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Abstract:

 

We assessed ultrasonic transmission in a dry skull; in a dry skull with water, sim-
ulating the living condition; in a cadaver head; and in six human subjects, one of whom exhib-
ited no measurable hearing. By using these preparations, we concluded that fluid conduction
is essential in the propagation of sound across the head, whereas the bone pathway is far less
effective in that regard. Thus, there is little ear isolation beyond 10 dB even up to 80 kHz, ex-
tending the masking dilemma in cases of unilateral hearing loss.
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n a series of studies of bone-conduction (BC) hear-
ing [1–4], we demonstrated that there was little at-
tenuation (~10 dB) across the head in the audio-

metric range (

 

�

 

10,000 Hz), in the high audio range (10–
20 kHz), and in the lower ultrasonic range (20–50 kHz).
BC hearing results from placing a vibrator in contact
with the skin of the head; however, the process is a
complex interaction of the vibration and the physical
structures of brain-skull-skin. One characteristic of BC
hearing is that movement of the vibrator just a few cen-
timeters on the skin can shift the threshold [5,6]. This
placement effect is more profound for the higher audio-
metric frequencies and for individuals with severe hear-
ing loss [7]. Békésy [5] suggested that placing the vibra-
tor on the forehead midline would reduce the threshold
variability, as slight shifts in position did not affect
threshold in the audiometric frequencies. Though fore-
head placement has long since fallen out of clinical favor,
the utility of alternative vibrator placement for high-
frequency BC tinnitus therapy [8] has not been system-
atically explored.

We noted that attenuation across a dry skull is simi-
lar for a vibrator placed on the frontal, parietal, or oc-
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I

 

cipital bones [1,4]; however, a dry skull is much differ-
ent from a living head in terms of its acoustic properties.
As ultrasound can propagate by fluid conduction [9–11],
we will explore ultrasonic frequency mapping over the
body, not just the head, and through the use of a cadaver
extend our ultrasonic intra-aural study to 80,000 Hz.

An alternative view [12] is that ultrasound propa-
gates principally owing to the piezoelectric properties
of bone itself [13,14]. In fact, the osseous nonlinearities
(apatite crystals) could be the source of demodulated,
amplitude-modulated ultrasound, which presumably is
the mechanism involved in electric BC hearing using the
Tonndorf audiometer. Bennett [12] assumed that the prin-
ciple operating in electric BC hearing also applies to all
forms of ultrasonic hearing and proposed a simple test
(which we performed) to clarify the role of bone in BC.

 

PATIENTS AND METHODS

 

Five young, normal-hearing adults (three male, two fe-
male; mean age, 31 years), one young, profoundly deaf
adult woman (aged 29, with no measurable audiometric
hearing), and the first author served as subjects. The vi-
brator and accelerometer (Wilcoxon Research F3/F9,
Rockville, MD) were mounted, one to each mastoid (then
reversed), using a custom-designed isolated spring cali-
per yielding 5.5 Newtons (N) of force. Contact force
was continually monitored, as variations in force would
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translate into changes in attenuation owing to coupling
disparities. In the case of contralateral recordings, a sec-
ond accelerometer was used (508BP, Quest Electronics,
Okanawac, WI). All acceleration readings were refer-
enced to 1 gravity unit (1

 

g 

 

RMS).
The vibratory stimuli consisted of 2-second tone

pulses of 25 and 62.5 kHz delivered to the body using a
stacked quartz crystal (Wilcoxon Research F9). The
signals were monitored by a real-time spectral analyzer
(Hewlett-Packard 3561A). The vibrator was placed on
the mastoid and moved until the lowest threshold was
detected. This served as the reference for all other vi-
brator positions on the body, recorded in decibels, re-
garding sensation level (SL). The transducer had a driv-
ing surface area of approximately 1.5 cm

 

2

 

