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Dreyer, Anna and Bertrand Delgutte. Phase locking of auditory-
nerve fibers to the envelopes of high-frequency sounds: implica-
tions for sound localization. J Neurophysiol 96: 2327-2341, 2006;
doi:10.1152/jn.00326.2006. Although listeners are sensitive to inter-
aural time differences (ITDs) in the envelope of high-frequency
sounds, both ITD discrimination performance and the extent of
lateralization are poorer for high-frequency sinusoidally amplitude-
modulated (SAM) tones than for low-frequency pure tones. Psycho-
physical studies have shown that ITD discrimination at high frequen-
cies can be improved by using novel transposed-tone stimuli, formed
by modulating a high-frequency carrier by a half-wave-rectified
sinusoid. Transposed tones are designed to produce the same temporal
discharge patterns in high-characteristic frequency (CF) neurons as
occur in low-CF neurons for pure-tone stimuli. To directly test this
hypothesis, we compared responses of auditory-nerve fibers in anes-
thetized cats to pure tones, SAM tones, and transposed tones. Phase
locking was characterized using both the synchronization index and
autocorrelograms. With both measures, phase locking was better for
transposed tones than for SAM tones, consistent with the rationale for
using transposed tones. However, phase locking to transposed tones
and that to pure tones were comparable only when all three conditions
were met: stimulus levels near thresholds, low modulation frequencies
(<250 Hz), and low spontaneous discharge rates. In particular, phase
locking to both SAM tones and transposed tones substantially de-
graded with increasing stimulus level, while remaining more stable for
pure tones. These results suggest caution in assuming a close simi-
larity between temporal patterns of peripheral activity produced by
transposed tones and pure tones in both psychophysical studies and
neurophysiological studies of central neurons.

INTRODUCTION

Interaural time differences (ITDs) serve two important func-
tions in binaural hearing: localization of sound sources and
detection of sounds in noisy environments. Although ITDs are
the dominant cue for localizing sources containing low-fre-
quency energy (Macpherson and Middlebrooks 2002; Wight-
man and Kistler 1992), the use of ITDs in localization tasks is
not restricted to low frequencies. Although interaural time
differences in the fine structure of high-frequency sounds
cannot be detected, the auditory system can exploit the ITDs
present in the envelope of high-frequency stimuli to lateralize
sounds (Henning 1974; Leakey et al. 1958; McFadden and
Pasanen 1976). However, the perceptual ability to use ITDs in
high-frequency envelope cues seems weaker than that for
low-frequency fine-structure cues. For instance, the extent of

laterality is narrower and ITD discrimination thresholds are
poorer for sinusoidally amplitude-modulated (SAM) tones than
for low-frequency pure tones of the same frequency as the
modulator (Bernstein and Trahiotis 1985, 1994).

Colburn and Esquissaud (1976) indicated that the relatively
poor ITD resolution for high-frequency stimuli could be a
result of either differences in the temporal properties of the
spike trains in the auditory nerves or differences in how the
CNS processes low- and high-frequency inputs, or a combina-
tion of the two. Van de Par and Kohlrausch (1997) hypothe-
sized that differences in lateralization sensitivity between SAM
and pure tones may be attributed to the difference in “the
internal representation after transformation in the inner hair
cells” for the two stimuli. To a first-order approximation, this
transformation can be described as half-wave rectification
followed by low-pass filtering. The low-pass filtering is attrib-
uted to both the inner hair cell (IHC) membrane time constant
(Palmer and Russell 1986) and jitter in transmission at the
synapses between the hair cell and primary neurons (Anderson
et al. 1971). Half-wave rectification arises in part from the IHC
receptor potential versus cilia displacement characteristic.

According to this simplified model for IHCs, a low-fre-
quency pure tone is transformed into a half-wave-rectified sine
wave (Fig. 1, top), whereas a high-frequency SAM tone is
transformed into a sinusoid if the carrier frequency (f.) is
above the cutoff frequency of the low-pass filter (Fig. 1,
middle). Therefore van de Par and Kohlrausch (1997) sug-
gested a novel stimulus, called a “transposed” tone, designed to
produce the same temporal discharge patterns in high-fre-
quency auditory-nerve fibers (ANFs) as a pure tone does in
low-frequency fibers. A sinusoidal carrier is multiplied by a
half-wave-rectified low-frequency sinusoid, producing a high-
frequency transposed tone with the envelope of the low-
frequency half-wave-rectified sine wave (Fig. 1, bottom left).
After low-pass filtering, the response to a transposed tone is
expected to be a half-wave-rectified sinusoid resembling the
response to a pure tone.

