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Objective: To assess the accuracy of threshold esti- 
mates determined using the auditory brain stem 
responses (ABRs) to brief tones presented in 
notched noise in a group of infants and young 
children with normal hearing or sensorineural 
hearing loss (SNHL). 

Design: The thresholds for ABRs to brief duration 
500,2000, and 4000 Hz tones presented in notched- 
noise masking were evaluated in infants and young 
children with normal hearing (N = 34) or SNHL (N 
= 54). Tone-evoked ABR thresholds were compared 
with behavioral thresholds obtained at follow-up 
audiologic assessments, for a total of 220 compari- 
sons. 

Results: ABR thresholds for the infants with bilat- 
eral normal hearing were 23.6,12.9, and 12.6 dB nHL 
for 500, 2000 and 4000 Hz, respectively. Most (92 to 
100%) infants with normal hearing showed ABRs to 
30 dB nHL tones. Across all subjects (i.e., those with 
normal hearing and those with impaired hearing), 
high (20.94) correlations were found between the 
ABR and behavioral thresholds. The mean differ- 
ences between ABR (dB nHL) and behavioral (dB 
HL) thresholds across all subjects were 8.6, -0.4, 
and -4.3 dB for 500,2000, and 4000 Hz, respectively. 
Overall, 98% of the ABR thresholds were within 30 
dB of the behavioral thresholds, 93% were within 20 
dB, and 80% were within 15 dl3. 

Conclusions: These threshold results for the ABR to 
brief tones in notched noise obtained for infants 
and young children are similar to those obtained in 
similar studies of adults. The technique may be 
used clinically with reasonable accuracy to esti- 
mate pure-tone behavioral thresholds in infants 
and young children who are referred for diagnostic 
threshold ABR testing. 
(Ear & Hearing 1995;16;361-371) 

The click-evoked auditory brain stem response 
(ABR) is the most widely employed procedure for the 
electrophysiological evaluation of auditory thresh- 
old in infants and young children when their behav- 
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ioral audiometric results are unobtainable or unre- 
liable. The ABR to clicks alone, however, cannot 
provide information concerning sensitivity for spe- 
cific frequencies. Furthermore, hearing loss re- 
stricted to particular frequency regions may be un- 
derestimated or missed entirely by the click-ABR 
threshold (e.g., Picton, 1978; Picton & Durieux- 
Smith, 1988; Picton, Ouellette, Hamel, & Durieux- 
Smith, 1979; Stapells, 1989; Yamada, Yagi, Yamane 
& Suzuki, 1975). An alternative and more frequen- 
cy-specific approach to obtain electrophysiologic 
thresholds is to  record the ABRs to brief-duration 
tonal stimuli. 

Numerous studies have investigated the ABRs to 
tonal stimuli (for a review, see Stapells, Picton, & 
Durieux-Smith, 1994). In terms of estimating behav- 
ioral thresholds in hearing-impaired subjects, most 
studies have indicated reasonably accurate and re- 
liable results for frequencies from 500 to at least 
4000 Hz (e.g., Hayes & Jerger, 1982; Kileny & 
Magathan, 1987; Kodera, Yamane, Yamada & Su- 
zuki, 1977; McGee & Clemis, 1980; Munnerley, 
Greville, Purdy, & Keith, 1991; Picton et al, 1979; 
Stapells, Picton, Durieux-Smith, Edwards, & Mo- 
ran, 1990; Suzuki, Kodera & Yamada, 1984; Suzuki 
& Yamane, 19821, although a small number have 
indicated inaccuracies and difficulties occurring for 
500 Hz (Davis & Hirsh, 1976; Gorga, Kaminski, 
Beauchaine & Jesteadt, 1988; Hayes & Jerger, 1982; 
Laukli, 1983; Laukli, Fjermedal & Mair, 1988; So- 
hmer & Kinarti, 1984). Some of these difficulties 
may be attributed to various problems, including 
high-pass EEG filter set too high, use of EEG record- 
ing channel contralateral to the ear-stimulated, 
high levels of ipsilateral masking noise, high levels 
of acoustic ambient noise and/or electrically noisy 
environment (e.g., operating room), stimuli which 
were either too brief or too long, too few trials per 
average, andor waveform interpretation issues. 

Several studies have investigated the tone- 
evoked ABRs in infants and young children (Hyde, 
1985; Stapells, 1989; Stapells et al, 1994; Stockard, 
Stockard & Coen, 1983; Suzuki et al, 1984;), and 
most indicate the responses are detectable at inten- 
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sities similar to  those in adult subjects. Our recent 
studies have indicated normal “screening” intensi- 
ties for infants aged 2 weeks or older are 30-40 dB 
nHL at 500 Hz, and 20-30 dB nHL at 2000 and 4000 
Hz (Stapells, 1989; Stapells et al, 1994). Studies of 
the tone ABR in infants and young children with 
hearing impairments are few but have indicated 
reasonable estimates of their behavioral audiograms 
(e.g., Kileny & Magathan, 1987; Suzuki et al, 1984). 
Generally, these studies have been in relatively 
small groups of children with hearing impairments 
or in children from whom behavioral audiometric 
information has been questionable. 

The brief tones required to elicit synchronous 
ABRs contain significant acoustic splatter in fre- 
quencies above and below the tones’ nominal fre- 
quencies. Studies in subjects with normal hearing 
have indicated that responses to brief tones pre- 
sented at intensities greater than 40-50 dB nHL, or 
about 70 dB peak-to-peak equivalent SPL, contain 
contributions from this acoustic splatter and hence 
have reduced frequency specificity (for a review, see 
Stapells et al, 1994). This is true whether the tones 
be 500, 1000, 2000, or 4000 Hz. Furthermore, re- 
gardless of how “pure” a tonal stimulus may be (e.g., 
a tone of several seconds duration and thus contain- 
ing essentially no acoustic splatter), above about 70 
dB SPL upward spread of excitation occurring as a 
result of cochlear physiology rather than acoustic 
splatter will result in contributions arising from 
frequencies above the tones’ nominal frequencies 
(Pickles, 1986). These issues have led to the sugges- 
tion of the use of simultaneous ipsilateral noise 
masking to improve the frequency specificity of the 
ABRs to these brief tones (Picton, 1978; Picton et al, 
1979). 

