fast Electrophysiologic Assessments
The importance of early identification of hearing loss is well 

established but the ultimate goal of these programs is early inter-
vention. Substantial progress has been made in the technology 
used and in the implementation of newborn hearing screening 
(NHS) programs worldwide. Some aspects of follow-up on failed 
screenings, however, are not performing as expected. Families 
whose infants require the diagnostic audiology test battery may 
experience delays in receiving the final information for a variety 
of reasons. A limited number of clinics have expertise in audi-
tory electrophysiology for children and wait times for appoint-
ments can be long. Auditory assessments with electrophysiology 
require a very quiet patient and the amount of naptime available 
for testing is reduced as the child’s age increases. By 6 months, 
most clinics resort to anesthesia or sedation for electrophysi-
ologic testing which comes with health risks, increased parental 
anxiety, and increased costs. Ideally, all necessary information 
required to either confirm normal hearing or to establish fre-
quency-specific thresholds for each ear for initial hearing aid fit-
ting should be obtained at the first audiology appointment after 
referral from newborn screening. It is also necessary to obtain 
some estimate of conductive component, if present.

The need for second appointments can trigger a cascade of 
events that delay diagnosis and the fitting of amplification and 
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habilitation. Multiple audiology sessions decrease the number 
of available appointments and increase wait times for appoint-
ments at busy audiology clinics. The potential for missed 
appointments goes up dramatically and contributes to loss-to-
follow-up. As families wait for appointments, infants may reach 
the age at which they need anesthesia for testing and all the 
scheduling considerations and risks that entails. Most impor-
tant, the child with a hearing loss may be delayed in receiving 
the amplification that is so sorely needed.

Holte et al. (2012) evaluated the factors that lead to follow-up  
delays after NHS in a study of 193 infants with hearing loss who 
had failed screenings. Of the families who waited more than 
3 months after the first diagnostic (electrophysiologic) test for 
confirmation of hearing loss, the most common reason given 
by parents was “multiple retesting.” According to Yoshinaga-
Itano, “the number one reason why children with hearing loss 
are delayed in fitting of amplification is the need for multiple 
auditory brainstem response appointments” (C. Yoshinaga-Itano, 
personnal communication, April 3, 2017).

Electrophysiologic testing for audiometry requires children 
to be asleep. The amount of time available for testing of infants 
is dependent on how long they will remain in natural sleep. 
Janssen et al. (2010) found the average “natural sleep” time for 
infants (median age 4 months) was 48.8 min with 20% sleeping 
33.1 min or less. The average time for a sedated evaluation was 
58.2 min and yet, only 80% of those evaluations completed 6 
thresholds which was the minimum that they considered ade-
quate for fitting of amplification. Eighty percent of the natu-
rally-sleeping infants completed only four thresholds. Of 188 
children seen for audiometric ABR evaluation in their clinic, 
at least 20% did not receive a full evaluation (3 frequencies per 
ear). Based on the sedated evaluation time, a minimally-ade-
quate ABR evaluation takes almost 60 min and yet the average 
natural sleep time is 48.8 min.

ABR is known as the measure of choice for predicting the 
audiogram in infants and toddlers (JCIH 2007). This is due in 
large part to results published by Stapells et al. (1995) who 
demonstrated excellent agreement between ABR and behav-
ioral thresholds for 0.5, 2, and 4 kHz. Although the accuracy 
of ABR threshold prediction has been considered good, the test 
times for a full assessment with ABR continue to exceed the 
natural sleep time of many children.

In the 1990s, a new technique for evaluating thresholds, now 
known as the auditory steady state response (ASSR), was com-
mercially developed. For a complete review, see Korczak et al. 
(2012). Excitement surrounding this new technique had much 
to do with the possibility reducing test time by evaluating four 
frequencies in each ear simultaneously.

Van Maanen and Stapells (2009) used ASSR with simultane-
ous four-frequency stimulation bilaterally to evaluate a group 
of normally-hearing infants previously tested by ABR. They 
reported ASSR test times as the time spent making an assess-
ment (all frequencies and ears) at a single stimulus level. The 
average time per level was 6.3 min with a SD of 3.10 min. They 
also state that one to six intensities were recorded per infant. 
By interpolation, an average of 3.5 intensities at 6.3 min would 
be 22.05 min for the ASSR assessment in the normally-hearing 
infants.

Venail et al. (2015) evaluated children with hearing loss using 
“Next Generation” ASSR and reported an average test time of 
22.90 min for 4 thresholds in each ear. Mueller et al. (2012) 

reported ASSR test times for adults with and without hearing 
loss, also using “Next Generation” ASSR. They reported an 
average test time of 18.6 min overall with normally-hearing sub-
jects being tested somewhat more quickly (16.1 min). Vander 
Werff (2009) reported test times from adult subjects, both nor-
mally hearing and with hearing loss while comparing analysis 
techniques both with simultaneous binaural simulation. The 
average test times for 4-frequency thresholds in both ears were 
46.1 and 43.6 min for the 2 techniques but test times were faster 
(38 to 39.2 min) for normally-hearing subjects.

With the possible exception of the Vander Werff (2009) 
study, the reported test times for ASSR using simultaneous, 
binaural testing of multiple frequencies appears to produce test 
times that are in the 20- to 25-min time frame which should 
make a full assessment possible during most natural sleep time 
durations (33 to 48 min). While the test times for ASSR are very 
encouraging, the accuracy of the threshold measures produced 
by ASSR has been questioned, especially when compared with 
ABR measures.

Early reports on the accuracy of threshold predictions using 
ASSR with children found that the threshold levels were not 
well correlated to behavioral thresholds and too high above nor-
mal-hearing thresholds to be useful (JCIH 2007). For example, 
Rance et al. (2006) found some 4000 Hz thresholds by ASSR 
in normally-hearing infants as high as 50 dB nHL, while ABR 
in the same infants demonstrated thresholds below 20 dB nHL. 
More recently, Attias et al. (2014) found correlations with 
r values as low as 0.63 for ASSR thresholds compared with 
audiometric thresholds in adults which is well below the gen-
eral standard. For comparison, Stapells et al. (1995) found ABR 
thresholds correlated to behavioral thresholds in infants with 
r = 0.94 to 0.97.

Previous Studies Comparing ABR and ASSR
Some investigations have compared ABR thresholds gen-

erated with clicks to ASSR thresholds elicited by frequency-
specific stimuli in both adults and children with a range of fair 
results (Cone-Wesson et al. 2002a; Firszt et al. 2004; Luts et 
al. 2004; Swanepoel & Ebrahim 2009; Vander Werff 2009; 
Rodrigues et al. 2010; Venail et al. 2015). However, the present 
study will compare the two tests with like-frequency stimuli and 
with children as participants and therefore the following dis-
cussion will focus only on those studies also using frequency-
specific stimuli in children. These are summarized in Table 1.

Table 1 indicates that Rance et al. (2006) and Van Maanen 
& Stapells (2010) found that ASSR thresholds were consis-
tently elevated relative to ABR while better agreement between 
the two technologies was found for Rodriguez et al. (2010) 
and Michel and Jørgensen (2017). The studies summarized 
in Table 1 discuss overall findings in children but discrepan-
cies between ABR thresholds and ASSR thresholds seem to be 
greatest in normally-hearing subjects.

Rance et al. (2005) compared ASSR thresholds to behavioral 
thresholds in 575 children, 285 with normal hearing and the 
remainder with hearing loss. The average ASSR threshold in 
the normally-hearing group was elevated relative to behavioral 
by an average of 27.85 dB for the 4 standard audiometric fre-
quencies. For the whole group, behavioral and ASSR thresholds 
were correlated (r ≥ 0.96) but the regression equations showed 
a somewhat nonlinear relationship (slopes of 0.73 to 0.81) and 
corrections of 22.9 to 33 dB indicating that predictions for 
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normal hearing were the poorest. They summarized these find-
ings stating “ASSR testing (as carried out in this study) cannot 
reliably differentiate between normal ears and those with mildly 
elevated hearing levels” (Rance et al. 2005, p. 298).

