Phase Stability of Auditory Steady State Responses
in Newborn Infants

Jong Min Choi,' David W. Purcell,! and M. Sasha John??

Objectives: This study examined the phases of auditory steady state
responses (ASSRs) evoked by exponentially amplitude-modulated
(AM?) tones in 44 newborn infants (within 3 days of birth) and in 15
older infants (within 3 to 15 wks of birth). Our hypothesis was that the
phases of the ASSRs would show orderly changes with modulation
rate/carrier frequency and that this stability could be used with
phase-biasing statistical techniques to augment response detection.

Design: Multiple ASSRs were recorded to four modulated tonal carriers
with intensities of 50 dB SPL, which were combined and presented
simultaneously. The carriers of 0.5, 1, 2, and 4 kHz were modulated at
rates between 78 and 95 Hz. Recordings lasted 12.3 mins. Data were
analyzed offline with particular attention to phase and its possible
exploitation in response detection using a phase-weighted # test (PWT).
Population normative phase values were compared with self-normative
values. The latter uses phase estimates from ASSRs that are detected at
an earlier time to estimate expected phases of ASSRs, which have not
yet been detected. This was implemented as an interstimulus phase-
weighted ttest (iPWT). A secondary analysis compared using fixed test
durations where data were evaluated once at the end of the recording
with variable test durations where data were evaluated after every
sweep.

Results: Average phases were not statistically different between the
newborn and older infants. The mean ASSR phases across both infant
groups were 10°, 36°, 83°, and 110° in the left ear and 78°, 97°, 135°,
and 138° in the right ear for the four modulated carriers, respectively.
Of a total of 172 detected ASSRs across the four carriers, 63%
(109/172), 84% (144/172), and 99% (170/172) of the phase values fell
within +30°, +45°, and =90° of the population mean values, respec-
tively. Self-normative phase values were slightly closer to actual
measured phases, than population normative values. Compared with the
F test, with a fixed duration, the iPWT technique did slightly better
(71.7% versus 77.1% detected). Compared with the Ftest, with variable
test duration, test time was reduced using the iPWT technique for
normal and weighted averaging by 4 and 2.9 sweeps (66 and 48 secs),
respectively, while false-positive rates were maintained. Compared with
tests that relied on the Fratio and a fixed time of 12.3 mins, using
variable test times and the iPWT approach resulted in a halving of test
time, while slightly improving comparable ASSR detection rates (66.7%
versus 72.5%). An inter-ear average phase difference of 52° was found,
which was not accounted for by modulation rates used for left/right
ears. Converting phase to latency yielded similar results to prior studies.

Conclusions: The phase responses of ASSRs evoked by AM? tones are
stable in newborn and young infants. When using the multiple auditory
steady state response (MASTER) technique, it is possible to employ
phase-biasing methods to reduce test time and increase detection rates.
Using self-normative intrastimulus phase difference values provides
better estimated phases than average population phases for purposes of
response detection.

(Ear & Hearing 2011;32;1-@)
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INTRODUCTION

Human auditory steady state responses (ASSRs) evoked by
amplitude-modulated (AM) tones with modulation frequencies
between 70 and 110 Hz have been used to assess hearing in
infants using either single stimuli (Cohen et al. 1991; Rickards
et al. 1994) or multiple simultaneous stimuli (Lins and Picton
1995; John et al. 1998). These responses can provide audio-
metric information without requiring a patient to respond
behaviorally to sounds. This is clinically important when
evaluating the hearing of infants, young children, cognitively
impaired adults, and patients who may have a functional
hearing loss. The smaller ASSRs of infants, compared with
adults, serve as an obstacle with respect to performing robust
frequency-specific testing of hearing in clinical settings.

The reported detectability of frequency-specific ASSRs has
varied across different studies and especially so in infants (John et
al. 2004, see Table 1; Van Maanen & Stapells 2009). This
variability is due to factors such as the age of the infants tested, the
level and frequency of the stimuli, the acoustic noise levels in the
recording environment, and the duration of the recording. It has
been clearly shown that the response becomes more detectable
with increasing age (Savio et al. 2001; John et al. 2004; Luts et al.
2004; Rance & Tomlin 2006). As in adults, response detection
also varies with carrier frequency: a 2-kHz stimulus usually
produces more robust ASSRs, which are detectable at lower
stimulus levels than, for example, stimuli in the 500 Hz range.
Since the background electrical noise in the recording decreases
with averaging, distinguishing a response from noise becomes
easier as the test duration is increased (Picton et al. 2003; Luts &
Wouters 2004; Luts et al. 2004). For example, the thresholds in
the study by Rance and Rickards (2002) were elevated compared
with that in the study by Lins et al. (1996), who used longer
recording durations. Lins et al. (1996) found that, on average,
ASSRs in the first few months of life are between one-third and
one-half the size of the adult response and the corresponding
physiological threshold estimates are 10 to 15 dB higher. Methods
that increase the detection of these smaller ASSRs without simply
relying upon longer test times would be useful.

Since the speed and accuracy of estimating frequency-
specific thresholds using ASSRs depends on response ampli-
tude, increasing that amplitude allows improved ASSR detec-
tion. In young infants, one can try to increase the size of the
response using specially designed stimuli. John et al. (2004)
examined the use of amplitude-modulated (AM), mixed-mod-
ulated (MM), and exponentially modulated (AM?) tones in
infants and found enhanced responses for the latter two stimuli.
Others have used new types of stimuli, such as multicarrier and
chirp stimuli, to evoke larger responses in adults (Stiirzebecher
et al. 2006; Elberling et al. 2007).

Alternatively, one can improve ASSR test performance by
decreasing the noise levels of the recording. One method of
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decreasing noise is to use weighted averaging rather than
standard averaging (Luetkenhoener et al. 1985; John et al.
2001). Another approach is to use methods that reward ASSR
amplitudes (when the responses have expected characteristics)
while punishing noise.

Although the ASSRs are two-dimensional and can be
described in terms of their amplitude and phase, most statistical
techniques only rely on either amplitude, such as the F' test
(Schuster 1898; Zurek 1992), or phase, such as phase-coher-
ence techniques (Rayleigh 1880; Stapells et al., 1987). It
should be noted that all tests of amplitude implicitly are
affected by phase variance, as larger phase variance will
decrease response amplitude (John & Purcell 2008). Although
tests that combine phase and amplitude information, such as
the T? test (Hotelling 1931; Picton et al. 1987; Victor & Mast
1991) or magnitude squared coherence (Dobie & Wilson 1989,
1994a), are theoretically more powerful than phase measure-
ments alone (Dobie & Wilson 1993), these different tests have
been shown to be about equally effective in detecting responses
when real data are used (Picton et al. 1987; Valdes et al. 1997).