For modulation frequencies <150 Hz, high-frequency trans-
posed tones produce extents of laterality and ITD sensitivity
better than those produced by SAM tones and comparable to
those produced by pure tones (Bernstein 2001; Bernstein and
Trahiotis 2002). These findings suggest that, for low modula-
tion rates, the poorer sensitivity to ITDs at high frequencies
compared with low frequencies results at least in part from
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FIG. 1. Acoustic waveforms and hypothetical outputs of the peripheral
auditory processor for a pure tone, a sinusoidally amplitude-modulated (SAM)
tone, and a transposed tone. (Adapted from Bernstein 2001.)
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differences in the temporal discharge patterns produced in the
auditory nerve by the two stimuli. However, as modulation
frequency increases, lateralization performance in response to
transposed tones degrades relative to performance for a com-
parable pure tone, suggesting that additional factors beyond
peripheral representation may also play a role.

The only available neurophysiological study of responses to
transposed tones (Griffin et al. 2005) focused on ITD-sensitive
neurons in the inferior colliculus (IC), the principal auditory
nucleus in the midbrain, using relatively low stimulus levels.
Griffin et al. found that ITD sensitivity of IC neurons for
transposed tones with low modulation frequencies was com-
parable to that for pure tones at low and moderate stimulus
levels. IC neurons are thought to derive their ITD sensitivity by
synaptic inputs from neurons in the lateral and medial superior
olives (LSO and MSO), whose function depends critically on
phase-locked inputs from the two ears. A quantitative descrip-
tion of phase locking to transposed tones at the earliest stages
of processing in the auditory pathway is therefore essential for
understanding the central neurophysiological results (Griffin et
al. 2005) as well as the psychophysical results (Bernstein 2001;
Bernstein and Trahiotis 2002). In this paper, we quantitatively
compare the phase locking of ANFs to transposed tones, SAM
tones, and pure-tones.

Although the idealized picture of peripheral auditory pro-
cessing shown in Fig. 1 is a useful first approximation, several
arguments suggest that the temporal discharge patterns of
ANFs to transposed tones may differ from pure-tone response
patterns in significant ways. First, the relationship between
IHC receptor potential and cilia displacement cannot be char-
acterized as simple half-wave rectification because a fraction of
the transduction channels are open when the cilia displacement
is zero, resulting in sustained current flow into the hair cell and
spontaneous release of neurotransmitter at the base of the hair
cell. As a result, the instantaneous rate of discharge of ANFs in
response to low-frequency pure tones falls below the sponta-
neous rate (SR) during approximately every other half cycle
(Johnson 1980), contrary to the idealized model used for
motivating transposed tones. Second, phase locking to SAM
tones degrades at a higher sound pressure level (SPL) arising
from cochlear compressive nonlinearities (Joris and Yin 1992;
Smith and Brachman 1980). Given the amplitude-modulated
nature of transposed tones, a similar level dependency of phase
locking may be expected. Therefore this paper places particular
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emphasis on the level dependency of phase locking to trans-
posed tones compared with pure tones. We find that, whereas
phase locking to transposed tones with low modulation fre-
quencies (<250 Hz) is similar to that to pure tones at sound
levels near neural thresholds, this is not the case for higher
levels and higher modulation frequencies. Preliminary reports
of these findings were previously presented (Dreyer and Del-
gutte 2004; Dreyer et al. 2005).

METHODS
Procedure

Healthy adult cats were anesthetized with Dial in urethane (75 mg
per kg of body weight) and maintained in an anesthetized state as
judged by the toe-pinch reflex (Kiang et al. 1965). The auditory nerve
was exposed by opening the posterior fossa and retracting the cere-
bellum. The tympanic bullae were opened and the round window was
exposed. The cat was administered 4.5 ml per kg of lactated Ringer
solution, with an additional 4.5 ml booster per day to prevent dehy-
dration, and dexamethasone (0.26 mg/kg) as a prophylactic against
brain edema throughout the experiment. Body temperature was main-
tained at 37°C with a heating blanket.

Single-unit recordings were conducted with the animal placed on a
vibration-attenuating table in an electrically shielded, soundproof
chamber. A metal electrode near the round window recorded the
compound action potential (CAP) in response to click stimuli to assess
the sensitivity and stability of the cat’s cochlear response.

