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Two experiments were performed to better understand on- and off-frequency modulation masking

in normal-hearing school-age children and adults. Experiment 1 estimated thresholds for detecting

16-, 64- or 256-Hz sinusoidal amplitude modulation (AM) imposed on a 4300-Hz pure tone.

Thresholds tended to improve with age, with larger developmental effects for 64- and 256-Hz AM

than 16-Hz AM. Detection of 16-Hz AM was also measured with a 1000-Hz off-frequency masker

tone carrying 16-Hz AM. Off-frequency modulation masking was larger for younger than older

children and adults when the masker was gated with the target, but not when the masker was contin-

uous. Experiment 2 measured detection of 16- or 64-Hz sinusoidal AM carried on a bandpass noise

with and without additional on-frequency masker AM. Children and adults demonstrated modula-

tion masking with similar tuning to modulation rate. Rate-dependent age effects for AM detection

on a pure-tone carrier are consistent with maturation of temporal resolution, an effect that may be

obscured by modulation masking for noise carriers. Children were more susceptible than adults to

off-frequency modulation masking for gated stimuli, consistent with maturation in the ability to lis-

ten selectively in frequency, but the children were not more susceptible to on-frequency modulation

masking than adults. VC 2019 Acoustical Society of America. https://doi.org/10.1121/1.5098950

[MD] Pages: 2565–2575

I. INTRODUCTION

Amplitude modulation (AM) is an important source of

auditory information. The coherence of AM across fre-

quency influences auditory object formation (Grimault et al.,
2002; Nie and Nelson, 2015), and envelope cues support

speech perception under some conditions (Drullman et al.,
1994a,b; Shannon et al., 1995). Sensitivity to AM can be

reduced with the introduction of a competing pattern of AM,

whether the target and competing AM patterns are present in

the same carrier frequency region (Bacon and Grantham,

1989; Houtgast, 1989) or different frequency regions (Yost

and Sheft, 1989; Yost et al., 1989). This general phenome-

non is described as modulation masking (Bacon and

Grantham, 1989; Sek et al., 2015), although the special case

of off-frequency modulation masking is often referred to

as modulation detection interference (MDI). Modulation

masking has been argued to play an important role in noise-

masked speech recognition. By this view, the random inher-

ent envelope fluctuation of nominally steady noise interferes

with the perceptual processing of speech envelope cues

(Apoux and Bacon, 2008; Stone et al., 2011; Stone et al.,
2012; Stone and Moore, 2014). Although modulation mask-

ing has been well studied in adults, very little is known about

this type of masking in children. The present study was

designed to evaluate the development of AM detection with

and without a modulation masker.

The pattern of AM detection thresholds as a function of

modulation rate is referred to as a temporal modulation

transfer function (TMTF). For adults, the TMTF for a wide-

band noise carrier is bandpass in shape. Thresholds for

low-rate AM are limited by the number of modulation cycles

present in a listening interval (Sheft and Yost, 1990).

Thresholds for high-rate AM fall by approximately 3 dB per

octave between 50 and 800 Hz, a result that was originally

interpreted as reflecting the limits of temporal resolution

(Viemeister, 1979). The TMTF measured with a noise car-

rier is similar for school-age children and adults, with the

caveat that children are less sensitive to AM overall (Hall

and Grose, 1994; Park et al., 2015). For example, Hall and

Grose (1994) measured sinusoidal AM detection at 5, 20,

100, 150, and 200 Hz using a continuous noise carrier. The

similarity in TMTF shape across age groups was interpreted

as reflecting similar temporal resolution, and differences in

overall sensitivity were interpreted in terms of listening effi-

ciency, defined here as the ability to use the sensory informa-

tion associated with AM.

Although early reports of TMTFs for noise carriers

interpreted the reduced sensitivity to AM with increasing

AM rate above 50 Hz as evidence of limited temporala)Electronic mail: ebuss@med.unc.edu
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resolution, subsequent work has attributed this pattern to

modulation masking associated with inherent modulation of

the noise carrier (Dau et al., 1997a,b; Dau et al., 1999). For

adults, the TMTF obtained using a high-frequency pure-tone

carrier differs markedly from that obtained using a noise car-

rier. For example, sensitivity to AM imposed on a tonal car-

rier above 2000 Hz is relatively constant for AM rates up to

100–130 Hz and falls above that rate, with threshold

improvements observed when the sidebands associated with

AM become resolved (Kohlrausch et al., 2000; Stellmack

et al., 2005). The observation that the noise-carrier TMTF

begins to roll off at a lower rate than the tone-carrier TMTF

has been attributed to the detrimental effects of inherent

noise fluctuation on the detection of sinusoidal AM, other-

wise known as modulation masking. This raises the possibil-

ity that the modulation masking associated with noise

carriers may foil attempts to characterize the development of

temporal resolution using the noise-carrier TMTF paradigm.

