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Abstract: A very high signal-to-noise ratio is required for equipment de-
signed for extended high-frequency audiometry because listeners with al-
most no hearing ability in the extended high-frequency range may have nor-
mal hearing sensitivity in the lower frequencies. Two commercially available
systems designed for pure-tone audiometry were evaluated both in the con-
ventional and extended high-frequency range. Unwanted lower frequency
signals greater than the noise floor occurred predominantly at presentation
levels of approximately 110 dB SPL or higher. Test tones in the extended
high-frequency range should be restricted to levels that are not associated
with lower frequency noise.
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1. Introduction

Extended high-frequency audiometry is a suitable method for the early detection of ototoxicity
�e.g., Fausti et al., 1999�. Several audiometers are available that include the extended high-
frequency range. A very high signal-to-noise ratio is required for such equipment because lis-
teners with almost no hearing ability in the extended high-frequency range, particularly for the
highest frequencies, may have normal hearing sensitivity for the lower frequencies. According
to the specifications of the International Electrotechnical Commission �IEC�, “no test subject
shall detect any unwanted sound from the transducer coinciding with the presentation of the test
tone, even at the maximum setting of the hearing level control �IEC, 1994�.”

Reference equivalent threshold sound pressure levels �RETSPLs� correspond to the
mean/modal hearing thresholds of a “sufficiently large number of ears of otologically normal
persons of both sexes aged between 18 and 30 years,” according to IEC 60645-1 �2001�. They
are lower than 10 dB SPL in the frequency range from 0.5 to 6 kHz and increase up to 56 dB
SPL at 16 kHz using the circumaural earphone HDA 200 from Sennheiser �ISO 389-5, 1998�.
Hearing thresholds of patients receiving aminoglycosides are often poorer than these
RETSPLs, particularly in the extended high-frequency range, considering that presbycusis af-
fects the highest frequencies first. Therefore, test tones in the extended high-frequency range
have to be presented often near to the maximum setting of the hearing level control, particularly
at 14 and 16 kHz. Such sound pressure levels are typically around 100 to 120 dB SPL, making
unwanted low frequency noise or sound more likely.

In the literature, only a few incidental remarks may be found concerning the issue of
the effects of low-frequency noise on thresholds in the extended high-frequency range. Frank
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�1990� reported that unwanted sounds below the test frequencies were not detected within the
80-dB dynamic range of the signal analyzer testing tone levels of 120 dB SPL at frequencies of
10, 12, 14, 16, 18, and 20 kHz using a commercially available Beltone 2000 audiometer �Bel-
tone Electronics�. Unwanted sound or signals above the test frequencies were present at har-
monics of these frequencies and were at least 35 dB below the presentation level of the test
tones.

In evaluating equipment for an experiment on the effects of noise exposure
�Schmuziger et al., 2004�, the first author noted that there was noise present in the signals
generated by some equipment. Based upon this observation, a survey of commercially available
equipment used for testing in the conventional and extended high-frequency range was under-
taken. The low-frequency noise present during the output of signals in the extended high-
frequency range was measured in two audiometers that were selected because they were avail-
able commercially on the local market at the time of the study. This article discusses the results
of the survey and their clinical implications.

2. Material and methods

2.1 Audiologic equipment

Two commercially available systems designed for pure-tone audiometry both in the conven-
tional and the extended high-frequency range were evaluated: Madsen Itera II �GN Otometrics,
Denmark� and GSI 61 �Grason-Stadler, United States of America�. They are diagnostic two-
channel audiometers that, according to the manufacturers, meet or exceed the international
standard for equipment for extended high-frequency audiometry according to IEC 60645-4
�1994�. Frequencies in the extended high-frequency range included 8, 9, 10, 11.2, 12.5, 14, and
16 kHz according to ISO 389-5 �1998�. According to IEC 60645-4 �1994�, the frequency of
8 kHz is considered to be both the highest frequency in the conventional range and the lowest
frequency in the extended high-frequency range. Additionally, the GSI 61 has an option for 18
and 20 kHz.