Picton et al. (2001) demonstrated that phase biasing could
be used to increase the speed of ASSR detection in adults. The
idea of phase biasing is that if the phase of the response is
likely to be a particular value, one can bias the detection
procedures toward recognizing responses as significant when
phases are close to this expected value. Early attempts (Dobie
& Wilson 1994b; Lins et al. 1996) used cosine or cosine-
squared functions to favorably weight responses with phases
within 90° of an expected phase. Although these techniques
improved the detection rate, they required empirical adjustment
of the statistical decision criteria to prevent too many false-
positive detections of noise in the absence of a response. The
phase-biasing technique explored by Picton circumvented this
need for empirical adjustment by modifying the F test (Picton
et al. 2001). The estimates at the stimulus modulation fre-
quency and adjacent noise frequencies were projected onto an
expected phase. The projected amplitude at the stimulus
modulation frequency was then compared with the distribution
of the projected noise. This new “phase-weighted ¢ test” was
simple to implement and did not require setting an empirical
decision criterion.

The phase-weighted ¢ test has not been applied to infant
data. John et al. (2004) briefly evaluated the phases of the
steady state responses in newborns, and for AM? stimuli the
variability was found to be similar to adult values, for the same
stimuli, reported by Picton et al. (2001; see Table 6 in the 2004
study compared with Table 1 in the 2001 study). In addition to
simply using population phase values to phase bias data during
a test, it was also hypothesized that intrasubject phase values
could be used for phase biasing. For example, the expected
phases could be derived based on the phases of responses,
which were tested at higher intensities during initial conditions
of the hearing test. Alternatively, intrasubject phase values
could be derived using the phases of responses that were
detected earlier during a test at a particular intensity level,
when using simultaneously presented modulated carriers.
These values can then be used for the remainder of the
recording (at that intensity) to derive expected phase for the
stimuli for which ASSRs had not yet been detected.

This study evaluated the characteristics and stability of
phase data, for both newborn and young infants, previously
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recorded in the study by John et al. (2004). Both absolute
phases for each response and interstimulus phase differences
were calculated. The use of these phase measurements in
biasing detection of ASSRs was then evaluated. Three main
objectives were undertaken. The first was to thoroughly char-
acterize the phase distribution across our infant sample. The
second was to assess whether population absolute phase or
within-subject interstimulus phase relationships would be more
stable. The third was to evaluate phase biasing to determine
whether this could improve performance by increasing re-
sponse detection rate and/or shortening measurement time in
ASSR-based testing of infant populations.

METHODS

Subjects

Data from 59 young infants were used for the analysis.
There were two age groups including a “newborn” group of 44
subjects, who were tested within 74 hours after birth, and an
“older” group of 15 subjects, who were tested between 3 and
15 wks after birth. Fifty-three infants were tested using
monaural stimuli (27 left ears; 26 right ears), and six subjects
were tested using binaural stimuli. Four data sets were removed
(three monaural and one binaural) because they failed a noise
criterion requiring the average noise amplitude to be <40 nV
at the end of the recording. The resulting dataset included 50
subjects tested monaurally and 5 subjects tested binaurally (60
ears total; 29 left, 31 right).

ASSR Stimuli, Recording, and Phase Measurement

Although John et al. (2004) assessed ASSRs from AM,
MM, and AM? stimuli, this study evaluated only response data
evoked by AM? stimuli. An initial review indicated that this
dataset had the largest number of significant responses and the
smallest circular standard deviation (CSD) of ASSR phase
values for both 500 and 4000 Hz responses, with comparable
CSDs for 1000 and 2000 Hz responses. Overall, CSDs were
41°, 35°, and 37° for AM, MM, and AM?, respectively, across
all carriers. AM? stimuli are amplitude-modulated pure tones
where the modulation is a sinusoid raised to the exponent of
two (John et al. 2002). The modulating frequencies were 80.08,
84.96, 89.84, and 94.73 Hz in the left ear and 78.13, 83.01,
86.91, and 91.80 Hz in the right ear for the carrier frequencies
of 500, 1000, 2000, and 4000 Hz, respectively. All recordings
had 45 sweeps of 16.384 secs (with each sweep having 16 data
epochs of 1.024 secs), leading to a total test time of 12.3 mins.
The stimuli were fixed at 50 dB SPL for each of the four carrier
frequencies, which were combined into a single stimulus of 56
dB SPL. Since the cochlea will separate the four carrier
frequencies onto different tonotopic regions, the functional
SPL may be regarded, clinically, as 50 dB SPL. Stimulus
creation and data recording were performed using a modified
version of the multiple auditory steady state response
(MASTER) system implemented on Bio-logic Navigator-Pro
System. For further measurement details, see John et al. (2004).
The raw recorded data were stored so that offline analysis
could subsequently be carried out.

Unless otherwise noted, the phase values reported here are
“onset phases,” which have been measured relative to sine
onset and which have been adjusted to compensate for nonbio-
logical delays such as filter delays produced by signal ampli-
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fication. When discussing ASSR latencies, we will calculate
“phase delay” as —360° onset phase (John & Picton 2000).

Normal Versus Weighted Averaging

The analysis of the data was accomplished offline using
MATLAB (MathWorks, Natick, MA). During the offline
testing, virtual ASSR tests were accomplished by reanalyzing
the raw EEG data that were loaded into the analysis routine in
the same order that occurred when infants were actually tested.
Effects of normal compared with weighted averaging were
assessed for both F test and phase-weighted ¢ test approaches
evaluated in this study (John et al. 2001). With weighted
averaging, there is no need to explicitly employ a rejection
threshold to exclude data with large amounts of noise, as is
commonly done in other types of electrophysiological mea-
surement such as the auditory brain stem response.

F Test Versus Phase-Weighted 7 Test

The F test is a detection statistic that employs a power ratio
between the Fourier component of a modulation frequency
(where the ASSR signal occurs) and those of its 120 neighbor-
ing frequencies located 60 bins above and below the modulat-
ing frequency (the “noise”). The width of each frequency bin
was 0.061 Hz (i.e., 1/16.384), with 60 bins spanning 3.71 Hz.
The noise estimate was therefore derived using a total range of
7.42 Hz. The F-ratio is evaluated as F-distributed with 2 and
240 degrees of freedom (Zurek 1992; John & Picton 2000).