The difficulties experienced when using the early ASSR sys-
tems are likely due to automatic detection schemes that lacked 
sufficient sensitivity to find low-amplitude responses. The 
stimulus and detection paradigms used for ASSR are complex. 
Segments of electroencephalography (EEG) are analyzed for 
evidence of the amplitude and phase of the stimulus modulation 
frequency. Some detection algorithms look for “coherence” of 
the phase across segments. Others assess the amplitude of the 
target frequency component relative to surrounding frequencies 
in the FFT and test for statistical differences with an F test. 
Some systems test for evidence of a response with both phase 
and amplitude measurements. Simultaneous tests are run for all 
modulation frequencies in the multifrequency paradigm.

New Advances in ASSR Detection
A new detection algorithm for the ASSR has been described 

(Stürzebecher et al. 1999; Cebulla et al. 2006). They proposed 
a specialized “q-sample” statistical assessment that evalu-
ates both the phase and amplitude at multiple harmonics of 
the modulation frequency, rather than looking only at the first 
harmonic as in the past. The multiharmonic (q-sample) tech-
nique improved detection rates and reduced time to detection by 
ASSR (Cebulla et al. 2006). Bonferroni corrections for multiple 
statistical tests were replaced by a more appropriate corrected 
critical test value developed with a simulation procedure (Stür-
zebecher et al. 2005). The Eclipse ASSR system implemented a 
table lookup for individual ASSR tests further improving detec-
tion rates and decreasing test time (Stürzebecher & Cebulla 
2013; Cebulla & Stürzebecher 2015). This detection scheme 
including the assessment at multiple modulation harmonics and 

new approach to critical test values for ASSR has been referred 
to as “Next Generation.”

Automated Detection of ABR
Excellent statistically-based detection schemes have been 

described for use with ABR but are generally not utilized in 
clinical audiology. As previously stated, ABR frequency-specific 
thresholds are the clinical standard for audiogram prediction in 
infants and toddlers and are used universally for follow-up of 
failed NHSs.

Elberling and Don (1984) and Don et al. (1984) described a 
technique to determine the overall quality of an ABR including 
an estimate of the averaged background noise. The technique 
produced a value known as the F

SP
 which was calculated in real 

time during the averaging. The formula for calculation is

FSP = VAR S /VAR SP .( ) ( )
VAR(S) is a calculation of the amplitude variance of the 

averaged response in a 10 msec window surrounding the area 
of expected ABR. This value will include the RMS of the 
response and the residual background noise. The VAR(SP) is 
the variance of a single point within the window over a series of 
sweeps. Herein lies the difference between F

SP
 and F

MP
. The F

SP
 

(SP for single point) used one point in each sweep in the noise 
calculation and the F

MP
 uses 5 spaced points (MP = multiple 

points) from each sweep. A total of 250 points go into the noise 
calculation but this happens more quickly (50 sweeps for F

MP
 

and 250 for F
SP

) with F
MP

. The value of F
MP

 is updated every 
50 sweeps and, if a response is present, grows as the noise is 
reduced with averaging. The F

MP
 (or F

SP
) as a ratio of variances 

has an F distribution with 5 and 250 degrees of freedom (Elber-
ling & Don 1984) which allows the determination of confidence 
levels for F

MP
 values. Clinically, an F

SP
 or F

MP
 of 2.25 is the 

TABLE 1. Previous studies comparing frequency-specific thresholds obtained by ABR and ASSR in children

Study Population ASSR ABR Results Notes

Rance et al. (2006) N = 17. Term  
neonates up to  
6 wk with normal 
hearing

500 and 4000 Hz AM 
and FM-modulated 
detection by phase 
coherence

500 and 4000 Hz tone 
bursts and visual 
detection

ASSR thresholds 
higher and more 
variable

Thresholds were high by 
both methods. Both 
tests same day

Van Maanen and 
Stapells (2010)

N = 53. Median  
age16.3 mos with 
hearing loss

Continuous AM  
(81–100 Hz) 
tones. Binaural 
multifrequency; 
detection at mod 
frequency by F test

Standard 4 tone  
bursts and visual 
detection

Mean threshold 
differences 10.7, 
9.5, 9.2, and 6.3 
dB (500–1000–
2000–4000 
Hz) with ASSR 
thresholds higher. 
High correlations

Not always same day:  
2 to 6 sessions needed

Rodrigues and  
Lewis (2010)

N = 17, 2 mo–3 yr  
with hearing loss

Tone pips at rates of 
77–103 Hz. Binaural 
multifrequency, 
phase, and amplitude 
detection F test

Standard 4 tone  
bursts and visual 
detection

ASSR slightly  
better (0–5 dB) 
good correlations.  
ASSR well 
correlated to 
behavioral

Both tests on the same 
day. ASSR often 
present at high levels 
when no response was 
found by ABR

Michel and 
Jørgensen  
(2017)

N = 67. 4 days to 21 
mos, normal and 
hearing loss

NB CE-Chirps-Binaural 
Multiple Frequency. 
Next Generation 
Detection

Standard 4 tone  
pips and visual 
detection

Good correlations 
ASSR slightly 
lower thresholds

Testing on the same day

ABR, auditory brainstem response; ASSR, auditory steady state response.



<zdoi; 10.1097/AUD.0000000000000580>

1210  SININGER ET AL. / EAR & HEARING, VOL. 39, NO. 6, 1207–1223

95% confidence level of a true response presence and correlates 
best with the “visual response detection” of a trained clinician 
(Sininger 1993).

The use of F
MP

 has several important advantages in a clinical 
setting. Quantifying the level of confidence in a response will 
improve consistency in test results across users and clinical sites. 
The use of this statistical method also eliminates uncertainty 
regarding the number of sweeps which need to be averaged for 
any given measurement. The amount of averaging needed to 
achieve an adequate signal to noise ratio (SNR) is based on the 
amplitude of the response and the overall noise in the record-
ing, neither of which is known to the tester beforehand. The 
F

SP
/F

MP
 technique allows the user to stop averaging when an 

adequate SNR is achieved. Large amplitude responses require 
less averaging for a given background noise than do small ones 
and averages containing high levels of noise require more aver-
aging than those with low levels for a given amplitude response. 
It is possible to monitor the background noise in the average 
or the VAR(SP) in itself during the average. When a response 
is absent, the recording can be stopped when the background 
noise has been reduced sufficiently to have allowed detection 
of a small response if it were present. Regardless of whether a 
response is detected or absent, the F

MP
 technique will optimize 

the averaging time based on the characteristics of the recording 
and will ultimately reduce test time and improve detection of 
small responses (Don & Elberling 1996).

Advances in Stimuli for Electrophysiologic Testing
On the stimulus side, significant strides have been made in the 

use of chirp stimuli for electrophysiology. Dau et al. (2000) devel-
oped a chirp stimulus for use in electrophysiologic testing. This 
stimulus had the spectrum of a traditional click, but the order of 
energy presentation was dispersed from low frequency to high fre-
quency with timing of frequency components based on estimates 
of the cochlear traveling wave delay. Theoretically, all areas of the 
basilar membrane are activated simultaneously by the chirp pro-
ducing a larger neural response due to improved synchronization.

Stürzebecher et al. (2001) developed a wideband chirp for 
electrophysiologic testing and screening and later Stürzebecher et 
al. (2006) created octave band chirps built by the addition of indi-
vidual cosines with the phase of each component adjusted to com-
pensate for cochlear delay based on the model of de Boer (1980). 
The cosigns are spaced around the center frequency of intended 
stimulus, in this case 500, 1000, 2000, and 4000 Hz. The frequency 
spacing of the cosigns determines the modulation so if spaced at 90 
Hz, for example, there is an automatic 90 Hz modulation.

The ASSR “Next Generation” detection algorithm is 
designed to detect amplitude and phase at up to 12 harmon-
ics of the modulation. At 500 Hz, there was a potential overlap 
between the frequencies of the stimulus cosigns and the fre-
quencies of the harmonics of the modulation. This would have 
led to a possible “stimulus artifact” detection problem. Con-
sequently, the whole series of cosigns was shifted by ½ of the 
modulation rate (for example 45 Hz). This eliminated the over-
lap avoiding detection of stimulus. In addition, if the offset is ½ 
of the modulation rate, a phase coupling across two periods of 
the modulation results in an alternating stimulus.