2.2 Calibration

Audiometers, equipped with Sennheiser HDA 200 earphones, were calibrated according to the
regulations of the Swiss Federal Office for Metrology and according to ANSI S.3.6-1996
�1996�, ISO 389-1 and 389-5. Reference equivalent threshold sound pressure levels for 18 and
20 kHz on the GSI 61 audiometer were specified by the manufacturer.

2.3 Sound level measurements

Sound level measurements were performed by Norsonic Brechbuehl AG, Switzerland, in a
double-walled sound treated booth. Only one channel/headphone combination was evaluated
for each audiometer. The selection of this combination was counterbalanced across equipment.
Measurements were made using an IEC 318 artificial ear, which includes a Brüel and Kjaer
�B&K� 4153 artificial ear with a B&K type 1 flat plate adaptor �DB0843�, and a B&K 4134
1

2
-in. microphone. The artificial ear was connected to a 01 dB-Metravib Orchestra signal ana-

lyzer with a dynamic range of more than 100 dB with the option for signal analysis by real-time
narrow band fast Fourier transform �FFT, 4096 points, Hanning Window�.

Tones were presented initially at the maximum output of each audiometer, which was
predetermined by the manufacturer and reduced in 5-dB steps. Median maximum output levels
for all test frequencies in the extended high-frequency range were 109 dB SPL �range: 106–
115� for the GSI 61 and 116 dB SPL �range 101.6–126� for the Itera II. The results were stored
on the hard disc of the analyzer for later analysis on the PC using the dBFA software suite from
01 dB-Metravib.

3. Results

Unwanted lower frequency signals at audible levels were more prominent for the Madsen Itera
II than for the GSI 61. All of the lower frequency signals were audible to the first author, whose
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audiometric thresholds are plotted in Fig. 2. The noise floor from the audiometers was approxi-
mately 13 dB SPL for frequencies above 0.3 kHz and is shown in Fig. 1�a� for the Madsen and
in Fig. 2�a� for the GSI.

3.1 Madsen Itera II

Unwanted lower frequency sounds occurred particularly at 8 and 16 kHz. Unwanted signals
below a test frequency of 8 kHz presented at approximately 121 dB SPL were present at har-
monics of 4.1 kHz with a level of 31.6 dB SPL. Moreover, peaks occurred at 2.9 and 0.3 kHz

Fig. 1. Spectral analysis of the acoustic output of the Madsen Itera II generating 8- and 16-kHz tones at different
levels specified in the title of each spectrum. The noise floor of the audiometer �signal analysis without test tone� is
depicted in panel �a�.

Fig. 2. Spectral analysis of the acoustic output of the GSI 61 generating 8- and 16-kHz tones at different levels
specified in the title of each spectrum. Gray medium-dashed line: Hearing threshold levels of the first author �dB

SPL�. Dark gray long-dashed line: RETSPLs for 0.25–20 kHz. The noise floor of the audiometer is depicted in panel
�a�.
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with levels of 24.3 and 19.3 dB SPL, respectively �Fig. 1�d��. Reducing the level of the signal to
111.5 dB SPL or lower reduced the occurrence of these unwanted signals to a few dB over the
noise floor, as depicted in Figs. 1�b� and 1�c�.

A presentation level of 114.6 dB SPL at 16 kHz was associated with unwanted signals
of close to 50 dB SPL at the harmonic frequency of 8 kHz, but such signals were also present
near 0.4 kHz, as shown in Fig. 1�f�. These unwanted signals could not be detected above the
noise floor when the level was reduced to 106.1 dB, as demonstrated in Fig. 1�e�.

3.2 GSI 61

No unwanted signals could be measured for any frequencies with our equipment, even at the
maximum output of the audiometer. However, the listening check by the first author revealed
weakly audible low-level noise at lower frequencies when a 16-kHz signal was presented at
107.3 dB SPL, 18 kHz at 109.1 and 113 dB SPL, and 20 kHz at 115 dB SPL. The audiometric
thresholds of the first author and RETSPLs are plotted in Fig. 2�c�, along with the output of the
signal analyzer for a 16-kHz tone at 107.3 dB SPL.