Picton et al. (2001) introduced the phase-weighted ¢ test
(PWT) as a new method for detecting the ASSR. The idea of
the PWT is to use prior knowledge of the anticipated ASSR
phase to “reward” the estimate of the ASSR for having a phase
that is similar to the expected phase while also “punishing”
noise bins for having phase values that are different from the
expected phase. A population-based expected phase can be
computed as the circular mean of the phase obtained from a
sample group of subjects using specific stimulus and recording
parameters. Circular mean and circular SD are necessary to
address the circularity of phase and calculate correctly that, for
example, the mean phase of 355° and 5° is 0° rather than 180°
(see Zar 1999, p. 599-604). In practice, the data for the F test
are transformed into that used by the phase-weighted ¢ test by
projecting the amplitudes for the ASSR signal and the 120
adjacent noise frequencies onto the expected phase. Projected
amplitudes are obtained by multiplying the amplitude of a
particular frequency bin by the cosine of the difference be-
tween the estimated phase for that FFT bin and the expected
phase of the ASSR. The significance of the ratio between the
projected amplitude and the projected noise is then assessed
using a ¢ test with 119 degrees of freedom:

ASCOS( 6].: - 65)

b= StdAncos(0; — 6x)

(D

where 6 is the expected phase of the ASSR response, 44 and
05 are the amplitude and phase actually observed in the
recorded ASSR, and A; and 6y; are the amplitude and phase of
each of the 120 noise bins. The term “std” means standard
deviation, which gives the root mean square-projected ampli-
tude. This projection produces two desired effects. When the
ASSR has a phase that is close to the expected phase, the
amplitude is “rewarded” by being multiplied by a coefficient
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that is near 1, while noise amplitudes are multiplied by
coefficients that decrease from 1 to 0 as the phase of the energy
in the noise bin moves away from the phase at which the ASSR
is expected to occur.

Population-Based Expected Phase Versus Interstimulus
Expected Phase

Phase biasing can be implemented using various strategies
for deriving the expected phase values. One option is to use
“population-based expected phase” where the expected phase
is the (circular) mean phase of a sample of an age-matched
population tested with the same stimuli and testing environ-
ment (e.g., intensity, transducer type, and filter settings).
Alternatively, “interstimulus expected phase” is the expected
phase difference between ASSRs to two specific stimuli within
the same individual and is based on the average difference
found for the population. This type of relative phase (“self-
normative”) strategy may rely on, for example, using the same
stimulus presented at two or more different intensities or using
two or more stimuli (e.g., modulated carrier frequencies),
which are simultaneously presented at the same intensity. Since
our dataset only had ASSRs recorded at one intensity, we
explored using a phase-biasing test based on expected inter-
stimulus differences. In this case, after at least one ASSR
elicited by a particular modulated carrier in the multiple-
stimulus complex became significant, the expected phases of
the ASSRs to other modulated carriers that were simultane-
ously presented were estimated. These estimated expected
phases were then used to detect the ASSRs that had not yet
become significant.

In the case where an individual’s phases were dissimilar to
population-based expected absolute phase values (e.g., an
individual’s phase values to each modulated carrier were
consistently shifted by 50° relative to the population average
values), phase differences between ASSRs evoked by different
modulated carriers could still be consistent to those found for
the population. We therefore expected that the interstimulus
phase-weighted ¢ test iIPWT) would show similar, if not better,
performance compared with the population-based phase-
weighted ¢ test (PWT) using absolute phase.

To derive population-based expected phases for left and
right ears, ASSR data for the four AM? carriers presented to
each ear were analyzed and the phases of the detected ASSRs
were used to calculate the population-based expected phases
for each modulated carrier frequency (total of eight for the two
ears). Population-based expected phases were calculated using
only ASSRs that were significant, assessed using the F test and
weighted averaging, at the end of the 45th sweep of the
recording. We relied on the phases at the 45th sweep for
calculating population expected phase since it is here that
the SNR is often the highest. Higher SNRs are preferred
since these provide phase estimates least affected by noise
contamination. Expected phases must be calculated sepa-
rately for the left and right ears because different modulation
frequencies are used in each ear for a given carrier (so that
the evoked ASSRs can be differentiated). Furthermore,
unlike adult ASSRs, phases for the left and right ears appear
to be distinct in newborns in manners that may not be solely
attributed to modulation frequency differences between the
two ears. This will be addressed further in the Discussion
section.
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Fig. 1. Phase biasing with population expected phases and intercarrier expected phases. The t values of the PWT are shown in panel A, where triangles and
circles denote the t value for the 500 Hz and 2000 Hz ASSRs, respectively. The dashed line shows the critical t value required for statistical significance at
p < 0.05, determined using an adjusted Bonferroni correction (which will be discussed later in the article). In panels A and B, ttests did not begin until the
8th sweep. For the PWT in panel A, the t value was never statistically significant at 500 Hz. The t values for the iPWT are shown in panel B. With the iPWT
test, the tvalues at 500 Hz were significant. The population expected phase values and actual phases at 500 and 2000 Hz are shown in panel C. The indication
“a” in panel C is the phase difference between actual phases at 500 Hz and expected phases calculated from actual phases at 2000 Hz. The indication “b”
is the phase difference between actual phases at 500 Hz and absolute population expected phases at 500 Hz. The length of “a” is much shorter than that of

“b”, showing that iPWT would favor response detection over PWT.

To employ the iPWT, ASSR testing began by evaluating
the sweeps near the beginning of the data records using a
PWT strategy. After the first ASSR was detected, the
subject’s expected phases for the other modulated carriers
were calculated using anticipated interstimulus differences,
and the iPWT test was then applied for the remainder of the
dataset. For example, if the first ASSR detected was to the
2000 Hz modulated carrier at the 11th sweep, the expected
phases for the other carrier frequencies were set using both
the phase of the ASSR elicited by the 2000 Hz carrier and
anticipated interstimulus phase differences. These derived
expected phases were then used with iPWT testing for
sweeps 12 to 45.