Modulation masking is often characterized using a bank

of bandpass filters tuned to AM rate, and this approach is suc-

cessful at characterizing masking effects observed for both

within- and across-frequency modulation masking in adults

(Verhey and Dau, 2000; Dau et al., 1997a). This model cap-

tures the observation that modulation masking is tuned to rate,

with the largest modulation masking observed when the target

and masker AM are similar in rate (Yost et al., 1989; Ewert

and Dau, 2000). When the target and masker carriers are sepa-

rated in frequency, asynchronous gating improves detection of

target AM (Hall and Grose, 1991; Moore and Shailer, 1992;

Oxenham and Dau, 2001). A beneficial effect of asynchronous

gating of the carriers implies that AM is represented separately

in different carrier frequency regions, and off-frequency modu-

lation masking is related to auditory grouping.

Interest in the development of modulation masking is

motivated in part by the suggestion that modulation masking

limits speech recognition in a nominally steady noise masker

(Stone et al., 2011; Stone et al., 2012; Stone and Moore,

2014). Noise-masked speech recognition tends to be imma-

ture in school-age children. Some data indicate that child-

ren’s performance is mature by approximately 10–12 years

of age (Stuart, 2008; Corbin et al., 2016), although other

data indicate continued development into adolescence

(Rashid et al., 2016). Factors proposed to account for the

development of speech-in-noise recognition include selec-

tive attention, cognitive abilities, and linguistic knowledge

(e.g., McCreery et al., 2017), but there is still no consensus

regarding the relative contributions of these factors. Greater

susceptibility to modulation masking in children was

recently proposed as a possible contributor to the develop-

ment of speech-in-noise recognition (Buss et al., 2018). This

would occur if the inherent modulation of a noise masker

had a larger detrimental effect on children than adults. This

hypothesis is speculative, however, given the lack of pub-

lished data on modulation masking in children and the pre-

liminary data indicating similar susceptibility to modulation

masking in children and adults (Cabrera et al., 2017).

The present experiments sought to clarify the role of mod-

ulation masking in children’s detection of AM. The first exper-

iment measured AM detection for a pure-tone carrier in

children and adults with and without an off-frequency masker

tone that was amplitude modulated. The off-frequency masker,

when present, was either continuous or gated synchronously

with the target. The goal was to characterize both the develop-

ment of sensitivity to AM as a function of rate in the absence

of on-frequency modulation masking and the development of

off-frequency modulation masking. The second experiment

measured the detection of AM carried on a band of noise with

and without additional masker AM patterns applied to that car-

rier. The goal was to evaluate development of on-frequency

modulation masking and tuning to modulation rate. Poorer per-

formance overall was anticipated for children compared to

adults, a result that is sometimes described in terms of reduced

efficiency (e.g., Hall and Grose, 1994). Greater susceptibility

to modulation masking in young children was expected based

on development of the ability to listen selectively, which is

observed across a wide range of psychoacoustic paradigms

(e.g., Leibold, 2012; Leibold and Buss, 2016).

II. GENERAL METHODS

Listeners were normal-hearing 5- to 11-year-olds and

adults, with pure-tone thresholds of 20 dB hearing level (HL)

or lower between 250 and 8000 Hz bilaterally. Potential par-

ticipants were excluded if they or their parents reported a

history of hearing problems, known developmental or cogni-

tive delays, or a diagnosis of ear infection within the past six

months. Listeners were recruited using flyers posted at the

university and in the local community. The two experiments

described below used different listeners.

In both experiments, the task was to detect AM in a three-

alternative forced choice, and thresholds were evaluated using

a two-down, one-up stepping rule that estimates the signal

strength associated with 71% correct detection. The propor-

tional AM depth (m, 0–1) was adjusted in steps of 20 log(m).

The maximum target modulation depth was 100% (m¼ 1). For

conditions incorporating on-frequency masker AM in experi-

ment 2, the relative AM depth of the target and masker was

adjusted while keeping the overall AM depth constant. The

step size for adjusting the target AM depth was either 4 or 8 dB

at the outset of each track.1 This was reduced to 2 dB after the

second track reversal. Eight reversals were obtained in each

track, and the threshold was estimated as the mean AM depth

at the last six track reversals. Results reported below are the

mean of thresholds from three to four tracks per condition.

Within each experiment, data collection was blocked by condi-

tion, and conditions were completed in quasi-random order.

The psychophysical test procedures were designed for

use with young children. Listening intervals were marked

visually by a computer animation, showing three frogs. Each

frog opened and closed its mouth synchronously with the

associated auditory stimulus. At the end of each trial the lis-

tener selected the frog associated with the target AM, using

a touchscreen interface. Following the listener’s response,

feedback was provided wherein the frog associated with the

target interval performed a brief animation, consisting of

catching and eating a fly. Prior to the first data collection

track listeners heard a description of the task, interleaved

with examples of the auditory stimuli and video prompts.

