
with 5' anchor primers (AN primer plus ANpolyC 
at a 9:1 ratio) together with a specific 3' primer (G, 
L, K, or R; see Fig. lb). In contrast, the 3' extended 
cDNA clone, APA-3, was obtained by using a 
specific 5' primer, A, with a 3' poly(T) primer 
(5' -G AGAG AGAG AGAGAGAG AGAACTAGTC-
TCGAGT (18)-3'). Thermal cycling was carried out 
for 36 cycles (95°C x 1 min, 60°C x 1 min, 72°C x 
40 min for 1 cycle and 72°C x 5 min for 35 cycles) 
followed by a 15-min final extension at 72°C. DNA 
fragments >500 bp were size-selected by LMP 
agarose gel electrophoresis prior to second round 
PCR. PCR products were subcloned into Not I- and 
Sma I-digested plasmid. Recombinant plasmids 
were screened with probes of sequences found up­
stream to the specific PCR primers. An L and a 
random hexamer primer extension cDNA library 
constructed from ~ 1 |xg of poly(A)+ RNA from 
ALL-Sil yielded 1 x 105 recombinant plaques 
that were screened with a radioactively labeled J-K 
PCR-generated probe. The two longest inserts, 
PEL-1 and -2 were analyzed. 
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THE UPPER RANGE OF HUMAN AIR 

conduction hearing is believed to be 
no higher than about 24,000 Hz (J); 

nevertheless, there have been reports of hu­
mans hearing well into the ultrasonic range 
but only when the ultrasonic stimuli are 
delivered by bone conduction (2—4). Fur­
thermore, ultrasonic bone conduction hear­
ing in humans has been readily demonstrat­
ed in various conditions of auditory 
pathology, including sensorineural hearing 
loss and middle ear disorders (2). Ultrasonic 
stimulation of the skull with frequencies up 
to 108 kHz induces a perception of sound 
within the head without any sensation of 
cutaneous feeling (2-4), suggesting that 
these high frequencies are being processed 
in a modality other than the vibratory-soma-
tosensory system. 

In contrast to the excellent frequency dis­
crimination found in the midsonic auditory 
range, ultrasonic perception has been de­
scribed as having poor frequency-resolving 
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ability (3). This interpretation originates 
from reports that the pitch elicited by ultra­
sonic stimulation is similar to the pitch of 
the highest air conduction frequency detect­
able, that is, 8 to 16 kHz (4). Because the 
perceived pitch of ultrasonic tones was asso­
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air conduction hearing, these investigators 
assumed that the perceived audible sensation 
produced by ultrasonic stimuli consisted 
only of fixed pitch with monotonal quality. 
In addition, it was assumed that ultrasonic 
detection was a by-product of some form of 
cochlear processing that activated senso­
rineural elements within the classical audito­
ry system (4) and, as such, offered little in 
the form of an additional communication 
channel. 

We have tried to determine whether these 
early investigators might have overlooked 
the possibility that ultrasonic frequency dis­
crimination exists and that ultrasonic hear­
ing may, as a consequence, be capable of 
serving as a viable alternative communica­
tion channel, particularly for individuals 
with varying degrees of hearing loss. To 
explore this possibility, we obtained audio-
metric and ultrasonic thresholds (4,000 to 
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(Nx) (19 to 26 years of age) (5). Standard 
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audiometric testing revealed that these sub­
jects had normal hearing (see Fig. 1A), and 
ultrasonic testing confirmed early reports 
that humans could perceive ultrasonic stim­
uli at least as high as 90,000 Hz (see Fig. 
IB). Thresholds for tonal detection in the 
ultrasonic range ranged from 82 to 112 dB 
of acceleration depending on the stimulus 
frequency. When these same subjects were 
presented with a stimulus approximately 30 
dB above threshold, they reported the tone 
as being loud and unpleasant. 

