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Comparison of Psychophysical
and Evoked-potential Tuning
Curves in the Chinchilla

Ricearp ], Savvy, Pu.D., WiLLiaM A. AHROON, Pu.D., Joun W, PErrY, PH.D., ApeLe D. GUNNARSON, M.S.,
AND Don HENDERSON, Pr.D).

Frequency selectivity was examined in normal-hearing chinchillas using psychophysical
and evoked-potential tuning curves. The acoustic conditions and masking procedures
used for the evoked-potential and psychophysical studies were nearly identical. Fre-
quency selectivities as measured by psychophysical and physiologic techniques were
quite similar across different probe frequencies. The results suggest that the relatively
efficient evoked-potential procedure may be substituted for the time-consuming
psychophysical paradigm. Furthermore, the results are consistent with the view that tun-
ing takes place primarily at the auditory periphery. (Key words: Evoked response; Fre-

quency selectivity; Tuning curves.)

Brainstem electrical responses {BSER) have
become popular metrics for estimating thresh-
olds in both humans and animals. Generally, the
responses have been measured with clicks or
tone pips with fast rise—{fall times, since these
signals are the most suitable for synchronizing
the underlying neural activity. Tone pips have
the added advantage that thresholds may be as-
sessed at different frequencies in order to obtain
an “audiogram,”!™?

One of the important issues surrounding the
interpretation of the BSER data concerns the de-
gree of frequency-specific information contained
in the response. Frequency specificity is
suggested by several properties of the response.
The latency of the BSER decreases as stimulus
frequency increases®* in a manner consistent with
the mechanics of the basilar membrane.® Fur-
thermore, the “threshold®” of the BSER varies
with frequency in roughly the same manmner as
the behavioral threshold.?
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More refined techniques have been used to
demonstrate the frequency-specific nature of the
BSER. Don and Eggermont® and Terkildsen et
al.” used a masking paradigm to derive the
frequency-dependent components of the BSER
response. Both studies demonstrated that
frequency-specific information is contained in
the BSER; however, it is difficult to relate the set
of frequency-dependent components of the
BSER to psychophysical measures of frequency
selectivity.

A more direct way of assessing the degree of
frequency specificity of the BSER response is to
measure tone-on-tone masking patterns or tun-
ing curves (T'Cs). In psychophysical studies, the
subject’s task is to detect a low-level probe tone
that is fixed in level and frequency. The as-
sumption is that the low-level probe excites a
limited number of neurons having best frequen-
cies in the vicinity of the probe tone. A masking
tone then is introduced and adjusted in level
until it abolishes the response to the probe. The
masking procedure is carried out over a range of
frequencies around the probe. Masked thresh-
olds are lowest in the vicinity of the probe and
then increase with frequency separation between
probe and masker.®

The same tone-on-tone masking paradigm has
been employed in physiologic studies to obtain
tuning curves for the compound action potential
(AP) of cranial nerve VIII of man, guinea pig, and
chinchilla®'* and Wave I and Wave V of the
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BSERs from humans and guinea pigs.'*'? These
physiologic TCs are qualitatively similar to those
obtained psychophysically; however, it is dif-
ficult to compare the results since many of
the stimulus conditions used to obtain the psy-
chophysical and physiologic data are differ-
ent. For example, most psychophysical studies
employ tones with relatively long rise—fall times
in order to minimize spectral spread,®!4~8
whereas physiologic studies use short-duration
signals with rapid rise—fall times to maximize
neural synchrony.!%'*'* Comparing TCs from
animals can also be difficult because the
psychophysical measurements are frequently
performed under free-field conditions® while
the physiologic data are generally collected with
a closed acoustic system and with the middle ear
space vented,!!-12