2566 J. Acoust. Soc. Am. 145 (4), April 2019 Buss et al.



This sequence included two example trials with a verbal

description of the visual feedback. An abbreviated introduc-

tion was presented when stimulus conditions changed,

including an example trial with feedback, to orient the lis-

tener to the new stimulus condition. This protocol ensured

consistency in the instructions provided to each listener and

familiarized listeners with the forced-choice task. Listeners

were offered frequent breaks, encouragement, and the oppor-

tunity to ask questions. Children were rewarded with small

toys, and all listeners received $15 per hour. These proce-

dures were approved by the Biomedical Institutional Review

Board at the University of North Carolina at Chapel Hill.

Experiments were controlled using custom MATLAB scripts

(The MathWorks, Natick, MA). Stimuli were generated in soft-

ware, played out of a real-time processor (RP2, Tucker-Davis

Technologies, Alachua, FL), routed through a headphone buffer

(HB7, Tucker-Davis Technologies), and presented diotically

over headphones (experiment 1, Sennheiser, HD 25,

Wedemark, Germany; experiment 2, Sennheiser, HD 265).

Analyses of age effects were carried out using Pearson

correlations, linear mixed models, and t-tests. Age was

treated as a continuous variable when analyzing data from

children; the logarithm of age was used due to the expecta-

tion of decelerating effects of development with increasing

age. Age was treated as a categorical variable when compar-

ing data from children and adults. For the linear mixed

model analyses, child age was centered at 7.5 years, the

approximate geometric mean age of the child samples in

both experiments, and listener was included as a random fac-

tor. A significance criterion of a¼ 0.05 was adopted, and all

tests were two-tailed unless otherwise specified. Listener sex

was evaluated as a factor in all comparisons reported below

and found to be non-significant in all cases.

III. EXPERIMENT 1: AM DETECTION FOR A
PURE-TONE CARRIER WITH AND WITHOUT
AN OFF-FREQUENCY MODULATION MASKER

A. Methods

Listeners were 25 children between 5.3 and 11.1 years

of age (mean of 7.6 years, 11 female), and 16 adults between

19.5 and 21.1 years of age (mean of 22.7 years, 12 female).

Two additional children (5.2 and 10.6 years) were excluded

based on their inability to detect AM even in the absence of

a masker; this atypical result could reflect failure to under-

stand the task or poor motivation.

The task was to detect sinusoidal AM on a 4300-Hz

pure-tone carrier with AM rates of either 16, 64 or 256 Hz.

The decision to concentrate on rates of 16 Hz and above rep-

resents a compromise between competing considerations: (1)

the importance of low-rate envelope cues for speech percep-

tion (Drullman et al., 1994b; Shannon et al., 1995), (2) the

need to avoid very low rates to allow effective estimates of

modulation tuning and avoid effects related to a small num-

ber of AM periods (Sheft and Yost, 1990), (3) the contribu-

tion of high-rate envelope cues for speech perception (Stone

et al., 2008), and (4) the need to avoid introducing spectral

cues associated with resolved sidebands (Stellmack et al.,
2005). The target tone was gated on for 500 ms, including

50-ms raised-cosine ramps. Thresholds were measured at all

three AM rates without an off-frequency modulation masker.

In addition, thresholds for 16-Hz AM were measured in the

presence of a 1000-Hz masker tone that was sinusoidally

modulated at 16 Hz with a modulation depth of 50%. That

off-frequency masker was either continuous, or it was gated

synchronously with the target. The target and the masker,

when present, each had a level of 65 dB sound pressure level

(SPL). The target modulation phase was randomly selected

from a uniform distribution (0–2p) prior to each trial. The

starting phase of the masker AM was randomly selected at

the outset of a threshold estimation track. In addition to the

tonal carriers, there was a continuous noise, lowpass filtered

at 600 Hz (fourth-order biquad) and presented at 40-dB spec-

trum level in all conditions. The purpose of this noise was to

prevent AM detection based on low-frequency distortions.

Most listeners took two 1-h sessions to complete this

experiment, although some of the youngest children required a

third session. Testing began for AM detection either with or

without the off-frequency modulation masker. All conditions

of this type were completed in quasi-random order before

moving on to conditions of the other type. Due to the maxi-

mum target modulation depth of 100%, thresholds underesti-

mated the level associated with 71% correct for some listeners

in the more difficult listening conditions.2

B. Results and discussion

Analysis of the results focuses on two main questions.

First, how does detection of AM on a pure-tone carrier depend

on AM rate and listener age? Second, how does the introduc-

tion of an off-frequency masker affect AM detection?

1. Detection of AM as a function of AM rate

Figure 1 shows results in the three conditions without an

off-frequency modulation masker for individual listeners,

shown separately for target AM rates of 16, 64, and 256 Hz.

