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Objective: Auditory steady state response (ASSR) tests allow frequency-
specific assessment of the auditory system. The responses can be
elicited with long-duration tones that are modulated at particular rates.
The literature has reported that some rates may evoke larger responses
than others. Modulation transfer functions (MTFs), which show ASSR
response as a function of modulation rate, can be created by presenting
a fixed carrier with a modulation rate that is swept over time. Here, we
explore the profiles of MTFs with particular effort made toward
examining (1) the rates in the MTF that provided the maximum and
minimum values, (2) the means and ranges of ASSRs within each MTF,
and (3) MTF test-retest repeatability. Because recording ASSRs to a
500-Hz carrier frequency is often difficult at 60 dB SPL or less, we
focused our efforts on this frequency. The main objective of this study
was to evaluate the possibility of using MTFs for the purpose of
identifying both optimal and unfavorable modulation rates.

Design: Fifty-four normal hearing adult subjects were allocated to one
of four experimental conditions. The first two conditions used a 500-Hz
carrier and generated MTFs where modulation rate was varied contin-
uously across a low (66 to 102 Hz) or high (86 to 121 Hz) range. In two
additional conditions, a 500-Hz carrier having a modulation rate fixed at
82 Hz and a 2000-Hz carrier having a swept modulation rate (66- to
102-Hz range) were also obtained for comparison. Stimuli were pre-
sented at 60 dB SPL. The two ranges of modulation were used because
these have implications for the generators and characteristics of the
evoked responses. Responses were analyzed for each condition using a
Fourier analyzer. To assess the stability of the MTF, two recordings, of
25 mins each, were obtained for each subject.

Results: MTF profiles and modulation rates associated with maximum
and minimum amplitudes clearly demonstrated repeatability between
the two recordings. More specifically, modulation rates for the maxi-
mum and minimum amplitudes showed correlations above 0.92 be-
tween the two recordings. Using combined data from the two replica-
tions, we found that differences between maximum and minimum
amplitudes were between 34 and 51 nV when modulation rate was
varied. For the fixed modulation rate condition, the difference was only
22 nV, which was due to fluctuations in noise. Response amplitude and
noise estimates obtained in this study suggest that �30% of individuals
would require at least 10 mins more recording time if an actual hearing
test was performed using the modulation rate associated with the ASSR
amplitude minimum rather than the maximum. For some individuals,
the ASSR would not be detected in a practical amount of time if the
wrong modulation rate were relied upon during a clinical test.

Conclusions: In research applications requiring repeated measure-
ments, or clinical contexts such as intraoperative monitoring or assess-
ment of aided hearing, setting stimulus modulation rate parameters
based on a previous analysis of an individual’s MTF could be extremely
beneficial. Sufficient time must be spent in recording the MTF to
adequately attenuate the contribution of noise to the ASSR amplitude
estimates.

(Ear & Hearing 2010;31;667–678)

INTRODUCTION

Infant hearing screening programs worldwide have enjoyed
tremendous success in identifying hearing impairment using
objective measurements within the first months of life, before
it would be possible to perform reliable behavioral tests (e.g.,
Norton et al. 2000). This success presents the opportunity for
interventions that can prevent delays in speech and language
development (Joint Committee on Infant Hearing 2007). When
hearing loss is detected, it is necessary to then learn more
through a diagnostic assessment to appropriately tailor inter-
ventions. Although the tone-burst auditory brain stem response
(ABR) is currently in widespread use for estimating behavioral
pure-tone thresholds, there is excitement and interest about
favorable properties offered by the auditory steady state re-
sponse (ASSR; Cone-Wesson et al. 2002; Picton et al. 2003a;
Ahn et al. 2007; Rance 2008; Van Maanen & Stapells 2009;
Lin et al. 2009; Swanepoel & Ebrahim 2009). The ASSR is
most commonly elicited with long-duration stimuli that are
amplitude and (sometimes) frequency modulated. The acoustic
specificity of the stimulus and place specificity of ASSR
initiation in the cochlea are good, even with steeply sloping
hearing loss (Herdman & Stapells 2003). The response occurs
at the modulation rate and is often analyzed in the frequency
domain. This facilitates the use of objective statistical methods
in the detection of the response (e.g., Picton et al. 2003a), thus
reducing the burden on the operator to make a subjective
decision about the presence of an evoked waveform. It is
possible to simultaneously test multiple carrier frequencies in
both ears when each carrier is modulated at a unique rate (Lins
& Picton 1995; John et al. 1998; John & Picton 2000). With the
right implementation, this may allow reduced testing time
relative to the tone burst ABR (e.g., John et al. 2002a; Van
Maanen & Stapells 2005).

Two ranges of modulation rates have primarily been
considered in ASSR testing: near 40 Hz and above �70 Hz.
Rates near 40 Hz elicit ASSRs that contain a large contri-
bution from cortical sources in addition to brain stem
sources. As modulation rate is increased above �70 Hz, the
response becomes increasingly dominated by brain stem
sources (Plourde et al. 1991; Herdman et al. 2002). Testing
in the 40-Hz range is most efficient for awake adults (Van
Maanen & Stapells 2005), but this range is not appropriate
for infants. Immaturity of the cortical generators and the
necessity of sleep during the recording (to reduce myogenic
noise) make the 40-Hz response difficult to detect in infants
(Suzuki & Kobayashi 1984; Stapells et al. 1988; Aoyagi et
al. 1993; Levi et al. 1993; Rickards et al. 1994). Therefore,
modulation rates above 70 Hz have been adopted for testing
infants and children, and these measurements are referred to
generally as the 80-Hz ASSR.
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Despite the favorable characteristics of the ASSR, there are
challenges that must be met to exploit its full potential and
allow widespread clinical adoption. Immaturity of the auditory
brain stem has a large effect on ASSR amplitude in the first 6
wks of life (e.g., Savio et al. 2001; Rance & Rickards 2002;
John et al. 2004; Luts et al. 2004; Rance et al. 2005; Luts et al.
2006; Rance & Tomlin 2006), and maturation of the response
likely continues until �3 yrs (when the ABR is treated as
adult-like). In addition, in both infants and adults, many studies
have found that ASSR thresholds determined using a 500-Hz
carrier are relatively increased above the behavioral threshold
than carrier frequencies such as 1000 and 2000 Hz (e.g.,
Rickards et al. 1994; Aoyagi et al. 1999; Dimitrijevic et al.
2002; also see meta analysis in Table 4 of Herdman & Stapells
2003; Van Maanen & Stapells 2007). In-the-ear calibration
data (versus adult coupler calibration) suggest that 4 kHz may
also be increased for infants (Rance & Tomlin 2006). The
tone-burst ABR also produces increased thresholds at 500 Hz
(Gorga et al. 1988).