In order to characterize the frequency 
discrimination, a pattern recognition task 
was then introduced. Audio rising or falling 
tones within the frequency limit of 2000 to 
4000 Hz were randomly presented to these 
same subjects, who were instructed to iden­
tify only sweep direction. After obtaining an 
accuracy level of greater than 95%, ultrason 
ic frequency shifts were presented with the 
frequency limits of 25 to 32 kHz (6). These 
subjects displayed a mean 90% accuracy 
level (with a range of 80 to 100%) in 
detecting ultrasonic sweep direction, indi­
cating that they were able to perceive 
changes in frequency. The inability of pre­
vious investigators to detect such changes 
within the ultrasonic range (3, 4) may be 
due to their use of a continuous tone or a 
small number of trials, or both, rather than. 
the time-varying stimulus with extended 
practice used in the present study. 

We next sought to determine the ability of 
humans to resolve frequency in the ultrason­
ic range, using a paradigm in which ten 
additional normal, young adult subjects 
(N2) (23 to 25 years of age) were required 
to indicate just noticeable differences 
(JNDs) in pitch to tonal stimuli of 6, 11.2, 
32, and 40 kHz (7). The subjects were able 
to discriminate changes in frequency, al­
though there was a steady increase in the 

Human Ultrasonic Speech Perception 
MARTIN L. LENHARDT, R U T H SKELLETT, PETER WANG, 
ALEX M. CLARKE 

Bone-conducted ultrasonic hearing has been found capable of supporting frequency 
discrimination and speech detection in normal, older hearing-impaired, and profound­
ly deaf human subjects. When speech signals were modulated into the ultrasonic range, 
listening to words resulted in the clear perception of the speech stimuli and not a sense 
of high-frequency vibration. These data suggest that ultrasonic bone conduction 
hearing has potential as an alternative communication channel in the rehabilitation of 
hearing disorders. 
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JNDs from 2 to 40 kHz (Fig. 1C). In the 
auditory range the JNDs ranged from 0.4 to 
1.0% of the stimulus frequency, whereas in 
the ultrasonic range the JNDs were on the 
order of 10% of the stimulus frequency. 
These data reinforce the premise that pitch 
discrimination does occur in the ultrasonic 
range but that frequency discrimination in 
the ultrasonic range differs from that in the 
more conventional auditory range. 

The confirmed presence of frequency dis-
crimination raises the possibility that ultra-
sonic hearing may support the more com-
plex temporal and spectral discrimination 
necessary for rudimentary speech percep-
tion. In order to determine ultrasonic speech 
recognition, eight additional normal, young 
adults (N,) (20 to 29 pears of age) served as 
listeners when words were completely mod-
ulated into the ultrasonic range. In translat-
ing the speech signals into the ultrasonic 
range, we used an amplitude-modulation, 
suppressed carrier (double side band modu-
lation) technique with carrier frequencies of 
28 and 40 kHz. The carrier frequency was 
suppressed such that the audio speech signal 
was carried on the two side bands. With 

modulation just below multiplication distor-
tion, real-time spectral analysis revealed no 
audio frequency contamination either when- . 
the vibrator was held near the ear and was 
not mass loaded or when it was mass loaded 
by being placed on the mastoid region of the 
skull ( 8 )(see also Fig. 2B). When the vibra-
tor was laced in contact with the skull, the 
signal was clearly perceived as speech. The 
temporal quality was well preserved such 
that syllables could be clearly and accurately 
counted. In order to quantify speech recog-
nition, the same eight subjects were given an 
abbreviated version of the Word Intelligibil-
ity by Picture Identification (WlPI) Test, a 
closed-set, picture identification task (9). 
Each word has  presented in the ultrasonic 
range, and the listeners were instructed to 
point to the correct one of six pictures. 
speech stimuli were presented in blocks of 
ten words using each carrier for an equal 
number of trials. Mean recognition scores of 
83% correct (with a range of 70 to 90%) 
were observed for both carrier frequencies. 
These results were well above the chance 
level of 16%. One subject returned 2 
months after testing and repeated her per-