Thresholds for child listeners are plotted as a function of age,

and the distribution of thresholds for adults is shown at the

right of each panel. Thresholds tended to improve as a func-

tion of child age. That trend was significant for the 256-Hz

rate (r¼�0.42, p¼ 0.037) and the 64-Hz rate (r¼�0.41,

p¼ 0.040), but not for the 16-Hz rate (r¼�0.17, p¼ 0.174).

Child data for these three conditions were analyzed using a lin-

ear mixed model with factors age and target AM rate. There

was a significant effect of target AM rate (F2,46¼ 4.84,

p¼ 0.012). The effect of age (F1,23¼ 0.65, p¼ 0.429) and the

interaction between age and target AM rate (F2,46¼ 1.57,

p¼ 0.218) were not significant.

Although effects of child age for AM detection without

an off-frequency modulation masker were weak and non-

significant when evaluated in a single model, effects of

development were significant in the analysis of group data.

A linear mixed model comparing AM detection thresholds

for children and adults, with factors age group and target

AM rate, resulted in a main effect of target AM rate

(F2,78¼ 5.97, p¼ 0.004), a non-significant trend for a main

effect of age group (F1,39¼ 3.39, p¼ 0.073), and a signifi-

cant interaction between target AM rate and age group
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(F2,78¼ 3.27, p¼ 0.043). This interaction remained signifi-

cant when either the 64-Hz or 256-Hz data were removed

from the model (p � 0.043) but not when 16-Hz data were

removed from the model (p¼ 0.901). This indicates that the

rate-by-group interaction in the full model was driven pri-

marily by the fact that the child-adult difference was smaller

for 16-Hz AM detection (mean¼ 2.7 dB) than for 64-Hz

(mean¼ 5.8 dB) and 256-Hz AM detection (mean¼ 5.6 dB).

One possible explanation for children’s relatively adult-

like sensitivity to 16-Hz AM without an off-frequency mod-

ulation masker is that some children had prior experience

with 16-Hz AM detection in the context of the masked AM

conditions. This possibility is not supported by the data,

however. Including condition order in the linear model eval-

uating performance by child age (masked conditions before

vs after no-masker conditions) did not yield a significant

effect (F1,22< 0.01, p¼ 0.964). Another possibility is that

variability in adult’s 16-Hz AM thresholds reduced the

child-adult difference.

The observation of relatively mature detection of 16-Hz

AM is consistent with the results of Buss et al. (2013). In

that study, AM detection thresholds were measured for

16-Hz sinusoidal AM carried on a 1000-Hz pure tone that

was presented at either 35 or 75 dB SPL. The carrier tone

was continuous, and AM was present in one of three listen-

ing intervals. Thresholds for 71% correct were approxi-

mately 10 dB better at 75 than 35 dB SPL, and that level

effect was not different for children and adults. As in the pre-

sent study, improvement in thresholds between 5.4 and

9.5 years of age was not significant, but there was a signifi-

cant difference between thresholds for children and adults.

Based on line fits to the published data, the child-adult dif-

ferences at 5 years of age were 5.3 dB (35 dB SPL) and

4.0 dB (75 dB SPL). These results are consistent with the

child-adult difference of 4.2 dB for 16-Hz AM detection

with a 65-dB-SPL stimulus in the present experiment.

One motivation for measuring AM detection for a pure-

tone carrier without an off-frequency modulation masker

was to evaluate temporal resolution in the absence of modu-

lation masking. Hall and Grose (1994) used a bandpass noise

carrier to evaluate AM detection thresholds at 5, 20, 100,

150, and 200 Hz. Thresholds were higher for children than

adults overall, but that difference did not depend on the AM

rate. Across modulation rates, the child-adult difference was

approximately 4.0–5.9 dB for 4 - to 5-year-olds and

1.7–2.0 dB for 9 - to 10-year-olds. The present study also

found a child-adult difference in overall sensitivity to AM

with a pure-tone carrier, but in contrast to the noise-carrier

TMTF, there was evidence of a rate-by-age interaction with

the pure-tone carrier. The child-adult difference for 16-Hz

AM detection (4.2 dB at 5 years) was similar to that observed

by Hall and Grose (1994) with a noise carrier, but the child-

adult difference for 64 - and 256-Hz AM detection (10.5 and

9.5 dB, respectively, at 5 years) was larger than that observed

previously. These results are consistent with the conclusion

that developmental effects for AM detection with a pure-

tone carrier are more pronounced at 64 and 256 Hz than at

16 Hz. This possibility contrasts with the conclusions of a

recent study by Cabrera et al. (2017). That study measured

detection of AM at rates of 4, 8, and 32 Hz applied to a

1000-Hz pure-tone carrier, and found consistent child-adult

differences irrespective of AM rate. One possibility is that

development of temporal resolution is more evident at higher

rates of AM (64 and 256 Hz) than lower rates (up to 32 Hz).