.
The maximal power was maintained within the up-

per limits as defined by the Occupational Safety and
Health Administration [15]. Additionally, a dry skull
obtained randomly from the anatomical collection at
the Anatomy and Neurobiology Department of Virginia
Commonwealth University, Richmond, Virginia, and
the head of a very recently deceased (4 hours) middle-
aged male adult (~50 years of age) were used for vibra-
tory measurements using intense levels for frequencies

 

�

 

50 kHz. The vibration recording from the dry skull
(weighing 501 g) was carried out using the procedure
outlined by Cai et al. [1], differing only in the instrument
manufacturer (Cai et al. used a Buel and Kjaer spectral
analyzer), which was, however, comparable to that used
by Dunlap et al. [16]. A water balloon was secondarily
placed in the dry skull to simulate a brain, because
water has about the same acoustic properties [17]. The
same procedure used for threshold detection was re-
peated using 25- and 62.5-kHz tones to measure attenu-
ation across the skull. As an intermediary between the
water-filled skull and a living head, we tested the head
of a very recently deceased male (fresh cadaver) of ap-
proximately 50 years of age with no signs of head or
neck trauma, who apparently died of natural causes.
We fitted the transducer and accelerometer in the same
fashion as in the living subjects; however, the intensity
of the ultrasonic stimulation, especially for frequencies

 

�

 

50 kHz, was increased (

 

�

 

30 dB) until we obtained
reliable measurements. The force again was monitored
to assure informality in coupling. We calculated the in-
teraural attenuation after physical measurement of head
or skull diameter (range, 13.4–14 cm).

A test of the role of BC as a principle—if not
exclusive—mechanism of ultrasonic hearing was repli-
cated as suggested [12]. To do so, the stimulus must be
double-sideband-modulated. This was accomplished by
using a commercial ultrasonic hearing aid (HiSonic,
Misonx, Farmington, NY). We set the suppressed car-
rier at 25 kHz, which was modulated by either a 1-kHz

tone or speech. We applied the ultrasound to the skin at
the level of the ankle and the lower tibia. We monitored
sound generation, if any, by this application at the tibia
with a microphone and by monitoring aurally with the
subject (MLL) listening. Though the ultrasonic hearing
aid device is FDA-approved for hearing loss, the en-
ergy level was rapidly increased from minimum to maxi-
mum. Because of the potentially intense exposure to
someone with normal hearing, only the first author served
as a subject in this experiment, using due care.

 

RESULTS

Ultrasonic Threshold Mapping

 

The threshold data taken over various parts of the body
are summarized in Table 1. For simplicity, the data are
portrayed as decibels of attenuation using the mastoid
threshold as the reference. For normal-hearing subjects,
the neck site was nearly as sensitive as the mastoid, but
the head sites were 5–6 dB poorer than the mastoid.
The vertex was the least sensitive site, and pinna ultra-
sonic vibration was not detected. Stimulation of the up-
per limb was generally perceptible, with increased en-
ergy over the head sites for 25 kHz but not at 62.5 kHz.
The totally deaf subject could not detect 62.5 kHz and
could detect only 25 kHz at her mastoid, neck, clavicle,
and sternum and all with almost equal sensitivity. With
this in mind, sternum sensitivity is also demonstrated
for both frequencies in the normal-hearing subjects. At
the maximal stimulation levels, no responses were de-
tected at the knee or ankle. However, responses were

 

Table 1.

 

Body Map of Ultrasonic Detection 

 

Mastoid 
Reference

25 kHz
Normal

(decibels)

25 kHz
Deaf

(decibels)

62.5 kHz
Normal

(decibels)

 

Vertex 8 NR NR
Occiput 5 NR 4
Forehead 5 NR 4
Nose 6 NR 3
Below nose 6 NR 5
Pinna NR NR NR
Ear canal 5 NR

 

�

 

4
Neck 3

 

�

 

0 4
Larynx 6 NR 5
Clavicle 6 ~

 

�

 

1 NR
Sternum 1 ~

 

�

 

1 4
Upper thorax 10 NR 6
Elbow 13 NR NR
Wrist NR NR NR
Knuckle 13 NR NR
Knee NR* NR NR
Ankle NR* NR NR

 

*Not tested above standard limits [15].
NR 

 

�

 

 no response.
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obtained using more powerful stimulation of an ultra-
sonic hearing aid (discussed later).

