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Introduction.

In behavioral measurements of human audition such as the common-place
audiogram, the entire auditory system is essentially treated as a ‘black box’,
whose response is characterized as the relationship between input and output.
The output is the test subject’s response, which of course can be influenced 
by all stages of auditory processing. Because of the complicated and largely
unknown processing by the auditory system a fundamental strategy in the
discipline of human auditory psychology has always been to distinguish 
clearly between the physical stimulus (such as e.g. ‘sound frequency’) and its
psychological representation (such as ‘tone’). On the other hand, at some stage
during auditory processing physiology is transformed into psychology. Is it
possible - given the advances in modern neurophysiological and behavioral
techniques – to access this interface (or even ‘to find the neural code trans-
forming sound to perception’ (Eggermont 2001))? Clearly, both from a clinical
and scientific perspective it would be desirable to ‘open the black box’ and be
able to assign behavioral results to specific neural structures. To which extent
this is possible is the topic of this and the following papers, and the aim of 
this paper is briefly to review the current status of the field and provide some
suggestions for future research. 

The correspondence between auditory physiology and behavior in humans
was investigated in a pioneering approach by Helmholtz (1863, transl. 1954),
who in his book ‘On the sensation of tone’ united physics, physiology, 
psychophysics and music. Helmholtz may not have succeeded in his aim – to
provide a physiologically based explanation for musical consonance and for
musical aesthetics in general – but he must be regarded as one of the founders
of auditory physiology as well as psychophysics. His valiant approach was
pioneering a combination of a ‘top-down’ approach (psychology) and ‘bottom-
up’ approach (physiology).

Modern neuroethology, the combination of behavioral and neurophysiological
investigations, is motivated by the fact that natural selection through the 
evolutionary history of an animal has shaped the nervous system to enhance
its function in behavior that increases the animal’s fitness, i.e. its survival and
reproductive success. Consequently, neuroethological investigations emphasize
the functional organization of the nervous system including subsystems such
as the auditory system. In this context, studies of behavior highlight the tasks
of the auditory system and guide future neurophysiological investigations.
While the question of function of human audition is necessarily speculative, 
at least three major tasks can be identified that would be targeted by natural
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selection. Acute hearing abilities are a shared trait of the mammals, having the
uniquely derived characteristic of three middle-ear ossicles which improves
high-frequency hearing abilities, and the mammals as a group are characteristi-
cally ‘auditory’ animals, where hearing is used for a variety of purposes such
as predator avoidance, prey capture and communication. The primary task of
hearing is probably to get general information about mechanical disturbances
in the vicinity of the animal. Thus, hearing supplements vision, since hearing
responds well to dynamic and novel properties of the surroundings, also out-
side the animal’s visual field and in darkness. As an example, our reflexive
startle response to sudden, loud sounds, usually a warning of imminent dan-
ger, shows that this function of hearing is important and probably primitive.
While this low-level response could be subserved by a rather indiscriminating
auditory system, any auditory system that functions as more than a simple
‘danger detector’, and especially the advanced auditory system of mammals,
should be able to group auditory events by sources. This grouping is called
auditory scene analysis (Bregman 1990) or sound source determination (Yost
and Sheft 1993, see also Yost, this volume), and the characterization of the
principles of auditory scene analysis (which again was pioneered by Helmholtz
in his studies of auditory fusion) undoubtedly is one of the highlights of
recent auditory research. The main insight is that the segregation of auditory
information in separate ‘streams’ (each stream ideally is one sound object, i.e.
all sound components originating from a single sound source) is a complicated,
analytical computation performed by the CNS, which involves grouping sound
components in the mixture received at the ears by, for example, similarity in
frequency, simultaneous onsets and shared amplitude modulations. 

Finally, it is likely that selection pressures connected to the evolution of language
has to a large extent shaped the human central auditory system as evidenced on
the gross anatomical level by specialized structures such as, e.g., two enlarged
brain centers, Broca and Wernicke’s area, that are dedicated to language 
processing (Hauser 1996).

