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Abstract: Owing to its subjective nature, behavioral pure-tone audiometry often is an unreliable testing method in uncooperative subjects, and assessing the true hearing threshold becomes difficult. In such cases, objective tests are used for hearing-threshold determination
(i.e., auditory brainstem evoked potentials [ABEP] and frequency-specific auditory evoked
potentials: slow negative response at 10 msec [SN-1O]).
The purpose of this study was to evaluate the correlation between pure-tone audiogram
shape and the predictive accuracy of SN-IO and ABEP in normal controls and in patients suffering from sensorineural hearing loss (SNHL).
One-hundred-and-fifty subjects aged 15 to 70, some with normal hearing and the remainder
with SNHL, were tested prospectively in a double-blind design. The battery of tests included
pure-tone audiometry (air and bone conduction), speech reception threshold, ABEP, and SN10. Patients with SNHL were divided into four categories according to audiogram shape (i.e.,
flat, ascending, descending, and all other shapes).
The results showed that ABEP predicts behavioral thresholds at 3 kHz and 4 kHz in cases
of high-frequency hearing loss. Also demonstrated was that ABEP threshold estimation at 3
kHz was not affected significantly by audiogram contour. A good correlation was observed
between SN-l 0 and psychoacoustic thresholds at I kHz, the only exception being the group of
subjects with ascending audiogram, in which SN-1O overestimated the hearing threshold.
Keywords: ascending audiogram; audiogram; audiogram shape; auditory brainstem evoked
potentials; average audiogram; behavioral audiometry; behavioral threshold; electrophysiological threshold; frequency-specific auditory evoked potentials; objective hearing tests; predictive accuracy; psychoacoustic threshold; sensorineural hearing loss
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wing to its subjective nature, behav ioral puretone audiometry often is an unreliable testing
method in uncooperative subjects (e.g., children , malingerers), and assessing the true hearing
threshold becomes difficult. In such cases, objective
tests are used for hearing-threshold determination (i.e.,
auditory brainstem evoked potentials [ABEP] , and frequency-specific auditory evoked potentials (SN-I 0).
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ABEPs have been recorded clearly in children and
adults [I], regardless of state of consciousness [2] , degree of concentration (listening) [3] , and sedation. Measurements of ABEP are not measures of hearing per se
but involve sound-elicited potentials arising in the auditory nerve and brainstem structures (by which ABEP
was established as an important procedure for testing
brainstem activity in various pathologies [4-9]). In contrast, behavioral audiometry is based on hearing in
terms of the perceptual process involving the entire auditory system. Nevertheless, the hearing thresholds determined by the two methods in cooperative subjects lie
in fairly close proximity of each other [10, II].
ABEP is not completely objective inasmuch as the
interpretation of results depends on the examiner's
judgment with respect to the existence of neuronal ac-
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tivity in the background noise [12]. Interpretation may
prove difficult when the signal-to-noise ratio is very
low. Even when the latter is enhanced, contrasting repeat recordings is not clear-cut, especially when the
signal-to-noise ratios are not identical. The noise problem can occur even after very many repetitions [13], in
which case it is up to the operator to perform timeconsuming additional repetitions. to obtain a sufficient
overlap between recordings [12] .
Another disadvantage of ABEP comes with the need
for high synchronization. Consequently, clicks with the
main frequency at 3 to 4 kHz are used instead of the
lower frequencies of speech (0.5-2 kHz) . Davis and
Hirsch [14] and Suzuki and Horiuchi [15] have described another response at approximately 10 msec after stimulus onset. They labeled this the slow negative
response at 10 msec (SN-IO), and its generator is believed to be the dendritic activity in the gray matter, especially the inferior colliculus. This wave is obtained
20 dB above audiometric thresholds; because less synchronization is required to elicit it as compared to
ABEP, usually it is evoked best with tone bursts at
J,000 Hz [16] . Hence, the method of choice for threshold determination in the speech frequency range (especially 1,000 Hz) is SN-IO [17]. The technique also exhibits some inconveniences. It runs the risk of being
masked by the frequency-following response when intense stimuli are used, especially at lower frequencies
(e.g., 500 Hz) [18]. Additionally, the same signal-noise
problem must be addressed as in ABEP recordings.
Few studies focused on the ability of an audiogram
profile to predict hearing threshold. A good correlation
was found between the threshold of evoked potentials
and audiometric thresholds in patients with gently sloping audiograms [19,20]. Most studies found a high correlation between psychoacoustic thresholds in the lower
frequencies and those determined by SN-IO, with the
specification that some discrepancy is possible [1921]. The influence of audiogram contour on threshold
evaluation by SN-I 0 has not been reported.
We undertook this study to evaluate the correlation
between pure-tone audiogram shape and the predictive
accuracy of SN-I 0 and ABEP in normal and hearingimpaired subjects. Furthermore, comparing the precision
of these tests seemed a compelling objective, as all have
been known to bear some inaccuracies (as mentioned).
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Table 1. Classification of Study Participants
Subjects
Normal controls
SNHL

