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Abstract

Noise was traditionally regarded as a nuisance, which should be minimized if possible. However, recent research has shown that
addition of an appropriate amount of noise can actually improve signal detection in a nonlinear system, an effect called stochastic
resonance. While stochastic resonance has been described in a variety of physical and biological systems, its functional significance in
human sensory systems remains mostly unexplored. Here we report psychophysical data showing that signal detection and discrimination
can be enhanced by noise in human subjects whose hearing is evoked by either normal acoustic stimulation or electric stimulation of the
auditory nerve or the brainstem. Our results suggest that noise is an integral part of the normal sensory process and should be added to
auditory prostheses.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction A person with normal hearing can detect sound-driven
vibrations of about a half nanometer, only the diameter of

Stochastic resonance is a nonlinear phenomenon, in a hydrogen atom [8]. (S)he can also understand speech
which detection of a signal, periodic or aperiodic, can be under extremely noisy conditions with a signal-to-noise
enhanced by addition of an appropriate amount of noise ratio as low as 230 dB [24]. It is not clear how the
[5,26]. Initially, stochastic resonance was proposed to auditory system accomplishes these extraordinary tasks,
explain the periodic oscillation of Earth’s ice ages, but has but stochastic resonance has been suggested as an underly-
now been found to be a common mechanism in a variety ing mechanism that uses noise to increase the signal-to-
of physical and biological systems including signal trans- noise ratio [7,9]. In fact, research shows that a high level
duction in the sensory and neural pathways [1–3,12,21,23]. of internal noise exists in normal mammalian auditory
Here we explore the role of stochastic resonance in human nerve fibers, which is evident by spontaneous neural
audition, particularly in subjects whose hearing is evoked activities in the absence of sound stimulation [14]. This
by electric stimulation of the auditory nerve and the internal noise is reduced as the degree of hearing loss
auditory brainstem [29]. increases [11,15], resulting in behaviorally elevated thres-

holds, lower frequency selectivity and poor speech recog-
nition [17].
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cause neural spontaneous activities are absent in totally-
deafened ears [11] and introduction of an external noise
may compensate for their lack of internal noise. We found
that detection thresholds of periodic signals were improved
by weak noises in all subjects. We interpreted these results
as providing evidence for a functional role of stochastic
resonance in human audition.

2. Materials and methods

Nine adults, including two male and three female
normal-hearing subjects, two male and one female coch-
lear-implant (Ineraid) subjects, and one male auditory-
brainstem-implant subject with a percutaneous plug, were
recruited to participate in these experiments. All subjects
were informed of the nature and consequences of these
experiments according to guidelines of the local Institu-
tional Review Board (House Ear Institute and University
of Maryland) and had extensive previous experience in
various psychophysical experiments.

Stimuli were generated digitally using Tucker–Davis
Technologies System II equipment (Gainesville, Florida).
The white noise had a bandwidth from 20 to 14 000 Hz
and was presented continuously throughout each run in an
experiment. Each subject was presented with a wide range
of noise levels from 20 dB below threshold to 10 dB above
threshold. Normal-hearing subjects listened to single pure-
tones of 1000 Hz and 4000 Hz, and a two-tone complex of
4000 and 4100 Hz under the above noise conditions. The

Fig. 1. Threshold shifts for a 1000-Hz sinusoid as a function of noise
two-tone complex stimulus was used to test whether phase- level in five normal-hearing subjects (top panel) and for a 4000-Hz
locking to the 100-Hz envelope could further enhance sinusoid (filled symbols) and for a 4000/4100-Hz two-tone complex
threshold detection in noise [7]. Cochlear-implant subjects (open symbols) in two normal-hearing subjects (bottom panel). The noise

level is represented as spectrum level (dB/Hz). The averaged absolutewere presented sinusoids with frequencies from 100 to
threshold for the noise was estimated to be 210 dB/Hz for the normal3000 Hz. To avoid use of potentially unsafe high-am-
subjects. The solid line represents the averaged data across all subjects.