There is some indication in the literature that different

cues underlie adults’ low- and high-rate AM detection. For

example, Wright and Dai (1998) tested adults’ ability to

detect AM at expected and unexpected rates, and they found

that the prior expectation was more beneficial for low-rate

than high-rate AM detection. This result was explained in

terms of the different cues used by adults to detect AM at

different rates: fluctuation in loudness for rates below 20 Hz

and roughness or pitch for higher rates. They further argued

that roughness is a more perceptually salient stimulus feature

for adults than low-rate level fluctuation. The finding of a

marked developmental effect for 64 - and 256-Hz AM, but

not 16-Hz AM, is consistent with more pronounced matura-

tion in the ability to use the roughness cue than the level

fluctuation cue for AM detection.

The distinction between loudness fluctuation and rough-

ness cues is reminiscent of the distinction between template

matching (Dau et al., 1997a,b) and envelope power (Ewert

and Dau, 2000), two decision statistics used in current

FIG. 1. Thresholds for detecting AM on a pure-tone carrier presented with-

out an off-frequency modulation masker. Results for child listeners are plot-

ted as a function of age. Solid lines indicate significant correlations between

thresholds and child age, and the dotted line indicates a linear trend that

failed to reach significance. The distribution of thresholds for adult listeners

is shown at the far right of each panel. Horizontal lines indicate the median,

boxes span the 25th–75th percentiles, and vertical lines span the 10th–90th

percentiles.
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implementations of the AM filterbank model. In the

perception model, the decision module computes the cross

correlation between the internal representation of the current

stimulus and an internal template stored in memory. This

implementation of the model is successful at predicting low-

rate AM detection thresholds (<5–10 Hz), provided that

envelope phase is preserved at the output of modulation fil-

ters. In the envelope power spectrum model, the decision

module computes the long-term envelope power at the out-

put of modulation filters, discarding envelope phase informa-

tion. This model is successful at predicting AM detection

thresholds for rates above 5–10 Hz. The present results may

therefore reflect distinct maturation of decision mechanisms

operating on slow and fast envelope cues and, more specula-

tively, the development of temporal integration capacities.

One caveat is that 16-Hz AM, the lowest rate tested in the

present experiment, is higher than the range of rates thought

to be better characterized by the template cue than the enve-

lope power cue.

2. Detection of AM with off-frequency modulation
maskers

Overall, thresholds for the continuous off-frequency modula-

tion masker were similar to those measured without an off-

frequency masker. This association is shown in Fig. 2. Analyzing

data for children and adults separately, the correlation between

16-Hz AM thresholds with and without the continuous modula-

tion masker was r¼ 0.81 (p< 0.001) in both cases. Thresholds

were not significantly higher with than without the off-frequency

masker for either children (mean¼ 0.69, t24¼ 1.15, p¼ 0.261) or

adults (mean¼ 0.15, t15¼ 0.21, p¼ 0.840). This indicates that

there was essentially no modulation masking in the continuous

off-frequency masker condition.

Figure 3 shows 16-Hz AM detection thresholds mea-

sured with the continuous and gated off-frequency modula-

tion maskers (top and middle panels, respectively), and the

difference between thresholds in these two conditions (bot-

tom panel). In the child data, thresholds improved with

increasing age for the gated masker (r¼�0.45, p¼ 0.025)

but not for the continuous masker (r¼�0.04, p¼ 0.849).

The child data for these two conditions were evaluated in a

linear mixed model with factors age and stimulus condition.

There was a significant effect of condition (F1,23¼ 13.53,

p¼ 0.001), no main effect of age (F1,23¼ 0.06, p¼ 0.816),

and a non-significant trend for an interaction between condi-

tion and age (F1,23¼ 3.16, p¼ 0.089). An analysis of group

data for children and adults indicated a main effect of condi-

tion (F1,39¼ 178.06, p< 0.001), a non-significant trend for a

main effect of age group (F1,39¼ 3.62, p¼ 0.064), and a sig-

nificant interaction between condition and age group

(F1,39¼ 12.48, p¼ 0.001). This interaction reflects the fact

that the child-adult difference was smaller for the continuous

masker (mean¼ 3.3 dB; t39¼ 1.87, p¼ 0.068) than for the

gated masker (mean¼ 8.5 dB; t39¼ 5.05, p< 0.001). The

interaction between condition and age is illustrated in the

bottom panel of Fig. 3, which shows a larger difference

between conditions for children than adults. Based on line

fits, the magnitude of this child-adult difference was 8.7 dB

for 5-year-olds, although this value is likely to be an under-

estimate due to ceiling effects in the gated off-frequency

masker condition.

For both age groups, effects of the off-frequency masker

depended on whether it was continuous or gated on and off

with the target. When the masker was continuous, neither

children nor adults experienced masking. A difference between

FIG. 2. Thresholds for detecting 16-Hz AM with a continuous off-frequency

modulation masker, plotted as a function of the associated 16-Hz AM

threshold measured with no modulation masker. Filled symbols indicate

data for adults, and open symbols indicate data for children. The diagonal

line indicates a perfect match.