The special difficulty of the ASSR 500-Hz carrier has been
addressed by methods that generally seek to increase ASSR
amplitude by initiating a larger response beginning at the level
of the cochlea (e.g., John et al. 2003). Assuming no change in
background noise levels, an increase in the response amplitude
means that the ASSR will be detectable to lower stimulus
levels that are closer to the behavioral threshold (Cohen et al.
1991). Exponentially amplitude modulated tones have been
investigated as a way to elicit more synchronous and therefore
larger responses (John et al. 2002b). Stürzebecher et al. (2001)
designed a stimulus to stimulate a slightly broader region of the
cochlea by summing multiple tones amplitude modulated at
the same rate. Mixed modulation stimuli seek to increase the
recorded ASSR by the constructive addition of responses from
somewhat independent neural circuits responsible for detection
of amplitude modulation and frequency modulation (John et al.
2001a).

In addition to adjusting stimulus parameters to evoke larger
responses, studies have highlighted the possibility that modu-
lation rates may have an appreciable effect on response
amplitude even within the 70 to 100-Hz range that is currently
used in ASSR research and clinical instruments intended for
infant testing. Most commonly, these studies have made
multiple sequential measurements using fixed modulation rates
spaced at fixed intervals. Three modulation rates spanning this
range were used by Rees et al. (1986), but the spacing was too
coarse to evaluate the detailed effect of modulation rate. Cohen
et al. (1991) measured binaurally at 5-Hz intervals in this
modulation range and reported a tendency for a response
minimum �70 Hz with a peak in the 80- to 100-Hz range (see
their Figs. 7 and 8). However, for a 500-Hz carrier, this
amplitude-by-rate profile did not extend to every individual.
Lins et al. (1995) reported a similar minimum and maximum in
their group result for a 1000-Hz carrier frequency (see their
Fig. 2). Aoyagi et al. (1993) identified the 80- to 100-Hz range
as better than 40 Hz for young children, but their modulation
rates were too coarsely spaced to consider the former range in
much detail. The population average data of Rickards et al.
(1994) suggest that the best modulation rate may vary for
different carrier frequencies (see their Fig. 2). Dobie and
Wilson (1998) reported data across the 20- to 160-Hz modu-
lation range at 10-Hz intervals for a 640-Hz carrier. Their data

provided further evidence that some rates produce more robust
ASSRs than others. In a conference presentation, Brennan and
Stevens (2007) recently reported that infant ASSR amplitude
varied with modulation rate (using a step size of 5 Hz) on an
individual basis for carrier frequencies of 1000 and 2000 Hz.
They noted that implications of this modulation rate effect are
that testing time could be significantly affected as well as the
accuracy of the estimated thresholds. Purcell et al. (2004)
recently reported that the amplitude modulation transfer func-
tion (MTF) showed detailed rate-related profiles between 60
and 130 Hz when using broadband noise as the carrier. A null
in response amplitude was reported near 71 Hz, although the
exact modulation rate varied from one individual to the next.

Individual results are not emphasized in these previous
studies, and it is noteworthy that repeated measurements are
not reported to assess the reliability or replicability of individ-
ual patient’s MTF profiles. This study investigates the monau-
ral MTF in individuals with a particular emphasize on the
500-Hz carrier frequency. Our specific goals were to determine
whether there were significant differences between worst and
best modulation rates, identified as those with the lowest and
highest ASSR amplitude, respectively and to evaluate the
repeatability of the MTF in individuals with special emphasis
on the characteristics of the maxima and minima. Our approach
used long-duration recordings to minimize the contribution of
noise and evaluated monaural stimuli whose modulation rate
was continuously varied (swept) across time. Our working
hypothesis was that modulation rate has a reliable effect on the
amplitudes of ASSRs elicited by a 500-Hz carrier for modula-
tion rates in the range from 65 to 120 Hz.

MATERIALS AND METHODS

Subjects
A total of 54 adults (27 females) participated in the study

with ages varying from 17 to 33 yrs (mean 25 yrs). All
individuals had normal pure-tone audiometric thresholds mea-
sured at 250, 500, 750, 1000, 2000, and 4000 Hz using TDH39
headphones and a Madsen Itera audiometer with a 10 dB
down/5 dB up bracketing procedure. Subjects were recruited
primarily from the University of Western Ontario community.
The experiments were approved by the Health Sciences Re-
search Ethics Board of the University of Western Ontario, and
written informed consent was obtained from each subject after
the nature of the study was explained.

Stimuli
To obtain an MTF, the ASSR stimulus modulation fre-

quency must be varied. One approach is to sequentially
conduct independent recordings of ASSRs using fixed modu-
lation rates across the modulation range of interest. The
approach used here is to continuously “sweep” the rate of
modulation over the range of interest. A stimulus sweep
consisted of thirty 1.024-sec epochs. The modulation rate was
ramped linearly upward over 35.15625 Hz during the first 15
epochs and linearly downward over the same range during the
second 15 epochs. Sweeps were constructed so that they could
be concatenated and repeated without acoustic transients (Pur-
cell et al. 2004). Each stimulus condition comprised two
replications of 50 sweeps each, and each replication lasted for
25 mins 36 secs. Sounds were presented at 60 dB SPL, as
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calibrated using a Brüel & Kjær Type 2250 sound level meter
with a Brüel & Kjær Type 4157 ear simulator coupled to a
Etymotic ER2 earphone acoustic transducer.

There were four experimental conditions used in a between-
subjects design. Each subject was tested on one of the four
conditions, and each condition comprised the presentation of a
sinusoidal amplitude modulated tone to one ear. Subjects were
pseudorandomly assigned to conditions so that the total number
of subjects within each condition was well balanced. Stimuli
used in each of the experimental conditions are shown in Table
1. Each condition contained 50 sweeps of 30.74 secs each and
was repeated twice for a total recording time of 51 mins 12
secs. As will be discussed, the slow (i.e., 2.29 Hz/sec) change
of modulation frequency allowed the modulation rate transfer
function to be obtained with reasonably high resolution using a
Fourier analyzer (FA).

If there was no measurement “noise” from the background
EEG and myogenic sources, it is reasonable to assume that the
amplitude of an ASSR dominated by the brain stem should
remain relatively constant over time. Real-world brain stem
ASSRs will show variability over time because of several
factors. At the lowest modulation rates explored in this study,
a small cortical contribution to the measured ASSR will affect
its amplitude and may vary slowly over time. In addition, our
ASSR estimates are always contaminated by “noise” because
the EEG will endogenously produce energy at the frequency
of the ASSR, which may add constructively or destructively
with the actual response. Therefore, even for a fixed modula-
tion rate, the measured response (i.e., the output of the FA) will
not show completely steady amplitude when measured at
different moments in time across the mean response sweep.
Rather, the FA estimate of ASSR amplitude varies from
moment to moment because of the influence of background
noise. By including a condition in which modulation rate was
fixed (500-fixed), the range of ASSR amplitudes obtained can
be used to assess the effect of noise versus the effect of
modulation rate. The 500-low and 500-high conditions were
both included because the 500-low condition might have
shown more variance because of larger cortical components.
The 2k-low condition was included to compare the MTF
profile of the 500-low condition to that seen by a carrier
frequency, which generally provides more robust ASSRs.
Including two repetitions in each stimulus condition allows
evaluation of the hypothesis that, within the modulation ranges
tested, modulation rate has a reliable effect on the measured
amplitude of the ASSR and produces a repeatable MTF profile
within a subject.