Given that these tasks are evolutionary important, features (sensu Hawkins
and MacMullen 1996) related to the tasks should be extracted by the auditory
CNS, and these features should be especially salient in behavioral experiments.
For example, in auditory scene analysis, such features would be used to group
components in a stream, such as onset, frequency, AM, harmonic structure,
location (see Yost, this volume), and the same features would be used in segre-
gating speech sounds (see Darwin, this volume). Among mammals, humans
excel in our frequency discrimination abilities, where we are only rivalled by
dolphins (Long 1994). It is likely that this ability is connected to human speech
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processing. In speech processing, salient features related to the encoding of
speech sound, such as e.g. harmonic structure, formant frequency, envelope
structure, onsets and offsets should be processed, but probably also high-level
features such as basic sentence structure should be encoded robustly by the
CNS (Hauser 1996). 

The investigation of human auditory behavior spans a wide range. In one end
is the relatively simple, black-box approaches, where the relationship between
the input signal and the output response can be described as a well-defined
mathematical function (Yost 1993). In these types of experiments the relation-
ship between behavior and the physical parameters of sound can be quantified
reliably (see the paper by Buus, this volume), for example in studies of detection
(audiograms, psychophysical tuning curves etc.), discrimination and quantifi-
cation (scaling). However, other kinds of auditory behavior do not lend them-
selves well to simple input-output quantification, for example studies of the
perceptual qualities of sound or behaviorally meaningful categorization (con-
textual effects in phoneme perception – see Eggermont 2001), not to mention
the area of music and musical aesthetics approached by Helmholtz. I propose
that the term ‘psychoacoustics’ is reserved for the first type of studies (in
accordance with Yost 1993), and ‘auditory psychology’ used for the latter type
of studies. 

There is another dichotomy inherent - the peripheral and central processing 
of sound. In the periphery, up to the level of the cochlear nucleus, information
flows in separate, overlapping, but essentially unique channels. Therefore, any
defect in the processing here will affect the whole auditory system. However,
from the cochlear nucleus and up, information flows in several parallel, partially
redundant channels or networks, and any defects in one of the channels may
be compensated for by the plasticity of the nervous system using information
in the other, parallel channels. That is, the assignment of a specific feature to 
a central structure or the assignment of a defect in processing to a central
structure is inherently difficult.

In animals, where most neurophysiological studies have been performed,
behavioral studies can be difficult and in some cases dependent on intensive
training. In contrast, behavioral studies in humans are relatively easy to per-
form and can even work in untrained subjects, since they can be instructed
verbally, but neurophysiological studies are obviously usually limited to non-
invasive methods. Consequently, a bulk of behavioral data have been collected
in humans, but only in very few instances have the data been assigned to 
specific neural structures. I will attempt to outline four research strategies that
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could provide more data on the psychophysics-neurophysiology interface
based on a functional approach to human audition. 