Elberling et al. (2007) developed chirp stimuli using delay 
models based on data from Manny Don’s lab. Elberling and Don 
(2008) demonstrated a near doubling of ABR amplitude with these 

chirps compared with standard click stimuli. This stimulus is now 
termed the CE-Chirp for Claus Elberling, its primary developer.

Narrow band (NB) CE-Chirps are used for audiometric 
measures. These have the same center frequencies as standard 
tonebursts such as those used by Stapells et al. (1995) and are 
approximately one octave in spectral width. These stimuli use 
the same formula discussed above for traveling wave compensa-
tion within the spectrum of the narrow band and frequency off-
set to allow for multiharmonic detection schemes with ASSR.

Are chirps of value for electrophysiologic testing? Studies 
using adult subjects (Dau et al. 2000; Elberling & Don 2008, 
2010; Cebulla & Elberling 2010; Petoe et al. 2010; Kristensen & 
Elberling 2012) have shown that the chirp will enhance electro-
physiologic response amplitudes relative to traditional stimuli. 
Several clinical studies of children have proven that, compared 
with traditional tone bursts, NB CE-Chirps produce larger ampli-
tude responses, reduce test time, and even reduce the expected 
threshold and lower correction factors from ABR measures to 
predicted hearing thresholds in infants and children (Ferm et al. 
2013; Rodrigues et al. 2013; Ferm & Lightfoot 2015).

Purpose
The purpose of this study was twofold. The first was a com-

parison of actual test times for ABR and ASSR with each test 
optimized by the use of NB Chirps and advanced detection tech-
niques. The second was to evaluate any discrepancies between 
threshold predictions by ASSR and ABR techniques. Will 
improvements in response detection allow ASSR to produce 
thresholds at the same level as ABR? Children were evaluated at 
the same appointment with testing protocols counterbalanced. 
A variety of clinics with experienced pediatric audiology staff 
performed the evaluations on actual patients.

MATERIALS AND METHODS

The study was conducted by the Audiology Departments at 
three, university-affiliated hospitals including Cincinnati Chil-
dren’s Hospital Medical Center, Children’s Hospital of Colo-
rado in Aurora, and University of University of North Carolina 
Medical Center in Chapel Hill. This study was reviewed and 
approved by the respective Institutional Review Boards of each 
hospital and all testing was performed after the informed con-
sent of a parent or guardian.

Participants
One hundred and two children were studied including 58 

females and 44 males. The mean age of the children was 12.55 
months. The range was 0.7 to 80 months of age. The distribu-
tion of the children’s ages is shown in Figure 1 demonstrating 
that the majority (59%) were 5 months of age or younger at the 
time of test. All children who were referred to audiology for an 
audiologic evaluation that required electrophysiologic technol-
ogy were eligible for the study. Reasons for referral are shown 
in Figure 2 with “failed NHS” being the most common reason 
given in 41 cases.

Test Measures
The test protocol included some audiology procedures 

designed to augment clinical conclusions and expedite the test-
ing sessions. The protocol was as follows:
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• Wideband tympanometry was performed using the Intera-
coustics Titan Suite. The test utilized medium pump speed, 
pressure range from +200 to −400 daPa and a click stimu-
lus used to elicit the response. The wideband response 
was plotted in three dimensions. Pressure by frequency by 
absorbance plots were displayed and NB (800 to 2000 Hz) 
and single frequency 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 normative areas.

• Distortion-product otoacoustic emissions (DPOAEs) were 
tested using the Interacoustics Titan with the same probe 
used for wideband tympanometry. DPOAE SNR was mea-
sured with f2 of 2000, 3000, 4000, 5000, 6000, and 8000 
Hz, f2/f1 = 1.22 and stimulus levels of 65 and 55 (L1 and 
L2) dB SPL. Criteria for a response at each frequency 
included a minimum DP level of −10 dB, SNR of 6 dB, and 
residual noise of −20 dB SPL.

• An ABR threshold using a wideband CE-Chirp was estab-
lished in each ear (see ABR threshold procedure below).

• Random participant numbers were assigned to each subject. 
Each number was randomly assigned to a test order start-
ing either with ASSR or ABR. The threshold searches for 
all stimuli by either method started with a stimulus level at 
or just above the broad-band CE-Chirp threshold as a time-
saving measure.

Electrophysiology • The stimuli used for threshold detection 
with ABR and ASSR were octave band CE-Chirps with center 
frequencies of 0.5, 1.0, 2.0, and 4.0 kHz (Stürzebecher et al. 
2006; Elberling & Don 2010; Elberling et al. 2010). Alternat-
ing-polarity CE-Chirps were level specific as described by Kris-
tensen and Elberling (2012), calibrated in nHL and presented 
via ER-3A transducers (Etymotic Research Inc., Elk Grove 
Village, IL) coupled to the ear canals of the children with flex-
ible, pediatric ear tips. Both ABR and ASSR were performed 

within the same session using the same electrodes and pream-
plifier. Surface recording electrodes were placed at the midline 
of the forehead at the hairline (noninverting) referenced to an 
electrode on the mastoid or earlobe ipsilateral to the ear of 
stimulation. A ground electrode was placed on the forehead. 
Interelectrode impedances were less than 5000 ohms. All test-
ing was performed by licensed audiologists with several years 
of experience with pediatric electrophysiologic testing. For 
both techniques, testers were instructed that threshold searches 
should begin with levels near the broad-band chirp ABR thresh-
old. The exact level for the start of the threshold search was at 
the tester’s discretion. A 5-dB step size (only near threshold) 
was encouraged. The minimum test level used was 20 dB nHL 
for 500 Hz and 10 dB nHL for all other frequencies. The maxi-
mum level tested was between 80 and 100 dB nHL at the discre-
tion of the tester.
Auditory Brainstem Response • Thresholds for each stimu-
lus and ear were measured individually with the order of testing 
at the discretion of the audiologist. Stimuli were presented at 
39.7/sec. The Eclipse system adjusts the stimulus onset relative 
to the recording window by frequency allowing for an equiva-
lent expected latency for each frequency and a standard 20 msec 
recording window regardless of stimulus (Ferm et al. 2013). The 
EEG was filtered from 100 to 1500 Hz, 12 dB/octave. Bayesian 
weighting (Elberling & Wahlgreen 1985) was utilized to reduce 
the impact of variable noise along with an artifact rejection set 
to ±40 μV. Stopping of averaging on a criterion based on SNR 
will optimize the use of test time and reduce threshold levels 
(Sininger 1993; Don & Elberling 1996). F

MP
, a statistical measure  

proportional to the SNR of the recording was used for objec-
tive ABR response detection. F

MP
 is calculated using 5 points/

sweep for noise estimation but is otherwise identical to the F
SP

 
(Elberling & Don 1984). F

MP
 was calculated every 50 sweeps 

along with an estimate of the residual background noise (Don & 
Elberling 1994). The criteria for threshold was the lowest stimu-
lus level producing an evoked potential recording achieving an 
F

MP
 of 2.25 (95% response confidence) or greater. If the F

MP
 

condition was not achieved, the recording was stopped when 
the residual noise reached a value of 20 nV or lower or when 
6000 sweeps had finished. The audiologist could extend the 
maximum number of sweeps if deemed necessary. ABRs to any 
given stimulus level were not repeated unless deemed necessary 
by the audiologist. Rather, response confidence was determined 
by the F

MP
 value. If there was a discrepancy between the F

MP
 and 

visual detection of wave V, the average to a given level could be 
repeated.
Auditory Steady State Response • Thresholds for each of the 
four stimuli and both ears were evaluated simultaneously. In 
the event of unilateral or significantly asymmetric hearing loss, 
each ear was assessed independently. Each stimulus/ear com-
bination had a unique modulation frequency near 90 Hz. The 
starting level for all frequencies was set at or no more than 20 
dB above the broad-band CE-Chirp ABR threshold in that ear.

The detection algorithm for the ASSR used on the Eclipse 
system is as described in the background section. Response 
detection is evaluated using 12 harmonics of the modulation 
frequency for each stimulus and detection incorporates both 
the amplitude and the phase of the response at these harmon-
ics. The ASSR procedure tests for statistical significance of a 
response at regular time intervals as described by Stürzebecher 
and Cebulla (2013).