Stimulus Presentation and Response Recording
The experiment was controlled by software developed using

LabVIEW (Version 8.2, National Instruments). A National
Instruments PCI-6289 M-series acquisition card provided dig-
ital-to-analog conversion of the stimulus with 16-bit resolution
at a rate of 32,000 samples/sec. Stimulus level was set using a
Tucker-Davis Technologies PA4 attenuator, and power ampli-
fication was applied by one channel of an Amcron D-75
amplifier. The stimulus was transduced using an Etymotic ER2
earphone whose sound tube was sealed in the ear-canal using a
disposable foam insert. The EEG was recorded from three
disposable MEDI-TRACE Ag/AgCl electrodes using GRASS
Technologies EC2 electrode cream. Electrodes were located at
the vertex (Cz; noninverting) and just below the hairline at the
posterior midline of the neck (inverting) with a ground (or
common) on the collarbone. Electrode impedances were as-
sessed using an F-EZM5 GRASS impedance meter and were
�5000 ohm at 10 Hz. Interelectrode differences were �2000
ohm. The three electrode leads were braided and then con-
nected to a GRASS LP511 amplifier that applied a gain of
50,000, and a filter having a passband of 3 to 1000 Hz. The
PCI-6289 card applied a further gain of two (for a total gain of
100k) before digitizing the output signal of the GRASS
amplifier at 4000 samples/sec using 18-bit resolution.

Data were collected with subjects residing in a sound-insulated
and electromagnetically shielded booth (ECKOUSTIC model
C-26 R.F.). Subjects reclined in a comfortable chair with a rolled
towel under their neck to help support their head, and a blanket
was provided to ensure comfort. The lights were turned off, and
sleep was encouraged for the duration of the ASSR recording.
Two ASSR recordings were made requiring �51 mins for both.

Response Analysis
Real-time MTF results and indices of EEG signal quality

were displayed during data collection to ensure quality record-
ings. A more extensive MTF analysis was then performed
off-line using a custom LabVIEW program derived with
improvements from previous studies (Purcell et al. 2004;
Purcell et al. 2006). Individual 1.024-sec epochs were auto-
matically rejected from a synchronous sweep average by the
software if they did not meet the following criteria: First, a
noise metric was calculated for every epoch of a stimulus
condition by determining the average amplitude of frequencies
across the modulation range being evaluated (i.e., low or high).
The mean and SD of this noise metric was calculated across all
epochs. A rejection criterion was then set using the mean � 2
SD, and all epochs that exceeded this criterion were rejected
from the mean response sweep. Second, epochs were also
rejected automatically by the software if any saturation of the
amplifier occurred (for example, due to a large myogenic
artifact from subject movement) as reflected by points of the
recorded EEG waveform having either the maximum or min-
imum value of the analog to digital converter.

This rejection procedure can lead to a different number of
epochs contributing to each of the 30 mean epochs that
comprise the averaged sweep. If many epochs were rejected,
then this might be a cause for concern due to different
signal-to-noise ratios (SNRs) for different portions of the
averaged sweep. In practice, only �2.5% of epochs were
typically rejected, and these were randomly distributed across
the averaged sweep. Nonrejected data from each of the 50

TABLE 1. Stimulus parameters

Experimental
condition

Carrier
frequency

(Hz)

Modulation
frequency
range (Hz)

Rate of change of
modulation

frequency (Hz/sec)

500-fixed 500 82.03 0
500-low 500 66.41 to 101.56 2.29
500-high 500 85.94 to 121.09 2.29
2k-low 2000 66.41 to 101.56 2.29

Stimulus parameters are shown for each experimental condition (rounded to two
significant digits).
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sweeps (30.74 secs each) were synchronously averaged in the
time domain using weighted averaging to create a mean
response sweep (similar to John et al. 2001b) such that epochs
with a low-noise metric were weighted relatively heavily in the
mean response sweep and vice versa.

The MTF data were extracted from the mean response
sweep using a software implemented FA (Regan 1989; Purcell
et al. 2004; Purcell et al. 2006). In this method, orthogonal
reference sinusoids are matched in frequency to the instanta-
neous stimulus modulation rate. An estimated physiological
delay of 8.5 msecs was used to improve the alignment between
the reference and response waveforms during the analysis
(Aiken & Picton 2006). This single delay is an estimate of a
brain stem dominated ASSR for the tested modulation ranges
(Purcell et al. 2004). The slow sweeping of modulation rate
used here (i.e., 2.9 Hz/sec), likely caused the effect of using
this delay on the estimated response to be very small, but it is
wise to use such a delay nonetheless. Two 2.048 secs rectan-
gular window filters were applied in series to each of the
complex outputs of the FA. Because the mean response sweep
had symmetrical increasing and decreasing modulation rates in
each half, the second half of the FA output was folded over and
vector averaged with the first half. This was done to improve
the SNR of the measured MTFs. A final 2.048 secs smoothing
filter was applied to the amplitude values calculated from the
complex FA outputs. To provide a cross-check for the FA
results, a discrete Fourier transform (DFT) was also used to
estimate the ASSR in the 500-fixed condition. For this com-
parison, the unfolded mean response sweep was submitted to
the DFT and the FA.

The probability that the estimated ASSR amplitude was
drawn from the distribution of the background noise was
determined using an F-ratio (Zurek 1992). The characteristics
of the background noise were estimated using a DFT calculated
from the mean response sweep folded and averaged in the time
domain. The average noise levels in �60 DFT frequency bins
(having 0.065 Hz frequency resolution for a total range of �
3.91 Hz) were multiplied by a scaling factor of 2.365222
(determined using simulated noise) to compensate for the
narrower effective bandwidth of the DFT compared with that
of the FA. The ASSRs were considered significantly different
from the background noise estimates when the SNR was �5
dB. In other words, to reach a p � 0.05 level of statistical
significance, the amplitude F-ratio evaluated using 2 and 240
degrees of freedom must be above 1.75 (John & Picton 2000).

RESULTS

Seven of the 54 participants were removed from the data
that were analyzed in this study. Three of the seven were
removed for having excessive noise estimates that were above
18 nV, whereas average noise levels for the other participants
were 12 nV (SD � 3 nV). In a clinical situation, these subjects
would have been re-tested or would have required that the
testing session duration be increased (to allow sufficient time to
improve SNR levels through extended averaging). This was not
done in this study because of time constraints of our subjects.
The remaining four of the seven removed subjects were
rejected because 25% or less of their MTF data were significant
across corresponding portions of the original recording and its
replication. In contrast, in the subjects who were retained for

analysis, an average of 83.3% (SD 18.3%) of significant
ASSRs occurred across both recordings. Therefore, these four
individuals produced data that were more than three SDs below
the average number of significant responses, which were
normally found across both recordings. These four individuals
had particularly low-amplitude ASSR estimates. Three were
from the 500-high condition and had their largest ASSRs near
the lowest rates used (e.g., 86 to 87 Hz in the 500-high
modulation range from 86 to 121 Hz). Although these cases are
important and show that the MTF can be used to determine
modulation rates which will be more likely to produce valid
ASSRs in subjects with difficult to detect responses, these four
subjects were clearly different from the other subjects assessed
in this study and deserved separate mention. In the main
analyses of this study, the final number of subjects in each of
the four conditions was slightly different in part because of the
removal of these seven subjects. There were 12, 11, 11, and 13
subjects in the 500-low, 500-high, 2k-low, and 500-fixed
conditions, respectively.