Young 
Elderly 
Deaf 

0 m.000 40.000 60.000 80.000 100.000 
0 1 
0 20.000 40.000 60.000 80.000 100.000 

Test frequency (Hz) Test frequency (Hz) 

Fig. 1. (A) h r  conductio~lthresh- C 
olds for pure tones in young ( N ,  = 
l o ) ,older ( N ,  = l o ) ,and clinically 
deaf subjects ( N ,  = 9). The data 
represent means + SD for each 
group at each test frequency.Meth-
ods are as described in (5 )  and in 
the text. (B) Bone conduction uthresholds of pure tones in young 
(N,),older, and clinically deaf sub-
jects. The data represent means 
2 S1) for each group at each test 
frequency. Methods are as de-
scribed in (5 )  and in the text. (C) 
JNDs in normal, young adult sub-
jects (N,). The data represent 
means 2 S1) at each test frequency. 
Methods are as described in ( 6 )and 6,000 9,000 11.200 32.000 40.000 

in the text. Test frequencey (Hz) 

formance of 88% on another word test. 
We next sought to determine if individu-

als with impaired high-frequency hearing 
could detect ultrasonic speech. Ten older 
subjects (50 to 82 years of age) (N,) were 
given complete audiograms [as in ( 5 ) ] ,in-
cluding ultrasonic testing, and these thresh-
old data were compared to those previously 
generated in normal, young adults. At fre-
quencies below 1,000 Hz, both groups had 
comparable auditory thresholds (Fig. 1A). 
At frequencies between 1,000 and 10,000 
Hz, all older subjects exhibited substantial 
hearing loss typical of age-related deafness 
(Fig. 1A). However, both subject groups 
displayed similar ultrasonic thresholds 
regardless of age or hearing loss in the 
conventional auditory range (Fig. 1B). 
These data confirm the ability of human 
subjects to detect sounds in the ultrasonic 
range despite a significant hearing loss nor-
mally associated with aging (2). Further-
more, in a subsequent experiment with five 
additional subjects with age-related hearing 
loss (55 to 75 years of age) (N,), speech 
stimuli were amplitude-modulated onto a 
28-kHz carrier frequency and presented in a 
single-word, oral-response discrimination 
task (10). Mean accuracy was found to be 
58% with a range of 45 to 70%. All of the 
subjects discriminated words at a level con-
siderably better than chance. Thc lower 
scores for the older group relative to the 
young group were due to incorrect identifi-
cation of a single consonant sound within 
the target word. 

Encouraged by the observation that indi-
viduals with moderate sensorineural hearing 
loss were able to accurately hear isolated 
words, we next sought to evaluate ultrasonic 
speech perception in nine subjects with ac-
quired sensorineural deafness having left 
corner audiograms with pured tone average 
hearing of 90+ dB [experiment performed 
as in ( 5 ) ] .All nine subjects detected ultra-
sonic tones with thresholds of approximate-
ly 100 to 130 dB, slightly higher than those 
observed in normal, young adults (N,) (Fig. 
1B). When the WIPI testing paradigm (9) 
was administered to two of these deaf sub-
jects who displayed oral communicative 
skills, accuracy levels of 20 and 30% were 
observed. These scores were lower than 
those observed for the normal, young adults 
and may be due to the relative diEerences in 
amplitude by which the WIPI was presented 
to the two groups. In the normal, young 
adults, the words were presented approxi-
mately 10 to 15 dB above the respective 
threshold levels for this group. However, 
because the thresholds for the deaf subjects 
were higher than for the normal subjccts and 
approached the power output limits of our 
equipment, the words were presented only 
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Fig. 2. (A) Fast Fourier spectral analysis of a 
30-kHz sinusoidal signal applied by a model F9 
piezoelectric vibrator to the mastoid region of the 
skull. (B) Fast Fourier spectral analysis of a carri­
er-suppressed, double side band signal applied by 
a model F9 piezoelectric vibrator to the mastoid 
region of the skull. 

slightly above the threshold levels for these 
subjects. Confirmation of this hypothesis 
must await modification to our equipment, 
enabling us to increase the power output. 