Fig. 1. Distribution of participant ages. Sixty-one subjects of 102 (59%) 
were ≤5 mos of age.
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The stopping rule was set to the 95% confidence limit and 
the growth of the detector over time was plotted along with 
the background noise. Noise rejection was set to 40 nV. Eight 
growth curves (four frequencies per ear) were displayed simul-
taneously. If not stopped by background noise criterion or 
response detection, the average stopped automatically in 6 min. 
This time could be extended by the user. In addition, this study 
utilized a noise-stopping rule that had two conditions. If the 
background noise was ≤15 nV and the detection indicator was 
at 50% or less, the audiologist would stop the recording. When 
a response was detected, the growth curve turned from red to 
green and the averaging stopped. If appropriate, a new aver-
age was started by clicking in the box and setting a new level. 
This process happened independently of the sweeps that were 
running simultaneously at other frequencies although there are 
some limitations on the range of levels that could be presented 
simultaneously to prevent stimulus interactions.

ASSR stimuli consisted of NB CE-Chirps. The stimuli 
themselves are comprised of a series of cosines centered around 
the desired stimulus frequency in which the spectral separation 

of components is the modulation rate. Compensation for travel 
time in the cochlea is accomplished by phase corrections in the 
individual cosine components of the stimulus.

Every effort was made to reduce test time for both tech-
niques. Specifically, the following steps were taken during 
threshold searches:

• Testing started at a level at or just above the wideband CE-
Chirp threshold.

• Using a statistical criterion for stopping optimized test time 
by stopping the averaging process as soon as a response was 
detected, as early as 800 sweeps for ABR or less than a min-
ute for ASSR. In addition, a small response (ABR or ASSR) 
requires more sweeps than may be routinely used. Finally, if 
the noise was reduced by averaging to a point where a small 
response should be detected and yet the statistical criterion 
had not been met, the response would stop earlier than 6000 
sweeps.

• If response criterion was met early, for example after 
800 to 1000 sweeps (ABR) or within 1 min (ASSR), the 
assumption was that the stimulus was well above threshold. 

Fig. 2. A breakdown of reasons for referral to audiology among the children evaluated in this study. The major reason for testing was follow-up to failed new-
born hearing screening which occurred in 41 of 102 participants.
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Therefore, a large step size was recommended, for exam-
ple dropping 20 dB or more and conversely, when a given 
stimulus level achieved response late in the process, a small 
decrease in level was used for the next test.

• Audiologists were instructed not to mark any latencies or 
amplitudes until after the testing was completed, so as not 
to bias the ABR test time measurement.

All test data were stored in patient files in the OtoAccess 
program. The “client” information included the test site, tes-
ter, child’s subject number, age, sex, reason for testing, and 
the sleep state. Three sleep states were specified as anesthesia, 
natural sleep quiet, or natural sleep fussy. After all testing was 
completed, the file was stripped of any personal identifying 
information and encrypted. The files were sent by e-mail to the 
primary investigator who analyzed the information. Extracted 
data were stored in the REDCap data management system at the 
University of Colorado, Denver.

Data Analysis
ABRs were analyzed by the principal investigator. The 

thresholds were designated as the response from the lowest 
stimulus level that reached the 95th percentile F

MP
 criterion of 

2.25 or greater. An exception to this rule was sometimes noted 
when a response was stopped due to low background noise level. 
The noise criterion was set at ≤20 nV and if this was achieved 
before a response noted on F

MP
, the average was stopped and 

would be regarded as below threshold. However, in many cases, 
evidence of a response was seen in these cases (when stopped 
by 20 nV background noise) appearing as a small wave V with 
appropriate latency. It became clear that a lower noise-stopping 
criteria of 15 nV should have been used. When a clear response 
(small wave V at an appropriate latency for the series) was seen 
on an average that was stopped at 20 nV criteria, it was assumed 
to be the threshold and was noted as such.

Correction factors (Table 2) were applied to the dial read-
ing threshold values to correct from dB nHL to dB eHL. ASSR 
correction factors were obtained from Interacoustics and were 
based on data from Rodrigues and Lewis (2014) and ABR 
threshold corrections were also recommended by Interacoustics 
based on data from the United Kingdom (Stevens et al. 2013). 
For both tests, the acceptable correction factors were based on 
the dial level and were diminished as nHL level increased as 
suggested by McCreery et al. (2015). Unless otherwise speci-
fied, data presented have been corrected based in Table 2.

Test session time was automatically calculated and stored 
by the acquisition software for the ASSR procedure. For ABR, 
the test time was calculated based on procedure time stamps 
that are stored with the session. Test time recorded for each 
participant was the time needed to achieve eight thresholds, 
four in each ear. When fewer than eight threshold measures 
were completed, the projected test time was based on the time 
needed for those that were completed. For example, if only 
6 thresholds were obtained in 18 min, the projected time was 
24 min.

Paired t tests were used to compare matched pairs of data 
from ABR and ASSR for individual subjects such as thresholds 
for a particular frequency or test times. In addition, ASSR (as 
the dependent variable) was regressed on ABR (as the indepen-
dent variable) for each threshold. The Bland–Altman test was 
applied to assess whether the tests were clinically equivalent. 
This method focuses on the mean and SD of the differences 
between the values provided by two measurements. The Bland–
Altman technique plots the difference scores as a function of the 
mean score with 2 SDs of the mean difference illustrated (Bland 
& Altman 1995). Analyses of variance are used for evaluation 
of the effects of sleep state and degree of hearing loss on test 
times and amount of averaging needed.

RESULTS

Participants
Of the 102 enrolled participants, 35 were evaluated under 

anesthesia and 67 were tested while in natural sleep. Of those in 
natural sleep, 53 were considered “quiet” and 14 were “fussy.” 
Fifty of the children were evaluated with ABR before ASSR and 
52 had the ASSR test first.

All 8 thresholds were achieved in 83% of the ABR tests and 
87% of the ASSR evaluations. The average number of thresh-
olds per subject completed for ABR was 7.43 (SD = 1.51) and 
for ASSR was 7.36 (SD = 1.98). Both tests were competed on 
the same day for 82 subjects.
Preliminary Measures • Wideband tympanometry was 
completed in the right ear of 80 children and the left ear in 
79. Results were categorized based on whether the pattern of 
absorbance by frequency at peak pressure fell primarily within 
the normal range. A breakdown of wideband tympanometric 
results can be found in Figure 3. DPOAE measurements were 
conducted on the right ear of 91 children and the left ear of 89. 
Figure 4 displays the results in terms of numbers of frequencies 

TABLE 2. Correction factors applied to thresholds at dial reading for children tested with ER-3A insert transducers

dB nHL to dB eHL Correction Factors

Test nHL Level in dB: 0/5 10/15 20/25 30/35 40/45 50/55 60/65 70/75 80/85 90/95 100

ABR eHL 500 Hz −15 −15 −15 −15 −10 −10 −5 −5 −5 0 0
1000 Hz −10 −10 −10 −10 −5 −5 0 0 0 0 0
2000 Hz −5 −5 −5 −5 −5 −5 0 0 0 0 0
4000 Hz −5 −5 −5 −5 −5 −5 0 0 0 0 0

ASSR eHL 500 Hz −25 −25 −25 −25 −20 −15 −15 −10 −5 −5 0
1000 Hz −15 −15 −15 −15 −10 −10 −10 −5 −5 0 0
2000 Hz −5 −5 −5 −5 −5 −5 −5 0 0 0 0
4000 Hz −5 −5 −5 −5 −5 −5 −5 0 0 0 0

ASSR corrections apply to modulation rates at or near 90 Hz from Interacoustics based on data from Rodrigues and Lewis (2014). Correction factors diminish with increasing nHL as suggested 
by McCreery et al. (2015).
ABR, auditory brainstem response; ASSR, auditory steady state response.
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(DP points) which met response criteria (“passed”) for the left 
and right ears.