Stimuli were generated with a 16-bit A/D converter (NIDAC
6052e, National Instruments) using a sampling rate of 50 kHz. An
electrodynamic speaker (Realistic 40—1377) delivered sound stimuli
near the cat’s tympanic membrane through a closed acoustic assem-
bly. Stimuli were digitally compensated for the frequency response of
the acoustic system by measuring the magnitude and phase of the
sound pressure at the tympanic membrane as a function of frequency
and designing digital inverse filters.

Single-unit activity was recorded with glass micropipettes filled
with 2 M KCI. The electrode was inserted into the auditory nerve with
the aid of a microscope and then advanced with a micropositioner
(Kopf 650). The microelectrode signal was band-pass filtered and sent
to a custom spike detector and timer that records spike arrival times
with a precision of 1 ws.

A click stimulus at about 55 dB SPL was used as search stimulus
while advancing the electrode into the nerve. On locating a responsive
fiber, a threshold tuning curve was measured with an automatic
tracking procedure (Kiang and Moxon 1974) using 50-ms tone
bursts, and the characteristic frequency (CF) and threshold at the CF
were noted. The fiber’s spontaneous discharge rate (SR) was mea-
sured over 20 s.

All procedures were approved by the MIT and MEEI Institutional
Animal Care and Use Committees (IACUC).

Stimuli

Low-frequency pure tones and high-frequency SAM and trans-
posed tones were synthesized digitally. Transposed tones were gen-
erated as described by van de Par and Kohlrausch (1997) and Bern-
stein and Trahiotis (2002). All SAM tones were 100% modulated and
all transposed tones had half-wave-rectified sinusoidal envelopes.
Pure-tone frequencies (f) and the modulation frequencies (f,,) of
both SAM and transposed tones were 60, 125, 250, 500, or 1,000 Hz.
The frequencies of these pure tones were always within a half-octave
of the fiber CF. The carrier frequency (f,.) of SAM and transposed
tones was usually set at the CF. In some fibers, f,. was also set slightly
below or above CF, such that the threshold at f. would be about 20 dB
above the threshold at CF. These off-CF responses are important
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because they may convey much of the temporal information at higher
sound levels when on-CF responses are saturated. On the average, f.
was 0.16 £ 0.05 (£SD) octave above the CF and 0.25 = 0.12 octave
below the CF for these off-CF conditions.

Because only limited amounts of pure-tone data were collected,
pure-tone responses previously collected by Tsai and Delgutte (1997)
were also used and account for most of the pure-tone responses
(250/283). In their experiments, the pure-tone frequency was chosen
from a fixed grid of frequencies separated by half-octave steps and
was typically within a quarter-octave of the CF, so that it always fell
within the tip portion of the tuning curve. We include the Tsai and
Delgutte data for frequencies <1 kHz for the majority of our analyses
and include their data only for frequencies between 1 and 3 kHz for
the analyses shown in Figs. 4 and 11.

Responses to pure tones were collected primarily from low-CF
fibers, whereas responses to transposed and SAM tones were recorded
from high-CF fibers (>3 kHz) to minimize phase locking to the fine
structure. In our experiments, responses were measured as a function
of stimulus level from rate threshold to 60 dB above threshold in
10-dB steps using 20 repetitions per level. Sound pressure levels did
not exceed 85 dB SPL to avoid injuring the cochlea. For all stimuli,
stimulus level was defined based on the root-mean-square amplitude
of the acoustic pressure waveform. To facilitate comparisons, the
high-frequency stimuli were presented in matched pairs consisting of
a 480-ms SAM tone, followed by 520 ms of silence, a 480-ms
transposed tone with the same modulation frequency, and another 520
ms of silence. Each presentation of a pure-tone stimulus consisted of
a 480-ms tone followed by 520 ms of silence. All stimulus durations
include 20-ms rise and fall times using raised-cosine ramps to prevent
abrupt transients. In the experiments of Tsai and Delgutte (1997), the
pure-tone stimuli were 100 ms in duration, including 2.5-ms (raised-
cosine envelope) rise and fall times, and were presented at a rate of
2/s. Responses were measured over an 80-dB range of levels in 2-dB
steps, with four repetitions at each SPL. Spikes were then grouped
into coarser 10-dB-level bins to increase the number of spikes per
level and facilitate comparisons with the data collected in our own
experiments.