Recently, Klein and Mills'® used identical
stimulus conditions to collect both psycho-
physical and physiologic TCs (brainstem Wave
I and Wave V) from humans. Although the TCs
were qualitatively similar there were some im-
portant quantitative differences. For example, the
bandwidth of the TC 10 dB above the tip was
smaliest for the Wave V TCs, followed by Wave
and the psychophysical TCs. However, when the
TCs were compared at a fixed sound pressure
level (SPL), 76 dB, the psychophysical band-
widths were smaller than the physiologic ones.
While the results of Klein and Mills'® show that
the BSER can provide a reasonable estimate of
frequency selectivity, the results are limited to
one probe frequency. Since the shape of
psychophysical tuning curves systematically
changes with probe frequency,'®8 it is important
to assess the full range of neural tuning, partic-
ularly at low frequencies, where it is difficult to
synchronize the onset response. In guinea pigs,
Mitchell and Fowler!? found a progressive
broadening of the physiologic tuning curves
with decreasing probe frequency. However, no
behavioral measures were obtained, so it is un-
clear how well these physiologic tuning curves
approximate the behavioral measures.

Psychophysical, AP, and single auditory nerve
fiber tuning curves of the chinchilla have been
measured,141? but TCs from the brainstem have
not yet been obtained. The dominant component
of the brainstem potential in the chinchilla is a
large positive wave which arises primarily from
the inferior colliculus.! One practical reason for
measuring the brainstem TCs is that the poten-
tials can be easily and reliably recorded from
awake chinchillas over many months using
chronically implanted electrodes? similar AP

measurements are more difficult to obtain be-
cause of the possibility of middle ear infections.
Furthermore, the time and effort required to
collect the evoked-potential measures are con-
siderably less than the time and effort involved
in obtaining similar behavioral measures. Thus,
if the evoked-potential tuning curves can be
shown to approximate the behavioral tuning
curves, one might consider substituting the
evoked response for the psychophysical method
when time and effort are important experimental
variables. The abjective of this study was to mea-
sure the brainstem TCs of the chinchilla over a
broad range of probe tone frequencies. In order
to compare the degrees of frequency specificity,
the physiologic and psychological TCs were
collected under similar acoustic conditions;
however, the two sets of TCs were obtained from
different animals because the behaviors required
in the two procedures were mutually incompati-
ble (i.e., jumping in the behavioral paradigm
versus remaining stationary during evoked-
potential testing).

METHOD
Subjects

Four chinchillas were used in the psycho-
physical experiment and another four were used
in the physiologic study. The animals weighed
between 400 and 800 g. Each animal was an-
esthetized and made monaural by surgical de-
struction of the left cochlea.” The probe tone
was presented 15 dB above either the evoked
response or the behavioral threshold; thus, the
absolute SPLs of the probe varied a small amount
from animal to animal and were slightly higher
(approximately 5 to 15 dB) for the evoked poten-
tial than for the psychophysical conditions. It
is important to note that both psychophysical
and physiologic studies indicate that the shapes
of the tuning curves are not substantially altered
when the probe levels are varied over a 25- to
35-dB range above threshold.!%!¢!7 By present-
ing the probe tone near threshold one reduces
the effects of combination tones. Furthermore,
the masker frequencies near the tip of the tuning
curve were at least 20 Hz ahove or below the
probe frequency to minimize the effects of beats.

Behavioral Testing

Audiograms and psychophysical TCs were
obtained using a shock-avoidance conditioning
paradigm and a modified method of limits (for
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EVOKED-POTENTIAL TUNING CURVES

Figure 1. Psychophysical tun-
ing curves obtained for one
animal, The value of Q, dB is
indicated below the tuning curve
tip for each probe-tone fre-
quency. Open circles indicate
the probe tone level.
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details, see references 19—21). The chinchilla
was placed in a restraining yoke which fixed the
orientation of its head in the sound field, but
allowed a slight upward motion of the body so
that the animal could register a response. A
stimulus trial consisted of a train of eight tone
bursts (20 ms duration between half-power
points; 5 ms rise—fall time, 2 bursts/s). A re-
sponse during bursts 1 to 4 was registered as a
“hit” and was followed by the presentation of a
safety light for 7.5 seconds. If the animal failed to
respond by the onset of the fifth tone, mild
pulsed shock was delivered to the animal’s tail,
except at near-threshold intensities. A response
to tone bursts 5 through 8 or no response was
scored as a “miss.”