plitude stimuli at low frequencies [22], a biphasic pulse The dashed line represents a hypothetical masking growth function.
signal (100-ms per phase), in addition to the standard Standard deviations for the three threshold measures ranged from 0.1 to 4
sinusoidal signal, was used for the brainstem-implant dB with an average of 0.8 dB.

subject. All signals had a duration of 400 ms including
10-ms cosine-squared ramps. The signal and the noise
were mixed and presented to the normal-hearing subject computer screen in front of the subject defined the timing
through an insert earphone, which has less than 5-dB of the listening intervals. The signal was randomly pre-
fluctuations in the frequency response for frequencies up to sented in one of the two intervals. The tone level or the
14 kHz measured in a Zwislocki coupler (Etymotic tone frequency was reduced for three consecutive re-
Research ER-2, Elk Grove Village, Illinois). The signal and sponses of correctly identifying the signal interval, where-
the noise were delivered to the most apical electrode as the tone level or the tone frequency was increased for
(monopolar mode) in the implant subjects through a each incorrect response. This ‘‘three-down, one-up’’ rule
voltage-to-current source. would converge to produce a threshold level corresponding

A two-interval, forced-choice, adaptive procedure was to 79.4% correct responses [13]. Data are reported as the
used in the normal-hearing threshold experiment (Fig. 1) mean of three estimates obtained with this procedure.
and in the frequency discrimination experiment (Fig. 4). A procedure combining Bekesy’s tracking and the
The subject sat in a sound-treated booth (IAC, Bronx, New method of limits was used in the experiments involving the
York) and was instructed to identify which of the two cochlear-implant (Fig. 2) and brainstem-implant subjects
listening intervals contained the signal (a tone in the (Fig. 3). The subject was first presented an ascending
detection experiment or the tone of higher pitch in the sequence of signals, in which the signal level was steadily
frequency discrimination experiment). A light bar on a increased from an inaudible level. The subject was in-
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Fig. 2. Detection thresholds of sinusoids without noise in three cochlear-
implant subjects (panel A) and their threshold shifts in the presence of
noise (panel B). The noise threshold was 14, 31, and 56 microamperes Fig. 3. Detection thresholds for sinusoids and pulses in a brainstem
(peak level) for subject AM, DC, and MK, respectively. implant subject (panel A). The open triangles represent sinusoidal

thresholds without noise. The thick line and the dashed line represent,
respectively, the pulsatile thresholds without noise that were measured
immediately before and after the noise condition (filled circles). Thres-structed to push and hold a computer button when (s)he
hold shifts with noise (panel B) for pulses (circles) and sinusoidsfirst heard the signal. As soon as the subject pushed the
(triangles). The noise threshold was 125 microamperes (peak level).

button, the signal level was increased by 5 or 10 dB
depending on the subject’s dynamic range. Then a de-
scending sequence of signals was presented to the subject, detection threshold for the noise was at a spectrum level of
in which the signal level was steadily decreased and the 210 dB/Hz. Panel A shows threshold shifts for the 1000-
subject was instructed to let go of the button when (s)he no Hz sinusoid in five normal-hearing subjects, while panel B
longer heard the tone. The threshold was estimated as the shows threshold shifts for the 4000-Hz sinusoid (filled
average of the ascending level and the descending level. symbols) and that for the two-tone-complex (open sym-
The procedure measured the threshold as a function of bols) in two normal-hearing subjects. Because the 1-tone
frequency, which was increased in one run and decreased and 2-tone complex produced essentially the same results,
in the other run. Data reported were the average of the two their thresholds were averaged in panel B (solid line).
runs. Negative threshold shifts indicate that the presence of the

noise actually produced lower detection thresholds than the
absence of noise. Although the magnitude of the noise