The iPWT could have been implemented in several man-
ners. For example, if the first detection happened at both 2000
and 4000 Hz, then either detected response phase could serve
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to calculate the expected phase for 500 Hz. We tested all
possibilities, but the detection differences were minor (results
differed by only one or two detections), and a McNemar test
(Zar 1999, p. 169—-175; McNemar 1947) showed no significant
difference in detection rates. However, since algorithms must
follow rules, priority was given to 2k, 4k, 1k, and then 500 Hz,
in that order, when simultaneous detections occurred. Figure 1
shows an example in which the iPWT detection was more
effective than PWT.

Detection Paradigm

During MASTER-based testing, data sweeps are consecu-
tively added to a running average sweep, which is used for
ASSR calculations (other ASSR-based testing methods can use
alternative data analysis techniques). In one strategy, ASSR
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testing proceeds for a fixed number of sweeps and ASSR
detection occurs a single time after the last sweep. Although
simple to implement, test times will often be much longer than
necessary. Alternatively, after each sweep is acquired, it is
possible to evaluate ASSR detection. However, repeated test-
ing will lead to a higher false-positive rate unless a compen-
satory method is employed (Luts et al. 2004; Stiirzebecher et al.
2005).

False-positive rates can be controlled by requiring that
the statistic being evaluated exceeds a critical value (e.g.,
0.05) for N consecutive sweeps, where as when N becomes
larger, the test becomes more conservative. Based on the
previous work by Luts et al. (2008), we evaluated using two
values of N and compared these results to simply testing at
the completion of the last sweep (the 45th sweep in each
subject’s dataset). These approaches are referred to here as
“Consecutive 4” rule, “Consecutive 8” rule, and the “last
sweep” rule. Luts et al. (2008) noted that initial sweeps of a
recording often contained noise that caused false alarms.
This is likely due to the greater influence of relatively noisy
sweeps when there are few sweeps in the average. Similar to
the prior study, the testing strategy used here did not initiate
response evaluation until after the first eight sweeps were
“acquired.” By applying both a “wait for the first eight
sweeps” and a “Consecutive” rule, the ASSRs were not
detected before the 8 + N — 1 sweep of a recording, where N
was set to 4 or 8. Accordingly, detection did not occur until at
least 3.5 mins of data had been submitted to the detection
algorithm. With the simple “last sweep” rule, the ASSR was
detected if the statistic at the last sweep (i.e., the 45th) was over
the critical value for p = 0.05. We will use the abbreviation
“C4-min8” to mean a “Consecutive 4” rule was applied after
eight initial sweeps were collected. This expression is the same
as the Luts et al. (2008) expression “V4-min8” in their Table 1.
Similarly, “C8-min8” refers to our “Consecutive 8” rule as
applied after eight initial sweeps were collected.

Multiple Endpoint Correction Strategies

It is sensible to assume that ASSRs persist across consec-
utive sweeps. A real ASSR should consistently remain detect-
able in the absence of a change in background noise (e.g.,
myogenic artifact), which may obscure the response. However,
as shown by Luts’ group, requiring response detection to span
across even eight consecutive sweeps can still produce an
unacceptable rate of false alarms since noise, mimicking an
ASSR, may also persist across multiple consecutive tests.
Managing false-positive detections by further increasing the
number of consecutive sweeps relied on by a detection criterion
(e.g., requiring 12 sweeps) would increase test time and could
decrease test sensitivity, as both false-positive and real
responses might not meet this criterion, especially when
testing at lower intensities and in infants. To overcome this
issue, in addition to relying on a consecutive sweep strategy,
we increased the conservatism of our criteria by adjusting
the critical value of our detection statistic according to a
correction factor.

A simple Bonferroni correction has been shown to be too
conservative for data that are correlated (Stiirzebecher et al.
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2005). An adjusted Bonferroni correction (ABC) was modeled
upon consecutive sweeps in a running average sweep being
correlated. An ABC was calculated based on the work by
Sankoh et al. (1997, p. 2534) as follows:

ay=1-(1— N (2)

where «ay is the adjusted critical alpha level at the Nth
comparison to maintain a desired false-positive rate during
multiple comparisons (i.e., an overall false-positive rate of
0.05), « is the original nominal critical level that would be used
for one comparison, N is the number of tests made so far (i.e.,
for the 10th sweep, N would equal 3 [10 — 8 + 1] since, in this
example, testing occurred only after the 8th, 9th, and 10th
sweeps, due to waiting at least eight sweeps), and » is a
correction factor that was fixed as 0.65. This value is based on
correlations of ASSR amplitudes at each sweep. While John
and Purcell (2008) suggested using 0.75 for adult data, we
found a correction factor of 0.65 to more appropriately main-
tain the expected false-positive rate of our infant data. The
ABC approach caused the probability associated with the
detection criterion to decrease from p = 0.050 at the eighth
sweep to p = 0.014 (N = 38, r = 0.65) at the 45th sweep. The
traditional Bonferroni correction would have required a p value
of 0.0013 (0.05/[45 — 8 + 1]) or less at the 45th sweep. The
ABC was used in the “Consecutive 4” and “Consecutive 8”
strategies but not for the “last sweep” strategy where the
responses were only evaluated after all data were included in
the average sweep.

Statistical Analysis

Similar to previous studies that have evaluated multiple
detection strategies (Picton et al. 2001; Luts et al. 2008), we
employed the McNemar test to compare detection rates
among the F, PWT, and iPWT tests. Two-by-two contin-
gency tables were made, and the y? statistic was calculated.
In addition, repeated-measures analyses of variance (ANO-
VAs) and two-tailed paired 7 tests were applied to compare
mean test times.

RESULTS

Figure 2 shows individual onset phases and population
expected phases as polar plots. Individual phase values were
measured after the 45th sweep from ASSRs that reached
significance using weighted averaging and the F test. Data for
the older and younger age groups were combined since an age
group (older versus younger) X ear (left versus right) X carrier
frequency (500, 1000, 2000, versus 4000 Hz) ANOVA failed
to find a main effect for age (F = 0.89; df = 1,156; p = 0.35).
Of the 29 left ears tested, the number of significant responses
were 13, 23, 26, and 25 for carrier frequencies of 500, 1000,
2000, and 4000 Hz, respectively. Similarly for 31 right ears
tested, there were 15, 19, 28, and 23 significant responses. The
ANOVA showed a significant effect of carrier frequency (F =
146.26; df = 3,156; p < 0.01) and ear (F = 97.95; df = 1,156;
p < 0.01).