Transducer placement on the mastoid was critical in
determining threshold. Slight movement (1–2 cm) of the
transducer could alter threshold. A larger area of maximal
sensitivity (3–4 cm) was found on the neck and sternum.

 

Interaural Attenuation to 80 kHz

 

We measured interaural attenuation in a single cadaver
in both a fresh and an embalmed state. The mastoid-to-
mastoid attenuation values ranged from 5 to 21 dB over
the frequency range of 25–80 kHz. The embalming
preservative did increase the attenuation values below
50 kHz but only some 5 dB, likely owing to the increased
viscosity of the embalming fluid (Fig. 1). There is also
good agreement between the physical properties of the
live head and that of the fresh cadaver as measured by
mastoid-to-mastoid attenuation below 50 kHz, with the
cadaver exhibiting ~6 dB more attenuation across that
range. The peaks and troughs in the fresh cadaver data
likely represent brain resonances and antiresonances
[1,2,9]. Note that the pattern of interaural attenuation is

the same for the fresh and embalmed conditions, and
only the range of attenuation differs (smaller for the
embalmed). Cadaver mastoid-to-mastoid attenuation is
about 20 dB when ignoring resonances and antireso-
nance. In the embalmed condition, there is 

 

�

 

15 dB at-
tenuation between mastoids at frequencies of 

 

�

 

50 kHz.
Thus, only low levels of vibration produced strictly ipsi-
lateral stimulation for the wet skull with intact contents.
The data on a dry or wet (brain and vascular contents
intact) skull is neatly separated from the wet skull, as
seen in Figure 2, by the values above and below 25 dB of
attenuation. The condition of only dry bone does impede
sound transmission from side to side but not so in the
presence of fluid (or brain), verifying fluid conduction.

 

Bone Demodulation

 

With a transducer placed on the ankle or lower part of
the tibia, we could detect demodulation of the 1,000-Hz
tone or speech by the left microphone. However, stimu-
lation of the ankle and tibia did result in an audible high-
pitched tone, much like placing the transducer directly
on the head [7,9] at a somewhat reduced volume. We
also detected speech from ankle stimulation, but no sys-
tematic intelligibility study was carried out. Suffice it to
say that the stimulation was readily identified as speech.

Figure 1. Mastoid-to-mastoid attenuation in the audible ultra-
sonic frequencies. The attenuation values (not behavioral
thresholds) from mastoid to mastoid are plotted for a fresh (ca-
daver fr.) and embalmed cadaver (cadaver em.) and for a live
head (Cai et al. [1]) for frequencies from 25 to 80 kHz for the
cadaver and from 25 to 50 dB for the living head. Note the
good agreement between results from the fresh cadaver and
those from the live head. The same cadaver was embalmed
after the first measurement, and the attenuation from mastoid
to mastoid changes somewhat, likely owing to the increased
viscosity of the embalming fluid. Nonetheless, the data show
generally only a 5 dB increase in attenuation across the ultra-
sonic frequency range of measurement. The peaks and troughs
in the data are most likely reflections of resonances and anti-
resonances, damped to some degree by the embalming fluid.
The overall conclusion is that there is little (~15 dB) attenua-
tion across the mastoids in the ultrasonic region when skull
contents (brain and fluid) are intact.