Measurement Repeatability Across Experimental Condition
In general, the ASSR MTFs were repeatable. Figure 1

shows example ASSR amplitude and noise estimate data from
two subjects for each of the four experimental conditions. For
each subject, the difference between measurements was calcu-
lated at each modulation frequency (or corresponding point in
time for the 500-fixed condition) in which the ASSR was
statistically significant in both measurements. These values
were then averaged with the sign of the difference ignored to
obtain the “mean absolute change” between the two MTFs. The
absolute change was used so that the variation observed
between the two MTFs would not be hidden by positive and
negative differences that average to near zero. Mean absolute
changes between the amplitudes, phases (unwrapped for each
ASSR), and MTF-noise estimates of the two MTF curves were
determined for each subject. MTF noise estimates were only
included for frequencies of the MTF in which the ASSR
reached statistical significance in both replications. In Figure 1,
the individual average absolute changes between the two MTF
replications are given for each subject shown. The group
averages and medians of these absolute changes for each
condition are reported in Table 2. The table also reports the
percentage of points that reached statistical significance in both
MTFs. In the case of the 500-fixed condition, the modulation
rate stayed the same during the entire sweep. The word “point”
refers to either a given instant in time for the 500-fixed
condition or a given modulation rate for the other three
experimental conditions.

Statistical tests were performed to verify that all four experi-
mental conditions showed similar variability between the two
replications. Across individuals in an experimental condition, the
distribution of values for the percentage of points where the ASSR
reached statistical significance in both MTFs was left skewed with
many subjects close to the maximum of 100%. Only three
individuals had �50% of their MTFs statistically significant,
whereas 23 subjects had �90% of their MTFs statistically
significant. Because nonnormal distributions were found, to be
appropriately conservative, a nonparametric framework was
adopted to detect differences between experimental conditions.
Nonparametric techniques do not assume homogeneity of vari-
ance or normality. A Kruskal-Wallis test demonstrated no overall
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effect of experimental condition for the percentage of points
significant between the first and second replication (�2[3] � 2.38;
p � 0.50). Univariate analysis of variance was used to evaluate the
effect of experimental condition on changes of the MTF measures
between the two replications. There was no effect of experimental
condition on the change of amplitude or phase for the points in the
MTF between the two replications (F[3,43] � 0.28; p � 0.84 for
amplitude; F[3,43] � 1.78; p � 0.16 for phase). Similarly, there
was no effect of experimental condition on the change in noise
estimates between the two replications (F[3,43] � 0.27; p � 0.85).
In summary, there were no statistically significant differences

found across experimental conditions with respect to MTF repeat-
ability and noise levels within each replication.

Repeatability of MTF Extrema
The repeatability of the MTF between replications was

evaluated by calculating the correlation of ASSR amplitudes
for the two resulting MTFs. The group results for each
experimental condition are given in Table 3 in which the mean
and median correlation coefficients are listed. The percentage
of individuals with a statistically significant correlation is also
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Fig. 1. Modulation transfer functions. Each row of the
figure shows modulation transfer functions (MTFs)
from two subjects selected for each experimental
condition. Condition labels are shown to the right of
each row. Each panel displays the two MTFs obtained
from each subject. The thicker lines denote auditory
steady state response (ASSR) amplitude with the solid
line showing the first recording and the broken line
showing the second. The thinner lines show the esti-
mated noise amplitude for each recording, again using
solid and broken lines. Near the ASSR response
curves, the percentage of points where the ASSR was
statistically different from the noise for the two record-
ings is given (e.g., percent significant [ps] � 100%).
The mean absolute changes between corresponding
points of each MTF (�MTF) and noise estimate
(�noise) are also shown. These were calculated by
determining the absolute difference at each frequency
in which the ASSR was valid in both measurements
and then taking the average (for both ASSR amplitude
and the estimated noise amplitude). The “*” symbols
in the left panel of the second row highlight local
maxima as discussed in the text.

TABLE 2. MTF repeatability

Experimental condition % valid

Mean absolute change

MTF amplitude (nV) MTF phase (°) MTF-noise estimate (nV)

500-fixed 86.7 (21.8), 100.0 12.6 (8.4), 10.0 18.2 (7.4), 17.6 2.6 (2.7), 1.5
500-low 83.5 (17.4), 85.0 11.0 (7.8), 7.8 19.7 (9.9), 19.9 2.3 (2.6), 1.5
500-high 77.1 (19.0), 75.0 10.6 (3.8), 11.2 15.5 (6.2), 11.7 3.1 (2.2), 2.8
2k-low 85.9 (14.5), 83.3 10.5 (3.3), 10.4 13.1 (5.0), 14.0 2.4 (1.8), 2.4

The first value of each cell is the population average with SD reported in parentheses. This is followed, after the comma, by the median. The column entitled “% Valid” is the percentage of
points in the MTF where the ASSR amplitude was statistically different from the noise, as calculated across both replications. The average change between replications is given for ASSR
amplitude, phase (unwrapped), and the noise estimate. Change values were calculated only at MTF values where the ASSR amplitude was statistically different from the noise in both
replications. The average absolute changes were computed for each subject, and then the population summary statistics shown here were calculated.
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given for each experimental condition. To evaluate potential
differences between experimental conditions, a Kruskal-Wallis
test was again used because the distribution of correlation
values tended to be left skewed with most individuals falling
near the maximum correlation value of �1. There was an
overall main effect of experimental condition on the correlation
between MTFs from the two recordings (�2[3] � 15.8; p �
0.01). Pairwise comparisons were conducted within this omni-
bus effect using Mann-Whitney tests. The correlations found in
the 500-fixed condition were smaller than those for the
500-low (U � 32.0, Z � �2.5; p � 0.05), the 500-high (U �
10.0, Z � �3.6; p � 0.001) and the 2k-low (U � 24.0, Z �
�2.8; p � 0.01) conditions. There were no other statistically
significant differences between conditions.