Population-based expected phases and their SDs (given
in parentheses, see Fig. 2) were computed as circular means
and circular SDs (Zar 1999, p. 604, Eq. 26.21). In both ears,
as carrier and modulation frequency increased, the expected
phases moved in a counterclockwise direction (i.e., phase
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increased). As discussed earlier, since latency is calculated
by subtracting phase values from 360°, to obtain phase
delay, increasing phase is actually shorter latency. Differ-
ences in expected phases between left and right ears for each
carrier frequency ranged between 28° and 68°, with an
average of 52°. Only a small proportion of the 52° (less than
10°) would be expected due to the different modulation
frequencies used for corresponding carriers presented to the
two ears. For example, for a 10-msec delay, the phase of the
response generated to a 78 Hz modulated carrier would be
281° (i.e., = 10/[1000/78] X 360), whereas for 80 Hz, this
same delay would be 288°. The circular SDs generally
decreased as carrier and modulation frequency increased.

Figure 3 shows how densely the subjects’ phases were
distributed. Individual phase values are segregated into three
groups based on differences between the expected and ob-
served phases. Of a total of 172 detected ASSRs across the four
carriers, 63% (109/172), 84% (144/172), and 99% (170/172) of
the phase values were within =30°, =45°, and *=90°, respec-
tively. Accordingly, the majority of the ASSRs were within
*45° and almost all were within £90° of the population
expected phases.
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Fig. 2. Population expected phases and distributions of individual phases. Polar plots for the left and right ears are shown on the upper and lower row,
respectively. Carrier frequency and modulation rate increase from left to right. Open circles represent newborn ASSR phases and the plus (+) symbols reflect
response phases of the older group. The bold lines (terminated with squares) represent population-based expected phases. The circular mean and SD (in
parentheses) is shown in the lower right quadrant of each plot.

Intercarrier-Based Expected Phase

Figure 4 replots the same phase values of Figure 2, to
illustrate the relationships between phase values of different
modulated carrier frequencies as a function of ear. This figure
highlights the moderate stability of the relative ordering of
phase across the modulated carriers within individual subjects.
Diamonds representing the phases of ASSRs evoked by 4000
Hz tend to be on top, followed by circles (2000 Hz), then
squares (1000 Hz), with triangles (500 Hz) on the bottom for
each ear. The right ears tend to have slightly larger absolute
phases, which shift the spatial distribution toward the top of the
graph.

Figure 4 also illustrates that while some ears had significant
responses for all four modulated carriers (e.g., ear number 20),
only one ASSR was detected in three ears (6%) (ears 37, 44,
and 60). To compute normative values for interstimulus phase
differences, only ears that had two or more detected ASSRs
were used.

Table 1 shows the six possible interstimulus phase differ-
ences that were used in the iPWT tests. These values were
calculated from individual data shown in Figure 4. It is
noteworthy that most of the SD estimates were <45° with
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Fig. 3. Differences between expected and individual phases. The bars show how closely individual phase values were clustered to the expected values for
each carrier frequency. Three categories are used to show the percentage of detected responses, which had a phase difference between population expected

phase and individual phases—within 30°, 45°, and 90°.

similar range of variance to those seen for population-based
absolute phases in Figure 2.

Comparing Performance of F Test, PWT, and iPWT
Comparison of Detection and False-Positive Rates ¢ Table 2
shows the performance using “C4-min8”, “C8-min8”, and the
“last sweep” testing strategies. Weighted averaging was clearly
more effective than standard averaging both for increasing
detection rates and decreasing false-positive rates. While the
detection rate at the 45th sweep was numerically the highest
among the three paradigms, the iPWT incorporated into the
C4-min8 detection paradigm approximated the detection per-
formance of the 45th sweep strategy using the traditional F test
(72.5 versus 71.7).

Detection rate was evaluated from 240 possible detections
(60 ears X 4 modulated carriers), whereas false-positive rate
was evaluated from 7200 frequencies (240 X 30 control
frequencies, as is reviewed further in the Discussion section) at
which no ASSR would occur. The false-positive rates for the
“C4-min8” strategies were just slightly >5% with standard
averaging and slightly <5% when weighted averaging was
used. Phase-weighted detection rates were consistently higher
than the traditional F-ratio for both standard and weighted
averaging and using both variable and fixed testing strategies.
When reviewed as a function of carrier frequency, the iPWT
increased detection performance over the F-ratio more for
the 500 and 4000 Hz ASSRs than the 1000 and 2000 Hz
ASSRs (data not shown). Predictably, the relatively conser-
vative “C8-min8” yielded false-positive rates well below
5%, but detection rates consequentially suffered. Failure to
rely on ABC caused the false-positive rates to be >10%
with “C4-min8” and >6% using the stricter “C8-min8”
criterion. Increasing the sequential requirement to a mini-
mum of eight sweeps was not quite sufficient to control

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

false-positive rates with weighted averaging when ABC was
not implemented.

Comparisons of Total Detections and Relative Test
Speed ¢ Table 3 compares total detections and test speed using
the F test, PWT, and iPWT strategies. Test speed refers to
which test detected an ASSR first during sequential testing as
new sweeps of EEG were made available. Test speed measures
were computed for each ASSR and did not constrain the
evaluation by requiring that ASSRs to all modulated carriers of
a complex stimulus, which was presented to a particular ear, be
detected. Only results for the “C4-min8” paradigm are shown
since C8-min8 did not perform as well, as indicated in Table 2.
For weighted averaging, the F test detected 160 (e.g., F’ versus
PWT row: Both 146 + Only A 14) ASSRs while the PWT and
iPWT detected 162 (e.g., F versus PWT row: Both 146 + Only
B 16) and 174 (e.g., F versus iPWT row: Both 153 + Only
B 21) responses out of the total possible 240 ASSRs. This
means that the F, PWT, and iPWT approaches detected
66.7%, 67.5%, and 72.5%, respectively, as was reported in
Table 2. Comparing F versus iPWT, among 153 ASSRs
that were detected by both tests, the iPWT was faster than
the F test in 68 cases compared with 19 ASSRs where the
opposite was true (i.e., iPWT was faster 3.6 times more
often). McNemar tests showed that the iPWT detected
statistically significantly more responses and was signifi-
cantly faster than the F test. The iPWT also detected
significantly more responses than the PWT.