Threshold Comparisons
Individual ASSR thresholds by frequency were plotted 

against ABR thresholds in Figure 5. These plots represent all 
data including those points with floor effects brought on by not 
testing thresholds below 10 dB at 1000, 2000, and 4000 Hz or 
20 dB at 500 Hz and ceiling effects due to limiting test levels 
to a maximum of 80 to 100 dB. In these cases, the minimum 

or maximum test values are shown as thresholds in Figure 5, 
although technically they are not. These are termed “all” data. 
When these values are omitted, the data set will be termed “cen-
ter” with floor and ceiling “thresholds” omitted.

Regression equation values for data plotted in Figure 5 are 
shown in Table 3. Regression with “all” and “center” values 
are shown separately. This change reveals a small effect on the 
equation values. In general, the R2 values do not change sub-
stantially after removal of ceiling and floor thresholds. Fig-
ure 5 demonstrates that ABR thresholds overall are higher than 
ASSR. Statistics on the difference scores for ABR and ASSR 
thresholds are given in Table 4. The mean differences are largest 
at 500 Hz, and smallest at 4000 Hz.

Bland–Altman plots in Figure 6 illustrate the range of the 
difference scores relative to the average of the ABR and ASSR 
thresholds. These plots demonstrate the amount of data falling 
within and without ±1.96 SDs of the mean difference scores.

Time Analysis
Figure 7 displays individual paired projected test times for 

ABR by ASSR with regression. The bivariate mean projected 
test times with SDs are also shown. Based on the 82 com-
parisons, average projected test time for the ABR is 32.15 
(SD = 18.23) min and for ASSR is 19.93 (SD = 8.73) min. The 
difference, 12.51 min, is statistically significant by paired t test 
(t(81) = 6.22; p < 0.001). When all data are considered including 
times for tests when both were not completed, the average ABR 
time based on 89 measures is 32.38 min with a SD of 18.23 and 
average ASSR time based on 86 measures is 19.71 min with a 
SD of 8.73. This represents a time difference of 12.67 min and 
a 39%-time decrease (ASSR compared with ABR). The inset 
at the upper left of Figure 7 shows the distribution of time dif-
ferences (ABR time − ASSR time) which range from −23 to 
71.89 min.

Figure 8 demonstrates changes in test times based on the 
degree of hearing loss. For both ABR and ASSR, the fastest 
test times are found when the hearing is in the normal range. 
The ASSR takes progressively longer with increasing hearing 
loss but the ABR test times are longest when the loss is mild to 
moderate.

Figure 9 shows test time changes with sleep state. The larg-
est difference in test time for the two techniques is for children 
under anesthesia. Analyses of variance for both ABR and ASSR 
test times were conducted investigating sleep state and degree 
of hearing loss (as indexed by the broad-band chirp threshold) 
as factors. Both found significant overall effects with F(31,7) = 
7.185, p = 0.001 for ABR and F(31,7) = 1.864, p = 0.028 for 
ASSR. In both analyses, degree of hearing loss demonstrated a 
significant effect on test time (p < 0.00 for ABR and p = 0.032 
for ASSR) but sleep state was not significant for either analysis 
nor was there any interaction between degree of loss and sleep. 
Table 5 gives the average test times for ASSR and ABR broken 
down by both hearing loss category and sleep state.

The only time information that was saved for ASSR was the 
time for the entire evaluation. For ABR, the number of sweeps 
for each run at threshold (lowest stimulus level at a single fre-
quency) were recorded. The mean number of sweeps required 
for the ABR run at threshold, and therefore meeting the pre-
scribed F

MP
 value, was 2181 with a SD of 1361.49. The range 

of number of sweeps required to reach threshold was from 800 

Fig. 3. Wideband tympanometry results by left and right ears.

Fig. 4. DPOAEs were evaluated with f2 of 2000, 3000, 4000, 5000, 6000, 
and 8000 Hz. Criteria for “pass” at each frequency was a minimum DPOAE 
amplitude of −10 dB and a signal to noise ratio of 6 dB or greater. DPOAEs 
were evaluated in the right ear on 91 subjects and in the left ear on 89 
subjects. The bars represent the number of points passed by numbers of 
subjects in each ear.
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sweeps, which is the minimum allowed by the ABR system, to 
just under 8000.

The amount of averaging needed to achieve ABR thresholds 
was also analyzed by hearing threshold level. As an estimate of 
the average hearing level, the threshold obtained by the broad-
band CE-Chirp was used. The data are shown in Figure 10 and 
indicated that the threshold responses required more averaging 
as the degree of hearing loss increased. This trend was signifi-
cant with F(19,47) = 1.818, p = 0.049.

The average residual noise at threshold was computed for 
both ASSR and ABR techniques at each frequency by ear. These 
are shown in Table 6.

Normally-Hearing Group
Of the 93 children with valid tests by ABR or ASSR, 47 

(51%) were found to have average thresholds of 12 dB eHL or 
less in both ears by one or both methods without discrepancies 
between the 2. Of the 41 children originally referred because 
of newborn hearing fails, 20 (49%) were determined to have 
normal hearing. Most of the children with normal hearing had 5 
or more points passing on the DPOAE and were judged normal 
on tympanometry. Overall, of the 47 children with normal hear-
ing, 25 (53%) were considered normal on measures of DPOAE 
and tympanometry in both ears and had average broad-band 

CE-Chirp thresholds of 20 dB or less. Otoacoustic emissions 
outcomes were also evaluated by overall hearing level as esti-
mated by average ASSR thresholds. DPOAEs could be absent 
with any level of hearing while most children with present 
DPOAEs were found to have average thresholds of 20 dB or 
under. The maximum average hearing level for a child with 5 
DPOAE points present was 36.25 dB. Sixty-two ears demon-
strated both 6 points present on DPOAE and normal tympa-
nometry. These were found to have average hearing levels of 
14 dB or less.

The average thresholds in the normally-hearing group are 
4.01 and 6.32 dB eHL for ASSR and ABR, respectively. The 
mean difference of 2.31 dB is statistically significant by paired 
t test (p < 0.001). The relationship between age and threshold 
in the normally-hearing group showed a slow decline (improve-
ment) in thresholds with age from 0.7 to 53 months. The regres-
sion equation for ABR was y = 6.47 − 0.01 × x and for ASSR 
was y = 4.43 − 0.05x, where x is average threshold and y is age 
in months.

When evaluating electrophysiologic threshold measures, 
an excellent way to compare data across studies is to isolate 
the thresholds produced by normally-hearing subjects in each 
study. Our normally-hearing children revealed ASSR thresh-
olds (SDs) of 25.0 (6.9), 16.0 (7.3), 7.8 (5.7), and 6.3 (6.8) dB 
nHL for 500, 1000, 2000, and 4000 Hz, respectively. By ABR, 
normally-hearing children revealed thresholds (SDs) of 20.19 
(4.8), 13.1 (3.8), 10.1 (1.5), and 10 (0) dB nHL for 5000, 1000, 
2000, and 4000 Hz, respectively.

Figure 11 shows threshold results for normally-hearing 
infants and children using ASSR from ours and 13 prior studies 
that utilized a wide variety of stimulus, recording and detection 
parameters. Results from the normally-hearing participants in 
the present study demonstrated lower ASSR thresholds than all 
other studies except for Rodrigues and Lewis (2014) who used 
the same “Next Generation” technology. The ABR thresholds 
produced by normally-hearing participants in this study are in 
good agreements with a meta-analysis by Stapells (2000) at 500 
Hz and are 2 to 3 dB lower at 1000 to 4000 Hz.

DISCUSSION

Comparison of Thresholds
The first experimental question of this study was “When 

using NB CE-Chirp stimuli for both, does Second Generation 

Fig. 5. Regression bubble plots of auditory brainstem response (ABR) by auditory steady state response (ASSR) thresholds in dB eHL for all stimulus frequen-
cies. The size of the symbol is scaled to represent the number of subjects at a given intersection. The actual regression line is shown in black and the perfect 
fit diagonal is in gray. The R2 from the regression equation is shown in the lower right.