Number

Age Range
(yr)

Mean Age
(yr)

19
131

17-62
15-75

34
51

SNHL = sensorineural hearin g loss.

cluded from the study. Criteria for the control group included normal hearing at 250-8,000 Hz, negative otoscopy, absent history of noise exposure, and a good
general health.
All participants underwent pure-tone audiometry
(air and bone conduction; range, 250-8,000 Hz) ; speech
reception threshold testing; ABEP assessment (20 clicks!
sec with alternating polarity, x200,000 signal amplification and 10- to 3,000-Hz filtering); and SN-IO recording (l,OOO-Hz pure-tone, with a 2-1-2 stimulation
pattern at 20-sec repetition rate, x200,000 signal amplification and 30- to 30,000-Hz filtering) .
To minimize interference caused by subjects' muscle
tone, 10 mg diazepam (Valium) PO was administered
during ABEP and SN-IO recordings. A double-blind
design was devised with the purpose of improving
accuracy of findings and of preventing mutual influences between audiometry and objective hearing tests.
In that way, audiometry was carried out by one examiner, whereas a second independent operator performed
SN-IO and ABEP recordings.

RESULTS
Keeping in mind that we intended to study the correlation
between audiogram profile and objective hearing threshold, the patients with SNHL first were divided into four
categories according to audiogram shape (i.e., flat, ascending, descending, and other); a fifth group consisted
of healthy subjects with normal hearing (Table 2). We
termed as ascending and descending those audiograms in
which the threshold difference between two adjacent frequencies, one octave apart, was more than 20 dB. Other
includes all the audiograms that could not be included in
any other group. Subsequently, the mean thresholds were
calculated for every pure-tone frequency. This step reTable 2. Demographics by Audiogram Shape

MATERIALS AND METHODS
We prospectively studied 150 normal subjects and patients with sensorineural hearing loss (SNHL; Table I).
Uncooperative patients and those suspected of pursuing
a secondary gain and thereby biasing their reliability
(some victims of traffic and work accidents) were ex-
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Audiogram Type
Normal
Flat
Ascending
Descending
Other

No. of Ears

Mean Age (yr)

38
49
14
119
42

34
52
50
56
45
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FLAT

Figure 1. Average audiogram of the flat type in sensorineural
hearing loss.

Figure 3. Average audiogram of the descending type in patients with sensorineural hearing loss.

suited in an "average audiogram" for each of the four categories of audiogram contour (Figs. 1-4).
With a view to predicting audiometric thresholds on
the basis of objective hearing tests, we next verified the
extent of their relative proximity by calculating the arithmetical difference (in decibels) between them. Two
parameters were determined in each audiometric category: frequency-matched threshold differences between ABEP and behavioral audiometry (Fig. 5), the
lowest difference being found at 3 kHz in all four
pathological categories, and threshold differences between SN-IO (at I kHz) and audiometric thresholds by
profile categories (Fig. 6). The threshold difference was
calculated for the 0.5-kHz, I-kHz, and 2-kHz frequencies and for the average threshold at these three frequencies. Additionally, the speech reception threshold
was included. The smallest difference was observed at
the I-kHz frequency and the speech reception threshold, but it increased in the group with ascending-type
audiogram (i .e., SN-IO best approximated the l-kHz-

threshold). However, its accuracy significantly decreased in patients with audiograms of ascending contour (analysis of variance).
To improve our ability to predict an accurate threshold by means of the ABEP threshold, a linear regression analysis evaluated the correlation between the ABEP
and audiometry thresholds at seven pure-tone frequencies (Table 3). Our findings indicate the best correlation to be at 3 kHz and 4 kHz, with the former showing
the highest correlation coefficient (r2 value = 0.68).
Figure 7 depicts the scatter plot of ABEP (electrophysiological) thresholds and the 3-kHz pure-tone thresholds
(behavioral). Also shown is the most probable equation
relating electrical threshold (ET) to behavioral threshold (BT), as given by linear regression analysis:
BT = a

X

ET

+

B

where a = slope and B = intercept. By use of such an
equation, the behavioral threshold can be predicted at
the other pure-tone frequencies. The simple extrapola-
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Figure 2. Average audiogram of the ascending type in the
studied patients with sensorineural hearing loss.