Analysis

Period histograms, locked either to the modulation frequency for
SAM and transposed tones or to waveform frequency for pure tones,
were computed from spike times, discarding the first 16 ms after
stimulus onset. The strength of phase locking was characterized by the
synchronization index (SI), the ratio of the fundamental frequency
component of the period histogram to the average firing rate. Also
known as vector strength (Goldberg and Brown 1969), the SI varies
from O for a flat histogram with no phase locking to 1 for an impulsive
histogram indicating perfect phase locking. Statistical significance of
the synchronization index was assessed by the Rayleigh statistic
(Mardia and Jupp 2000), using a criterion of P < 0.001, and values of
SI failing this criterion were discarded.

To obtain an alternate description of temporal discharge patterns
more relevant to binaural hearing, phase locking was also character-
ized using shuffled autocorrelograms (SACs) (Louage et al. 2004).
Temporal analysis using SACs compares the timing of spikes between
different presentations of the same stimulus. Whereas the synchroni-
zation index must be calculated at a predetermined frequency, com-
putation of SACs does not require knowledge of the stimulus. In
addition, because the SAC is a cross-correlation between pairs of
spike trains, it is particularly relevant to ITD coding because many
models of binaural processing are based on interaural correlation
(Colburn 1977; Trahiotis and Stern 1995).

Each SAC was computed from the N (usually 20) stimulus presen-
tations at each stimulus level. Spike trains from each stimulus pre-
sentation were paired, or shuffled, with the N — 1 others to create
N(N — 1)/2 distinct pairs of spike trains. For each pair, the forward
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and backward time intervals between all spikes from the first spike
train and the spikes from the second spike train were calculated. All
intervals were tallied into a histogram using a 50-us bin width as
suggested by Louage et al. (2004). The histograms were then normal-
ized by the square of the average firing rate r,, the bin width b, the
recording duration (minus discarded times) D, and number of stimulus
presentations N by dividing by N(N — 1)rZbD. The ordinate of the
normalized SAC measures the extent to which a temporal structure
related to the stimulus exists in the spike trains, with unity indicating
randomly distributed spikes (Louage et al. 2004). For periodic stimuli,
this temporal structure primarily reflects phase locking to the stimulus.

Two measures of phase locking were derived from normalized
SACs (Louage et al. 2004): the maximum peak height and the peak
half-width. The peak height measures the extent to which spikes occur
at the same intervals on repeated presentations of the same stimulus
relative to randomly distributed intervals. The half-width measures the
temporal precision, or spread, of the intervals around the peak. Precise
phase locking is indicated by a large peak height and/or a small
half-width. To compute these two metrics, we first collapsed the SAC
extending over a span of *two stimulus cycles onto a folded histo-
gram extending over one cycle." This procedure is theoretically
justified because the SAC for a periodic stimulus should be periodic
in the limit of a large amount of data.

The SI and SAC analyses were applied to all responses to SAM
tones, transposed tones, and pure tones. These metrics were then used
to characterize how phase locking depends on sound pressure level,
modulation frequency, and fiber characteristics.

RESULTS

The results are based on recordings from 182 auditory nerve
fibers in nine cats. Responses to SAM and transposed tones
were collected from 39 high-CF fibers in four cats (CF range:
2.9-13.5 kHz, median 5.7 kHz). These data include 119 level
series for matched pairs (same f. and f,,) of SAM and trans-
posed tones. Responses to low-frequency (f =1,000 Hz) pure-
tones were recorded from 70 low-CF fibers from these four and
five additional cats (CF range: 170-1,600 Hz, median 740 Hz).
Overall, the data include 5.1% low-SR, 37.2% medium-SR,
and 57.7% high-SR responses. Responses to pure tones
>1,000 Hz were also recorded from an additional 73 high-
er-CF fibers (CF range: 1-3.3 kHz). These higher-frequency
data are used only in Figs. 4 and 11.

In the following sections, we first compare phase locking to
pure tones, SAM tones, and transposed tones presented at the
fiber’s CF using the synchronization index (SI) measure. Then,
we compare phase locking for on- and off-CF presentations of
SAM and transposed tones. Last, we examine alternate, auto-
correlation-based metrics to quantify phase locking to each of
the three stimuli.