Comparisons of Test Time ¢ Although test speed was re-
ported in Table 3 under the category “faster,” this information
does not allow for an understanding of “how much faster.” The
difference between the two testing techniques may be one
sweep or many. Accordingly, we also computed test time for
ASSRs, which were detected by either test (i.e., all detec-
tions = Both A and B + Only A + Only B).
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Fig. 4. Individual phases across carrier frequency. Individual phases for each carrier frequency presented to the left (panel A) and right (panel B) ears are shown.
Only six individuals were tested binaurally and comprise ears 28-33 and 60-65. The data are fairly well ordered, with 500 Hz triangles tending to reside
near the bottom of each distribution for a particular ear and 4000 Hz diamonds appearing near the top area of each graph. Only phases for ASSRs that were
detected are shown.

Table 4 shows the mean test time using C4-min8 and the normal and weighted averaging by 4 and 2.9 sweeps (66 and
ABC strategy. The mean test time of iPWT was slightly, but 47.6 secs), respectively, while false-positive rates were
significantly, faster than that of the F test for both averaging maintained (see Table 2). The mean test time of iPWT was
methods (two-tailed paired ¢ tests, p < 0.01). Compared not significantly faster than that of PWT for either averaging
with the F test, using the iPWT reduced test times for method.

TABLE 1. Intercarrier frequency phase differences

0.5-1 kHz 0.5-2 kHz 0.5-4 kHz 1-2 kHz 1-4 kHz 2-4 kHz

Left

No. responses 13 12 12 22 21 25

Mean 42.5° 86.2° 119.9° 51.5° 78.4° 24.1°

CSD 17.3° 37.2° 49.0° 26.8° 37.5° 27.9°
Right

No. responses 11 15 11 18 15 21

Mean 39.0° 64.8° 71.7° 46.6° 51.1° 4.0°

CSD 26.0° 43.7° 41.4° 35.7° 38.6° 25.7°

The data for each value were computed using the number of responses, detected for carrier pairs, out of a total possible 29 left ears and 31 right ears for each carrier frequency.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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TABLE 2. Detection and false-positive rates

C4-min8 C8-min8 45th
Averaging Test DR FPR DR FPR DR FPR
Standard F 34.6 (45.0) 5.0 (12.2) 27.5(37.9) 2.7 (7.5) 34.2 4.7
PWT 36.3 (51.3) 5.2 (11.0) 30.8 (43.8) 2.8 (7.6) 38.3 5.0
iPWT 36.7 (52.1) 5.2 (11.4) 32.1 (43.3) 2.9(7.4) 37.1 5.0
Weighted F 66.7 (73.8) 4.9 (11.0) 60.8 (68.8) 2.3 (6.6) 7.7 4.6
PWT 67.5 (75.8) 4.8 (10.7) 64.6 (72.9) 2.4 (6.4) 75.4 4.8
iPWT 72.5 (76.3) 4.9 (10.9) 67.5 (75.0) 2.4 (6.3) 771 4.9

Detection and false-positive rates are given (in percentage) for standard and weighted averaging with ABC. The values in parenthesis were calculated without ABC.
DR, detection rate as %; FPR, false-positive rate as %; F, F test; PWT, population phase-weighted t test; iPWT, intercarrier phase-weighted t test.

DISCUSSION

This study illustrates that individual infant ASSR phases
were orderly and had a relatively narrow distribution around
the circular population mean of each modulated carrier. The
circular means served as population-based expected phases and
were used for the PWT detection paradigm. In addition, we
evaluated a new phase-weighted ¢ test termed the iPWT, which
relied on population-based interstimulus phase differences to
provide estimates of expected phase. Phase-biasing methods
showed modest, statistically significant improvements in de-
tection rates and test speed when using variable length testing
strategies, compared with the F' test. Use of an ABC strategy
allowed successful management of false-positive detection
rates when ASSR tests relied on repeated testing designs.

Regularity of Observed Phases

The regularity of population expected phases has been
previously reported (Picton et al. 2001, Table 1; John et al.
2004, Table 6; Alaerts et al. 2010, Table 1). Using the same
stimuli and intensity as the present study for the right ear,
Picton et al. (2001) found mean onset phases in normal-hearing
adults to be 83°, 100°, 127°, and 120°, respectively. The CSDs
for the adults of that study were comparable to those of our
infant population (their Table 1 gives 60°, 37°, 28°, and 39°
compared with our values in Figure 2, which, averaged across
both ears, were 43°, 38°, 27°, and 26°).

Alaerts et al. (2010) reported phase delay values for infants
using MM (with AM of 100% and FM of 20%). Their onset
phases were —41°, —10°, 36°, and 39° at 50 dB SPL for 500,
1000, 2000, and 4000 Hz, respectively (personal communica-
tion). This progression is what one might expect due to

TABLE 3. Comparisons of test speeds and detection rates

traveling wave delays and was similar to the present study. The
CSDs of their corresponding results were larger than ours (e.g.,
on the order of 20° to 30° larger). This may have been due to
combining left and right ear data by Alaerts et al. Even for
identical stimuli, phase values (and corresponding means and
variances) can be influenced by stimulus intensity, age group
of the subjects, and methods used to assess phase values both
in individual recordings and across subjects.

Figure 2 shows that there are phase differences between left
and right ears. We do not know the reasons for these differ-
ences. A small part of the difference is due to the different
modulation rates used for the same carrier in the two different
ears. This contribution would, however, produce less than 10°
difference in the corresponding ASSR phases.

Individual ASSR phases for each carrier frequency were
generally distributed relatively near the circular mean of the
population. Although phase biasing has not yet been imple-
mented by commercial systems, the fact that almost all (170/
172) of the detected ASSRs were within =90° of the popula-
tion mean is noteworthy. This suggests that in clinical
audiology if any ASSR has a phase that is outside of this range
(or a slightly less conservative range of =110°), then it should
only be accepted as a real ASSR with caution, as there is a
higher risk of a spurious detection (i.e., false positive).

ASSR Latencies

Phase can be converted into phase delay by subtracting
onset phases from 360°. One expects increasing phase delay
with decreasing carrier frequency, due to increasing traveling
wave delays to more apical cochlear regions. Alaerts et al.
(2010) reported phase delays of 24.3, 22.3, 19.4, and 18 msecs

Averaging Test Neither Both Only A Only B A Faster B Faster Equal
Standard F vs. PWT* 143 73 10 14 9 38 26
F vs. iPWT* 143 74 9 14 8 37 29
PWT vs. iPWT 144 79 8 9 9 10 60
Weighted F vs. PWT* 64 146 14 16 15 67 64
F vs. iPWT*t 59 153 7 21 19 68 66
PWT vs. iPWTT 59 155 7 19 23 27 105

The table compares performance of F test, PWT, and iPWT detection methods using C4-min8 with ABC. “Neither” indicates that neither Test A nor Test B detected a response. “Both” indicates
both Test A and B detected a response. “Equal” indicates times to detect ASSRs in Test A and B were the same. For “A faster,” “B faster,” or “Equal” comparisons, only data in which the
ASSRs were detected by both tests was evaluated. For example, in the first row, strategy A was faster 9 times, B was faster 38 times, and these were equal 26 times, which sums to 73 total
detections (i.e., the sum total of ASSRs which were detected by both strategies, as listed in the “Both” column).