In an effort to make the speech material 
more intelligible, the lower side band was 
suppressed by 40 dB (8) and three deaf 
subjects were retested with the same word 
paradigm. These subjects reported that the 
upper side band modulation sounded "bet­
ter," which was reflected in scores of 40% 
identification for each subject. An analysis of 
the errors in speech recognition for the deaf 
subjects yielded the same proportional con­
sonant confusion profiles as those seen for 
the normal subjects. Seventy percent of the 
errors made by the normal subjects and 72% 
of the errors made by the deaf subjects were 
similar consonant substitutions, suggesting 
that both groups used the same speech 
recognition strategies while hearing words 
in the ultrasonic range. 

As previously observed (3, 4), humans have 
ultrasonic hearing, but only when these vibra­
tional stimuli are presented by bone conduc­
tion. The present results suggest that some 
neural substrate is capable of encoding speech 
signals when these speech signals are modulat­
ed into the ultrasonic frequencies. This is true 
in the normal hearing individual, the older 
listener with compromised auditory function, 
as well as in the profoundly deaf person with 
no substantial auditory function. 

Although the specific neural substrates for 
this ultrasonic processing remain to be elu­
cidated, several hypotheses can be consid­
ered. First, it is possible that ultrasonic 
frequencies are not transmitted by the mid­
dle ear (because of a poor impedance match) 
but are transmitted by the bone and then are 
coded like high-frequency, air-conducted 
sounds at the base of the cochlea where the 
signal is then transmitted to the brain via the 
classical auditory pathways (2, 4, 11). Al­
though more data must be generated to fully 
evaluate this hypothesis, the ability of the 
older hearing-impaired and the clinically 
deaf to detect ultrasonic sound and to per­
ceive speech would argue against such a 
hypothesis. 

Alternatively, it is possible that an ultra­
sonic receptor resides within a known 
structure to which we presently ascribe a 
different function. One possible candidate 
for such ultrasonic reception is the saccule, 
an otolithic organ that responds to acceler­
ation and gravity and may be responsible 
for transduction of sound after destruction 
of the colchlea (12). Anatomically, it has 
been reported that saccular afferents in 
mammals innervate the classical auditory 
system at the level of the cochlear nucleus, 
the first synapse in this pathway (13). In 
addition, a saccular nerve branch has been 
reported to innervate the base (high-fre­
quency portion) of the cochlea, and a 
branch of the cochlear nerve has been 
reported to innervate the saccule, suggest­
ing a reciprocal interdependence between 
these two organs (14). The present results 
in hearing-impaired and profoundly deaf 
subjects strongly suggest that bone-con­
ducted, ultrasonic stimulation may provide 
an alternative therapeutic approach for the 
rehabilitation of severe hearing loss. 
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Visual Instruction of the Neural Map of Auditory 
Space in the Developing Optic Tectum 
ERICI. KNUDSEN*AND MICHAELS. B u m 

Neural maps of visual and auditory space are aligned in the adult optic tectum. I n  barn 
owls, this alignment of sensory maps was found t o  be controlled during ontogeny by 
visual instruction of the auditory spatial tuning of neurons. Large adaptive changes in 
auditory spatial tuning were induced by raising owls with displacing prisms mounted 
in spectacle frames in front of  the eyes; neurons became tuned to  sound source 
locations corresponding t o  their optically displaced, rather than their normal, visual 
receptive field locations. The results demonstrate that visual experience during 
development calibrates the tectal auditory space map in a site-specific manner, dictating 
its topography and alignment with the visual space map. 

their eyes more than 2"to 3" ( l o ) ,prismatic 

distinct portions of the 
retinae to relatively constant conditions of 
displaced vision, blocked vision, or normal 
vision (Fig. 1).The prisms displaced the 
central portion of the visual field 34" to the 
left (L34") in owl 1,23"to the left (L23") in 
owl 2, and 23" to the right (R23") in owl 3. 
The owls were raised together with other 
siblings in an environment rich in visual and 
auditory stimuli. 