TABLE 3. The format of the regression equations is Y = aX + b, 
where Y = ASSR threshold, X = ABR threshold, a = slope and 
b = mean shift in dB

Frequency

Regression

R2 Mean Shift in dB Slope N

All 500 Hz 0.863 5.78 0.86 145
1000 Hz 0.852 3.49 0.87 143
200 Hz 0.956 0.22 0.93 154
4000 Hz 0.957 0.39 0.94 153
Center 500 Hz 0.769 8.28 0.83 74
1000 Hz 0.778 4.79 0.79 82
2000 Hz 0.932 0.58 0.93 51
4000 Hz 0.963 2.17 0.97 49

N is the number of threshold comparisons included in the calculation of the equations. R2 is 
a metric indicating how well the data are fit to the regression line. This value ranges from 0 
to 1. Regressions including “all” data are shown at the top and those with floor and ceiling 
values removed are shown as “center”.
ABR, auditory brainstem response; ASSR, auditory steady state response.
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ASSR detection technology (as implemented in the Interacous-
tics Eclipse) reveal frequency-specific threshold predictions 
that are equivalent to those found by ABR (using the F

MP
 auto-

mated detection method)?” Every effort was made to avoid any 
bias toward either technique including the randomization of test 
order.

Table 3 and Figure 5 indicate that the thresholds found by the 
two techniques were highly correlated with r2 values ranging 

from 0.769 to 0.963. Regression slopes range from 0.79 to 0.97 
indicating that the relationship between the two measures were 
reasonably consistent across levels. However, regression shifts 
(Table 3) and threshold difference scores (Table 4) indicated 
that ASSR thresholds are consistently lower than ABR thresh-
olds. The differences were largest at 500 Hz and progressively 
lower with frequency. Statistically, the threshold values were 
found to be different for all comparisons except 4000 Hz when 

TABLE 4. Statistical analysis of difference scores for corrected thresholds (ABR − ASSR) when floor and ceiling thresholds are 
eliminated (center) and for the entire data set (all)

Threshold Differences (ABR − ASSR)

Cases Frequency Mean SD N 90th Percentile t Significance two tailed

Center 500 Hz 14.392 12.468 75 32.5 9.930 <0.001
1000 Hz 10.122 10.657 87 20 8.601 <0.001
2000 Hz 3.725 7.539 51 10 3.529 <0.001
4000 Hz 3.673 5.379 49 10 4.781 <0.001

All 500 Hz 9.345 11.323 145 20 10.098 <0.001
1000 Hz 6.298 10.553 141 19 7.104 <0.001
2000 Hz 1.746 8.955 153 10 3.541 <0.001
4000 Hz .813 5.804 152 11.5 1.705 0.090

Results of a matched-pair t test for ABR and ASSR are also shown.
ABR, auditory brainstem response; ASSR, auditory steady state response.

Fig. 6. Bland–Altman plots using center data comparing differences scores (auditory brainstem response [ABR] by minus auditory steady state response [ASSR]) 
by stimulus frequency. The average of the two measures is on the x axis and the difference scores are plotted on the y. The mean difference and the mean ± 
1.96 SDs are shown in the gray dashed lines. The size of the symbol is proportional to the number of data points represented with minimum size indicating 
one data point.



<zdoi; 10.1097/AUD.0000000000000580>

 SININGER ET AL. / EAR & HEARING, VOL. 39, NO. 6, 1207–1223 1217

all data are included. However, statistical significance in this 
regard is not the most relevant factor. The actual question is 
whether a clinician would feel that one of these tests could sub-
stitute for the other reliably. To address this question, the Bland 
and Altman (1995) method was applied.

The Bland–Altman method recommends that for equivalent 
techniques, 95% of data points should fall within 2 SDs of the 
mean difference score on their plots. Evaluation of the Bland–
Altman plots in Figure 6 shows that more than 5% of the data 
points are outside the ±1.96 SD lines for the data at 500, 1000, 
and 2000 Hz but not for 4000 Hz.

The results from these analyses indicated that ASSR and 
ABR thresholds as evaluated in this study are equivalent only 
at 4000 Hz. Both paired t tests and the Bland–Altman analysis 
indicate that we cannot consider the two techniques to reveal 
the “equivalent” thresholds for 500, 1000, or 2000 Hz. At these 
frequencies, the ASSR revealed lower thresholds than the ABR. 
Lower thresholds in this context would be considered closer to 
“real or behavioral” thresholds and more sensitive.

The finding from this study that threshold estimations are 
lower by ASSR than by ABR is opposite to some previous find-
ings in children (Rance et al. 2006; Van Maanen & Stapells 
2010). The largest discrepancy between ABR and ASSR for Van 
Maanen and Stapells (2010) was at 500 Hz with ABR thresh-
olds lower by an average of 10.7 dB. In contrast, this study 
found ASSR thresholds at 500 Hz to be more sensitive by an 
average of 9.35 dB. Therefore, the difference between studies 
in sensitivity of ASSR thresholds re ABR at 500 Hz is 20 dB 
which is substantial.

The correction factors at 500 Hz used in this study are 10 
dB greater for ASSR than for ABR for thresholds of 45 dB or 
less. These have been recommended by the manufacturer and 
ASSR corrections are based on published data (Rodrigues et al. 
2010) However, correction factors are complicated and depen-
dent on many factors, particularly for ABR where protocols and 
detection routines are not standardized. Corrections for ABR 
are based on data from the United Kingdom (Stevens et al. 
2013) where the protocols are slightly different. It is possible 

Fig. 7. Projected test time in minutes (see text) for 82 individual participants with data from both methods. Mean time is plotted with a triangle with error bars 
of 1 SD; mean/SD time for auditory brainstem response (ABR) is 32.15/18.15 min and for auditory steady state response (ASSR) is 19.63/8.92 min. The diagonal 
is in black and the regression line is dashed. The regression equation is ABRtime = 0.119 × ASSRtime + 15.652. The R2 for the regression is 0.057. Inset, The 
distribution of the test time difference scores (ABR test time − ASSR test time).
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that correction factors contributed slightly to the discrepancies 
between ABR and ASSR found in this study.

The 20 dB increase in ASSR sensitivity at 500 Hz must be 
attributed to a combination of amplitude advantage afforded 
by the NB CE-Chirp and next-generation improvements in 

response detection. Five hundred Hertz has always been a dif-
ficult frequency for ASSR detection and was the focus of the 
study by Stürzebecher et al. (2006). This study showed the sys-
tematic improvement in detection of the 500 Hz stimulus by 
(1) changing from standard amplitude modulation stimulus 
to a 7-cosine series with modulation rate determined by the 
frequency spacing. The detection improved further when (2) 
a phase correction was applied to the cosines which imposed 
the appropriate cochlear delay time and improved even more 
when (3) a simple frequency offset was applied to the series, 
eliminating overlap of the cosines with the modulation harmon-
ics used for detection. Later, Stürzebecher and Cebulla (2013) 
found that the table lookup for determining critical test values 
showed the greatest benefit in detection at 500 Hz. Certainly, 
the improved performance of the “Next Generation” ASSR in 
detection of the 500 Hz threshold can be attributed to the atten-
tion paid to this goal.

This study differs from previous comparisons of ABR 
and ASSR in that it employed an objective criterion, F

MP
, for 

response detection of ABR. Visual detection was also consid-
ered in the final decisions regarding threshold by ABR but very 
few discrepancies were noted. Consequently, ABR thresholds 
from this study should be in close agreement with other studies 
or slightly lower due to the increased averaging time allowed. 
As noted, the ABR thresholds achieved in this study are in 
agreement or very slightly better than those of the meta-analysis 
of Stapells (2000). This finding would lend credibility to the F

MP
 

as it agrees favorably with good “visual detection” used in the 
studies of the meta-analysis.

The F
MP

 was particularly useful in determining when to stop 
averaging. However, if there was a discrepancy between the yes-
no decision of a response by visual and F

MP
 methods, the first 

author would decide. For example, the original noise-stopping 
rule terminated an average when the background noise reached 
20 nV. This led to the stopping of several near threshold runs 
before the F

MP
 criterion was reached, even though a small but 

clear response was present. In those cases, if a clear response 
was noted, the threshold was adjusted to the stopped level rather 
than one step above. A noise-stopping rule of 15 nV is now 
recommended. This discrepancy only happened near threshold 
where the amplitude of the response was small causing a slow 
rise in the F

MP
 curve. In three other cases, electrical interference 

distorted waveforms and F
MP

 values were artificially inflated and 
did not agree with visual detection. These cases were excluded 
from the analysis. After an external isolation transformer was 
installed, the interference did not reoccur.