High-pass filtered noise may be employed to mask 
upward spread of excitation as well as the acoustic 
splatter to frequencies above the tone frequency 
(e.g., Kileny & Magathan, 1987); however, it does 
not mask splatter to  frequencies lower than the tone 
frequency. This is particularly significant in the case 
of steeply sloping high frequency impairments 
where sensitivity at a lower frequency is much 
better than that at a higher frequency (Picton, 1978; 
Picton et al, 1979; Purdy & Abbas, 1989; Stapells, 
1984; Stapells et al, 1990; Stapells et al, 1994). 
Mixing “notched” (band reject) masking noise with 
the brief tones has been suggested as a solution 
(Picton et al, 1979). The effects of the notched-noise 
masking on the ABRs to brief tones have been 
reviewed (Stapells et al, 1990, 1994). Results of two 
different centers’ recent studies of adults with nor- 
mal hearing (Purdy et al, 1989; Stapells et al, 1990) 
and impaired hearing (Stapells et al, 1990; Munner- 
ley et al, 1991) have indicated reasonably accurate 

ABR estimates of pure tone behavioral threshold 
using the technique of recording the ABR to brief 
tones in notched noise. No studies of this technique 
in groups of infants or young children with hearing 
impairments have been published. 

The purpose of the present study was to assess 
the accuracy of threshold estimates determined us- 
ing the ABR to brief tones presented in notched 
noise in a group of infants and young children with 
sensorineural hearing loss referred for clinical test- 
ing, as well as in a group of infants and young 
children with normal hearing. The ABR thresholds 
were compared with pure tone behavioral audiomet- 
ric thresholds obtained at follow-up, usually at a 
later age. 

METHODS 
A total of 88 infants and young children, aged 1 

week to 8 yr (mean age at ABR = 31 mo; median 
age = 21 mo; 77% of subjects aged less than 48 mo) 
participated in this study. Thirty-four subjects had 
normal hearing, whereas 54 subjects had sensori- 
neural hearing loss (SNHL). Six of the subjects had 
unilateral sensorineural impairments with normal 
hearing in the other ear. Subjects with bilateral 
normal hearing were recruited as part of their 
participation in a multivisit longitudinal research 
program. 

Subjects with hearing loss were specifically re- 
ferred for clinical ABR testing by our Auditory 
Behavioral Laboratory, by other clinical facilities 
associated with the Albert Einstein College of Med- 
icine/Montefiore Medical Center (AECOhUMMC), as 
well as by outside agencies. Owing to the clinical 
nature of this study, the specific audiometric test 
equipment used to obtain behavioral audiograms 
and acoustic immittance measures varied by facility. 
All ABR testing (and same-day acoustic immittance 
measures) was completed in the AECOM Auditory 
Evoked Potential Laboratories. 

Behavioral audiograms were obtained indepen- 
dently of the ABR assessment: approximately 90% of 
the behavioral tests were completed by our related 
AECOM/MMC laboratories and clinics (all of the 
normal-hearing group and the majority of the sub- 
jects in the SNHL group); 10% were obtained by 
other clinical facilities (SNHL group). The average 
age for behavioral audiometric testing was 33.9 2 
25.4 mo (median age = 28.1 mo). On average, these 
audiograms were obtained within 2.2 -+ 18.0 mo of 
the ABR testing, with some audiograms for the older 
children being obtained before the ABR. 

All audiograms considered in this investigation 
were deemed reliable by the audiologist completing 
the behavioral audiogram. This was based on the 
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subjective judgment of the audiologist or an actual 
quantification of false-positive responding (percent- 
age of responses to control trial intervals). If the 
reliability of the behavioral audiogram was ques- 
tionable, the result was not considered. If more than 
one audiogram was available for a child, the one 
deemed most reliable was used in the analyses. 

Only audiometric threshold data were considered. 
Behavioral test results that were obtained using 
behavioral observation audiometry or that were con- 
sidered “minimal response levels” rather than 
threshold values were excluded from this study. 
Consequently, audiograms obtained using only vi- 
sual reinforcement audiometry, play audiometry, or 
in a few cases, conventional audiometric test proce- 
dures, were included in the analyses. Air conduction 
thresholds were obtained using conventional supra- 
aural earphones (i.e., TDH-39, TDH-49, etc., with 
MX41/AR cushions). No thresholds obtained in 
sound field were considered. If masking was not 
used in cases of threshold asymmetry, the audio- 
gram was excluded from the study. 

Inclusion in this study required evidence of no 
conductive component at the time of the ABR and 
behavioral tests. This was determined by either the 
absence of an air-bone gap (when bone conduction 
thresholds were available) andor by normal acous- 
tic immittance results. Following the qualitative 
classification scheme suggested by Jerger (1970), a 
tympanogram with normal compliance and peak 
pressure between +50 and -150 daPa was consid- 
ered as evidence of the absence of significant middle 
ear pathology. The presence of the acoustic reflex 
(when available and with consideration of the de- 
gree of the loss) provided further evidence of normal 
middle ear function. In the few cases with tympano- 
metric pressure peaks less than - 150 daPa (type C), 
present acoustic reflexes were required in order for 
the data to  be included. In no case were threshold 
data included when a noncompliant (flat, type B) 
tympanogram was recorded on the day of testing. A 
220 Hz probe frequency was used in the majority of 
cases. 