FIG. 3. Results obtained with the off-frequency modulation masker.

Thresholds are plotted for individual listeners tested with the continuous

masker (top) and the gated masker (middle), and differences between thresh-

olds in these two conditions are shown (bottom). Plotting conventions fol-

low those of Fig. 1.
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results obtained with continuous and gated off-frequency

maskers is often interpreted as reflecting auditory stream

segregation. Whereas synchronous gating tends to promote

fusion of the target and masker into a single auditory object

(Shamma et al., 2011), target onset in the context of a con-

tinuous masker facilitates segregation and auditory attention

to the target frequency (Oxenham and Dau, 2001). The

mechanism of this benefit could be related to the exogenous

attention capture associated with onsets or to adaptation to

the masker stimulus (Jonides and Yantis, 1988; Dalton and

Lavie, 2007). Most previous data from adults indicate some

residual masking when the target is gated and the masker is

continuous (Hall and Grose, 1991; Moore and Shailer,

1992; Oxenham and Dau, 2001), although there is precedent

in the literature for elimination of off-frequency modulation

masking using a sequential streaming manipulation

(Oxenham and Dau, 2001). The finding that neither children

nor adults exhibited masking in the continuous masker con-

dition suggests that children are able to use gating asyn-

chrony as a segregation cue to a similar degree as adults, an

ability that has been observed in other developmental data-

sets (Leibold and Neff, 2007).

In contrast to the continuous masker, the gated off-

frequency masker did elevate thresholds relative to the

unmasked case for listeners of all ages. Threshold elevation

associated with introducing the gated masker was more pro-

nounced for younger children than for older children and

adults. For adults, the average difference between thresholds

with the gated and continuous off-frequency maskers was

7.1 dB. This is similar to the effect of 6–11 dB previously

reported for adults for low-rate AM detection in the presence

of a synchronously gated off-frequency masker (Yost et al.,
1989; Hall and Grose, 1991). Modulation masking for 5-

year-olds was estimated to be at least twice that observed for

adults. The finding that young children are more susceptible

to off-frequency modulation masking than adults is consis-

tent with results of other paradigms showing that the ability

to listen in a frequency-selective manner develops with age

(Werner and Bargones, 1991; Leibold and Neff, 2011;

Leibold and Buss, 2016; Youngdahl et al., 2018). Greater

modulation masking in the gated off-frequency masker con-

dition for children than adults likely reflects children’s

reduced ability to segregate and selectively attend to the tar-

get frequency under these conditions.

Although young children are more susceptible to off-

frequency modulation masking than older children and

adults, it is unlikely that this result explains the finding of an

age-by-rate interaction for AM detection with a tone carrier

(present dataset) but not a noise carrier (Hall and Grose,

1994). In contrast to the case of a target tone with an off-

frequency masker, focusing auditory attention on a restricted

carrier frequency is not an effective strategy for reducing

masking when both the target and inherent masker modula-

tion occur in the same carrier frequency regions. Thus,

on-frequency modulation masking is more likely than off-

frequency modulation masking to play a role in the noise-

carrier TMTF result. On-frequency masking with a noise

carrier is the topic of the second experiment.

IV. EXPERIMENT 2: AM DETECTION FOR A NOISE
CARRIER WITH AND WITHOUT AN ON-FREQUENCY
MODULATION MASKER

For adults, differences between TMTFs measured with

noise carriers and pure-tone carriers have been attributed to

modulation masking, which is associated with inherent fluc-

tuation of the noise (Dau et al., 1997a,b; Dau et al., 1999). It

is unclear what role modulation masking plays in the noise-

carrier TMTF measured for school-age children, however, in

part because modulation masking in this age group is poorly

understood. The second experiment therefore evaluated on-

frequency modulation masking and tuning to modulation

masking in children and adults. Target modulation rates of

16 Hz and 64 Hz were examined, based on the observation in

experiment 1 of differential developmental effects for these

two rates with a pure-tone carrier. This experiment was mod-

eled after Ewert and Dau (2000). In that study, adults detected

sinusoidal AM carried on a band of noise. Masker AM was

imposed via multiplication with a raised narrowband noise

sample, and the overlap between the spectral content of target

and masker AM was manipulated parametrically.

For adults, modulation masking is sensitive to the spec-

tral similarity between target and masker AM with maximal

masking for spectrally overlapping target and masker AM,

and reduced masking when the modulation spectra differ

(Ewert and Dau, 2000). This result is described as tuning to

AM rate. One general prediction is that children should per-

form more poorly than adults overall, consistent with previ-

ous evidence of reduced efficiency in children. A second

prediction is that children have broader tuning to modulation

rate than adults. We know that young children are less adept

than adults at selectively attending to the auditory filter asso-

ciated with the target carrier frequency (Leibold and Buss,

2016). It is possible that selectively monitoring the modula-

tion filter associated with the target AM relies on the same

underlying abilities.