*McNemar test— Detection speed significantly different at p < 0.0001.
tMcNemar test—Detection rate significantly different at p < 0.05.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
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TABLE 4. Mean test times

Averaging Test AorB A B

Standard  F vs. PWT* 97 244 =131 211 £12.0
F vs. iPWTY 97 244 +131 204 *=11.9
PWT vs. iPWT 96 20.8 119 202 +11.7

Weighted F vs. PWT 176 214119 199=*11.2
F vs. iPWTY 181 22.0+124 19.1 =10.9

PWT vs. iPWT 181 206 = 11.8 19.1 =10.9

Mean test times using C4-min8 with ABC are shown for standard and weighted averaging.
Results are reported as number of 16.384 second sweeps. For each subject, each
individual ASSR for testing method A or B was only evaluated if the ASSR was present for
at least one of these two methods. Column A or B provides the total number of ASSRs
detected using either method A or B, with a maximum number of cases being 240 (60
ears X 4 carrier frequencies). There were three possibilities. If an ASSR was present using
both methods A and B, then the number of sweeps for each method were simply
compared. If an ASSR was detected as present using testing method A but not method B,
then the number of sweeps for method B was set to 45 (since the testing would have had
to continue until the end of the test period to determine the absence of the ASSR). If neither
method detected an ASSR, then that data was not included in the analysis.

Two-tailed paired t test: *p < 0.05; 1p < 0.01.

for 500, 1000, 2000, and 4000 Hz, respectively. Our phase
delay results, similarly fitted with two preceding cycles,
yielded latencies of 24.6, 22.4, 19.7, and 17.9 msecs for the left
ear and 22.9, 20.9, 18.7, and 17.6 msecs for the right ear. Our
right ear latencies averaged 1.2 msecs shorter than our left ears.
This may reflect subtle lateralization differences in maturation
of the auditory system. Sininger and Cone-Wesson (2006)
reported asymmetry in neonates, with right ear having slightly
faster ABRs than left ear for waves III and V. This finding is
in line with ASSRs evoked by stimuli presented to the right
ears having larger phases (shorter phase delay) than those
evoked by left ear stimuli, although our ASSR latency
differences are much larger than those reported for ABR.
Left/right asymmetries have been found to exist at the level
of the cochlea as well (Sininger & Cone-Wesson 2004).
While these modest ear asymmetries have been reported in
newborns, the phase and group delay latency differences
reported here are more substantial than would be expected
from these earlier reports.

John et al. (2004) reported onset phase values for AM>
stimuli in their Table 6. The phases of AM? reported in John et
al. (2004) were different to those reported here although the
two studies used the same dataset. There were two reasons for
this difference. The first was due to the instrumentation used to
collect the data, which was a customized version of the
Bio-Logic MASTER platform. During this study, using cali-
bration waveforms, we discovered that the noninverting (ac-
tive) and inverting (reference) leads of the custom instrument
were reversed, causing the collected waveforms to be shifted
by 180°. This montage caused the onset phase of the prior
study to decrease with increasing carrier frequency (a trend that
is backward to that which is normally found in adults). Second,
since John et al. (2004) did not focus on phase and latency
measurements, the filtering delays introduced by the instru-
mentation (—32.4°, —122.6°, —212.8°, and 57.0° for left ear
modulation envelopes and —35.7°, —128.0°, —201.5°, and
66.1° for right ear modulation envelopes) were neither evalu-
ated nor compensated for in that dataset. Since the current
study adjusted for these factors, the conversion of phase to
latency produced much more sensible results.

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Sequential Testing Versus Fixed Recording Times

Luts et al. (2008) explored the use of both fixed and variable
recording strategies. One variable test length option they
explored used weighted averaging and was termed “V4-min8”.
This was identical to our “C4-min8” condition. This strategy
resulted in an unacceptable false-positive rate of 8.9%. They
then derived an adjusted critical p value of 0.0256, instead of
0.05, to achieve an acceptable error rate of 5% (see Table 2 in
their study). Similarly, our ABC strategy, which maintained a
false-positive rate of just below 5%, caused the critical p value
to decrease from an initial value of 0.05 to 0.014 by the end of
the recording. The average critical p value over the entire
recording was 0.036, which is very close to the 0.0256
correction in the article by Luts et al. Accordingly, both studies
found that C4-min8 can be used to save test time and still
maintain detection rates, when weighted averaging and a
similar alpha correction were applied. Compared with tests that
relied on the F-ratio and a fixed recording time of 12.3 mins
(45 sweeps), using a variable test time, ABC and the iPWT
approach resulted in a halving of test time (from 45 sweeps to
19.1 sweeps, see Table 4) and comparable ASSR detection
rates (71.7% versus 72.5%, for F-ratio fixed and iPWT
variable, respectively; see Table 2).

Unlike the study by Luts et al. (2008), increasing the
detection criteria from four to eight consecutive sweeps did not
sufficiently maintain false-positive rates when ABC was not
used. We found a false-positive rate of 6.6% without ABC
using C8-min8 when recording for up to a maximum of 45
sweeps. Using a shorter maximum recording time of 32
sweeps, Luts et al. (2008) reported a false-positive rate of 4.4%
using a similar consecutive rule (their V8 with no minimum
number of sweeps). Taken together, these studies suggest that
requiring eight consecutive significant detections as a stopping
rule can be employed cautiously but may not be sufficient to
control false-positive rates for recording times longer than 32
sweeps (i.e., tests that include more than 32 “looks” at the
data). In addition, both studies rejected “noisy” patients with
recordings with final noise levels near 10 nV (in the study by
Luts et al., using an inion electrode) and 40 nV (current study,
using a nape electrode). In patient recordings with more noise,
larger numbers of false positives may emerge at the beginning
of the recording.