Tone Threshold

Testing began at clearly audible levels. After
each correct response, the signal was reduced in
10-dB steps until a “miss” occurred; then the
signal was increased in 10-dB steps until a ‘‘hit”
occurred. At that point, the step size was re-
duced to 5 dB and four additional threshold
crossings were obtained. The data were accepted
as valid if the threshold crossings differed by 10
dB or less. A total of 48 to 72 threshold crossings
were used to estimate the threshold of the 20-ms
probe tone.

Psychophysical Tuning Curves

The procedures for obtaining psychophysical
TCs are similar to those outlined earlier.”” Tuning

curves were obtained with the probe tone at a 15-
dB sensation level {SL). A continuous tone then
was introduced at a low level so that the probe,
which was presented randomly, was clearly audi-
ble. The animal was trained to ignore the con-
tinuous masking tone and to respond to the
probe.

The procedures for determining the level of
the continuous tone necessary to mask the probe
were similar to those used to estimate quiet thres-
hold, except that masker level was varied. A total
of at least 12 threshold crossings were used to
compute each point on the psychophysical TCs.

Evoked Response Testing

Chronic electrodes were implanted in the vi-
cinity of the inferior colliculus in four chinchil-
las using procedures outlined in a previous re-
port.? The animals were tested using the same
restraining yoke and acoustic equipment em-
ployed in the behavioral experiments. The acous-
tic signals were identical to those in the be-
havioral experiments except that the probe tone
was presented at the rate of 10/s throughout
the averaging session. The electrical potential
from the electrode was filtered (300 to 1,500 Hz),
amplified (20,000 to 50,000 times) and led to a
signal averager (Fabri-Tek 1070) with artifact-
reject capability. The data were sampled at 25
kHz over 512 points to obtain a window of 20.48
ms. Normally, 512 samples were collected.
However, if a clear evoked response was present
with fewer samples, the averaging was termi-
nated. No effort was made to measure the actual
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Figure 2. Examples of evoked re-

sponses from one chinchilla. The top

trace represents the acoustic output of 58
the speaker, The second trace is the W

evoked response to the 1-kHz probe

tone at a level of 15 dB above the

animal’s threshold. Successive traces

represent the evoked responses to the
1-kHz probe with a simultaneous 1.7-
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Figure 3. Evoked-response tun-
ing curves obtained for one ani-
mal. The value of Qy dB is in-

40

dicated below the tuning curve
tip for each probe-tone fre-
quency. Open circles indicate
the level of the probe tone.
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Comparison of average psychophysical and evoked-response tuning curves. Filled

circles and filled squares are the average psychophysical and average physiologic tuning curves presented in dB SPL. The
psychophysical (solid line) and physiologic (dashed lines) tuning curves have been normalized to 0 dB at their tips.

amplitude of the evoked response waveforms,
since only the transition from the presence to the
absence of the evoked response was used to
make a judgement regarding the absolute and
masked thresholds.

Physiologic Threshold

Thresholds were determined with a 20-ms
probe tone with random starting phase and 5 ms
rise—fall times. Testing began at an intensity
that produced a clear and unambiguous re-
sponse. Then the signal level was reduced in
10-dB steps until the response was slightly
above the background noise. At this point, the
intensity step was reduced to 5 dB and addi-
tional samples were collected. Threshold was
the point midway between the highest intensity
where the response was absent and the lowest
intensity where the response was present.

Physiologic Tuning Curves

Immediately following the determination of a
threshold, a tuning curve was collected for that
frequency. The probe tone was presented at a
level 15 dB above the evoked-potential thresh-
old. A continuous masker then was introduced
at a level low enough so that a clear evoked po-
tential was obtained. Masker level was sub-

sequently increased in 10-dB steps until the
evoked response was nearly obliterated; then the
step size was reduced to 5 dB and additional
sarmples were collected. Masked threshold was
the intensity midway between the lowest inten-
sity where the response was present and the
highest intensity where the response was absent.
Masking was employed at frequencies above and
below the probe tone in order to obtain a TC that
could be compared with the psychophysical
data.