Figure 2 graphically shows the repeatability of the maxi-
mum (squares) and minimum (circles) ASSR amplitude for the
replications of each subject’s MTF. To obtain the maxima for
this plot, the modulation rate of the maximum ASSR amplitude
for each subject’s second MTF was determined (the second
MTF was chosen because it was assumed that subjects would
be most relaxed at that point in the measurements; however,
noise estimates were not statistically different between the two
recordings). Some MTFs have multiple local maxima and/or
minima (i.e., MTF extrema), as demonstrated with the two
asterisk symbols in the left panel of the 500-low condition in
Figure 1. Because MTFs from the two recordings have differ-
ences, a set of candidate local maxima were found for each
subject’s first MTF. The candidate maxima closest in modula-
tion rate to that determined for the second MTF was then
selected for Figure 2. This procedure was repeated to find a
minimum for each recording. In the case of selecting a
minimum, this approach prevented the selection of a minimum
at a much different modulation rate in the first recording simply
because it was slightly lower in amplitude than a local
minimum, which occurred near the modulation rate found in
the second recording. In Figure 2, most symbols fall close to
the diagonal 1:1 line representing perfect repetition. The
correlation between MTF extrema in replications one and two
is given in the lower right of each panel.

Combined MTF Results
To obtain the best MTF estimates (i.e., best SNR levels) for

the different conditions and to examine the effects of experi-
mental condition (i.e., modulation rate and carrier frequency),

the data from the two replications for each subject were
concatenated into one dataset. Therefore, the “combined MTF”
results reported in this section contain �51 mins of data. Table 4

TABLE 3. MTF test–retest correlations

Experimental
condition

Correlation of ASSR
amplitude between

replications

% subjects with
significant
correlation

500-fixed 0.12 (0.34), 0.06 69.2%
500-low 0.51 (0.37), 0.46 91.7%
500-high 0.74 (0.25), 0.77 90.9%
2k-low 0.63 (0.46), 0.86 90.9%

This table shows the population average correlations of ASSR amplitudes between the two
MTFs obtained for each subject. SD (in parentheses) across subjects is also reported,
followed by median values. The reported values include correlation values that were not
statistically significant at p � 0.05, because including these low correlations provides a
more accurate summary of correlation. This occurred mostly in the 500-fixed condition
where correlation was expected to be weaker. The third column gives the percentage of
subjects in each experimental condition who had a significant correlation between
measurements at p � 0.05.
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shows within-condition population averages for the ASSR and
noise estimates obtained from the combined MTFs. The range
of ASSR amplitudes was calculated as the difference between
the largest and smallest amplitudes within the combined MTF.
Even though the SNR was increased in the combined MTF, the
smallest values of the MTF still may have not have been
statistically different from the corresponding MTF noise esti-
mate. However, the complete range of MTF values was
included in the range estimates of Table 4 so that the nulls in
the MTF could be reflected by this metric. Table 4 also
provides values for average ASSR amplitude and the average
noise estimate. These were calculated across modulation fre-
quency (or time for the 500-fixed condition) at points of the
combined MTF where the amplitude was statistically different
from the corresponding noise estimate. Figure 3 graphically

shows the mean and range of ASSR amplitude for each subject
in the four conditions. The short horizontal gray lines indicate
the minimum amplitude required for statistical significance of
the ASSR at p � 0.05 based on an average of the individual’s
noise estimates across the entire MTF.

Statistical tests were performed to identify differences
between experimental conditions for the combined MTF mea-
sures presented in Table 4. It was anticipated that the variance
of the MTF amplitudes in the control condition, 500-fixed,
would be significantly smaller than the other three experimen-
tal conditions in which modulation frequency was varied (as
can be seen clearly in the grand arithmetic average plots of Fig.
4). Again to be conservative, a nonparametric framework was
used to evaluate the range of ASSR amplitudes. A Kruskal-
Wallis test demonstrated an overall effect of experimental
condition (�2[3] � 15.0; p � 0.01). Pairwise Mann-Whitney
comparisons detected no statistically significant differences
among the 500-low, 500-high, and 2k-low conditions. The
range of ASSR amplitudes in the 500-fixed condition was

TABLE 4. Combined MTF results

Experimental
condition

Range of ASSR
amplitudes (nV)

Only valid ASSR points

Mean ASSR
amplitude (nV)

Mean noise
estimate (nV)

500-fixed 22.0 (10.2), 19.5 54.4 (28.4), 47.0 8.8 (2.6), 8.3
500-low 33.6 (18.9), 30.7 53.7 (30.5), 41.4 8.8 (2.0), 8.5
500-high 50.8 (35.7), 36.6 43.4 (19.1), 40.9 7.4 (1.9), 7.7
2k-low 45.8 (19.1), 47.7 54.3 (15.3), 54.0 8.6 (2.1), 9.1

Each cell contains the population mean and SD (in parentheses) followed by the median for
the combined MTF dataset from both recordings. “Range of ASSR Amplitudes” was
calculated as the mean of differences found between the largest and smallest ASSR
amplitude estimated for each subject. The mean ASSR amplitude and noise estimates were
calculated across the full MTF using only the ASSR amplitudes which were statistically
different from the corresponding noise estimates.
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ing to the right along the x axis) according to increasing range of ASSR
amplitudes within their MTFs. The vertical axes show ASSR amplitudes across
the measured modulation range. Diamonds indicate the mean ASSR amplitude
computed across all significant values within each MTF. The vertical black
lines running through the diamonds show the range of observed ASSR
amplitudes. The bottom end of each line indicates the minimum and the top
end indicates the maximum observed amplitude. For each subject, short gray
horizontal lines show the minimum ASSR amplitude required for the response
to be significantly different from the noise at p � 0.05.

70 80 90 100 110 120
0

10

20

30

40

50

60

70

80

90

100

Modulation Rate (Hz)

A
S

S
R

 A
m

pl
itu

de
 (n

V
)

500-fixed
500-low
500-high
2k-low

70 80 90 100 110 120

A
S

S
R

/N
oi

se
 A

m
pl

itu
de

 (S
N

R
)

0

2

4

6

8

10

12

14

16

18

20
70 80 90 100 110 120

E
st

im
at

ed
 N

oi
se

 A
m

pl
itu

de
 (n

V
)

0

2

4

6

8

10

12

14

16

18

20

MTF

Noise

SNR

Fig. 4. Arithmetic average responses across subjects. The population
average auditory steady state response (ASSR) amplitude vs. modulation
rate for each sample of subjects is shown. Curves show the averages for
experimental conditions in which modulation rate was varied. The 500-
fixed condition is a very short vertical line at 82.0 Hz because modulation
rate was fixed. The top panel labeled “modulation transfer function” shows
ASSR amplitude estimated at each modulation rate. The middle panel
labeled “noise” gives the estimated noise amplitude calculated for each
modulation rate. The bottom panel labeled “signal-to-noise ratio” is the
ratio of these two values vs. modulation rate.

PURCELL AND JOHN / EAR & HEARING, VOL. 31, NO. 5, 667–678 673



significantly smaller than the 500-low (U � 40.0, Z � �2.1;
p � 0.05), 500-high (U � 17.0, Z � �3.2; p � 0.01), and
2k-low (U � 19.0, Z � �3.0; p � 0.01) conditions.