Figure 2. Mastoid-to-mastoid attenuation at 25 kHz. The at-
tenuation from mastoid to mastoid is plotted for a dry skull
used in this study (dry) and for dry-skull data from Cai et al.
[1] and Dunlap et al. [16]. These data are contrasted with those
from a water-filled skull; a fresh (cadaver fr.) and embalmed
cadaver (cadaver em.); a live head (physical measurements
across the head; Cai et al. [1]); and behavioral thresholds of a
profoundly deaf subject. A line at 25 dB attenuation separates
these measurements into the dry-skull group and those with
brains intact or simulated (water-filled). Taken as a whole,
there is approximately 15 dB attenuation at 25 kHz between
mastoids when a brain is present, suggesting that fluid (brain
and vascular contents) play a notable role in propagation of ul-
trasound from ear to ear.
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DISCUSSION

 

Collectively, these data demonstrate three clinically
important points. First, mastoid detection is somewhat
better than that in other head locations, but neck and
sternum are very effective stimulation areas, with less
specificity in location. Second, the low-level interaural
attenuation of bone-conducted sound extends from the
low audiometric to the high audible ultrasonic frequen-
cies, extending caution in regard to masking. Third, elec-
tric BC differs from direct coupled ultrasonic hearing in
that the former is dependent on the bones’ rectifying
qualities, whereas the latter may benefit from its piezo-
electric qualities.

 

Ultrasonic Threshold Mapping

 

Using a mastoid reference, we found that generally the
energy applied to the transducer must be increased as
the distance from that site increases. That is, it takes
~5 dB more energy to detect ultrasound at other distant
head regions, with two important exceptions: the neck
and selected portions of the thorax. The neck is only
3–4 dB less sensitive than the mastoid, accounting for
the frequent reports that ultrasound could be evoked by
stimulation of this area (see Lenhardt [7,9] for review).
As Ranke [18] pointed out, there exist fluid windows to
the ear that include all vascular channels. The neck is
rich in such channels, thus confirming the fluid conduc-
tion nature of ultrasonic BC hearing that may be inde-
pendent of BC. The neck may, in fact, be as sensitive as
the mastoid, as there is a greater mismatch in impedance
between soft tissue and bone using the brass-encased
crystal transducer that we employed. Piezoelectric trans-
ducers [17] have acoustic impedance similar to soft tis-
sue and can be very effective in transmitting ultrasound.
The impedance difference between the transducers is
about 3 dB, the same order of threshold difference
found in this study. Vibrator position was not as critical
on the neck as compared to the mastoid for detecting
ultrasound; nonetheless, an idiosyncratic area of best
sensitivity was identifiable in all subjects.

The more surprising finding is the sensitivity of the
sternum. This site approximates the mastoid in sensitiv-
ity; intuitively this should not be the case, given the dis-
tance from the ear. Bone has piezoelectric properties:
That is, bending bone produces electrical energy. Elec-
trical energy generated by bone movement can induce
more movement in bone. The sternum can be readily
displaced and thus conceived of as acting like an ampli-
fier. There may also be resonant properties that provide
additional energy. Either way, some physical process is
activated. We did note that vibrator position is not as
important in that a larger area seems equally sensitive.

The pathway from the sternum to the ear is not at all
clear from this study. There is a clear osseous route; how-
ever, numerous blood vessels in communication with
the thorax could also serve as propagation channels after
local amplification. The third possibility is that both
pathways may be functional. We performed one addi-
tional measure on the dry skull. The attenuation from
the base of the skull to the mastoid averaged 41 dB at
25 kHz and 44.5 dB at 62.5 dB. These values would
also argue against a pure BC route from the sternum to
the ear, given the little attenuation measured behavior-
ally. There is a fourth possibility: that thoracic ultrasonic
vibration could excite a tactile response via sensory
hairs in the respiratory tract owing to airborne ultra-
sound-induced standing waves. This concept was ap-
plied to airborne ultrasound for the nasal and oral cavi-
ties and is consistent with standard acoustic theory [19].
The fact that the neck and mastoid areas were equally
sensitive would also argue against a possible respira-
tory tract mechanism, but it cannot be excluded. From a
clinical perspective, a transducer that was completely
out of sight and could deliver ultrasonic, modulated tin-
nitus therapy of modulated speech would garner much
cosmetic appeal.