Figure 4. Average audiogram of sensorineural hearing loss
patients not fitting any of the shapes described in Figures 1- 3.
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1112 kHz
1113 kHz
04 kHz

Table 3. Auditory Brainstem Evoked Potentials: Audiometry
Correlation at Various Frequencies as Given by Linear
Regression Analysis
Frequency

Regression

(Hz)

BT =

250
500
1,000
2,000
3,000*
4,000
6,000

0.4
0.45
0.58
0.78
0.94
0.99
1.01

06kHz

Figure S. Threshold differences between auditory brainstem
evoked potentials and behavioral audiometry as a function of
audiogram shape. (Ase = ascending; Des = descending.)

tion of the known ET yields the probable BT. However,
as the best correlation is at 3 and 4 kHz, it must be kept
in mind that the error range is likely to increase at the
other frequencies.
The same regression analysis was conducted in the
case of SN-IO versus psychoacoustic thresholds. The
best correlation was found at the I-kHz frequency
(Table 4). Figure 8 reproduces this linear correlation.
The SN-J 0 : audiometry correlation varied greatly with
audiogram contour: Those in the group with ascending
audiograms departed from all the other categories (i.e.,
flat, descending, and other). This outcome may result
from better hearing at higher frequencies, biasing the
threshold estimate for I kHz. In contrast, ABEP estimating the 3-kHz threshold was not affected by audiogram profile.

DISCUSSION
This study evaluated the predictive accuracy of objective hearing test results (ABEP, SN-lO) by comparison
to behavioral results obtained by conventional pure-

a x ET + b

r'

ET + I 1.4
ET + 8.5
ET + 2.85
ET - 0.72
ET - 2.9
ET + 0.18
ET + 4.63

0.22
0.26
0.37
0.53
0.68
0.6
0.47

x
x
x
x
x
x
x

r'

a = slope; B = intercept;
= correlation coefficient; BT
old ; ET = electrical threshold.
'The best correlat ion was found at 3 KHz.

=

behavioral thresh-

tone audiometry. A good correlation between electrophysiological and behavioral thresholds in subjects
with mildly sloping audiograms is reflected in the
works of Hayes and Jerger [19] and of Stappells and
Picton [20]. In the findings of the former, 98% and 91 %
of evoked responses were within a range of 30 and 20
dB above the behavioral threshold, respectively. The
second study analyzed the flat and mildly slanting audiograms of 37 children with mild to severe hearing
loss and found that the ET accurately predicted the psychoacoustic threshold. This correlation decreased in the
steeper audiograms, mostly in the 500- to I,OOO-Hz
range.
Davis et al. [22] found that ABEP audiograms for
"flat" hearing losses did not differ significantly from
their corresponding pure-tone audiograms. However,
the slopes for steep high-frequency hearing losses were
underestimated. In our study, ABEP predicted behavioral thresholds at 3 kHz and 4 kHz in cases of highfrequency hearing loss. In light of this finding, it con-
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Figure 6. Threshold difference between slow negative response at 10 msec and pure-tone audiometry as a function of
audiogram contour. (Ase = ascending; Des = descending;
AVE = average of three frequencies: 0.5, I, and 2 kHz.)
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Figure 7. Auditory brainstem evoked potentials (ABE?)
threshold versus the 3-kHz audiometric threshold.
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Table 4. Slow Negative Response at 10 msec Audiometry
Correlation at Various Frequencies as Given by Linear
Regression Analysis
(Hz)

Frequency

Regression
BT = a x ET + b

250
500
1,000*
2,000
3,000
4,000
6,000

0.74
0.82
0.97
0.98
0.95
0.89
1.01

r2

x ET + 7.8
X
X
X
X
X
X

which SN-lO is needed, high-frequency masking may
improve accuracy.

0.32
0.38
0.45
0.53
0.68
0.6
0.47

ET + 4.4
ET - 0.43
ET + 2.3
ET + 6.9
ET + \3.7
ET + 14.1

a = slope; B = intercept; r' = correlation coefricient; BT = behavioral threshold; RT = reception threshold; ET = electrical threshold.
*The best correlation was found at I kHz.

CONCLUSIONS
ABEP predicted behavioral thresholds at 3 kHz and 4
kHz in cases of high-frequency hearing loss. ABEP
threshold estimation at 3 kHz was not affected significantly by audiogram contour. A good correlation between SN-IO and psychoacoustic thresholds at I kHz
was found; the only exception was the group of subjects with an ascending audiogram; in them, SN-lO
overestimated the hearing threshold.
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