Inclusion in the group with normal hearing re- 
quired behavioral thresholds at or better than 25 dB 
HL for 500 to 4000 Hz. Inclusion in the group with 
sensorineural hearing loss required behavioral 
thresholds for one or more of 500,2000, and 4000 Hz 
to be greater than 25 dB HL. Mean (and standard 
deviation) pure-tone behavioral thresholds are given 
for each group in Table 1. 

Stimuli for ABR testing were 500,2000, and 4000 
Hz short duration tones presented in notched noise. 
The tones had linear rise times equaling two cycles, 
plateau times of one cycle, and linear fall times of 
two cycles. The normal behavioral thresholds (0 dB 

TABLE 1. Pure-tone behavioral thresholds (dB HL) for normal- 
hearing and sensorineural-impaired (SNHL) ears 

Frequency (Hz) 

500 2000 4000 
Norrnal-hearing ears: 

Mean 15.9 13.2 13.8 
SD 7.9 6.8 6.1 
Na 39 39 41 

Mean 64.6 74.2 79.2 
SD 33.8 34.1 33.1 
Nb 77 78 70 

SNHL ears: 

’ N, number of ears with normal thresholds contributing data to study. Includes results for 
six normal ears from subjects with unilateral SNHL. 

N, number of ears with SNHL contributing data to the study. 

nHL) for these stimuli are 24.6, 26.1, and 29 dB 
peak-to-peak equivalent (pe) SPL for the 500, 2000, 
and 4000 Hz tones, respectively (Stapells et al, 
1990). The tones were presented monaurally at a 
rate of 39.l/sec using a Telephonics TDH-49 ear- 
phone (MX41/AR cushion). This rate was the fastest 
rate allowed by our equipment when using a 25- 
msec analysis time. The notched noise was produced 
by passing broadband noise through a band-reject 
filter (one octave-wide notch centered on the nomi- 
nal frequency of the tone) with high-pass and low- 
pass rejection slopes of 48 dB per octave. The noise 
intensity (in dB SPL) before filtering was set 20 dB 
below the pe SPL of the tone. This tone-to-noise ratio 
was maintained for all tone intensities. These stim- 
uli and noise maskers are the same as those used in 
an earlier study carried out in adults (Stapells et al, 
1990). The ear contralateral to that being assessed 
was masked using white noise set 30 dB below the 
level required to mask ipsilaterally (Stapells, 1984). 
Stimuli and noise maskers were calibrated using a 
Briiel and Kjaer 2209 sound level meter and NBS 
9-A earphone coupler (Briiel8z Kjaer type 4152 with 
a l-inch microphone type 4144). 

Single-channel recordings of the brain stem re- 
sponses were obtained using gold-plated cup elec- 
trodes placed at the vertex (noninverting) and mas- 
toid (inverting) ipsilateral to the stimulated ear. A 
similar electrode placed on the forehead served as a 
ground. Interelectrode impedances were less than 
3000 Ohms. The EEG filter was set to a band pass of 
30 to 3000 Hz (12 dB/octave slope) and averaged 
using a poststimulus analysis time of 25 msec. 
Trials containing amplitudes exceeding +-25 pV 
were automatically rejected. At least two replica- 
tions of 2000 trials each were obtained in each 
intensity/frequency condition. 

All subjects were tested while asleep for ABR 
testing. Most slept in a crib, but some were seated in 
a reclining chair or in their parent’s arms. Subjects 
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in the group with normal hearing were tested in 
natural sleep. Subjects in the group with sensori- 
neural hearing loss aged 6 mo or more were sedated 
by their physician (using chloral hydrate) as part of 
their clinical assessment; subjects in this group aged 
under 6 mo were tested in natural sleep. All testing 
was carried out in a double-walled, sound-attenuat- 
ing room. Subjects were continuously monitored by 
intercom, direct visual observation, and by monitor- 
ing of their EEG on an oscilloscope. Testing pro- 
ceeded only when this monitoring indicated the 
child was asleep and was interrupted during periods 
of waking or questionable sleep. 

Tympanograms (age 2 5  mo: 220 Hz probe fre- 
quency; age 5 4  mo: 660 Hz probe frequency; March- 
ant, McMillan, Shurin, Johnson, Turczyk, Feinstein 
& Panek, 1986) were obtained during the same sleep 
session as the ABR test. Ipsilateral acoustic reflexes 
were also attempted. ABR testing was usually car- 
ried out aRer the acoustic immittance testing. 

ABR stimulus/intensity/ear test order was differ- 
ent between the groups with bilateral normal hear- 
ing and SNHL. In the group with normal hearing, 
an ear was randomly chosen, and testing concen- 
trated on that ear. One of the stimulus frequencies 
was randomly chosen, and threshold was obtained 
using 10-20 dB steps down to as low as 0 dB nHL. 
Thresholds for the remaining stimulus frequencies 
were then obtained for the same ear in random 
order. When sleep time permitted, thresholds for the 
other ear were obtained but are not included in this 
study. This protocol was part of these subjects’ 
participation in a longitudinal study of children with 
and without otitis media. 

ABR testing for the group with SNHL was dic- 
tated by clinical concerns. Typically, ABR testing 
began using 2000 Hz 30 dB nHL tones. If a response 
was present at 30 dB nHL, then the intensity was 
dropped to 20 dB nHL and recordings obtained. 
Recordings at lower intensities were not obtained. If 
a response was not observed in the 30 dB recording, 
testing was switched to the other ear, and a similar 
procedure was carried out. If no response was 
present to the 30 dB nHL 2000 Hz tones, then a 
decision regarding what to test next was made based 
upon the acoustic immittance findings: if immit- 
tance findings indicated normal middle ear function 
then we proceeded to obtain the ABR threshold for 
the 2000 Hz tones. If the immittance results had not, 
to  this point, been obtained they were then obtained. 
Ears with abnormal or noninterpretable immittance 
results were excluded from this study and generally 
would have received bone conduction ABR testing 
(Foxe & Stapells, 1993; Stapells & Ruben, 1989). 
After obtaining thresholds for 2000 Hz in each ear, 
recordings were then obtained to high-intensity 

