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Introduction:

The frequency range of human hearing is generally described as being from 20 Hz to 20 kHz
(see Figure 1).Sounds with frequencies too low for humans to hear are called infrasound.
Sounds with frequencies too high for humans to hear are often called ultrasound. Sounds with
frequencies above 20 kHz are considered ultrasonic. However, recent psychophysical
experiments at the Naval Submarine Medical Research Laboratory (NSMRL) have systematically
documented that human divers can detect underwater ultrasounds up to at least 100 kHz.
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Figure 1: Human In-air and Underwater Hearing Threshold

Recent NSMRL findings are consistent with previous studies that report human hearing
well into the ultrasonic range when the ultrasonic stimuli are delivered via bone conduction.
Pumphrey (1950) and Dieroff and Ertel (1975) report that sine waves up to 120 kHz are
perceived as sounds with a pitch similar to air-conducted sounds of 8-16 kHz. More recently,
Nishimura, Nakagawa et al. (2003) report that bone-conducted ultrasounds can mask
perception of air-conducted sounds of 10-14 kHz.

In air, sounds outside the ear are transmitted through the pinna and the outer ear canal
(see Figure 2).Via the middle ear ossicles, the vibrations are then delivered to the cochlea.
Finally, mechanical energy is translated into electrical impulses and transmitted to the
auditory nerve and the brain. This is known as the air-conduction pathway.
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Figure 2: Figures Adapted from GSI Audera Workbook and Sohmer and Freeman, 2004

The bone-conduction pathway, on the other hand, is a little more complicated. Tonndorf
(1972) suggests that there are three pathways for bone conducted sound:

1) Osseo-tympanic bone-conduction refers to the radiation of sound by the ear canal
walls. This energy can reach the cochlea via the middle ear as if it were a normal
airborne sound.

2) Inertial bone-conduction refers to stimulation of the cochlea primarily through
relative movement of the ossicles of the middle ear. It is believed to be dominant at
lower frequencies.

3) Compressional bone-conduction involves compression and distortion of the bony
labyrinth of the cochlea itself. It is believed to be dominant at higher frequencies.

There is doubt in the auditory community that the human peripheral auditory system is
responding to ultrasonic frequencies. To explain this intriguing phenomenon, the
Transmission-Path Demodulation hypothesis has been proposed. According to the
Transmission-Path Demodulation hypothesis, when ultra-high frequency inaudible sounds
impact the human body, nonlinearities in the body demodulate the sounds into
lower-frequency audible sounds (See Figure 3). Therefore, the subjects are not actually
detecting the ultrasounds themselves.

In the case of human divers, due to the reduced impedance mismatch between water and
the human body, an additional transmission path may exist. Waterborne ultrasounds may
induce pressure waves in the human body itself, which can then be communicated via fluid
channels (e.g., CSF) to the fluids in the cochlea and stimulate the cochlear hair-cells directly;
causing the hair-cells to act as the demodulator.

The general objective of this study is to improve our understanding of the underlying
mechanisms for human underwater hearing. The null hypotheses we are testing in this project
are:

1) Diver's psychophysical responses to underwater ultrasounds are of auditory origin.

2) Non-linearity in the skull, and/or soft tissue, and/or cochlear hair cell demodulates

ultrasonic frequencies down into the known audible frequency range.

Method:

Testing was performed at the Newport Naval Undersea Warfare Center's (NUWC) Underwater Acoustics Test Facility (ATF). All measurements were performed in

their anechoic pool (see Figure 3).
Physical acoustics

To test the Transmission-path Demodulation hypothesis, we must first rule out the
possibility of low frequency distortion at the sound source, as well as in the water
medium. To confirm that divers are not responding to low-frequency audible
distortions in the water medium, physical acoustical measurements were made. While
100 kHz tone stimuli were transmitted at 190 dBSPL (re 1 uPa), measurements were
taken with the H-52 hydrophone and the F-56 ceramic sphere transducer.

The H-52 is a standard calibrated hydrophone, whereas F-56 is a ceramic sphere
transducer, normally used as an underwater acoustics projector.In our study, the F-56
was used as a hydrophone, taking advantage of its mechanical lowpass filter
characteristic (at 13kHz, -10dB/dec), to provide us with the dynamic range to display
low levels (i.e., < 50 dBSPL, re 1 uPa) at frequencies between 350 Hz and 30 kHz in the
presence of a high amplitude 100 kHz tone.
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Figure 3: Diagram courtesy of NUWC ATF

Participants:

Four normal-hearing divers participated in this experiment (audiometric thresholds between 125 and 8000 Hz were < 20 dB HL). They were U.S. Navy trained

divers with ages ranging from 20 to 44 yr.

Procedure:
The hearing thresholds were measured using a two-alternative forced-choice paradigm. The one-up
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two-down adaptive procedure was used to track the 70.7% correct point (Levitt, 1971). At the

beginning of a run, the stimulus level was set to below the threshold of hearing. The level was N ” Diver Test Tank Set-up

increased after an incorrect response and reduced after two consecutive correct responses. The
sound level change was initially 5 dB. It was reduced to 3 dB after the first reversal,and then to 1 dB
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after the fourth reversal. Thresholds were calculated as the mean of the sound level over the last six
reversals. The session was terminated only when the standard deviation was less than or equal to 3
dB and only after at least fourteen reversals.