Psychophysical experiments targeting specific structures.
Is it possible to measure the function of specific sensori-neural structures by
well-designed psychophysical experiments? An early and fashionable example
is the psychophysical tuning curves first described by Vogten (1974). PTCs are
constructed by measuring the masking efficiency of a tone or narrow-band
noise masker in masking a probe tone presented few dB above threshold. The
masking efficiency plotted as a function of masker frequency resembles a neural
tuning curve; most notably in its general shape with the steep slope above CF
and the shallow slope below CF. The rationale behind the PTC measurement is
that the probe tone only excites a small region (ideally one auditory filter) on
the basilar membrane (BM), since it is presented near the threshold. However,
there are several pitfalls in PTC measurements. One is that pure-tone maskers
will generate beats at frequencies close to the probe tone frequency, which will
increase the detectability of the probe tone, but this can be easily remedied by
using narrow-band noise maskers. It is more serious that the measurement is
fundamentally different from a neurophysiological tuning curve measurement,
since two stimuli are presented instead of one. Hence, in addition to the task
of detecting the probe tone (or discriminating probe from inherent noise) is
another discrimination task – discriminating the masker from the probe. This
can be accomplished by ‘off-frequency listening’, i.e. by using the information
in other auditory filters than the one centered on the probe tone. Also, non-
linear effects such as suppression and combination tones result from the
superposition of two sound stimuli. It should be possible, however, to avoid
suppression effects by presenting the masker non-simultaneously with the probe
(Delgutte 1990). Estimates of the auditory filters can be made from psycho-
physical experiments using narrow-band noise maskers, and the characteristics
of these filters correspond to the characteristics of neural tuning curves, although
central effects such as sharpening by lateral inhibition cannot be ruled out in
the psychophysical results. From these estimates BM excitation patterns can be
calculated (Moore 1993, Moore, this volume). Also, BM nonlinearity can be
measured in psychophysical experiments using a comparison of the masking
functions (i.e. masker level at threshold as a function of probe level) of forward
maskers at and well below the probe frequency (Oxenham and Plack 1997). 
A region of the BM should have a linear masking function for maskers well
below the CF of that region, whereas the masking function for maskers at CF
should be nonlinear. Hence, a comparison of the two masking functions gives
an estimate of BM nonlinearity. 
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While psychophysical measurements thus can target specific regions on the
BM (without exactly corresponding to neurophysiological measurements, see
Delgutte 1996), measurements that target specific structures later in the auditory
pathway are considerably more difficult to perform. However, contralateral
stimulation necessarily has been transmitted through central structures (when
direct transmission through the cranium or stapedial muscle reflexes can be
ruled out), at least at the level of the medial olivocochlear system. This fact has
been used in assigning effects of continuous contralateral masking noise to the
medial olivocochlear efferent (MOC) system (Smith et al. 2000). Conversely,
since the time constant for MOC activation is relatively long (50-100 ms), 
contralateral masking with a shorter masker-probe delay should target other
areas in the CNS. Kawase et al. (2000) studied the effect of contralateral noise
masking on psychophysical tuning curves. The effects were generally small,
but largest for masker frequencies below the probe tone, and larger in forward
masking than in simultaneous masking experiments. The results are interpreted
as reflecting olivo-cochlear effects that will suppress responses around the
probe tone and have a long time constant (with maximal effect after several
hundred ms). 

The processing of temporal properties of sound (see review by Viemeister et
al, this volume), such as for example amplitude modulation, also resides in 
the central nervous system, since the auditory nerve only encodes amplitude
modulation by modulation of the discharge rate (with a low-pass characteristic).
Later in the auditory pathway, AM rate is probably processed by filters tuned
to different rates (these filters have been found in physiological studies of 
the auditory cortex), but psychophysical evaluation of the filters has proved
difficult (Viemeister et al., this volume). 

Other experiments that would target central structures would be experiments
on auditory streaming (Sussman et al. 1998, 2001, see discussion below), 
informational masking experiments (see Yost and Sheft 1993), experiments on
speech perception (see Darwin, this volume), attention and acoustical memory,
to name a few examples. In these cases, however, assignment to any specific
neural center would be extremely difficult, but maybe possible combining the
experiments with non-invasive neurophysiological measurements (see below). 
Psychophysical experiments in patients with deficiencies in well-defined areas
of the auditory pathway would be another way to target these areas in psycho-
physical experiments. In this context, genetically based disorders would be very
interesting, since the effects can also be demonstrated (and the causes hopefully
identified) in animal experiments (see Steele, this volume). For example, a
deficiency in the Myo6 gene cause deficiency in the OHC stereociliar bundles
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in mice, and Myo6 deficiency has also been identified in humans and associated
with non-syndromic deafness. Also, the Mohr-Tranebjærg syndrome is auditory
neuropathy induced by deficiencies in mitochondrial transport (see Merchant,
this volume). Comprehensive psychophysical testing (in addition to the relatively
crude clinical tests) of such patients would be extremely welcome. However,
for central structures the information on genetical deficiencies is extremely
sparse, probably partly due to difficulties in screening for such disorders.