Another reason why the F
MP

 protocol should have produced 
accurate thresholds is that testing continued, when necessary, for 
longer periods of time than are generally used in ABR studies. 
The maximum number of sweeps was set to 6000 and this could 
be extended by the tester if it appeared that a pass by F

MP
 was 

imminent. Typical protocols continue to 2000 sweeps and some to 
3000 or 4000 which may not be adequate to resolve a very small 
response at threshold (Sininger 1993). This is apparent from the 
number of sweeps needed to achieve an adequate response at 
threshold being 2181 on average with a range from 800 to 8000.

Test Time
The second experimental question was whether there was 

a significant time advantage for ASSR when compared with 

Fig. 8. Test time is plotted by hearing level. Three hearing groups were cre-
ated based on the average of the broad-band chirp thresholds for the left 
and right ear. Symbols represent group means and error bars indicate SDs.

Fig. 9. Test time is plotted by sleep state as characterized by the tester. 
Symbols represent group means and error bars indicate SDs.
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ABR. The data indicate that, on average, the full audiogram (4 
frequencies per ear) could be estimated in 19.71 min for ASSR 
and 32.38 min for ABR. This represents a 13.28 min and 41% 
time decrease for ASSR over ABR. These differences are sta-
tistically significant (p < 0.00) but also clinically significant. It 
is important to note that the largest time savings of ASSR over 
ABR was found for children under anesthesia where ABR aver-
age time was 40.47 min while ASSR was 19.62 which repre-
sents a 52% decrease in test time. Given the concerns with and 
costs of anesthesia, any decrease in test time is important. It is 
not certain why test time for ASSR did not change from natural 
sleep to anesthesia conditions. Because the test time for ASSR 
is under 20 min, it is possible that the natural sleeping child has 
ample time to be fully asleep and quiet for the entire test, much 
like under anesthesia.

Van Maanen and Stapells (2009) used ASSR with simultane-
ous four-frequency stimulation bilaterally to evaluate a group 
of normally-hearing infants previously tested by ABR. They 
reported ASSR test times as the time spent making an assess-
ment (all frequencies and ears) at a single stimulus level. The 
average time per level was 6.3 min with a SD of 3.10. They 
also state that one to six intensities were recorded per infant. 
By interpolation, an average of 3.5 intensities at 6.3 min would 
be 22.05 min for the ASSR assessment in the normally-hearing 
infants which is slightly longer but in the same range of the 
15.31 min (SD = 6.71) found in this study. In another study 
that utilized the same equipment as the current one, Venail et 
al. (2015) evaluated children with hearing loss and reported 
an average test time of 22.90 min, very close to the average 
19.71 min found here. Vander Werff (2009) reported test times 
from adult subjects, both normally hearing and with hearing 
loss while comparing analysis techniques both with simultane-
ous binaural simulation. The average test times for 4-frequency 
thresholds in both ears were 46.1 and 43.6 min for the 2 tech-
niques but test times were faster for normally-hearing subjects. 
Mueller et al. (2012) reported ASSR test times for adults with 
and without hearing loss using and an Eclipse system and found 
an average of 18.6 min overall with normally-hearing subjects 
being tested somewhat more quickly (16.1) min.

Overall, the test times for this study are well in line with 
most and faster than some. The Eclipse system has a feature 
that allows independence of frequency and levels during testing 

TABLE 5. Average test times by hearing level, by sleep state (anesthesia, fussy, natural sleep) and by test (ABR or ASSR)

 

Hearing Level Category

Normal Mild/Moderate Severe/Profound

Mean Count SD Mean Count SD Mean Count SD

ABR
  Anesthesia 31.74 16 12.13 53.49 9 21.94 37.85 7 24.38
  Fussy 27.35 12 6.80 25.67 1 — — 0 —
  Natural sleep 23.79 37 10.18 45.24 8 6.59 45.80 3 46.78
ASSR
  Anesthesia 14.00 16 5.81 23.45 9 7.10 36.43 7 22.94
  Fussy 17.61 12 8.65 29.40 1 — — 0 —
  Natural sleep 16.70 37 7.47 27.99 8 7.16 27.90 3 3.41

Trends by sleep state and by hearing level are depicted in Figures 8 and 9, respectively.
ABR, auditory brainstem response; ASSR, auditory steady state response.

Fig. 10. Three hearing groups were created based on their average broad-
band chirp thresholds for the left and right ears. Symbols indicate the mean 
(across frequencies) number of sweeps needed to stop recording at auditory 
brainstem response (ABR) threshold level for each group. Error bars indicate 
1 SD. The number of ABR sweeps required to achieve threshold increases 
significantly with the degree of hearing loss (see text).

TABLE 6. Average background noise in nV for the threshold 
average for ASSR and ABR

Average Residual Noise (nV) at Threshold Stop

 ASSR ABR

Condition Mean SD Mean SD

500 Hz RE 24.73 15.72 35.43 21.55
500 Hz LE 29.43 18.98 34.89 21.47
1000 Hz RE 27.88 17.89 32.42 16.79
1000 Hz LE 29.92 24.64 37.07 26.58
2000 Hz RE 32.05 18.29 34.87 18.45
2000 Hz LE 35.87 25.46 36.77 27.52
4000 Hz RE 35.04 26.57 34.65 21.58
4000 Hz LE 38.75 27.47 38.01 23.78

ABR, auditory brainstem response; ASSR, auditory steady state response.
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while other systems will not change stimulus level until all fre-
quencies are ready to do so. The latter would increase the testing 
time.

The automated protocols of ASSR should lead to greater 
consistency across labs and clinics on any given model of equip-
ment. The short test times reported here were expected as a ben-
efit of the protocol used in this study. Testing started with an 
“estimate” of overall threshold levels obtained by ABR with a 
broad-band CE-Chirp. ASSR threshold searches for all frequen-
cies then started with levels at or just above this threshold. The 
protocol also called for elimination of the 10-dB step in favor of 
intelligent bracketing using time-to-response as an indicator of 
sensation level; an ASSR that registers a response in less than a 
minute is likely well above threshold whereas those that require 
5 min or so many be close to threshold. The protocol also called 
for DPOAEs and multifrequency tympanometry before electro-
physiological testing. Testers expected a child with normal tym-
panometry and present DPOAEs and a 10 or 20 dB broad-band 

chirp threshold to have excellent hearing and moderate or high 
level thresholds were avoided during testing.

Regardless of test times being longer for ABR than ASSR, the 
times reported for ABR are considered excellent by most clinical 
standards and are clearly lower than many reported in the litera-
ture. Janssen et al. (2010) found the mean test time for an ABR 
protocol nearly equivalent to the one used here, to be 54.6 min 
compared with our finding of 32.38 min. It should be noted that 
the test times from this study are prorated to estimate the time 
needed to complete eight thresholds making the time differences 
even more dramatic. All 8 thresholds were obtained by ABR in 
83% of subjects and 90% of subjects had 6 or more thresholds 
completed. For ASSR, all 8 thresholds were completed in 87% 
subjects and 91% had 6 or more thresholds completed.

Data from Janssen et al. (2010) on test times can be assumed 
to be average sleep times. The average time in natural sleep for 
infants was 48.4 min. The combined average times for ABR 
and ASSR in the present study was 52.08 min which helps to 
explain why both tests could be completed in 1 session for 82 
subjects. It should not be necessary in a clinical setting to use 
both frequency-specific ABR and ASSR, but it is encouraging 
to know either test is estimated to take well under the expected 
natural sleep time.

The amplitude advantage of the NB CE-Chirp over tradi-
tional tone bursts will produce a larger response SNR that can 
meet a specified criterion in a shorter amount of time. While 
Ferm et al. (2013) employed averaging using a fixed number of 
sweeps (3000), they did find that the resulting F

MP
 for NB CE-

Chirp ABRs was more than twice that of the tone pip responses 
and acknowledged the time savings that this could afford when 
stopping on an SNR rule as F

MP
 does.