RESULTS

Individual Psychophysical
Tuning Curves

Figure 1 shows six psychophysical TCs ob-
tained from one chinchilla at six probe frequen-
cies from 0.5 to 11.2 kHz. At probe frequencies
above 2 kHz, the psychophysical TCs tend to be
asymmetrically shaped on a log-frequency plot,
while those below 2 kHz are nearly symmetrical.
In general, the psychophysical TCs are charac-
terized by a low masked-threshold region near
the probe sandwiched between a steep high-
frequency slope and a somewhat shallower
low-frequency slope. The ‘‘tail”’ segment of
high-frequency psychophysical TCs refers to the
region where the low-frequency slope becomes

NORMALIZED MASKED THRESHOLDS {dB)
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extremely shallow, usually 1-2 octaves below
the probe. The transition to the tail segment can
be easily identified in the 11.2-kHz psychophys-
ical TC because of the high threshold notch at
9 kHz that separates the tip from the tail seg-
ment. The transition to the tail segment occurs
much more gradually at lower probe frequencies.
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A popular and useful measure of quantita-
tively assessing the frequency selectivity of
tuning curves is to compute the Q,, dB value,
defined as the center frequency of the tuning
curve divided by the bandwidth 10 dB above the
minimum threshold. Generally, Q,, dB values
increase with probe frequency. A similar trend

NORMALIZED MASKED THRESHOLDS {(dB}

NORMALIZED MASKED THRESHOLDS (dB)
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Figure 5. Values of (J;, dB for psychophysical (solid circles)
and evoked-response (open circles) tuning curves, The solid
line represents Q,, dB values for single auditory nerve fibers,
from Salvi et al,'?

oceurs in Figure 1, where the Qi dB values
range from 1.4 at a probe frequency of 0.5 kHz to
6.1 at a probe frequency of 8.0 kHz,

The psychophysical TCs shown in Figure 1 are
representative of the four animals and are similar
to psychophysical TCs reported in an earlier
study.!® However, the psychophysical TCs of our
chinchillas did not appear to be quite as sharply
tuned as those reported by McGee et al.*

Individual Evoked-potential
Tuning Curves

Before presenting the evoked-potential tuning
curve data, it is important to identify the
evoked-response waveforms obtained with the
tone-on-tone masking paradigm. The top trace in
Figure 2 shows the voltage—time waveform of
the acoustic signal, while the second trace repre-
sents the evoked potential obtained with a 1-kHz
tone pip at 15 dB above the evoked-response
threshold. In the absence of the masker, the re-
sponse consists of a large positive wave at ap-
proximately 11 ms, followed by a negative wave

EVOKED-POTENTIAL TUNING CURVES

at 17 ms. Traces 3 through 7 illustrate how the
evoked response is affected by a 1.7-kHz masker.
As the masker intensity is increased, amplitude
decreases and latency increases. There is a rem-
nant of the positive wave with a masker of 68 dB
SPL; however, the evoked potential is com-
pletely obliterated at 78 dB SPL. Response
waveforms similar to those were obtained at
other frequency—intensity combinations of the
probe and masker; the waveform closely resem-
bles those obtained from microelectrodes in the
inferior colliculus.!

Shown in Figure 3 are the six evoked-potential
TCs from a single chinchilla. The evoked-
potential TCs are remarkably similar to those
obtained behaviorally. While the overall simi-
larity is encouraging, a much more comprehen-
sive assessment can be made by comparing the
average behavioral TC and the average evoked-
potential TC at each probe frequency.

Psychophysical versus
Evoked-potential Tuning Curves

The intersubject variability was quite small,
generally less than 8 dB, so that it is reasonable
to average the tuning curves from each condi-
tion. The average evoked-potential and the aver-
age psychophysical tuning curves are shown in
Figure 4. In order to aid the comparison further,
the tuning curves were normalized at their tips
to compensate for differences in sensitivity and
then plotted in the lower portion of each panel.