Human behavioral experiments combined with non-invasive neurophysiology
The techniques of recording non-invasively in awake, behaving subjects are
advancing rapidly. The activity of the cochlea can be monitored non-invasively
by otoacoustic emission measurements, and for activity in the auditory nerve
and lower brainstem Auditory Brainstem Recording (ABR) is a measurement
standard that can be used to distinguish between cochlear deficits and auditory
neuropathy. Kraus et al. (2000) studied a patient with auditory neuropathy and
found deficits in speech perception in noise, probably linked to deficiencies in
time coding in the auditory nerve and brain stem. In another case study, an
individual with auditory neuropathy has been shown to have severe temporal
processing deficits (Starr et al. 1991).

Studying the physiology of the CNS is necessarily more difficult. In an elegant
study of auditory stream segregation processing Sussman et al. (2001) have used
a ‘mismatch negativity’ measure based on the EEG measured in awake, behaving
subjects. The mismatch negativity is a preattentive novelty response, probably
of the primary auditory cortex. The finding of mismatch negativity correlated
with auditory streaming shows that at least frequency-based streaming is a pre-
attentive process, as suggested by Bregman (1990). Interestingly, this finding is in
conflict with a recent behavioral study showing that the build-up of streaming,
i.e. the time-lag from the stimulus is presented until two separated streams 
are perceived, is dependent on attention (Carlyon et al. 2001, see also Darwin,
this volume). However, Sussman et al. (1998) have also demonstrated attention-
dependent processes (again based on mismatch negativity measurements),
enabling a physiological distinction between two processes in auditory streaming:
a low-level, preattentive, ‘automatic’ process and a higher-level proces that is
dependent on attention. These two categories reflect the behavioral distinction
between ‘primitive’ and ‘schema-based’ streaming proposed by Bregman
(1990), and it may suggest that the build-up time measured by Carlyon et al.
(2001) reflect ‘schema-based’ processes in streaming. 

In addition to the relatively coarse EEG measurements, neuroimaging techniques
based on positron emission tomography (PET) or functional magnetic resonance
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imaging (fMRI) also enables non-invasive measurements of CNS activity in
behaving subjects. The maximal resolution of neuroimaging techniques is around
1 mm3, i.e. the summed activity of more than 1000 nerve cells are measured. 
In addition to the still limited resolution a further technical problem is that the
operation of the scanner generates very high acoustic noise levels. In a fMRI
study by Scheich et al. (1998) the experimental setup was designed so the
scanner noise was reduced to below 58 dB SPL at the ear. This (admittedly still
high) noise level makes it possible to perform behavioral experiments in the
scanner, in this case detection of a tone pattern in the presence of an FM tone
masker. The results suggest that the detection of the pattern is accompanied
by activity in primary auditory cortex area T1a, and it is suggested that the
activity is related to the task of separating the pattern (‘foreground’) from the
masker (‘background’), i.e. to auditory streaming. 

Non-invasive neurophysiological measurements open the possibility of a novel
type of experiments, where the experimenter is the test subject and can record
his or her subjective experience (thought processes) by introspection while
measuring the corresponding physiological state. Introspection as a psycho-
logical tool was introduced in the 19th century by Wilhelm Wundt (Helmholtz’
teaching assistant and one of the founders of experimental psychology) and
William James (see James 1890), but fell into disrepute, partly because it was
very difficult to compare observations from different test subjects. However,
recent interest in introspection and improved methods standardizing the
recording of ‘inner experience’ (reviewed in Hurlburt and Heavey 2001) 
suggest that this may be a valid method (and in my opinion the only method)
to assess subjective experience and correlate it with brain activity. 