TABLE 2. Number of ABWbehavioral threshold combination9 
by subject group, stimulus frequency, and age 

Frequency (Hz) 

500 2000 4000 
Normal-hearing ears (40 subjectsb): 

All ages total 25 28 23 
0-6 mo 3 6 3 
7-48 mo 22 18 20 
249 mo 0 4 0 

All ages total 48 68 28 
0-6 mo 2 5 5 
7-48 mo 35 42 15 
249 mo 1 1  21 8 

SNHL ears (54 subjects): 

a Number of ears contributing data. 
Includes six subjects with unilateral SNHL. 

clicks in order to assess VIIIth nerve and brain stem 
auditory pathway integrity bilaterally (Stapells, 
1989). Subjects with abnormal wave Vlwave I am- 
plitude ratios (i.e., less than 0.6) were excluded from 
this study. Thresholds for 500 Hz tones were next 
obtained bilaterally, with 30 dB nHL being the 
lowest intensity tested. Finally, sleep time permit- 
ting, thresholds for 4000 Hz tones were obtained 
bilaterally, with 20 dB nHL being the lowest inten- 
sity tested. The minima of 20 dB nHL for 2000 and 
4000 Hz and 30 dB nHL for 500 Hz were chosen 
based on normative results (Stapells, 1989; Stapells 
et  al, 1990, 1994) and on clinical efficiency. The 
number of ABRhehavioral threshold combinations 
are shown in Table 2, broken down by normal 
hearing or SNHL, stimulus frequency, and by three 
age ranges (0 to 6 mo, 7 to 48 mo, 249 mo). These 
age ranges and their numbers are typical of the 
patient population seen for diagnostic threshold 
ABR evaluations. 

Response presence required the agreement of two 
judges familiar with tone-evoked ABRs. The pres- 
ence of an  ABR in each condition was based primar- 
ily upon the replicability of the ABR V-V’ slow wave 
(Stapells & Picton, 1981; Takagi, Suzuki, & Koba: 
yashi, 1985). Changes in latency and amplitude with 
stimulus intensity and frequency were also avail- 
able and helpful to  the judges. To rule out contami- 
nation by stimulus artifact, only the portion of 
tracings following the offset of the tonal stimuli (500 
Hz: 10 to  25 msec; 2000 Hz: 2.5 to 25 msec; 4000 Hz: 
1.25 to 25 msec) were considered by the judges. The 
judges were not aware of a subject’s pure-tone be- 
havioral thresholds. As indicated above, in the ma- 
jority of cases in both groups, pure-tone behavioral 
thresholds were available only on follow-up. 

Owing to equipment limits, maximum stimulus 
intensities for ABR testing were limited to 100 dB 
nHL for 500 Hz, 95 dB nHL for 2000 Hz, and 90 dB 
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Figure 1. ABRs to brief tones in notched noise recorded from 
a 21-mo-old subject with normal hearing. Pure-tone behav- 
ioral thresholds, obtained at age 24 mo, are shown in 
parentheses. Traces judged to contain a replicable response 
are identified by the arrows, which also indicate the approx- 
imate location of ABR wave V or the V-to-V‘ transition. ABR 
thresholds were judged to be 20 dB nHL for each of the three 
frequencies. Waveforms are plotted with positivity at the 
vertex represented as an upward deflection. 

nHL for 4000 Hz. Maximum intensities for behav- 
ioral testing were 110 dB HL for the three frequen- 
cies. In cases where “no response” was obtained at 
the maximum equipment intensity, a threshold was 
arbitrarily assigned as being 10 dB above the max- 
imum. 

Threshold difference measurements were calcu- 
lated by subtracting the pure-tone behavioral 
thresholds (in dB HL) from the ABR thresholds (in 
dB nHL). Threshold results were analyzed using 
descriptive statistics, frequency distributions, linear 
regressions, and Student’s t-tests. Results were con- 
sidered significant if p < 0.01. Owing to incomplete 
repeated measures (and therefore missing data, see 
Table 21, the statistical significance of differences 
between means involving different stimulus fre- 
quencies, as well as data combined across frequen- 
cies, were not assessed. 

RESULTS 
Overall, 220 ABFVbehavioral threshold assess- 

ments were obtained from the 88 infants and young 
children. Seventy-three of these assessments were 
obtained for 500 Hz, 96 for 2000 Hz, and 51 for 4000 

TABLE 3. Tone-ABR thresholds and detectability for normal- 
hearing group” 

Mean threshold (dB nHL) 
SD (dB) 
N 

510 dB nHL 
520 dB nHL 
530 dB nHL 
540 dB nHL 

Detectability (in percent): 

Frequency (Hz) 

500 

23.6 
9.9 

25 

12 
52 
92 

100 

2000 

12.9 
9.0 

28 

50 
96 

100 
100 

4000 

12.6 
8.1 

23 

52 
100 
100 
100 

Results from group with bilateral normal hearing, with data from only one ear per subject 
included. 

Hz. Most of these ABR thresholds were obtained for 
children aged under 4 yr (see Table 2). 

Figure 1 shows the ABRs to 500,2000, and 4000 
Hz tones in notched noise recorded from a 21-mo-old 
subject with normal hearing whose results are typ- 
ical of her group. Vertex-positive waves V followed 
by vertex-negative waves V‘ are clearly present to 
the three tones presented at 60,40, and 20 dB nHL. 
The locations of the waves V (and the judges’ rating 
of “present response”) are indicated by the arrows. 
The ABR thresholds (20 dB nHL) are within 5 dB of 
her behavioral pure-tone thresholds (indicated at 
the top of the figure, obtained at age 24 mo). 