There are clear differences between 25 and 62.5 kHz
in the mapping experiment. When the output power re-
mains within the Occupational Safety and Health Ad-
ministration limits, 62.5 kHz is less audible. The relative
pattern of site sensitivity remained fairly consistent. Ab-
solute thresholds are simply 20 dB higher at 62.5 kHz
(145 dB SLP re 1 Pa) than at 25 kHz [4,7]. The data in
Table 1 reveal physical attenuation from the mastoid
to various body regions of interest for 25 and 62.5 kHz
in five normal-hearing subjects (mean values) and one
profoundly deaf subject based on behavioral thresholds
referenced to the threshold of the right mastoid. The
mastoid and neck are generally very sensitive, as is the
sternum.

 

Interaural Attenuation (

 

�

 

50 kHz)

 

Consistent with our previous reports [1–4], there is
only about a 10 to 15 dB attenuation across the skull,
depending on frequency, resonance, and antiresonance;
this remains the case up to 80,000 Hz. Thus, cochlear
separation or isolation is likely on the order of 10 dB
SL. This is true in both the conventional audiometric fre-
quencies (

 

�

 

10 kHz) and the ultra-high (

 

�

 

10–20 kHz)
and ultrasonic frequencies (

 

�

 

20 kHz). There are fre-
quencies of greater or lesser interaural attenuation
owing to resonances and antiresonances that, without
careful measurements, cannot be identified. The use of
a fresh cadaver preparation was essential in making re-
peated measures at very high intensities (measured in
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acceleration re 1 

 

g

 

 and then referenced to 145 dB SPL
in water, as reported previously) [8].

 

Electrical and Vibrational Bone Conduction

 

Electrical BC as exemplified by the use of the Tonndorf
Audiometer (model 500, Audimax, Wayne, NJ) is em-
ployed regularly in assessing high-audiofrequency hear-
ing in our patients [20–22]. Briefly, the audiometer
consists of Mylar-coated electrodes placed over the mas-
toids, with the head electrically coupled into a low-voltage
circuit. Audio tones are amplitude-modulated on an ul-
trasonic carrier of 60 kHz [23]. The non-linearities in the
skin-bone demodulate the audio tones; however, in
the process the electrodes vibrate at the audio frequen-
cies. Thus, the stimulation to the electrodes is electrical,
but the induced effect is vibratory. By placing a piezo-
electric film sensor, constructed of a piezoelectric poly-
mer polyvinylidene fluoride [17], between the electrodes
and skin, the full amplitude modulation signal is re-
corded. By placing an accelerometer on the skin near
the electrodes, the demodulated audio vibration is also
recordable [24]. This is the exact test Bennett [12] sug-
gested for contact ultrasound. Though piezoelectric prop-
erties of bone, acting as a rectifier, can demodulate an
electric ultrasonic signal (as in the Tonndorf system),
no such demodulation occurs for direct-contact ultra-
sonic bone vibration (for a proposed mechanism see [9]).
It is important that, in the case of electrical BC, if elec-
trodes are placed around dry bones, no audio demodu-
lation occurs and no audio sound is heard [12]; in con-
trast, direct ultrasound vibration readily propagates in
dry bones, as evidenced in this study.

 

The Masking Dilemma

 

As a consequence of little separation of ears by BC, the
masking dilemma is present even at higher frequencies
(

 

�

 

10 kHz), including electrical BC (Tonndorf) audi-
ometry [23] and into the ultrasonic range (

 

�

 

20 kHz).
Masking can be delivered by either air conduction or
bone conduction, but calibration for deep insertion in
frequencies can be difficult. The use of an insert ear
phone for masking will provide adequate interaural at-
tenuation for Tonndorf thresholds, assuming the noise
is low-frequency (

 

�

 

10 kHz) and attenuated by filter-
ing. In the case of ultrasonic stimulation, BC masking
of more than 10 dB presents the dilemma of masking
spreading to the test ear.

 

CONCLUSIONS

 

There is little interaural attenuation for BC hearing ex-
tending to the upper reaches of audible ultrasonic detec-

tion (~ 80 kHz). Deep-insert air conduction is recom-
mended for BC and electrical BC for frequencies below
20 kHz. The mastoid should not necessarily be consid-
ered the optimal site for high-frequency BC therapy.
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