3. Results effect was small, the results showed a typical pattern of
stochastic resonance. Only at optimal noise levels were the

3.1. Improved thresholds in acoustic hearing signal detection thresholds significantly improved (1.4 dB
at the 215-dB noise level for the 1000-Hz tone, 1.7 and

Fig. 1 shows pure-tone detection threshold shifts (re: 1.6 dB at the 215- and 220-dB noise levels, respectively,
threshold obtained without noise) as a function of noise for the 4000-Hz tones, 2-tailed paired t-test, P,0.05). At
level (x-axis) in normal-hearing subjects. The averaged lower noise levels (less than 215 dB for the 1000-Hz tone
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and 220 dB for the 4000-Hz tones), there was no
significant difference in thresholds between the noise and
no-noise conditions. At higher noise levels (greater than
210 dB), the noise elevated the tone detection thresholds
and eventually produced a masking effect, in which a 1-dB
increase in the noise level would result in a 1-dB increase
in the threshold (dashed line).

3.2. Improved thresholds in electric stimulation of the
auditory nerve

Fig. 2 shows three cochlear implant subjects’ detection
thresholds as a function of sinusoidal frequency in the
absence of noise (panel A) and the threshold shifts in the
presence of noise (panel B). In the absence of noise,
detection thresholds for sinusoids increased monotonically
as a function of the sinusoidal frequency. In the presence

Fig. 4. Frequency discrimination in the absence and presence of noise in
of a threshold-level noise, the detection thresholds im- a cochlear implant subject, AM. The standard stimulus was a 300-Hz
proved only at low frequencies (,300 Hz). The noise biphasic pulse train (100-ms per phase) and was presented at the most

comfortable loudness level (100 microamperes). Frequency differenceslightly elevated the thresholds (0–3 dB) at high fre-
limen was plotted as the y-axis. Noise was presented at 5 dB belowquencies (300–3000 Hz). Because there appeared to be no
threshold (25 dB SL), at threshold (0 dB SL), and 5 dB above thresholdtheoretical basis for expecting stochastic resonance to be
(5 dB SL). Standard deviations across three runs were presented as error

dependent on signal frequency, we hypothesized that the bars.
observed frequency-dependent effect is due to a low-pass
filtering process in the auditory brainstem [4,10,25].

3.4. Improved frequency discrimination in a cochlear-
3.3. Improved thresholds in electric stimulation of the implant subject
auditory brainstem

We also show that a noise can enhance suprathreshold
We tested this hypothesis in an auditory brainstem performance in frequency discrimination. Morse and Evans

subject who was implanted with an electrode attached to [18] found that noise could enhance speech formant
the surface of his cochlear nucleus while undergoing a information in a sciatic-nerve preparation simulating the
bilateral acoustic tumor removal surgery. Because the electrode-nerve interface in cochlear implants. We adopted
surface electrode most likely stimulated undiscriminatingly a simplified paradigm and measured directly frequency
any intrinsic processing circuits in the cochlear nucleus, discrimination at 300 Hz. Fig. 4 shows the just-noticeable-
we would expect a more uniformly enhanced performance difference or the difference limen in frequency ( y-axis) as
at all frequencies in the brainstem implant subject. Fig. 3 a function of noise level in the cochlear-implant subject,
shows both sinusoidal and pulsatile signal detection thres- AM. When the noise level was low (5 dB lower than its
holds (panel A) and their changes due to noise (panel B) in threshold, i.e., the 25 dB Sensation Level, or SL con-
such a subject. The sinusoidal thresholds (triangles) in- dition), the difference limen was 172 Hz, which was not
creased monotonically as a function of frequency. The significantly different from the 164-Hz control (t-test, P.