Mean thresholds (in dB nHL) and response de- 
tectability statistics for the ABRs from the normal- 
hearing ears are presented in Table 3. The mean 
ABR thresholds for these infants and young children 
are similar to  and slightly better (lower) than those 
previously presented for adult subjects (Stapells et 
al, 1990). The response detectability results are also 
similar between the adult and infadchild groups, 
suggesting no differences in ABR detectability for 
infants, young children, and adults. Over 90% of the 
normal-hearing group showed ABRs to  30 dB nHL 
500 Hz tones and to 20 dB nHL 2000 and 4000 Hz 
tones. The mean ABR threshold for 500 Hz is about 
10 dB higher than for 2000 and 4000 Hz. Owing to 
incomplete repeated measures and therefore miss- 
ing data, the statistical significance of this and other 
frequency-related differences were not assessed. 

Brain stem response waveforms obtained for the 
left ear of a 15-mo-old subject with a bilateral 
sensorineural hearing loss are shown in Figure 2. 
Location of waves V (and the judges’ rating of 
“present response”) are indicated by the arrows. The 
ABR thresholds (60, 40, and 60 dB nHL for 500, 
2000, and 4000 Hz, respectively) are within 5 dB of 
his pure-tone behavioral thresholds (reliably ob- 
tained at age 30 mo) of 5535, and 60 dB HL for 500, 
2000, and 4000 Hz. 

The relationship of the pure-tone behavioral 
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Figure 2. ABRs to brief tones in notched noise recorded from 
a 15-mo-old subject with a sensorineural hearing loss. Pure- 
tone behavioral thresholds, obtained at age 30 mo, are shown 
in parentheses. ABR thresholds were judged to be 60 dB nHL 
at 500 Hz, 40 dB nHL at 2000 Hz, and 60 dB nHL at 4000 Hz, 
all within 5 dB of the pure-tone behavioral thresholds. 
Stimulus intensities, in dB nHL, are plotted to the left of each 
waveform. 

thresholds to the ABR thresholds obtained using the 
tones in notched-noise technique is illustrated for all 
ears in the graphs shown in Figure 3. Data points in 
these scatterplots are identified as to their hearing 
group (normal or sensorineural loss) and age (at 
time of ABR) group. With only a few exceptions, the 
ABR to tones in notched-noise technique provided 
reasonably accurate estimates of pure-tone behav- 
ioral sensitivity for all frequencies. The average ( 5  1 
SD) ABR minus behavioral threshold difference is 
1.7 t 13.1 dB (average across both hearing groups 
and all three frequencies), with a median difference 
of 0 dB. Results for normal and SNHL ears are 
similar, with overall threshold differences (average 
across three frequencies) of 1.5 ? 12.1 dB for the 
normal-hearing ears and 1.8 % 13.7 dB for the 
SNHL ears. If the direction of the ABR minus 
behavioral threshold difference is not considered 
(i.e., if we take the absolute value of the difference 
score), the ABR estimated, on average, within 10.3 
5 8.2 dB of behavioral threshold. Table 4 compares 
the mean threshold difference scores for the normal- 
hearing and SNHL ears and for the three frequen- 
cies. 

In total, 98% of the ABR thresholds were within 
30 dB of the behavioral thresholds, 93% were 
within 20 dB, 80% were within 15 dB, and 66% 

were within 10 dB. Of the 43 cases where ABW 
behavioral thresholds differed by greater than 15 
dB, 26 were ABR overestimations (i.e., 12% of cases 
showed ABR 15 dB or greater overestimations of 
behavioral threshold). In only four threshold estima- 
tions (of a total of 220), all for 500 Hz, the ABR 
threshold to tones in notched noise overestimated 
the pure-tone behavioral threshold by greater than 
30 dB. One of these >30 dB overestimations was due 
to the 30 dB nHL minimum intensity for 500 Hz (the 
500 Hz pure-tone behavioral threshold was -5 dB 
HL; the 500 Hz A33R “threshold” was 30 dB nHL or 
better). If results are excluded where no-response 
was recorded for either ABR or behavioral mea- 
sures, the above detectability rates improved such 
that 74% of the ABR thresholds are now within 10 
dB of the behavioral thresholds, and only one differ- 
ence score is greater than 30 dB. 

The ABR threshold estimates appear to be 
equally accurate across the ages (at time of ABR) 
spanned by the subjects participating in this study. 
No significant relationship was found between the 
ABR minus behavioral threshold difference and the 
age at ABR evaluation (500 Hz: r = 0.05, df = 71, 
p > 0.1; 2000 Hz: r = 0.18, df = 94, p > 0.05; 4000 
Hz: r = 0.07, df = 49, p > 0.1). 

Table 5 (top) presents the results of the linear 
regression analyses performed on the data for all 
ears (normal and SNHL) for the ABR (Y) versus 
pure-tone behavioral (X) thresholds. These results 
show the same pattern as the threshold difference 
scores shown in Table 4. The high (20.94) correla- 
tion coefficients at each frequency indicate the good 
correspondence between the two thresholds, 
whereas the near unity (0.88-0.92 dB1dB) slopes 
indicate similar changes in both measures over a 
wide range of hearing loss. On the bottom of Table 5 
are shown the results of the linear regression anal- 
yses when all no-response values have been re- 
moved. The primary change is to  bring the slopes 
closer to unity and decrease the Y intercept. That is, 
the inclusion of the higher no-response levels for 
behavioral (120 dB HL) compared with ABR (100- 
110 dB nHL) results had distorted the slopes of the 
functions shown on the top of Table 5, making them 
less than unity. 

