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ABSTRACT

This paper reviews a series of studies that extend previous work on auditory time analysis in
normal-hearing and hearing-impaired listeners. These studies are based upon the concept of
"2 order” temporal modulation transfer functions (TMTFs) which are obtained by measuring
detection thresholds for 2"-order modulation (that is, sinusoidal modulation applied to the
modulation depth of a sinusoidally amplitude-modulated tone or noise carrier), as a function of
fm, the rate of 2 -order modulation. Here, the modulated tone or noise acts as a carrier stimulus
of rate f,, and 2% order modulation is a complex envelope with 3 modulation components of
rates fy, frfm and fitf,. Second-order TMTFs have been assessed |n normal-hearing listeners
and listeners with moderately severe cochlear damage. OveraII "_order TMTFs are similar
and lowpass in shape in both groups. The data suggest that 2 order TMTFs may be viewed as
descriptions of the attenuation characteristics of the salient envelope beat produced by 20

order modulation at rate f,. The data also indicate that central auditory distortions may
contribute to the perception of the temporal-envelope beat cue. This new paradlgm is discussed
in light of the linear systems analysis approach upon which the concept of (1° -order) TMTF was
initially based.

Background
Speech conveys information both in its spectral and temporal structure. The temporal

information in speech consists of fluctuations in amplitude at rates between about 2 Hz and 10
kHz. A subset of these temporal fluctuations - referred to as envelope fluctuations - correspond
to the amplitude-modulation rates below about 50 Hz. Over the last decades, numerous studies
on speech perception have shown that these slow variations in the temporal envelope can
provide crucial cues for listeners with normal hearing [1,2] and listeners with cochlear hearing
loss [3]. This has led to the suggestion that part of the reason people have difficulties
understanding speech may be related to (i) degraded transmission of envelope cues [4], or (ii)
abnormal ability to resolve changes in the sounds' envelope, that is, abnormal temporal acuity.
Temporal-envelope sensitivity is traditionally assessed by measuring detection thresholds for
sinusoidal amplitude modulation (SAM) as a function of modulation rate, f,, [5,6]. Inspired by the
linear system analysis approach, this method attempts to describe auditory temporal acuity from
the listeners’ response to single-component temporal envelopes [5]. This approach has been
applied to normal-hearing listeners [5,7], listeners with mild-to-severe cochlear hearing loss [6],
cochlear implant users [8] and listeners with central auditory processing disorders [9,10]. In



normal-hearing listeners and patients with mild to severe cochlear damage, TMTFs resemble a
lowpass filter with a cut-off frequency of either 50-60 Hz (when broadband noise is used as
carrier) or 100-150 Hz (when a high-frequency pure tone is used as carrier). Moreover, in both
groups, modulation detection thresholds are generally similar at most modulation rates,
suggesting that the speech perception deficits shown by listeners with cochlear damage are not
caused by abnormal auditory temporal acuity. By contrast, important variations in modulation
sensitivity and TMTF shape have been reported for cochlear implant users and listeners with
central auditory processing disorders. Cazals et al. (1994) [8] compared SAM detection and
speech identification in a group of cochlear implant listeners. The results showed a significant
correlation between TMTF slopes and consonant identification scores. Moreover,
neuropsychological studies report a systematic relationship between speech intelligibility and
envelope sensitivity at low modulation rates in listeners suffering from developmental dyslexia
[10] and brain-damaged listeners with aphasia [9].

The linear systems analysis upon which the TMTF approach is based [5] has proved to be a
powerful description of a number of aspects of auditory temporal processes and speech
perception. Here, it is also important to note that some speech perception data based on
temporal-envelope filtering techniques [1] rely heavily on the linearity of auditory temporal
envelope processes. Evidence from recent electrophysiological and psychoacoustical studies
[11,12] investigating the neural and perceptual response to two-component modulators may
change this conception of auditory processes. In a linear system, there is no spectral energy at
the envelope beat rate f,-f; produced by two SAMs of rate f; and f,. However, both studies
revealed that nonlinear mechanisms in the auditory pathway generate an audible distortion
component at the rate of the envelope beat produced by this two-component modulator. These
data suggest that, despite its initial success, the linear systems analysis upon which the TMTF
concept if based may be a limited approach. As a consequence, the numerous empirical data
suggesting that the deficits in speech intelligibility shown by listeners with cochlear hearing loss
are not due to impaired temporal resolution should be taken with caution: a different conclusion
may be reached if sensitivity to the temporal envelope is measured with complex temporal
envelopes (instead of SAM).
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Figure 1: Schematic modulation spectra of the 1%"order and 2"-order SAM.