4. Discussion and conclusions

The International standard IEC 60645-4 �1994� for equipment for extended high-frequency
audiometry states that “No test subject shall detect any unwanted sound from the transducer…,
even at maximum setting of the hearing level control.” Because many listeners with almost no
hearing ability at the highest frequencies, particularly at 14 kHz and above, have normal hear-
ing sensitivity for the lower frequencies, these requirements are very difficult to achieve for
commercially available clinical audiometers. This is a serious limitation for the clinical use of
extended high-frequency audiometry because false-positive responses may occur. The most
common clinical use of extended high-frequency audiometry is monitoring of potential
aminoglycoside-induced hearing loss, which typically affects hearing first in the highest fre-
quency range with later progression to the lower frequency regions �Fausti et al., 1999�. Thresh-
olds in the extended high-frequency range potentially could be underestimated because a pa-
tient might be responding to lower frequency noise produced by the hardware. Therefore,
perception of lower frequency noise or off-frequency signals could result in missing early signs
of ototoxicity.

Spectral analysis of the output of the audiometer does not guarantee that the require-
ments according to IEC 60645-4 �1994� are met in all cases, because the dynamic range of most
analyzers is not wide enough to cover the full range of differences between extended high- and
low-frequency hearing. The unwanted signals may not be detectable above the noise floor of the
audiometer. The signal analyzer used in this study had an excellent dynamic range of more than
100 dB, which is greater than analyzers available for clinical use �Frank, 1990�. Nevertheless,
our results with the GSI 61 audiometer demonstrated that even when no unwanted signals were
measured above the noise floor of the audiometer, some low-level noise at lower frequencies
was audible by the first author performing listening checks when test tones at 16 kHz and above
were presented at the maximum output of the audiometer.

Unwanted lower frequency signals or off-frequency signals occurred more often for
the Madsen Itera II than for the GSI 61, probably because the maximal output levels of the test
tones were generally higher and less restricted for the Madsen. The output levels of test tones in
the extended high-frequency range should be restricted to meet the requirements of IEC
60645-4 �1994�. According to IEC 60645-1 �2001�, “objective acoustical measurements may be
impracticable for testing for the presence of unwanted sound from the audiometer. Therefore,
subjective tests shall be performed using at least two otologically normal test subjects whose
hearing threshold levels shall not exceed 10 dB for the test frequencies 250 Hz to 8 kHz.” Simi-
lar subjective tests could be advantageous for extended high-frequency audiometry, using oto-
logically normal test subjects with normal hearing in the conventional frequency range and
presumably impaired hearing in the extended high-frequency range. Stelmachowicz et al.
�1989� obtained auditory thresholds in the 8- to 20-kHz range from 240 subjects ranging in age
from 10 to 60 years and found that the largest changes in sensitivity with age occurred between
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40 and 59 years. Considering their results, it seems reasonable to assume that anyone over the
age of 40 years is likely to have hearing loss in the extended high frequencies. Providing that
such subjects have normal hearing in the conventional frequency range, they would probably be
suitable to participate in such subjective tests. Subjects with hearing loss in the extended high-
frequency range are more suitable than subjects with normal hearing in this frequency range
because low-frequency sound or noise will usually only occur at test tone levels near the maxi-
mum output of the audiometer and one would not want to expose subjects with normal hearing
to such high levels. Even more importantly, such test tone levels well above the individual’s
threshold could mask unwanted lower-frequency sound.

Manufacturers of equipment for extended high-frequency audiometry should be re-
sponsible for performing the subjective tests needed to check the accuracy of their equipment
and potentially to restrict the maximum output of their audiometers to levels that are unlikely to
produce unwanted lower-frequency sound. Moreover, such subjective tests should be regularly
performed during the clinical use of such equipment, at least at the time of regular calibrations.

Further efforts are needed by the manufacturers to design commercially available au-
diometers for extended-high-frequency audiometry with improved signal-to-noise ratio. The
introduction of a steady background of low-level noise restricted to the conventional frequency
range to the test earphone could be helpful for masking the off-frequency energy or unwanted
sound. It could prevent listeners from responding to these low-frequency sounds when high-
frequency test signals are presented. Further studies could be advantageous to determine the
effective dynamic range of the measurement system combining acoustical measurements of the
test tones and masking studies with noise restricted to the conventional frequency range.
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