When the data are normalized, four of the six
pairs of tuning curves (0.5, 1, 4, and 11.2 kHz)
are essentially the same. The bandwidths are
similar for the curves at 2 kHz, except that the
evoked-potential TC has a steeper high-frequency
skirt, while the psychophysical TC has a steeper
low-frequency skirt. The 8-kHz evoked-potential
TC is broader than the psychophysical TC; this
difference is somewhat difficult to explain given
the fact that the 4-kHz and 11.2-kHz evoked-
potential TCs are essentially the same as their
psychophysical counterparts.

A standard metric for comparing TCs is the Qy
dB value. Figure 5 shows the individual Q,, dB
values plotted as a function of the center fre-
quency of the probe for both the evoked-
potential and the psychophysical measures. The
median Q,, dB values for single auditory nerve
fibers in the chinchilla also are presented to aid
the analysis.!® It should be noted that the acous-
tic conditions for the single-unit data are differ-
ent from those in the present experiment; how-
ever, this should not significantly influence the
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comparison, since the Qo dB values are com-
puted over a relatively narrow range of frequen-
cies. The Q0 dB values are in good agreement up
to 4 kHz, and still show considerable overlap at
higher frequencies. At 8 kHz, the Q;, dB values
obtained with the evoked response tend to be
somewhat smaller than the psychophysical data.
Conversely, the evoked-potential Q;; dB values
tend to be larger than those obtained psychophys-
ically at 11.2 kHz. Note that the median Qo dB
values of single auditory nerve fibers (solid line]
provide a reasonably good fit to the psychophysi-
cal and evoked-response data.

DISCUSSION

Since masked thresholds increase rapidly with
increasing separation between probe and
masker, it seems reasonable to conclude that the
evoked potential elicited by the probe tone syn-
chronizes the response of a limited number of
single units with best frequencies in the vicinity
of the probe. Furthermore, the response appears
to contain considerable frequency-specific in-
formation.

The present results also indicate that the
evoked-potential TCs provide a reasonable ap-
proximation of the psychophysical TCs in the
normal-hearing chinchilla over a broad range of
probe frequencies; the only difference between
the two is a 5—15-dB difference in sensitivity.
The evoked-potential TCs can be obtained easily
in a matter of a few weeks from awake chinchil-
las using the procedures outlined above, but
months of training and testing are needed to ob-
tain the psychophysical TCs. Consequently,
when time and effort are critical experimental
factors, it would be advantageous to use the
evoked-potential TC as an estimate of tuning in
normal chinchillas. While the evoked-potential
TC appears to offer a promising technique for
assessing frequency selectivity, its application to
hearing-impaired subjects needs to be explored
more fully before its use is justified completely.

One important issue in hearing concerns the
arigin(s) of tuning within the auditory pathway,
i.e., which structures or processes set the limits
of frequency selectivity of the final detector rep-
resented by the psychophysical TC. There is
some evidence to suggest that tuning is primar-
ily set at the level of the cochlea and that no
further sharpening takes place centrally, ?*-#!
Other data, however, suggest that the central au-
ditory pathway may provide additional fre-
quency selectivity beyond that seen at the coch-
lea.24~26 One way of evaluating this issue is to

compare the (Q;p dB values at different levels of
the auditory pathway with the psychophysical
data. Figure 5 shows that the median Qy, dB val-
ues of single auditory nerve fibers in the chin-
chilla correspond closely to the Qyy dB values of
the evoked potential that arises in the inferior
colliculus. Thus, one might argue that the
brainstem nuclei do not substantially alter the
tuning properties established at the cachlea, but
this interpretation should be made with caution,
given that the acoustic conditions and testing
procedures for the two conditions are somewhat
different. However, at a more central level, one
finds that the evoked-potential Q; dB values
show considerable overlap with the psychophys-
ical data, implying that little or no sharpening
takes place beyond the colliculus. Recall that the
acoustic conditions for this comparison are
nearly identical. Thus, the present data provide
support for the view that tuning originates
primarily at the auditory periphery.
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