In two recent studies (Lorenzi et al.,, 2001 [13,14]), detection thresholds were measured for
sinusoidal modulation applied to the modulation depth of a sinusoidally amplitude-modulated
noise or tone carrier as a function of the rate of the modulation applied to the modulation depth
(referred to as fy,). The sinusoidal modulation applied to the modulation depth of a sinusoidally
amplitude-modulated carrier was referred to as “2"_order” modulation (i.e., modulation of
modulation) by the authors. In such stimuli, the first SAM acted as a “carrier” of rate f,in the
modulation domain, and sinusoidal modulation of the SAM modulation depth generated two
additional components in the modulation spectrum at rates ff,, and f+f,,: the compound
temporal envelope consisted therefore of the sum of three single SAM components. This is
illustrated in Figure 1. The cyclic variation in modulation depth also produced a beat in the



stimulus’ temporal envelope at a slow rate equal to f,; however, it is important to note that there
is no energy in the modulation spectrum of the physical stimulus at the envelope beat rate fy.
For each “carrier” modulation rate fy, a “2"%-order” TMTF can be obtained by measuring the
modulation depth, m', of the sinusoidal variation applied to the “carrier” modulation depth
necessary to just detect the modulation, as a function of f,,. Second-order TMTFs assess
therefore the auditory sensitivity to complex temporal envelopes (instead of single component
envelopes, as in the "classical" TMTF paradigm), and provide a new estimate of auditory
temporal acuity that may highlight the contribution of peripheral and central nonlinearities to the
perception of complex sounds such as speech. This paper reviews three studies that assessed
2"order TMTFs in normal-hearing and hearing-impaired listeners.

Second-order TMTFEs in normal-hearing listeners

First and 2°-order TMTFs were measured in 7 normal-hearing adult listeners for different carrier
conditions. TMTFs were measured with white noise carriers in 4 listeners [13], and with sine
carriers in 3 listeners [14]. The reader is referred to these publications [13,14] for details of the
stimulus generation and procedures used in the detection tasks. Mean data across listeners are
shown in the left and right panels of Figure 2 for the 5-kHz and white noise carriers,
respectively. Consistent with previous studies [5,6,7], T*-order TMTFs display a typical lowpass
characteristic: Sensitivity is reduced by about 3 dB at f, =64 Hz when the carrier is a white
noise. The TMTF's cutoff frequency is higher when a 5-kHz pure-tone carrier is used. On
average, SAM-detection thresholds increase slightly but continuously up to f, =128 Hz, and
sensitivity is reduced by 9 dB at f, =256 Hz. For each “carrier” modulation rate f,, 2"-order
TMTFs measured with the 5kHz pure-tone and noise carriers also display a lowpass shape:
sensitivity to 2" order SAM degrades when f,, increases.
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Figure 2. Left panel : Mean 2% order TMTFs for a 5kHz pure-tone carrier [14]. Right panel :
Mean 2"-order TMTFs for a white noise carrier [13]. In each panel, the 2" order TMTFs
measured for f, = 16 Hz, 64 Hz, and 256 Hz are (Plotted along with the 1™ order TMTF. In the
case of 2% order TMTFs, the ordinate indicates 2"%-order modulation depth at threshold m’, and
the abscissa represents fg; in the case of f'order TMTFs, the ordinate indicates T'-order
modulation depth at threshold m, and the abscissa represents fy,

These results indicate that auditory sensitivity to regular fluctuations in the strength of SAM is
best for low fluctuation rates f,, . For pure-tone carriers, overall sensitivity and cutoff frequency
estimated from 2%order TMTFs increase when the “carrier” modulation rate fm increases from
16 to 256 Hz. At the highest “carrier” modulation rate tested (256 Hz), 2%_order modulation
detection thresholds are very close to T'-order modulation detection thresholds, indicating that
2"order SAM may be perceptually as salient as T'-order SAM. For broadband noise carriers,
overall sensitivity is best below about 24 Hz. It increases when the “carrier” modulation rate fy



increases from 16 to 64 Hz, but degrades consrderably at 256 Hz. In agreement with the results
of the study by Dau et al. (1997 [15]) on T “order SAM detection, these results suggest that,
when using a white noise carrier, (i) the intrinsic statistical fluctuations of this noise carrier mask
the “carrier” and sidebands components of the ?%order SAM, and (i) the masking effect is
maximum at the highest modulation rate tested, i.e. 256 Hz.

An additional set of studies [14] investigated the role of envelope beat cues in 2"-order SAM
detection. Second-order SAM detection thresholds were measured with a 2-Hz wide
narrowband noise carrier centred at 5 kHz, and compared with 2"order SAM detection
thresholds measured with a 5-kHz sine carrier. The inherent statistical fluctuations of the
narrowband noise carrier masked any component in the low frequency region € 2 Hz) of the
stimuli’'s modulation spectrum [15]. The mean results obtained on 3 listeners for f,,= 256 Hz are
presented in Figure 3. They show that the masklng effect produced by the statistical fluctuations
of the noise was restricted to the lowest 2"-order SAM rates (fn £ 16 Hz). Similar results were
obtained for f,, =16 and 64 Hz. This reveals that detection of spectral energy at the envelope
beat rate fy, contributes to 2%-order SAM detectlon Nevertheless, the slow fluctuations of the
noise did not abollsh the aility to detect 2% order SAM, suggesting that additional envelope
cues are involved in 2"-order SAM detection.
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Figure 3. Mean 2"order TMTFs measured with a 5-kHz pure-tone carrier and a 2Hz wide
narrowband noise carrier centred at 5kHz [14].