The effects of the four stimulus conditions on individuals’
average ASSR amplitude and average noise estimate across
modulation rates were evaluated using univariate analyses of
variance. The averages from each individual included only fre-
quencies (or times in the case of the 500-fixed condition) where
the point in the MTF was significantly different from the corre-
sponding noise estimate. There was no effect of experimental
condition on average ASSR amplitude (F[3,43] � 0.54; p � 0.66).
Similarly, there was no effect of experimental condition on the
average noise estimate (F[3,43] � 1.12; p � 0.35). Therefore,
SNR was roughly similar across the four conditions.

The top panel of Figure 4 shows population average MTFs
for the four experimental conditions. Some points of these
MTFs, where ASSR amplitude is low, may include individual
data where the corresponding points were not statistically
different from noise. The data for the 500-fixed condition are
shown as a vertical line at the fixed modulation rate of 82.0 Hz,
which extends from the maximum to the minimum amplitude
found. The middle panel shows the arithmetic average of the
noise estimates from each subject at every modulation rate. The
bottom panel gives the ratio (i.e., the SNR) of these two values:
the ASSR signal amplitude over the estimated noise amplitude.

The combined MTF data were also used to obtain the best
estimates of ASSR amplitude extrema across individuals. Figure 5
shows the amplitudes and modulation rates corresponding to each
subject’s MTF amplitude maximum and minimum.

Comparing the FA and DFT
As a cross-check between the FA and a more standard DFT

analysis method, ASSR amplitude estimates from the two
analysis techniques were compared in the 500-fixed condition.
An average sweep was first calculated for each recording.
From this average sweep, the DFT produces a single ASSR

amplitude estimate. The FA yields many amplitude estimates
during the time course of this average sweep. Therefore, the FA
amplitude estimates were averaged together to obtain a single
estimate for comparison with the DFT. In all cases, the average
FA estimate was slightly but statistically larger than the DFT
estimate using a sign test (p � 0.001). Across all individuals,
and both replications, the mean value from the FA for the
500-fixed condition was 54.3 nV. The largest single difference
between the FA and DFT estimates was 4.9 nV (i.e., 9%), but
the mean and median differences were only 1.9 nV (SD � 1.3
nV) and 1.5 nV (i.e., 3%), respectively. The difference between
the two replications from a given individual was essentially the
same, across all subjects, whether the 500-fixed data were
analyzed using the FA or the DFT approach.

DISCUSSION

MTF Test–Retest Reliability
The MTFs obtained here were functionally consistent be-

tween replications from a clinical context: modulation rates
associated with maxima and minima as well as other MTF
characteristics were repeatable and showed strong correlations.
All experimental conditions demonstrated similar absolute
changes in MTF amplitude between replications as given in
Table 2. In addition, the linear correlations between replica-
tions, as given in Table 3, were stronger for the 500-low,
2k-low, and 500-high conditions than for the 500-fixed condi-
tion. This was because, in addition to amplitude fluctuations
caused by noise that undoubtedly existed, there was also
repeatable MTF morphology because of the effect of modula-
tion rate. For the 500-fixed condition, the correlations of the
two replications were close to zero in the group average.
Although each pair of recordings in this experimental condition
had similar average amplitude, each replication had randomly
distributed peaks and valleys (examples are shown in the top
row of Fig. 1) that led to weak positive or negative correlations
between replications and averaged to near zero across the
group of subjects. In the population average plots of Figure 4,
which were computed on the combined MTF data where the
influence of noise will be most attenuated, the 500-fixed
condition can be observed to have a range of ASSR amplitudes
substantially smaller than the experimental conditions in which
modulation rate was varied.

Within each individual, the modulation rates at which the
maximum and minimum MTF amplitude occurred were largely
consistent between the two replications as demonstrated in
Figure 2. Importantly, this figure shows that it is not only the
population average MTF that has a reproducible signature but
also individual MTFs are useful for determining good and bad
modulation frequencies for an individual. The correlations of at
least 0.92 suggest that if an individual’s MTF were known, it
would be possible to minimize ASSR testing durations by
choosing modulation rates in which the MTF amplitude was at
a maximum (assuming no substantial difference in noise level
compared with other portions of the modulation range being
considered). Although there are some individuals with rela-
tively flat MTFs, when all subjects were considered, the ASSR
amplitude estimates at the amplitude minima were statistically
smaller than at the maxima. Of 23 MTFs in the 500-low and
2k-low conditions, only four fluctuated as a function of
modulation rate by �50% of the mean ASSR amplitude and
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could be considered “relatively flat.” Accordingly, for the
majority (83%) of our adult sample in the 65- to 100-Hz
modulation range, MTFs provide information that can likely be
used to alter ASSR testing duration. In the 500-high condition,
the smallest observed MTF fluctuation was 65% of the mean
ASSR amplitude. These MTFs were not flat because amplitude
consistently declined for the 500-Hz carrier as modulation rate
was increased above 100 Hz toward 121 Hz.

Modulation rate selection is beneficial for individuals with
differences between their minimum and maximum ASSR
amplitudes. However, consideration of these differences is
most important when the lower portion of the amplitude range
is close to the noise floor. Figure 3 shows some individuals for
whom the range of ASSR amplitudes is quite substantial,
including those whose MTF was not always significantly larger
than the estimated noise level. These cases are indicated by
MTF minimum amplitudes that dip below the horizontal gray
lines, which represent the criteria for detection at p � 0.05
(e.g., subject 11 in the 500-high condition). Subjects 5 to 10 in
the 500-low condition all have similar differences between
maximum and minimum amplitudes. However, the MTF is
especially relevant for subjects 5, 6, 8, and 10 because their
MTFs intersect the detection threshold. Not only would test
time be prolonged but also false negatives (saying a subject
can’t hear a tone when in fact they can) are more likely to result
from using the “wrong” modulation rate during the test. Table
5 estimates the difference in measurement time that would be
required if the modulation rate of the ASSR amplitude mini-
mum were (unfortuitously) used instead of that for the ampli-
tude maximum. Measurement time is given both as the number
of extra sweeps in the recording and the time in seconds
required to obtain extra sweeps of 16.384 secs that are used by
the MASTER system (John & Picton 2000) as well as the
commercially available Natus/Bio-Logic MASTER system.
Each individual’s ASSR amplitude and noise estimate values
were used to calculate the difference in measurement time to
achieve detection at p � 0.05 using the F test, assuming that
noise decreases by 1/	N (where N is the number of sweeps in
the average; see Eq. (1) on p34 of John & Purcell 2008). Some
individuals with a deep response minimum would require many
extra sweeps so the table gives the median and range of values
across the group in each experimental condition. Although
Table 5 shows that typically �2 mins of measurement time
could be saved, a poor choice of modulation rate could extend
recording time by �10 mins for about a third of individuals in
the 65- to 100-Hz modulation range. For some individuals, a
poor choice of modulation rate could cause a response to fail to

be detected in a practical amount of time (i.e., �1 hr of
recording time would be required to reduce the background
noise to small enough values in some cases). Failure to detect
the ASSR would lead to a false negative due to a bad choice of
stimulus characteristics rather than due to hearing loss. This is
obviously even more relevant in the testing of infants where the
infant can awake mid-test or where other factors may not
permit sufficient testing time when extended time periods are
needed to detect a response.