pulsatile thresholds, on the other hand, decreased gradually 0.05). On the other hand, the 0-dB SL noise produced a
as a function of frequency, with the thick line and the significantly lower difference limen (100 vs. 164 Hz; t-test,
dashed line representing an initial and a repeated measure P,0.05) and the 5-dB SL noise produced a significantly
of the noise-absent thresholds, respectively. These data higher difference limen (293 vs. 164 Hz; t-test, P,0.05).
were collected immediately before and after the noise
condition (circles). In contrast with the data obtained in
cochlear-implant subjects, the threshold-level noise im- 4. Discussion
proved detection thresholds at high frequencies (.60 Hz
for pulses and .400 Hz for sinusoids), but not at low Our results show that human hearing can be enhanced
frequencies in the auditory-brainstem subject. While the by noise. The enhanced hearing can be either detecting
presence of a noise effect at high frequencies in the lower amplitude signals at the threshold level (Figs. 1–3)
auditory-brainstem subject is consistent with the low-pass or discriminating smaller frequency differences at the
filtering hypothesis in the cochlear nucleus, the reason for suprathreshold level (Fig. 4). We interpret these results as a
the absence of the noise effect at low frequencies is not demonstration of stochastic resonance in the human audit-
clear. ory system. Although the improvement in thresholds by



F.-G. Zeng et al. / Brain Research 869 (2000) 251 –255 255

by Brownian motion: a role for noise in the auditory system, Naturenoise is relatively small (1.4–1.7 dB) in normal-hearing
Neurosci. 1 (1998) 384–388.subjects, it suggests that the normal auditory system, while

[10] P.X. Joris, T.C. Yin, Responses to amplitude-modulated tones in the
possibly already using the stochastic resonance in hearing, auditory nerve of the cat, J. Acoust. Soc. Am. 91 (1992) 215–232.
is not optimal. This small noise effect in normal-hearing [11] N.Y.S. Kiang, E. Moxon, Physiological considerations in artificial
subjects is also consistent with the known psychophysical stimulation of the inner ear, Ann. Otol. Rhinol. Laryngol. 81 (1972)

1–17.data [6] and physiological data [7].
[12] J.E. Levin, J.P. Miller, Broadband neural encoding in the cricketWhile a 2-dB enhancement by noise is trivial in normal-

cercal sensory system enhanced by stochastic resonance, Nature 380
hearing listeners who typically have a dynamic range of (1996) 165–168.
over 100 dB, a 2–6 dB improvement in threshold is [13] H. Levitt, Transformed up-down methods in psychoacoustics, J.
significant in cochlear- and brainstem-implant subjects Acoust. Soc. Am. 49 (1971) 467–477.

[14] M.C. Liberman, Auditory-nerve response from cats raised in awhose typical dynamic range is only 6–20 dB [28,29].
low-noise chamber, J. Acoust. Soc. Am. 62 (1978) 442–455.Recent results from other laboratories also showed that

[15] M.C. Liberman, Single-neuron labeling and chronic cochlear pathol-
noise could increase cochlear-implant subjects’ dynamic ogy. II. Stereocilia damage and alterations of spontaneous discharge
range and their ability to encode temporal information rates, Hear. Res. 16 (1984) 43–53.
[16,19,20,27]. Together, these results suggest that an [16] A.J. Matsuoka, P.J. Abbas, C.A. Miller, J.T. Rubinstein, The

neuronal response to electrical constant-amplitude pulse train stimu-external noise should be introduced in cochlear implants to
lation: Additive Gaussian noise, IEEE Trans. Biomed. Engr. (inproduce auditory perceptions superior to that produced by
press).

the present devices. Further studies are needed to explore [17] B.C.J. Moore, Perceptual Consequences of Cochlear Damage,
fully the role of stochastic resonance in human sensory Oxford University Press, Oxford, 1995.
function and its applications to neural prostheses. [18] R.P. Morse, E.F. Evans, Enhancement of vowel coding for cochlear

implants by addition of noise, Nature Medicine 2 (1996) 928–932.
[19] R.P. Morse, E.F. Evans, Additive noise can enhance temporal coding

in a computational model of analogue cochlear implant stimulation,
Acknowledgements Hear. Res. 133 (1999) 107–119.