Second-order TMTFEs in hearing-impaired listeners

The modulation masking data presented above emphasize the idea that nonlinear mechanisms
in the auditory pathway produce audible effects in the temporal envelope domain [11,12]. The
auditory nonlinearity may correspond to the fast acting compression performed by active
mechanisms within the cochlea. Cochlear damage results in a loss of this compressive
nonlinearity, and it should therefore lead to the abolition of the distortion component at the
envelope rate f, produced by 2"-order modulation if cochlear compression plays a critical role
in the generatlon of such a distortion component. On the other hand, numerous studies have
revealed that 1°-order modulation detection thresholds are generally unaffected by cochlear
damage if audibility is controlled for [6]. Thus, cochlear damage should yield preserved 1° “order
modulation detection thresholds and increased 2%-order modulation detection thresholds This
hypothesis was tested by Tandetnik et al. (2001 [16]). To address this issue, *'- and 2"-order
modulation detection thresholds were measured at low modulation rates for a 2s white noise
carrier in listeners with sensorineural hearing loss and normal hearing listeners. In each task,
listeners were tested at acomfortable listening level, ,which corresponded to 75 dB SPL for the
normal-hearing listeners, and 90-100 dB SPL for the hearing-impaired listeners. Four normal-
hearing listeners and 4 listeners with moderately-severe, bilateral symmetrical cochlear hearing
loss and speech perception deficits participated in the experiments. Two impaired listeners
showed a nearly flat hearing loss, while the two other impaired listeners showed a high-




frequency hearing loss. Detection thresholds for £ and 2order SAM were obtained using an
identical 2I, 2AFC psychophysical procedure with feedback to that presented above [13,14].
The mean data are presented in Figure 4.
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Figure 4. Mean data for the normal-hearing (NH) and hearing-impaired (HI) listeners; 2% order
modulation detection thresholds were measured for f,, = 16 Hz.

The results showed that, in hearing-impaired listeners: (i) 1*-order modulation detection
thresholds were within the normal range up to f,=16 Hz, and poorer than normal at f,=32 Hz,
(i) 2_order modulation detection thresholds were within the normal range at f, = 3, 5 and 11
Hz, and poorer than normal at f,, = 1 and 7 Hz. When observed, the differences between
normal-hearing and hearing-impaired listeners were relatively small (5 dB). Therefore, it
appears that the loss of the peripheral compressive nonlinearity caused by cochlear damage
only slightly degrades 2%order modulation detection. These results suggest that: (i) cochlear
damage has little effect on the detection of both sinusoidal and complex temporal envelopes,
and (ii) the nonlinear mechanisms producing the distortion component at the envelope beat rate
should probably have a central instead of a cochlear origin.

Conclusions

The data presented above suggest that 2"order TMTFs may be viewed as quantitative
descriptions of the attenuation characteristics of the envelope beat cue produced by complex
temporal envelopes. Consistent with previous models of temporal envelope perception
assuming that fast amplitude fluctuations are smoothed bg the auditory system [5], slow
envelope beats are better detected than fast ones. The 2"%-order SAM detection data also
indicate that, under certain circumstances, envelope beats may be as salient as the single
modulations composing any complex envelope. This emphasises therefore the potential
contribution of such envelope beats to complex sound perception such as speech perception.

Our masking data [14] also indicate that the detection of this envelope beat is partly based on
the detection of spectral energy at the envelope beat rate. This is inconsistent with the classic
models of temporal acuity [5]. It is however compatible with an alternative model - the
modulation filterbank model [15] - which assumes that the temporal envelope of sounds is
decomposed by an array of broadly tuned filters, provided that auditory nonlinearities distort the
internal representation of complex envelopes. Our data collected in hearing-impaired listeners
suggest that the nonlinear mechanisms producing the distortion component should have a
central (i.e., retrocochlear) instead of a cochlear origin. In contrast with our initial expectations,
this also indicates that the speech perception deficits shown by hearing-impaired listeners are
not due to impaired ability to resolve changes in the complex envelopes of speech sounds.



Finally, masking data suggest that additional envelope cues might be involved in 2% order SAM
perception. Recent experiments conducted by Fillgrabe and Lorenzi [17] indicate that these
additional cues may correspond to envelope beat cues appearing at the output of modulation
filters tuned to the components of complex envelopes.

Taken together, the results presented above suggest that 2"order TMTFs provide a new
framework for the systematic study of auditory time-analysis. By revealing (i) the perceptual
salience and the importance of temporal envelope beats in complex-envelope perception, and
(i) the existence of auditory distortions in the internal representation of complex envelopes, the
2" order TMTF approach refines the initial framework upon which the T'-order TMTF approach
was based.
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