MTF Morphology
Table 4 shows that across the experimental conditions,

ASSR response amplitude varied �30 to 50 nV when modu-
lation rate was changed, whereas the MTF of the control
condition (500-fixed) showed smaller changes. This supports
the position that characteristics shown in an individual’s MTF
profile are largely due to variations in modulation rate rather
than noise in the recording. This range is evident in the
population average curves of Figure 4. The figure also shows
that both 500 Hz and 2 kHz MTFs demonstrate a low-
frequency minimum in amplitude near 70 to 75 Hz. Figure 1
shows examples of individual MTFs with 70 to 75 Hz nulls
deep enough that the ASSR would not be statistically different
from the noise estimate (i.e., both subjects in the 2k-low
condition and the left panel for the 500-low condition).
Approximately between 80 and 100 Hz, the amplitude of the
average responses shown in Figure 4 is robust, with the 2-kHz
carrier possibly showing a trend for larger amplitudes at the
higher modulation rates in this range. Approximately above
100 Hz, as modulation rates increase, the response for the
500-Hz carrier decreases.

The vertical line for the 500-fixed data might be expected to
overlap with the 500-low result at 82.0 Hz. However, the 500-low
curve is �6 nV higher than the middle of the 500-fixed line. This
small offset can be attributed to the different groups of subjects
used in the different conditions of this study. The 500-low and
500-high conditions share a modulation range in which the
response amplitudes might also be expected to be similar. The
curves are near coincident from �95 to 101 Hz, but they deviate
below that frequency range. Again, this lack of correspondence is
at least partially attributable to the fact that the two curves are from
two different groups of subjects.

In the middle panel of Figure 4, the noise estimate is shown
to decline a few nanovolts across the two modulation ranges.
This is substantially smaller than the range of ASSR ampli-
tudes observed in the MTFs of the top panel (note the
difference in vertical scales). The MTF, rather than the noise
profile, therefore is the main factor driving the SNR curves
shown in the bottom panel. The MTF is the greatest contrib-
uting factor in ASSR detection for these modulation ranges.
Both the broad peak in the MTFs and the subsequent decline as
modulation rate is increased are the reason why clinical
instruments favor the modulation range between 80 and 100
Hz. Group data in Figures 4 and 5 suggest that a modulation
rate near 82 Hz would typically be optimal for a 500-Hz carrier
frequency. The minimums shown in Figure 5 for the 500-low
condition demonstrate that some individuals have lower ASSR
amplitudes toward 100 Hz. This is reflected in the decline of
the 500-Hz MTF in Figure 4 after �82 Hz. For a 2-kHz carrier,
rates near 90 to 100 Hz may generally be best. The data suggest
that somewhat higher modulation rates may also be efficient

TABLE 5. Modulation rate and test times

Experimental condition

Difference in measurement time

Extra sweeps Extra seconds

500-low 8, 0 to 432 131, 0 to 7078
500-high 8, 1 to 64 131, 16 to 1049
2k-low 7, 1 to 522 115, 16 to 8552

This table shows the additional measurement time that would be required to detect an
ASSR (at p � 0.05) using the modulation rates that elicited a subject’s minimum rather than
maximum amplitude. The median and range (values after the comma) are shown. Extending
test time reduces the noise sufficiently at the response minimum to achieve p � 0.05 in the
F test. Sweeps were converted to seconds using the 16.384-sec sweep of the MASTER
system (John & Picton 2000).
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for a 2-kHz carrier, but these were not measured here. Most
individuals in the 2k-low condition have maximums shown in
Figure 5 between 90 and 100 Hz; however, three individuals
were at the ceiling for the modulation rate of 102 Hz. Although
none of the subjects showed a null at 82 Hz for the 500-Hz
carrier and only two had one near 95 Hz for the 2-kHz carrier
(see Fig. 5 bottom right panel), a much larger sample would
need to be collected in infants and adults to determine that this
profile is applicable across the larger population. Still, our
group results are similar to those found previously by others as
discussed below.

The modulation rate chosen for each carrier frequency in
multiple simultaneous ASSR testing has often been made to
simplify visual inspection of the response spectrum. The
modulation rates are usually arranged in ascending order with
increasing carrier frequency. In other words, in a given test ear,
the 500-Hz carrier will typically have the lowest modulation
rate in the chosen range, and the 4000-Hz carrier will have the
highest. Although visually pleasing, this paradigm is largely
dissociated from actual clinical utility and may be detrimental
when using a 500-Hz carrier frequency. The ASSR in response
to a 500-Hz carrier is often harder to illicit at lower intensities
than responses to other carriers and is typically presented with
modulation in the 70- to 80-Hz range, in which amplitude nulls
are more likely to appear. In a clinical instrument, the “wrong
choice” of rate for an individual may occasionally be made
because the response rates are not modified during clinical
testing.

Analysis Method
Seven individuals were removed from further analysis in

this study either because of excessive noise in their recordings
which was above a rejection level or because they did not have
�25% of their ASSRs statistically different from the back-
ground noise in both recordings. Presumably with more record-
ing time, the background noise could have been attenuated
sufficiently to improve the SNR and reveal the ASSR in these
normal-hearing individuals. The lack of robust ASSRs in three
individuals from the 500-high group is consistent with the
adoption of modulation rates �100 Hz by clinical instruments,
when testing frequency specific ASSR stimuli. As the modu-
lation frequency increases above 100 Hz, measurement of the
smaller 500-Hz ASSR at these rates becomes quite challenging
in a reasonable amount of time. However, it should be noted
that in the case of nontonal click stimuli in infants, rates above
100 Hz may offer advantages (Stürzebecher et al. 2003).

In the 500-fixed condition, the average FA estimate of
ASSR amplitude was slightly larger than the DFT estimate, but
functionally they were the same as has been found previously
(Purcell et al. 2004). The FA allows more noise contamination
of the ASSR amplitude estimate, which leads to a slightly
larger overestimation of response amplitude than for the DFT.
Both techniques will over estimate ASSR amplitude a small
amount due to the presence of noise (Picton et al. 2005;
Ménard et al. 2008).

Relationship of MTF Results to Previous Findings With
ASSR

With a slow change of modulation rate, relative to the
capabilities of the auditory system, the response at any given
rate can be treated like a standard ASSR measurement in which

modulation rate is fixed (Purcell et al. 2004). The method used
in this study employed a continuous change of modulation rate
to obtain the MTF. Previous reports (e.g., Cohen et al. 1991;
Dobie & Wilson 1998) have typically used a set of discrete
measurements with fixed modulation rates in which the step
size is usually 5 to 10 Hz or more. Individual ASSR estimates
are typically completed in 3 to 4 mins, and there may be the
potential for a time confound between the first and last
measurements. For example, the subject may change arousal
state, which could alter the contribution of small cortical
components such that they contribute more to one response
than another. If the noise sources change over time, the
accuracy of response estimation may be altered. In this study,
�26 mins recording time was used to obtain single estimates of
the MTF, and any potential time confound should be shared
across modulation rates. The MTFs obtained here still contain
noise, but Figure 2 demonstrated the repeatability of each
person’s MTF extrema. Further, across our conditions the SNR
levels did not statistically differ, suggesting our results were
largely due to experimental manipulations as intended. Dobie
and Wilson (1998) could not conclude with their measurement
technique that it would be worth seeking an individual’s
optimal rate in a clinical setting. Certainly, the time spent here
was long by clinical standards, but this study was successful in
consistently identifying best and worst rates. This was possible
because noise contamination of the ASSR estimates was
sufficiently attenuated and some individuals had MTFs with a
large range of ASSR amplitudes.