Phase locking to pure, SAM, and transposed tones at CF

A set of period histograms measured as a function of
stimulus level in response to a pure tone, a transposed tone, and
a SAM tone (Fig. 2A) are shown in Fig. 2B. Responses to the
pure tone are recorded from a low-CF fiber (385 Hz), whereas

! This folding might appear to contradict our statement that computation of
the SAC does not require knowledge of the stimulus period. Folding improved
the signal-to-noise ratio of the SAC and was particularly useful for low
discharge rates or when phase locking was weak, but it is not theoretically
necessary to compute the metrics. Measuring the peak height and half-width
does not require knowledge of the stimulus period when signal-to-noise ratio
is not an issue.
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responses to the SAM and transposed tones are from a high-CF
fiber (7,000 Hz). The modulation frequency of the transposed
and SAM tones (250 Hz) roughly matches the frequency of the
pure tone (354 Hz).

At low stimulus levels, responses to both SAM and trans-
posed tones are restricted to approximately half of the stimulus
cycle, indicating a high degree of phase locking to the enve-
lope. As the level increases, spike discharges gradually spread
to the other half-cycle, indicating a decrease in phase locking,
consistent with previous reports for SAM tones (Cooper et al.
1993; Javel 1980; Joris and Yin 1992; Smith and Brachman
1980). However, for each level, responses to the transposed
tone are restricted to a smaller part of the stimulus cycle than
responses to the SAM tone. Although the firing rates in
response to both SAM and transposed tones saturate at 50 dB
SPL (Fig. 2C), phase locking reaches a maximum at lower
levels, consistent with previous observations.

For the low-frequency pure tone, the fiber’s response occu-
pies virtually the same portion of the stimulus cycle from
threshold (20 dB SPL) =60 dB above threshold (80 dB SPL),
well beyond the point where the rate begins to saturate (Fig.
2C). Thus consistent with previous observations (Johnson
1980), this medium-SR fiber phase locks to the pure tone over
a wider range of levels than the rate-based dynamic range.

These observations are reflected in the synchrony level
functions derived from the period histograms (Fig. 2B). For the
transposed and SAM tones, the SI is highest near threshold and
falls dramatically with increasing stimulus level. For each
stimulus level, SI is larger for the transposed tone than for the
SAM tone. Synchrony to the pure tone remains fairly stable
with level. Near threshold, the synchrony values are similar for
the pure tone and the transposed tone.

Figure 3 shows synchrony-level functions for pure, trans-
posed, and SAM tones for the entire data set. Responses to
SAM and transposed tones with all modulation frequencies are
included, as well as pure-tone responses for all frequencies
<1,000 Hz. Sound level is expressed in decibels with respect
to rate threshold to facilitate comparison between fibers. For
the most part, responses are well separated based on the
stimulus type, even though data from different frequencies and
modulation frequencies are pooled: low-frequency fibers phase
lock with the greatest precision to pure tones, then high-
frequency fibers to transposed tones, followed by high-fre-
quency fibers for SAM tones. Near threshold, fibers tend to

Level re Threshold (dB)

discharge rate as a function of level with
respect to rate threshold.

show similarly high phase locking to transposed tones and pure
tones, although synchrony falls more rapidly with level for
transposed tones than for pure tones. Synchrony to SAM tones
is poorer near threshold and degrades faster with level than for
either transposed or pure tones.

With a few exceptions, the sound pressure level of the
maximum synchrony occurred between rate threshold and rate
saturation for all stimuli, with an average (£SD) of 15.9 *
10.3, 5.2 = 8.7, and 2.5 = 7.1 dB above threshold for pure,
transposed, and SAM tones, respectively. Our average for
SAM tones is lower than the value of 10 = 5.0 dB with respect
to threshold given by Joris and Yin (1992), although the rather
coarse (10-dB) spacing between adjacent stimulus levels in our
experiments makes a precise assessment difficult. Further, the
difference could be partially accounted for by clarifying how
sound pressure level of the SAM tone is defined: root-mean-
square of the waveform versus the peak of the waveform
envelope, as well as possibility of different definitions of rate
threshold. Consistent with previous observations for SAM
tones (Joris and Yin 1992), the SIto SAM and transposed tones
decreased monotonically above the level of maximum syn-
chrony and sometimes leveled out at higher levels.
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FIG. 3. Synchronization index (SI) as a function of level with respect to rate

threshold in response to pure tones (black dotted), transposed tones (blue
solid), and SAM tones (red dashed) for entire data set presented at the CF.
Only pure-tone responses <<1,000 Hz are included. For each stimulus type, a
bold line was drawn using the mean values of the slope, maximum SI, and SPL
of maximum SI from the best linear fit to each SI-level function.
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