[20] R.P. Morse, E.F. Evans, Preferential and non-preferential transmis-
We thank Monita Chatterjee, David O’Gorman, Ginger sion of formant information by an analogue cochlear implant using

noise: the role of the nerve threshold, Hear. Res. 133 (1999)Grant and Ting Zhang for their help in data collection and
120–132.comments on the manuscript. This work was supported by

[21] P.M. Narins, J.H. Benedix, F. Moss, Can increasing temperature
NIH (DC02267). improve information transfer in the Anuran peripheral auditory

system?, Audi. Neurosci. 3 (1997) 389–400.
[22] R.V. Shannon, A model of safe levels for electrical stimulation, IEEE

Trans. Biomed. Engr. 39 (1992) 424–426.References
[23] M. Stemmler, M. Usher, E. Niebur, Lateral interactions in primary

visual cortex: a model bridging physiology and psychophysics,
[1] H.A. Braun, H. Wissing, K. Schafer, M.C. Hirsh, Oscillation and Science 269 (1995) 1877–1980.

noise determine signal transduction in shark multimodal sensory [24] G.A. Studebaker, R. Taylor, R.L. Sherbecoe, The effect of noise
cells, Nature 367 (1994) 270–273. spectrum on speech recognition performance-intensity functions, J.

[2] J.J. Collins, T.T. Imhoff, P. Grigg, Noise-enhanced tactile sensation, Speech Hear. Res. 37 (1994) 439–448.
Nature 383 (1996) 770. [25] X. Wang, M.B. Sachs, Transformation of temporal discharge pat-

[3] J.K. Douglass, L. Wilkens, E. Pantazelou, F. Moss, Noise enhance- terns in a ventral cochlear nucleus stellate cell model: implications
ment of information transfer in crayfish mechanoreceptors by for physiological mechanisms, J. Neurophysiol. 73 (1995) 1600–
stochastic resonance, Nature 365 (1993) 337–340. 1616.

[4] R.D. Frisina, R.L. Smith, S.C. Chamberlain, Encoding of amplitude [26] K. Wiesenfeld, F. Moss, Stochastic resonance and the benefits of
modulation in the gerbil cochlear nucleus: I. A hierarchy of noise: from ice ages to crayfish and SQUIDs, Nature 373 (1995)
enhancement, Hear. Res. 44 (1990) 99–122. 33–36.

[5] L. Gammaitoni, P. Hanggi, P. Jung, F. Marchesoni, Stochastic [27] B. Wilson, M. Zerbi, C. Finley, D. Lawson, C. van den Honert,
resonance, Rev. Mod. Physic. 70 (1998) 223–287. Speech processors for auditory prostheses, in: NIH Neural Prosthesis

[6] T.E. Hanna, S.M. von Gierker, D.M. Green, Detection and intensity Program Quarterly Progress Report, Vol. 8, NIH, Bethesda, 1997.
discrimination of a sinusoid, J. Acoust. Soc. Am. 80 (1986) 1335– [28] F.G. Zeng, J.J. Galvin, Amplitude compression and phoneme
1340. recognition in cochlear implant listeners, Ear Hear. 20 (1999)

[7] K.R. Henry, Noise improves transfer of near-threshold, phase-locked 60–74.
activity of the cochlear nerve: evidence for stochastic resonance?, J. [29] F.G. Zeng, R.V. Shannon, Loudness-coding mechanisms inferred
Comp. Physiol. [A] 184 (1999) 577–584. from electric stimulation of the human auditory system, Science 264

[8] A.J. Hudspeth, How hearing happens, Neuron 19 (1997) 947–950. (1994) 564–566.
[9] F. Jamarillo, K. Wiesenfeld, Mechanoelectrical transduction assisted