The experiment was conducted with the participant seated individually inside an anechoic pool

(see Figure 4). All participants went through a training session to familiarize them with the
experimental tasks. The stimuli were played out via a data acquisition card (National Instruments
DAQCard-6062E) with 12-bit resolution at a sampling frequency of 441 kHz. The stimuli were then
passed through a programmable attenuator (TDT PA5) and filter (Kronhite, 8893) before being
presented via underwater acoustic projectors (EDO for 5 kHz and F-82 for 100 kHz). The listeners were
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instructed to indicate the interval that contained the tone stimulus. The two intervals were marked
visually with underwater LEDs. No visual feedback was provided. The response on each trial was
collected via underwater buttons.

Stimuli:

All stimuli were digitally generated using Matlab (Mathworks, Natick MA). On each trial, the divers were presented with two successive stimulus tokens, separated
by 500-msec pauses. Each stimulus token had a total duration of 250 msec and was gated on and off with 50-msec raised-cosine ramps. During each trial, one of

Figure 4: Psychoacoustic experimental setup

the intervals contained no stimulus tone, whereas the other interval contained the stimulus tone. The order of presentation of the two intervals was selected

randomly with equal probability from trial to trial. The two test frequencies were 5 kHz and 100 kHz. These values were selected as they represent the sonic and

ultrasonic frequencies.
Physiology

If the Transmission-Path Demodulation hypothesis is true, that the body lowers high frequency
ultrasound into the audible frequency range, then a sensitive microphone placed in the ear canal
could measure low-frequency acoustic energies not part of the original stimulus.

A sensitive microphone was placed in the diver’s ear canal, inside a hearing protection ear cup
(see Figure 5). Penetration holes were made to allow for pressure compensation and to run the
necessary wires from the microphone to the topside recording station. The penetration holes were
made watertight. After the diver reached the appropriate depth, sound stimuli, above hearing
threshold, were presented and microphone recordings were taken. The divers were instructed to
breathe naturally, but remain as still and quiet as possible.

Figure 5: Diver with ear cup and microphone

Neurophysiology

To determine that the ultrasonic percept is of auditory origin, the Auditory Brainstem Response (ABR) was recorded. ABR
audiometry is a neurological test of auditory brainstem function in response to auditory stimuli. ABR audiometry is the most
common application of auditory evoked responses. In this study, we hoped to use ABR measurements to: 1) confirm that the
diver psychophysical responses to underwater ultrasounds are indeed of auditory origin,and 2) compare the ABR response to
ultrasound with those of in-air audible sounds.

During ABR measurements, 4 electrodes (one on each earlobe, one just above the middle of the brow-line,and one on
the vertex in the top center of the head) were placed on the diver prior to immersion (see Figures 6 & 7). After the electrodes
were in place, waterproof tape was placed over the electrodes. The stimulus levels were set at 5 dB above the diver’s threshold.
The divers were instructed to breathe naturally,and remain as still and quiet as possible. A Grason-Stadler Inc. Audera unit
performed the ABR acquisitions.
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Figure 7:1deal In- air ABR and elctrode configuration (Adapted from Audera Workbook)

Figure 6: Diver with electrodes

Results:
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Figure 8 shows the sound pressure level (dB re 1 uPa) as a function of frequency.
While 100 kHz tone stimuli were transmitted at 190 dBSPL (re 1 uPa) by the F-82

projector, measurements taken by the H-52 hydrophone and the F-56 ceramic sphere

transducer shows no low-frequency distortions between 100 Hz and 30 kHz.
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Figure 9 shows the sound pressure level in 1/3 octave frequency bands as a

function of center frequency, as well as the hearing threshold level as a function

of frequency. Auditory filter banks can be approximated using 1/3 octave
frequency bands.The figure illustrates that the energies in the auditory filters

are below previously measured thresholds.
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Figure 10 shows the mean hearing threshold as a function of frequency.The 5
kHz threshold is 101 dBSPL with a £7.7 SEM.The 100 kHz threshold is 174

dBSPL with a £1.9 SEM. The threshold measurements are consistent with those

found in previous studies by NSMRL.

Time Waveform of Two 500ms Pulses in Subject's Ear Canal
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Figure 11 shows the time waveform measurement of the microphone in the diver's ear
canal. Given the obvious quantization noise, the microphone measurements at the ear

canal may not be sufficiently sensitive.

Figure 12 shows an example of the attempted ABR measurements. Due to multiple
potential noise sources (i.e., requlator, bubble, and electromyogenic noise) the ABR
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measurements were inconsistent and difficult to interpret.

Discussion:

- The data presented here are preliminary results from an ongoing study to
understand the effects of underwater “ultrasound” on human divers.

- The physical acoustic measurements show no low-frequency distortion products
in the water medium, ruling out the possibility that the divers are responding to
distortions caused by the acoustic projector and/or the water medium.

-The 5 kHz and 100 kHz threshold measurements were consistent with those
found previously by NSMRL.

- The microphone measurements at the ear canal may not have been sufficiently
sensitive to detect the distortions in the 20 Hz - 20 kHz range.

- Due to multiple potential noise sources, (i.e., requlator, bubble, and
electromyogenic noise) the ABR measurements were inconsistent and difficult to
interpret.

- Refinement of the physiological and neurophysiological measurement
techniques are needed to further examine the Transmission-path Demodulation
hypothesis.
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