A. Methods

Different groups of listeners were recruited for the 16 -

and 64-Hz AM detection tasks. The first group comprised 20

children between 5.2 and 11.5 years of age (mean of

8.0 years, 8 female) and 10 adults between 22.1 and

42.5 years of age (mean of 27.8 years, 6 female). The second

group comprised 23 children between 4.7 and 10.4 years of

age (mean of 7.5 years, 17 female) and 8 adults between

20.0 and 44.4 years of age (mean of 28.4 years, 6 female).

The task was to detect sinusoidal AM imposed on a

Gaussian noise carrier that was bandpass filtered using a first-

order biquad filter. At the 10-dB-down points, this band

spanned 1000–5000 Hz for 16-Hz AM detection and

2500–5500 Hz for 64-Hz AM detection. A higher-frequency

carrier was used for the higher target rate to guard against spec-

tral cues associated with AM. The stimulus was played contin-

uously at 65 dB SPL. Target AM, when present, was 600 ms in

duration, including 200-ms raised-cosine ramps. Thresholds

were measured with and without continuous on-frequency

masker AM. The masker AM, when present, was generated via

multiplication with a raised band of low-fluctuation noise. For
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the 16-Hz AM target, this band was 5.6 Hz wide, and it was

centered on 6.3, 16, or 40.3 Hz. For the 64-Hz AM target, this

band was 22.3 Hz wide, and it was centered on 25.4, 64, or

161.3 Hz. The resulting patterns of masker AM had nominal

rates 1.33 oct below the target AM rate, at the target AM rate,

or 1.33 oct above the target AM rate. Low-fluctuation noise

bands were generated using an iterative procedure, whereby

the time waveform was divided by its Hilbert envelope and

restricted to its original bandwidth in the frequency domain, a

process that was repeated eight times. A new 21-s noise sample

was generated prior to each threshold estimation track for

which masker modulation was present.

The method for estimating the AM detection threshold

was modified from that used by Ewert and Dau (2000). In that

study, masker AM depth was fixed, and target AM depth was

adaptively varied. In the present study, the overall AM depth

was fixed, and the signal-to-noise ratio (SNR) of the target

AM depth and masker AM depth was adaptively varied. The

rationale for this change was that the poorest-performing

children might struggle to detect 100% target AM in the con-

text of masker AM. To avoid ceiling effects, the combined tar-

get and masker AM was fixed at �7 dB relative to 100% AM

depth.3 Setting the combined AM depth below 0 dB guards

against overmodulation. Changes in masker AM depth were

implemented between trials and smoothed over 500 ms. The

target was 16 - or 64-Hz sinusoidal AM, imposed via multipli-

cation with the noise carrier or the product of the noise carrier

and masker AM envelope. The target and masker envelope

functions were each scaled by 1þm2/2 prior to multiplication

with the carrier in order to prevent changes in presentation

level with changes in AM depth.

B. Results

Analyses of results focused on two main questions.

First, how does AM detection with a noise carrier compare

with the pure-tone AM detection observed in experiment 1?

Second, does modulation masking differentially affect

children and adults?

1. Detection of AM without added masker AM

Thresholds without an AM masker are plotted for individ-

ual listeners in Fig. 4 with 64-Hz AM thresholds shown in the

top panel and 16-Hz AM thresholds in the bottom panel. Data

for child listeners are plotted as a function of age at the left,

and the distribution of thresholds for adult listeners is plotted

at the right in each panel. There was a correlation between

threshold and child age for the 64-Hz AM (r¼�0.55,

p¼ 0.007) but not for the 16-Hz AM (r¼ 0.05, p¼ 0.842). A

linear mixed model, including child age and target AM rate,

indicated an effect of target rate (F1,39¼ 59.80, p< 0.001), no

effect of age (F1,39¼ 0.05, p¼ 0.826), and a non-significant

trend for an interaction between age and rate (F1,39¼ 3.49,

p¼ 0.069). There was a significant difference between thresh-

olds for children and adults for both 64-Hz AM (t29¼ 3.88,

p< 0.001) and 16-Hz AM (t28¼ 3.39, p¼ 0.002).

For adults, 16-Hz AM detection thresholds with the

noise carrier were not significantly different from the mean

value observed with a pure-tone carrier in experiment 1

(�21.0 vs �22.2 dB; t20.6¼ 0.90. p¼ 0.381), but thresholds

were significantly higher for the noise than the pure-tone

carrier at the 64-Hz rate (�17.1 vs �25.5; t14.9¼ 8.61,

p< 0.001). This result is consistent with significant modula-

tion masking for 64-Hz AM detection even in the absence of

additional masker AM.

One question of interest is whether the modulation

masking seen for adults at 64 Hz was also seen for children.