The effect of “flat” versus “sloping“ audiometric 
configuration was investigated next by dividing the 
ears with into three groups: (i) reverse slope SNHL 
(low-frequency behavioral thresholds at least 21 dB 
worse than high-frequency thresholds), N = 4; (ii) 
flat configuration (500 to  4000 Hz behavioral thresh- 
olds all within 20 dB of each other, including normal 
ears), N = 96; and (iii) high-frequency (HF) sloping 
SNHL (high-frequency behavioral thresholds at 
least 21 dB worse than low-frequency thresholds), 
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Figure 3. Threshold estimation using the ABR to 500 Hz (left), 2000 Hz (middle), and 4000 Hz (right) tones presented in notched 
noise. Results for normal-hearing (filled symbols) and sensorineural-impaired (open symbols) ears are plotted with three 
age ranges (at time of ABR) identified: 0-6 mo, diamonds; 7-48 mo, circles; 49 mo or greater, squares. Shown also are the 
correlation coefficients for each frequency across all subjects and the number of ears involved. Dashed lines (- - - - -) indicate the 
no-response range for each frequency and test, equivalent to the equipment maximum output plus 10 dB. Points plotted 2 the 
dashed line indicate no-response for the measure. Points with multiple subjects have symbols offset (kl dB per subject) to show 
clearly the overlapping data. Diagonals (solid lines) represent perfect ABRhehavioral threshold correspondence and are not 
regression lines. 

TABLE 4. Difference scores (dB): tone-ABR threshold (dB nHL) 
minus pure-tone behavioral threshold (dB HL) 

TABLE 5. Results of linear regression analysesa for each fre- 
quency: All ears (normal-hearing and SNHL) 

Frequency (Hz) 

500 2000 4000 
Normal-hearing ears: 

Mean (dB) 6.8 -0.9 -1.3 
SD 11.5 11.8 11.7 

SNHL ears: 
Mean (dB) 9.6 -0.2 -6.8 
SD 13.4 12.0 11.0 

Mean (dB) 8.6 -0.4 -4.3 
All ears (normal and SNHL): 

SD 12.8 11.5 12.1 

N = 44. Across all three frequencies, high correla- 
tions remained between the ABR and behavioral 
thresholds (flat: r = 0.91; HF sloping: r = 0.88; 
reverse slope: too few data) and with no-response 
data excluded, slopes remained near unity. Differ- 
ences between the ABR minus behavioral threshold 
difference scores for the three audiometric configu- 
rations were small and clinically insignificant (re- 
verse slope: 8.8 2 2.5 dB; flat: 0.7 % 13.4 dB; HF 
sloping: 3.6 2 14.5 dB), with these differences even 
smaller when no-response results were removed 
(reverse slope: 8.8 2 2.5 dB; flat: 6.8 % 10.4 dB; HF 
sloping: 2.1 2 11.2 dB). Results separated for the 
three frequencies showed similar patterns, with no 
clear or statistically significant differences in the 

All data: 
Y intercept, dB nHL 
Slope 
Standard error of regression (dB) 
Correlation coefficient (r) 
Number of ears 

Excluding ABR or behavioral “No 

Frequency (Hz) 

500 2000 4000 

13.11 6.27 3.22 
0.92 0.88 0.85 
12.50 10.95 9.75 
0.94 0.95” 0.97’ 
73 96 51 

response”: 
Y intercept, dB nHL 11.02 3.61 1.30 
Slope 0.95 0.96 0.92 
Standard error of regression (dB) 1 1.40 10.76 10.1 1 
Correlation coefficient (r) 0.91* 0.93” 0.91’ 
Number of ears 52 76 39 

a X = pure-tone behavioral threshold (d6 HL); Y = tone-ABR threshold (dE nHL). 
‘ p  < 0.001 (one-tailed). 

ABR minus behavioral threshold difference scores 
(no-response results excluded) between the flat and 
HF sloping configurations for 500 Hz (flat: 11.6 * 
11.9 dB; HF sloping: 10.7 2 10.2 dB; t = 0.17, df = 
24, p > 0.1),2000 Hz (flat: 5.2 +. 9.2 dB; HF sloping: 
1.8 ? 10.5 dB; t = 1.17, df = 45,p > O . l ) ,  or 4000 Hz 
(flat: 0.6 ? 4.2 dB; HF sloping: -6.7 2 8.2 dB; t = 
2.00, unequal variances adjusted df = 7.7, p > 0.1). 

In clinical practice, ABR threshold(s) are used to 
estimate pure-tone behavioral thresholds. Pre- 
sented below are equations for each frequency that 
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provide these predictions from tone-ABR thresholds. 
The equations are derived from linear regression 
analyses of this study’s data for all subjects (normal 
and impaired hearing), with no-response results 
excluded: 

500 Hz: 

2000 Hz: 

4000 Hz: 

Behavioral threshold (dB HL) = -3.25 + 
(0.87 * ABR threshold, dB nHL) 2 10.96 
(SE, dB) 
Behavioral threshold (dB HL) = +1.82 + 
(0.91 * ABR threshold, dB nHL) 2 10.46 
(SE, dB) 
Behavioral threshold (dB HL) = +4.12 + 
(0.90 * ABR threshold, dB nHL) 2 10.00 
(SE, dB) 

DISCUSSION 
The results of this study indicate that reasonably 

accurate estimates of 500, 2000, and 4000 Hz pure- 
tone behavioral thresholds in infants and young 
children can be obtained by recording the auditory 
brain stem response to brief tones presented in 
notched masking noise. In this study, the majority 
(66-74%) of the tone-ABR thresholds were within 10 
dB of the subjects’ pure-tone behavioral thresholds, 
and 93% were within 20 dB. These results are 
similar to  results previously reported for this tech- 
nique in adults with normal hearing (Picton et al, 
1979; Purdy et al, 1989; Stapells et al, 1990) and 
adults with hearing loss (Picton et al, 1979; Stapells 
et al, 1990; Munnerley et al, 1991). 