The same protocol features that are mentioned for ASSR 
also reduced test time for the ABR. In addition, as is traditional 
with the ASSR, ABR averages were not repeated unless they 
were highly questionable. Rather than needing to see replica-
tion, the testers relied on the statistical F

MP
 along with visual 

recognition of a response, for verification. Split-half averages 
could be viewed as well. This feature of the protocol has the 
potential to cut testing time in half.

Finally, the use of a statistical detection criterion has the dis-
tinct advantage of determining the number of sweeps needed to 
achieve a response, or a nonresponse for the exact conditions 
(ABR amplitude and background noise) being tested. Com-
pared with traditional fixed sweep protocols, less averaging 
time is needed for suprathreshold testing and more time will be 
spent averaging near threshold. This has the added advantage of 
lowering the threshold of the response which could be lost from 
insufficient averaging in a fixed sweep protocol.

Test times reported here include only the actual electrophysi-
ologic testing. Preliminary testing including wideband tympa-
nometry, DPOAEs, and Broad-Band CE-Chirp thresholds was 
performed on most subjects as well. Only the chirp threshold, 
however, required the child to be asleep. The test time did not 
include any waveform marking for latency or amplitude which 
was done after the program timer was off. If a full audiogram can 
be predicted in less than 20 min, and the average sleep time is 
48 min, the additional sleep time may be available for other valu-
able tests such as real ear to coupler measures or even for parent 
counseling. Most important is the very realistic expectation that 
the audiogram prediction can be achieved in one visit thus avoid-
ing the chain reaction discussed in the introduction.

Fig. 11. Auditory steady state response (ASSR) thresholds from infants and 
children with normal hearing from this study (left and right ears) compared 
with normally-hearing neonates from Rodrigues and Lewis (2014), who 
used the same methodology, and other earlier studies using a variety of 
technologies. Because of differences in stimuli, some are reported in HL, 
some have been converted to HL from SPL (John et al. 2004) and some are 
reported in nHL.
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This study confirms what others have found that children 
with normal hearing can be tested in less time than their coun-
terparts with hearing loss. This is shown in Figure 8 for both 
techniques. Figure 10 shows how the number of sweeps needed 
to reach threshold by ABR increases with hearing loss.

Normally-Hearing Subset
Half of the children evaluated including 49% of those 

referred by NHS were found to have normal hearing in both 
ears. This has been seen in previous studies (Janssen et al. 2010) 
and is consistent with clinical reports. The protocol for this 
study did not include searching to true threshold but was tested 
at levels below those used to define normal hearing in other 
places, for example Canada. We tested down to 20 dB nHL at 
500 but correction factors would yield threshold predictions of 
5 dB eHL for ABR and 0 dB eHL for ASSR at that level. No 
thresholds were corrected below 0 eHL. Corrected thresholds 
for 1000 Hz at 10 dB were 0 dB eHL for both techniques and 5 
dB eHL for 2000 and 4000 Hz for both techniques. These excel-
lent thresholds were predicted on average in 24.62 min for ABR 
and 15.31 min by ASSR. While these are not “true” thresholds, 
they are very close to 0 dB and stopping represented a trade-
off regarding test time. Establishing normal responses that are 
close to threshold is certainly preferable to a “screening” type 
measure where the threshold is essentially unknown. Children 
who need follow-up in the future will have a true baseline on 
which to judge any changes in hearing, mild asymmetries can 
be revealed and without time restrictions there seems to be no 
good reason not to test at low levels. This, of course, is a clinical 
decision but may be viewed more positively if time constraints 
are reduced.

Having the DPOAE and tympanometry information ahead 
of time was valuable in terms of planning the full electrophysi-
ologic assessment. Absent DPOAEs at all frequencies was not 
found to be a good predictor of hearing levels but present ones 
were. Also, in the decision regarding whether to use test time for 
bone conduction measures, the wideband tympanometry can 
be very helpful. Bone conduction was often omitted in the test 
battery of this study. It was employed for 11 cases and tested 
with a wideband CE-Chirp by ABR. Nine cases had confirmed 
sensorineural hearing loss by bone conduction, one was clearly 
conductive and one was inconclusive. This study had time con-
straints due to the need to test both technologies in the experi-
mental protocol. In a clinical test battery, where either ABR or 
ASSR (but not both) is used, there should be adequate time for 
a complete assessment of bone conduction when thresholds are 
elevated.

Figure 11 reveals the wide variations in ASSR results from 
the past. The spread of values for “normal” thresholds predicted 
by ASSR is as much as 40 dB or more with stimuli calibrated in 
nHL. These results certainly have contributed to a lack of con-
fidence in the ASSR technique. There appears to be a lowering 
of the thresholds with time, based on the dates of the studies, 
which must relate to improvements in technique particularly for 
response detection. This figure should reassure users of ASSR 
that a lack of sensitivity seen in some implementations of the 
technique are not inherent in the ASSR strategy, but simply rep-
resent detection technology that was not fully developed.

The results from this study (right and left ears) and Rodrigues 
and Lewis (2014) are clearly lower than found in other studies, 

nearly identical and both used the “Next Generation” detection 
and NB CE-Chirp stimuli with the Eclipse system. The reason 
for slightly higher thresholds found in this study relative to 
Rodrigues and Lewis relates to the 10 dB nHL stopping rule 
for 2000 and 4000 Hz while Rodrigues and Lewis sought true 
thresholds. The thresholds for 500 and 1000 are nearly identical.

One other study, Michel and Jørgensen (2017) used the same 
technology as this study for a group of children with hearing 
loss and normal hearing and yet, their normally-hearing group 
demonstrated higher thresholds than this study or Rodrigues 
and Lewis (2014; see Fig. 19). For their normal group of infants 
<12 weeks of age, they found thresholds of 30, 25, 20, and 15 
dB nHL for 500, 1000, 2000, and 4000 Hz, respectively. Older 
normally-hearing children had slightly higher thresholds in 
their study. Careful reading of the Michel and Jørgensen (2017) 
study finds that assessments of the normally-hearing group 
were stopped before reaching threshold as they were “found to 
have normal hearing.” This is the only possible explanation for 
the differences as other methods were consistent with this study.

There are many possible reasons why this study found lower 
thresholds for normally-hearing children than others and cer-
tainly, whether threshold is truly sought, or testing stops at supra-
threshold levels was a factor. The acoustic environment of the 
testing, the type of stimulus used, and the age of subjects can 
all influence thresholds obtained with ASSR along with many 
other factors. The NB CE-Chirp undoubtedly contributed to low 
thresholds. The sensitivity of the detection algorithm and control 
of maximum allowable noise levels, however, may have had the 
largest influence. The features of what we call “Next Genera-
tion” detection, including the assessment at 12 modulation har-
monics, rather than one, and the use of both phase and amplitude 
information, rather than one or the other as well as the careful 
calculation of appropriate test criterion all must contribute to the 
speed, accuracy, and sensitivity of this ASSR system.

The ABR thresholds from normally-hearing infants in this 
study are in line with previous studies. Our thresholds ranged 
from 10 to 20.1 dB nHL before corrections. Stapells et al. (1995) 
found thresholds of 13.2 to 15.9 dB nHL and Sininger et al. 
(1997) had a range from 6 to 16 dB n HL for normally-hearing 
infants. The agreement among these studies is good although 
the latter two included threshold searches to 0 dB while the 
present study stopped at low, but suprathreshold levels.

The consistency of automated detection as implemented with 
any given ASSR technology is a factor that should be consid-
ered when deciding whether to utilize ABR or ASSR. Clinicians 
can expect to have the accuracy and test time results seen in this 
study when utilizing the same technology for testing, given that 
good testing technique and environment are maintained. How-
ever, unless the nontraditional protocol for ABR was adopted, 
it is not clear that an audiologist could expect the good ABR 
results that are presented here. In addition to improved accuracy 
and speed, the use of ASSR will make testing more consistent 
across clinics and testers.

In conclusion, this study demonstrated that both ABR with 
automated detection and Next Generation ASSR, each using 
NB CE-Chirp stimuli, give consistent predictions of audiomet-
ric thresholds in a time frame that is reasonable for testing non-
sedated infants and toddlers. ASSR as executed in this study 
will produce lower (better) thresholds in considerably less time 
and should be considered an excellent choice for electrophysi-
ologic audiometric testing.
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