Luts et al. (2008) proposed that a fixed recording length was
the best option for ASSR detection in infants and adults with
currently available equipment. This was based on two consid-
erations. The first is that most current commercial systems do
not allow for independent intensity control of the different
carriers of a stimulus, automatic application of a consecutive
rule, or alpha adjustment related to multiple testing (let alone
all three). The second consideration was that variable test
length did not save much measurement time or influence
threshold estimation much. In the current study, only one
intensity level was tested and so we were not able to infer the
influence of test strategy on threshold estimation. However,
there was a considerable decrease in test time. This may have
been in part due to our use of longer maximum test durations
(than used by Luts et al.), which may be required for ASSR
detection during testing of young infant populations, since their
responses are relatively small. Taken together, the evidence
from these two studies suggests that if commercial systems
implemented both independent stimulus control and alpha
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correction, then test times could be reduced significantly (by 27%
in the study by Luts et al. and by 58% in the current study) while
increasing detection rates and maintaining false-positive rates.

Phase Biasing

The phase-weighted ¢ test has not been previously applied to
infant data using either PWT or iPWT techniques. The PWT
and iPWT performed better than the F test with infant data for
both test speed and detection rate. The current study furthers
the conclusions of Picton et al. (2001) who showed, in adults,
that prior knowledge about phase can improve detection while
maintaining a 5% false-positive rate. We found that the new
iPWT strategy performed better than the PWT.

Detection and False-Positive Rates

The calculation of detection rate for a given analysis method
is simple: the number of ASSRs detected is divided by the
number of ears tested multiplied by 4, due to the presentation
of four modulated carriers to each ear. In contrast, there are at
least two methods that can be used for determining false-
positive rates. One option is to use data where no stimulus was
presented, while another approach is to evaluate “control”
frequencies where no ASSR should occur (i.e., using frequen-
cies that are different from the stimulus modulation rates). In
this study, we used 30 control frequencies, whereas John et al.
(2001) and Luts et al. (2008) used 8. Use of 30 control
frequencies may have caused the false-positive rate reported
here to be a little more reliable than if we had used 8. The 30
control frequencies included 15 frequencies on each side of a
stimulus modulation rate. This was the maximum number we
could select to conveniently avoid ASSRs evoked by the
neighboring stimulus modulation rates.

Test Time—Independent Carrier Frequency Intensity
Control

Our comparison of testing time among the detection meth-
ods was done with only one intensity level, 50 dB SPL. Tables
3 and 4 are computed on individual ASSRs rather than basing
the analysis on the clusters of four ASSRs. In many real testing
situations, ASSRs are evoked by a stimulus with fixed carrier
levels that cannot be independently adjusted. For example, if
the responses were found on the 17th sweep for 1000, 2000,
and 4000 Hz carriers, that audiologist must wait until the 500
Hz carrier is detected before lowering stimulus levels. With an
instrument able to independently control stimulus levels, the
carriers whose responses were detected on the 17th sweep
could proceed immediately after detection to collect data at a
lower stimulus level. At the same time, data collection could
continue uninterrupted for the 500 Hz carrier until the ASSR is
either detected or until a maximum limit related to time or
noise is reached. This approach could improve the proportion
of time spent recording near the threshold for each carrier
frequency (where the ASSRs would have the smallest ampli-
tude). John et al. (2002) showed that in adults the intercarrier
level differences of 10 or 20 dB can be used without significant
interaction between carrier frequency components.

Our variable length results model those which would be
obtained using clinical instruments that exploit independent
intensity control and enable stimulus parameters to be adjusted
after each ASSR is detected. An instrument capable of inde-
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pendently controlling the intensity of each carrier frequency
would be able to exploit a faster detection method in a
multi-intensity search for the ASSR thresholds.

Phase at Lower Intensity

The stimulus intensity employed here was fixed at 50 dB
SPL, which is somewhat higher than much of the intensity
range at which hearing testing may occur. However, Van
Maanen and Stapells (2009) suggest that normal air conduction
ASSR “screening” levels for infants would be 50, 45, 40, and
40 dB HL for 500, 1000, 2000, and 4000 Hz -carriers,
respectively. In addition to frequency-specific threshold type
tests, investigators have reported various ASSR screening
paradigms (Cone-Wesson et al. 2002; Agikgdz et al., 2006;
Savio et al. 2006), which could be improved using phase
biasing since speed is an issue. For optimal performance, the
expected phases used in PWT and iPWT should be changed
based on stimulus level. John and Purcell (2008) showed a
preliminary figure where onset phase changed in a counter-
clockwise direction with increasing intensity. John and Picton
(2000) reported, in adults, a latency change of 0.06 msec/dB of
change in stimulus level, and Alaerts et al. (2010) reported 1 msec
difference between 40 and 50 dB (0.1 msec/dB). Averaging these
two estimates and assuming 0.8 msec/10 dB change equates to
between 22° (e.g., 0.8/[1000/75] X 360) and 29°/10 dB change,
for modulation rates of 75 and 100 Hz, respectively. The relative
phase differences between carriers may be roughly maintained at
different intensity levels, but future studies should evaluate phase
versus intensity functions in infants.

Limitations

This study generated its expected phases from the same
population that was used to evaluate the phase-biasing techniques.
This could serve to increase the benefit determined for phase
biasing over that which might be found if the expected phase
values were evaluated on a different out-of-sample infant popu-
lation. When the sample of phase values reported here was
randomly resampled nine times using half of all available values
(16 left and 16 right ears), the distribution of circular means that
resulted had a SD of only 1.6° to 9.5°. This would have had
relatively little effect on the results reported here either for the
expected phases obtained from the population means or for the
performance of the phase-biasing techniques, which subsequently
used these values. Regardless, the expected phases reported here
should be evaluated with other infant data sets to provide an
understanding of the replicability of the results reported here. We
did not examine these techniques on infants with hearing loss,
who may produce ASSRs with different phase values due to
factors such as broader tuning curves.

CONCLUSIONS

Infant ASSR phases are sufficiently stable to enable benefits
of phase-biasing detection strategies. ASSR detection algo-
rithms using interstimulus expected phases are promising. The
iPWT was modestly faster than the 7 and PWT tests and should
be considered for use with infants after expected phases are
derived for several stimulus levels to ensure that the results
reported here are generalizable. Variable test time strategies,
including phase biasing, which use compensatory strategies to
address consecutive testing, can save substantial test time
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compared with using fixed duration recordings, while also
maintaining desirable detection and false-positive rates. Com-
mercial instruments should provide features that enable audi-
ologists to capitalize on these findings.
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