No differences were seen in the ABR minus be- 
havioral threshold difference scores between the 
ears with normal hearing and those with SNHL. 
This is in contrast to previous studies in adults 
which have indicated that differences between brief- 
tone ABR and pure-tone behavioral thresholds are 
reduced in subjects with SNHL compared to subjects 
with normal hearing (e.g., Picton et al, 1979; Sta- 
pells et al, 1990). This has been suggested to be due 
primarily to the influence (i.e., reduction of thresh- 
old) of temporal integration on pure-tone behavioral 
thresholds of subjects with normal hearing and the 
lack of such an influence for subjects with SNHL 
(Stapells et al, 1990). This lack of difference between 
pediatric subjects with normal hearing and SNHL 
may suggest poorer temporal integration in the 
pediatric population or may reflect attentional and 
motivational effects and the less reliable behavioral 
results seen in these young subjects (for reviews, see 
Werner & Rubel, 1992; Wilson & Thompson, 1984). 

More generally, the results of this study comple- 
ment and confirm the results of the large number of 
studies which have indicated that the ABRs to 500 
to 4000 Hz brief tones (masked or nonmasked) are 

recordable down to acceptably low intensities and 
provide reasonable estimates of behavioral thresh- 
olds (e.g., Beattie & Boyd, 1985; Davis & Hirsh, 
1979; Davis et  al, 1985; Foxe & Stapells, 1993; 
Gorga et al, 1988; Gorga, Kaminski, Beauchaine, & 
Bergman, 1993; Hayes & Jerger, 1982; Hyde et al, 
1987; Kileny & Magathan, 1987; Klein, 1983, 1984; 
Kodera et al, 1977; Kramer, 1992; McGee & Clemis, 
1980; Munnerley et al, 1991; Picton et al, 1979; 
Purdy et al, 1989; Purdy & Abbas, 1989; Stapells & 
Picton, 1981; Stapells et al, 1990, 1994; Stapells & 
Ruben, 1989; Suzuki & Yamane, 1982; Suzuki et al, 
1984; Suzuki et al, 1977). They are in contrast to a 
small number of studies that have indicated unsat- 
isfactory results with tone-evoked ABRs, particu- 
larly at 500 Hz. 

The results of the present study in infants and 
young children should lay to  rest concerns about the 
applicability of previous adult tone ABR studies’ 
results to the pediatric population. Many of the 
adult studies employed a near-40hec stimulus rate 
(e.g., Picton et al, 1979; Purdy et al, 1989; Stapells et 
al, 1990; Munnerley et al, 1991) and must have 
contained both ABR wave V and the 40 Hz steady- 
state response (Galambos et al, 1981; Stapells, Lin- 
den, Suffield, Hamel, & Picton, 1984). Because in- 
fants and young children do not show the response 
amplitude enhancements seen in adults when stim- 
uli are presented at about 40/sec (Stapells, Galam- 
bos, Costello & Makeig, 1988; Suzuki & Kobayashi, 
1984), the possibility that the adult tone-ABR stud- 
ies, especially for 500 Hz stimuli, would not be 
applicable to infants has recently been suggested 
(Picton, 1991; Picton, Champagne & Kellett, 1992; 
Stapells et al, 1990). In contrast to  this concern, 
however, the majority (92 to 100%) of the infants 
and young children with normal hearing in the 
present study produced clear ABRs to the tones at 
acceptably low stimulus intensities (530 dB nHL), 
and the ABR thresholds to tones in notched noise 
accurately estimated the pure-tone behavioral 
thresholds of the infants and children with SNHL. 
This was true for 500 Hz as well as for 2000 and 
4000 Hz. The ABR to tones in notched-noise tech- 
nique is thus applicable to  pediatric clinical popula- 
tions. 

ABR thresholds to 500 Hz brief tones are elevated 
by about 10 dB compared to the thresholds for 
higher frequency stimuli. A - 10 dB correction factor 
might therefore be appropriate when evaluating this 
frequency. Alternatively, the regression equations 
provided at the end of the “Results” section may be 
used to predict behavioral thresholds. In this study, 
the normal-hearing infants’ mean 500 Hz ABR 
threshold was 23.6 dB nHL (48 dB pe SPL), com- 
pared with 12.9 dB nHL (39.0 dB pe SPL) for 2000 
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Hz and 12.6 dB nHL (41.6 dB pe SPL) for 4000 Hz. 
The 2000 and 4000 Hz normative results are similar 
to  ours (Stapells et al, 1990) and others’ previous 
studies (e.g., Purdy et al, 1989; Suzuki et al, 1984). 
The 500 Hz ABR normal thresholds are similar to 
our previous study in adults (Stapells et  al, 1990), 
but are about 10 dB worse than others have reported 
(Purdy et al, 1989; Suzuki et al, 1984). We are 
currently compiling normative brief-tone ABR re- 
sults in a larger sample of infants. 

In general, brain stem responses to 500 Hz brief 
tones require more experience to recognize than do 
ABRs to higher frequency stimuli. These responses 
to  low-frequency stimuli usually do not demonstrate 
the sharper peaks seen in response to 2000 or 4000 
Hz brief tones. Because of this, they are also more 
susceptible to background electrical noise, whether 
of patient or environmental origin. This may be the 
reason for the one 500 Hz ABR overestimation of 
greater than 30 dB seen in this study (excluding 
data involving maximum or minimum stimulus in- 
tensities). In order to  adequately assess 500 Hz 
thresholds using the ABR, patients must be sleeping 
quietly, clinicians must be experienced with these 
responses, and a sufficient number of trials and 
replications must be averaged to ensure low residual 
electrical noise levels in the waveforms. Objective 
signal-to-noise measures (e.g., Elberling & Don, 
1984; Picton et al, 1983) may help in this regard, 
although no studies of their application to tone- 
evoked ABRs have been published. 

The clinical origin of the present study’s infants 
and children with hearing loss likely added some 
variability to  results as well as placing limitations 
on the number of thresholds and the minimum 
intensities tested. Further, the follow-up required 
for this and any study involving infants adds vari- 
ability and inaccuracies often associated with the 
time lag between the ABR and behavioral measures. 