It is difficult to numerically compare the range of ASSR
amplitudes found here with those in Cohen et al. (1991) or Lins
et al. (1995) due to small figure scales and in Dobie and Wilson
(1998) because of the use of magnitude-squared coherence
instead of response amplitude. However, despite the lower
frequency resolution of the measurements in those reports, the
general shape of the MTF reported here is similar. As men-
tioned in the Introduction section, a null near 70 Hz has been
reported previously (e.g., Cohen et al. 1991; Dobie & Wilson
1998). For a noise carrier, Purcell et al. (2004) proposed a
model in which this 70 Hz null might be created by the
destructive interference of cortical and brain stem sources.
Dobie and Wilson (1998) reported a decline in the magnitude-
squared coherence (used as a statistic for response detection)
above 100 Hz for modulated tonal stimuli, which is similar to
the falling amplitudes observed here.

There is some evidence in the literature suggesting that
MTFs may vary with carrier frequency. Cohen et al. (1991)
reported that for a 2-kHz carrier, most subjects show a 70 Hz
minimum and a broad MTF maximum somewhere between 80
to 100 Hz. Some individuals also showed this MTF pattern for
a 500-Hz carrier, whereas others did not (see their Fig. 8).
Cohen et al. (1991) briefly noted less prevalence of the 70 Hz
minimum and broad peak between 80 to 100 Hz for carrier
frequencies of 250 and 500 Hz compared with higher carrier
frequencies. These differences in MTF morphology between
low- and high-frequency carriers were also suggested in the
detection efficiency function plotted by Rickards et al. (1994;
their Fig. 2). In the present study, a significant difference was
not found between the 500 Hz and 2 kHz carriers. The range of
ASSR amplitudes for the 500-low and 2k-low conditions given
in our Table 4 was not statistically different (medians 30.7 nV
and 47.7 nV, respectively). However, the population average
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plots in Figure 4 and the distribution of individual maximums
in Figure 5 suggest that there may be subtle effects of carrier
frequency. In Figure 4, the MTF for the 500-low condition
seems to peak at a lower modulation rate than for the 2k-low
MTF. Similarly, in the top row of Figure 5, the individual MTF
maximums tend to be clustered at a lower modulation rate for
500-low compared with 2k-low. More within-subject data at
different carrier frequencies would be required to thoroughly
investigate a possible effect of carrier frequency on MTF
morphology (e.g., rates at which the maximum and minimum
occur).

To be of use in estimating hearing thresholds, the optimal
modulation rate would need to be independent of stimulus
level. This study was not designed to investigate this possibility
and did not vary stimulus level. There are contradictory
findings in the literature on this point. Dobie and Wilson
(1998) concluded that the 80- to 90-Hz modulation range was
not as favorable as stimulus level was decreased toward
threshold (see their Fig. 5b). However, detection rates given in
their Figure 6b suggest that the 80- to 90-Hz range remains
better than higher rates, even at low-stimulus levels. Cohen et
al. (1991) concluded that the overall morphology of the MTF
was maintained as stimulus level was decreased toward thresh-
old (visible in their Figs. 6–8). Further investigation would be
required using long-duration measurements (i.e., low noise
contamination) and a within-subjects design to clarify the
potential effect of stimulus level on the MTF.

Utility of MTF Results and Future Studies
If the MTF is available for an individual then modulation

rates can be selected to produce larger responses and modula-
tion ranges that elicit poor responses can be avoided. In the
context of a single diagnostic assessment, the method used here
would likely consume too much time in usual clinical settings.
There may be individuals with robust maximum responses in
which the suprathreshold MTF could be estimated in 10 to 15
min. In addition, obtaining MTFs using a stimulus level that
was raised to 70 dB SPL might decrease the time needed to
obtain the MTF substantially. Further, the depths of the minima
do not need to be probed; only the response maxima and the
presence of likely minima need be estimated. Although obtain-
ing MTF information could occur more quickly in the future,
there are clinical contexts in which using 30 mins to obtain the
MTF would currently be acceptable. For example, in a hearing
health care model in which individuals are monitored longitu-
dinally, knowing the best measurement rates could save clini-
cal time when testing occurs periodically. In addition, intraop-
erative monitoring during surgical procedures which may
damage the auditory system requires multiple sequential
measurements using the same stimuli to assess the integrity
of the auditory system (e.g., Picton et al. 2003b). In this
context, obtaining a preoperative MTF could then enable
monitoring to occur at short intervals to detect changes in
auditory system integrity with less delay, more accurately,
and possibly with increased sensitivity. Further, MTFs can
improve scientific or clinical studies in which some variable
other than modulation rate is to be manipulated so that a
well-chosen modulation rate can be used to minimize
recording time and allow more robust examination of the
studied parameter. In infants, the ASSRs are smaller and so
the effects seen here may be greater in that population and

using the correct modulation frequency may even more
significantly reduce test time and improve detection rates.

Additional research is needed to investigate MTFs in adult
and infant populations including individuals with hearing loss.
These studies should compare ASSR thresholds determined
using instrument-fixed versus individually selected modulation
rates. These ASSR thresholds should then be compared with
behavioral thresholds to evaluate whether the choice of an
individual’s best modulation rates improves objective threshold
estimation. Evaluations of carrier frequency and stimulus level
effects should use within-subjects designs. Replicability of the
MTFs should be evaluated both in an infant population and also
using longer time intervals, such as 6 mos apart, to assess
whether the long-term repeatability mirrors that found in the
relatively short window used by this study.

Concluding Remarks
The MTF was measured twice in each subject, and its

morphology and extrema were reasonably well repeated de-
spite the ever-present contribution of noise to the ASSR
estimates. The use of medium duration recording times (�25
mins each) generally allowed acceptable estimation of an
individual’s MTF. There were individuals for whom the MTF
included a sufficiently broad range of ASSR amplitudes that
selection of a modulation rate near the response minimum
would require a significant increase in recording time relative
to the response maximum. An individual’s best rates might be
exploited for auditory assessment contexts in which repeated
measurements over time could justify the time required to
estimate the MTF. Further data collected using a within-
subjects and repeated-measures design is required to clarify
potential effects of stimulus level and carrier frequency on the
MTF. MTFs should be replicated with a longer interval (1 to 6
mos) between test-retest. Infant MTFs will likely be subject to
maturational changes, and it would be useful to document how
orderly the MTF changes are as the infant ages.
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