Animal experiments
Measurement of single-unit activity at various stations of the auditory path-
way in awake, behaving animals have been performed in many laboratories,
and I will only describe a few of the experiments here. One of the classical
investigations within auditory physiology and neuroethology is the study of
directional hearing in the barn owl, initiated by Mark Konishi and Eric Knudsen
in the 1970s (reviewed by Wagner, this volume). These studies exploited the
barn owl’s extraordinary adaptations for passive localization of sounds emitted
by prey. The behavioral response to sound is very robust, and the combination
of neurophysiological and behavioral investigations of sound localization has
demonstrated, for example, the neural realization of a Jeffress-type coincidence
detector and an auditory space map in the midbrain with neurons tuned to spe-
cific locations. Lesions in certain areas of the space map produces corresponding
behavioral deficits in localization. 
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In animal experiments it is possible directly to compare psychophysical and
neurophysiological experiments. For example, Smith et al. (1990) compared
psychophysical and physiological tuning curves in macaque monkeys before
and after destroying all or part of the OHCs. Physiological and psychophysical
tuning curves had similar shapes which depended on the amount of OHC loss.

Thus, the PTCs are good indicators of OHC loss, probably also in humans. 
Recanzone et al. (2000) recorded from single cells in the auditory cortex of
macaque monkeys performing a sound localization task. Responses of 80% of
the cells in primary and caudomedial auditory cortex were correlated with
sound direction, and cells in the caudomedial auditory cortex were generally
the best predictors of sound localization behavior, suggesting a flow of 
directional information from primary to caudomedial auditory cortex.

Recordings from macaque auditory cortex in awake monkeys stimulated by
communication calls (reviewed in Rauschecker and Tian 2000) show that the
lateral belt area of the superior temporal gyrus is processing species-specific
vocalizations. Spatial information is processed via another, parallel route 
(as above, from primary to caudomedial auditory cortex). Interestingly, 
investigations of humans using fMRI show comparable, distinct routes for
spatial and language processing. 

See Eggermont (2001) for an updated review on neural coding by the 
mammalian auditory system, and especially for a discussion of central maps
and auditory percepts being coded by synchroneous discharges of a large
number of nerve cells. 

Model studies
Models of neuroanatomical and neurophysiological properties of parts of the
auditory pathway is another possibility of relating behavior to neurophysiology.
Models based on auditory nerve fibers are reviewed by Delgutte (1996). 
Especially for the auditory nerve fibers modelling is relatively straightforward,
since the responses are very well characterized. For higher centers a major
problem is that the properties of the neural network is not characterized in
sufficient details (of, for example wiring, cell types, transmitters). The best
strategy seems to be to model a functional system, such as, for example, 
ITD processing by the lower auditory centers (see Colburn, this volume) or
sound envelope processing (see Viemeister et al, this volume) and to make 
all parameters as physiologically realistic as possible.

Jakob Christensen-Dalsgaard: THE INTERFACE BETWEEN PSYCHO. . . . .

177



Conclusion.
In conclusion, the physiology of the auditory periphery correspond in 
remarkable detail to results of psychophysical experiments. Behavioral investi-
gations of central processes are inherently more difficult to perform, although
advances have been made. In my opinion it is likely that a characterization of
human audition in terms of the functions of the auditory system (for example
auditory streaming, speech) and the function-related features that the system
must analyze would be a fruitful approach, especially when combined with
advances in non-invasive recording techniques and physiologically realistic
models. 

As a final note, it should be realized that all these methods can only locate the
site of an interface between the neurophysiological and behavioral representa-
tion of sound in human hearing. The ‘neural code’ transforming sound to 
perception alluded to by Eggermont (2001) may be characterized in any detail,
but the actual transformation from physiology to psychology - the subjective
perception - is not really addressed by our measurements. 
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