One set of limitations is related to the behav- 
ioral audiometry. Because many of the behavioral 
audiograms were obtained at a later age, occasion- 
ally as much as 1 to 2 yr after the ABR assess- 
ment, there is the possibility that  hearing thresh- 
olds worsened during this time. Other possible 
problems related to the different times for behav- 
ioral audiometry include: (i) variable procedures 
and criteria for behavioral audiometry (related to  
differing developmental levels), and (ii) differing 
middle ear status not revealed by acoustic immit- 
tance results or history (i.e., subclinical). Finally, 
it is likely that some of the infants’ follow-up 
behavioral thresholds were still higher than adult 
levels due to their immaturity (i.e., in the 6- to 
24-mo age range) (Wilson & Thompson, 1984). 
Keeping in mind these issues, the mean ABR 

behavioral time difference was 2.2 mo. Thus, for 
most subjects, results for both measures were 
obtained relatively close to  each other. Further, 
we often had more than one set of behavioral 
results to confirm the reliability and stability of 
the behavioral results. Finally, infants with ques- 
tionable or unobtainable acoustic immittance re- 
sults were excluded. 

Another set of limitations related to the clinical 
origin of the group with SNHL were the procedures 
necessitated by the need for specific clinical infor- 
mation. Because 2000 Hz thresholds were deemed 
most relevant, they were almost always obtained 
first, to the detriment of 500 and 4000 Hz. Thus, 
there are fewer data for these latter frequencies. We 
were careful, however, to ensure only data from 
quiet and sleeping subjects were included. Thus, 
some 500 and 4000 Hz data were excluded because 
the subject awoke during testing of these fiequen- 
cies. Another limitation of these clinically obtained 
data concern our minimum intensities. Because of 
time constraints and need for clinical efficiency, we 
did not assess below 30 dB nHL for 500 Hz or below 
20 dB nHL for 2000 and 4000 Hz in the group with 
SNHL. This affected results for a total of only nine 
data points (500 Hz: N = 1; 2000 Hz: N = 7; 4000 Hz: 
N = l ) ,  but could have contributed to the slightly 
less-than-unity slopes of the regression lines. Fi- 
nally, there is an  advantage to these clinical results: 
the subjects with SNHL probably slept quieter and 
longer because of their chloral hydrate-induced 
sleep andor because of their being sleep deprived by 
parents anxious to  obtain necessary clinical infor- 
mation. The infant and young children in the group 
with normal hearing were required to sleep natu- 
rally. They did not receive chloral hydrate and their 
parents did not always sleep deprive them for the 
study. 

Considering the limitations outlined above, the 
results of the present study are very encouraging: 
the ABR to tones in notched-noise technique pro- 
vided reasonably accurate estimations of these chil- 
dren and infants’ pure-tone behavioral thresholds. 
Although this study did not compare these results to 
those obtained without notched-noise masking, pre- 
vious studies have indicated the masking to be 
particularly useful for assessing hearing loss with 
rising or sloping configurations (Picton, 1978; Picton 
et al, 1979; Stapells et al, 1994). Because one does 
not know in advance the slope of an infant’s audio- 
metric configuration, notched-noise masking would 
be used for all cases. 

There are likely to be improvements in tech- 
niques to obtain frequency-specific evoked potential 
thresholds in infants and young children. Nonlinear 
gating functions (e.g., Blackman window) improve 
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the frequency specificity of the brief tones and may, 
therefore, improve the frequency specificity of the 
ABR elicited by these brief tones (Gorga & Thorn- 
ton, 1989). ABR data supporting this suggestion, 
however, are currently lacking, and a recent paper 
by Purdy and Abbas (1989) reported no differences 
for linear versus Blackman tones. The use of such 
stimuli and the current availability of filters with 
very steep rejection slopes may allow for improve- 
ments in the notched-noise masker (e.g., notch 
width, noise intensity). Although not widely imple- 
mented on commercial equipment, notched-noise 
masking could be easily incorporated by equipment 
manufacturers if clinicians demanded this feature. 
Additionally, objective response measures are now 
available on commercial clinical equipment and 
should help in making decisions concerning re- 
sponse presence/absence, although research is re- 
quired for their use with tone-evoked ABRs. Finally, 
although not reliably present in infants using 40/sec 
rates (Stapells et al, 1988; Suzuki & Kobayashi, 
1984), brain stem steady-state responses to ampli- 
tude-modulated tones can be recorded in infants if 
very rapid (80 to 1001sec) modulation rates are used, 
allowing the use of rapid and objective, frequency- 
based, response measures (Aoyagi, Kiren, Kim, Su- 
zuki, Fuse & Koike, 1993; Levi, Folsom, & Dobie, 
1993). 

In summary, the present study suggests that, 
using the ABR to brief tones in notched noise, 
reasonably accurate estimates of 500, 2000, and 
4000 Hz pure-tone behavioral thresholds may be 
obtained in infants and young children with either 
normal hearing or sensorineural hearing loss. In the 
present study, 93% of the ABR thresholds were 
within 20 dB of the behavioral thresholds, and 80% 
were within 15 dB. No differences were seen as a 
result of age at ABR (1 week post-term to 8 yr) or as 
a result of audiometric configuration (rising, flat, 
sloping). Provided clinicians use appropriate proto- 
cols and have reasonable experience with tone- 
evoked ABRs, the technique is ready for clinical use, 
and should provide results that are more accurate 
than click-evoked ABR threshold results. Click ABW 
behavioral threshold regression equations, in addi- 
tion to their lack of frequency specificity, show lower 
correlations, larger standard errors, and lower 
slopes (i.e., less than unity) compared with results 
for tone-evoked ABRs (Stapells et al, 1994). After 
several years of using both tone- and click-evoked 
ABR techniques in our clinic, we no longer use the 
click-evoked ABR for threshold estimations. In- 
stead, we rely on ABR thresholds for brief tones in 
notched noise to estimate hearing sensitivity in 
infants and young children. 
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