We assayed the effects of rearing with 
prisms on the auditory space map by com-
paring the locations of auditory and visual 
receptive fields of extracellularly recorded 
units. Auditory receptive fields were repre-
sented by the center of the best area, the area 
of space from which the sound stimulus 
elicited greater than 50% of the maximum 
number of action potential responses (Fig. 
2). In normal owls, auditory best areas and 
visual receptive fields align well, on average 
within 2" in azimuth and 5" in elevation (2, 
9). Because visual receptive field locations in 
the tectum do not seem to be altered by 
prism rearing or visual deprivation (9, 1I) ,  
the alignment of auditory best areas with 
visual receptive fields provided a means to 
assess abnormal auditory spatial tuning in 
the prism-reared owls. 

The auditory and visual receptive fields of 
a single unit from the owl raised with L23" 
prisms are shown in Fig. 2. The auditory-
visual misalignment (bold arrow) approxi-
mately matched the displacement of the 
unit's visual receptive field caused by the 
prisms. A prismatic displacement of an owl's 

C 

TH E  BRAIN CREATES A MAP OF AUDI-

tory space by systematically organiz-
ing neurons according to their tun-

ing for sound localization cues [such as 
interaural differences in timing and intensity 
( I ) ] .  In contrast, the brain's map of visual 
space derives from a point-to-point projec-
tion from the retinae. Yet in the optic tec-
turn (superior colliculus), auditory and visu-
al maps of space share the same topography 
and are mutually aligned (2, 3) so that 
auditory or visual stimuli originating from a 
given object in space activate neurons at a 
single tectal site. This alignment is likely to 
be critical to the role of the optic tectum in 

a result of the chronic displacement of the 
visual field. In this study, we dissociated the 
effects of eye position from those of dis-
placed vision by raising owls with prismatic 
spectacles. The results demonstrate a pow-
e h l  instructive influence of vision on the 
developing auditory space map. 

Lightweight spectacle frames containing 
matched Fresnel prisms were attached to 
three barn owls at 12 to 15 days of age, just 
as the eyes were beginning to open for the 
first time. Because barn owls cannot move 
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Fig. 1. Visual condtions in different regions of space for the prism-reared owls 1 ,2,  and 3 (A, B, and 

.. ., . 

visual space maps even when the eyes are 
C). We determined the borders of each region by sighting the retinae with an ophthalmoscope fromturned in the head (7) '  In young ferrets, calibrated locations relative to the head with the head fixed in standard position ( 2 ) ;the precision of the 

surgically induced deviation of the eye re- measurements is 2'. The normal zones (stippled) indicate areas of space from which at least one retina 
sults in a similar adaptive change in the could be sighted without the line of sight passing through the prisms. The deprived zone (no shading), 
auditory tuning of tectal neurons (8) .  which constitutes a large portion of the frontal hemifield, indicates areas of space from which neither 

However, in the latter case it is not clear retina could be seen, the line of sight being obstructed by feathers, the spectacle frames, or the optical 
properties of the prisms. The displaced zone (heavy diagonal lines) indicates the area of space from

whether the change in 'patial tuning is due which at least one retina could be sighted through the prisms. A marginal zone (sparse diagonal lines), 
to the effectsof abnormal eye position or is corresponding to a 10"-wide boundary between the displaced and deprived zones, represents approx-

imately the portion of the visual field that was subjected to variable visual conditions, because of factors 
such as small eye movements and changes in the distance of the prisms from the eyes during growth.Depamnent of Neurobiology, University 

School ofMedicine, sheman ~ ~ i ~ ~ h , l d  In all figures, locations are represented from the owl's perspective as angles relative to the midsagittalscience 
Stanford, CA 94305. plane (azimuth) and the visual plane (elevation) measured from the center of the head. The projections 

of the optically dsplaced visual axes are indicated by the solid crosses. The normal wnes for owl 1were 
*To whom correspondence should be addressed. similar to those for owls 2 and 3, but were not measured. 
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