Comparing line fits to child data, the difference between

thresholds with the pure-tone and noise carriers rose from

2.9 dB at 5 years to 8.8 dB at 11 years of age. However, the

interaction between age and carrier type did not reach signif-

icance in a linear model of 64-Hz AM detection in children

(F1,44¼ 1.86, p¼ 0.180). If this data pattern is reliable, then

it could reflect reduced effects of modulation masking due to

immature temporal resolution or higher levels of internal

noise. By this account, young children’s reduced sensitivity

to AM in the region of 64 Hz would make them less suscepti-

ble to modulation masking. Regardless, results of the present

experiment are inconsistent with the hypothesis that younger

children are more susceptible to on-frequency modulation

masking than older children and adults.

2. Detection of AM with on-frequency masker AM

Figure 5 shows results for individual listeners in condi-

tions incorporating masker AM. In all six conditions, there

was a trend for thresholds to improve as a function of child

age with correlations ranging between r¼�0.55 (p¼ 0.011;

64-Hz target and 25.4-Hz masker) and r¼�0.16 (p¼ 0.507;

16-Hz target and 40.3-Hz masker). A linear mixed model

was fitted to child data, including factors child age, target

AM rate, and relative masker AM (below, at, or above the

target AM rate). A model without interactions indicated sig-

nificant effects of all three factors, including age (p¼ 0.018).

A model that included two- and three-way interactions indi-

cated significant effects of target AM rate (F1,39¼ 8.21,

FIG. 4. Thresholds for detecting 64-Hz AM (top) or 16-Hz AM (bottom),

carried on a bandpass noise without additional AM masking applied.

Plotting conventions follow those of Fig. 1.
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p¼ 0.007) and relative masker AM rate (F2,78¼ 38.96,

p< 0.001) and a significant interaction between target AM

rate and relative masker AM rate (F2,78¼ 15.10, p< 0.001);

however, there was no significant effect of age or interaction

with age (p� 0.586). Repeating this analysis for thresholds

from both adults and children, with age as a group variable,

there was a significant effect of age group (F1,57¼ 8.89,

p¼ 0.004), a significant effect of relative masker AM rate

(F2,114¼ 37.72, p< 0.001), and a significant interaction

between target AM rate and relative masker AM rate

(F2,114¼ 11.81, p< 0.001). Of particular importance here,

none of the interactions with age group were significant

(p� 0.112). The main effect of age group is consistent with

reduced efficiency in children compared to adults. The effect

of relative masker AM rate and the lack of an interaction

with age indicates consistent tuning to masker AM rate.

Thresholds of Ewert and Dau (2000) cannot be directly

compared to those collected in experiment 2 because the

published study adaptively varied target AM depth, and the

present study varied the target-to-masker ratio. However,

the general pattern of results can be compared. In Ewert and

Dau (2000), thresholds improved as the masker AM rate

deviated from the target AM rate, but threshold improve-

ments for equal deviations on a log scale were larger for

16-Hz than 64-Hz target AM. Comparing thresholds for

deviations of 61.33 oct, the deviations used in the present

study, thresholds improved by means of 9.2 dB for the 16-Hz

AM target and 4.4 dB for the 64-Hz AM target. For both tar-

get AM rates, the benefit of moving the masker rate away

from the target rate was smaller for masker AM below the

target AM rate than above the target AM rate. For the 16-Hz

target AM in the present study, thresholds were lower for

masker AM rates below and above the target rate, with dif-

ferences of 5.2 and 6.2 dB, respectively. In contrast, there

was considerable asymmetry in the effect observed for 64-

Hz target AM. Compared to 64-Hz masker AM, thresholds

improved by 6.7 dB when masker AM was above the target

AM rate, but no benefit was observed when the masker AM

was below the target rate. While it is unclear how to explain

a failure to benefit from offsetting the masker AM by �1.33

oct, asymmetry of a comparable magnitude is evident for a

target-masker AM separation of 0.66 oct in the data of Ewert

and Dau (2000).

V. GENERAL DISCUSSION

The two experiments reported here evaluated different

aspects of AM detection and modulation masking for

normal-hearing school-age children and adults. The first

experiment measured detection thresholds for three different

rates of sinusoidal AM carried on a 4300-Hz pure tone.

Children performed more poorly than adults overall, and the

child-adult difference was larger for 64- and 256-Hz AM

than for 16-Hz AM. This finding suggests children may have

poorer temporal resolution for high-rate AM than adults.

Failure to observe a rate-by-age interaction in the noise-

carrier TMTF paradigm (Hall and Grose, 1994) could be due

to modulation masking. The first experiment also showed

that an off-frequency masker, which was gated on and off

with the target tone, elevated AM thresholds more for youn-

ger children than for older children and adults; none of the

groups experienced masking when the off-frequency masker

was played continuously. A child-adult difference with the

gated masker but not with the continuous masker implicates

a failure of auditory stream segregation, a failure of selective

attention in children’s susceptibility to off-frequency modu-

lation masking, or a combination of these factors. The sec-

ond experiment assessed the effects of on-frequency

modulation masking. That dataset provided evidence of a

modest child-adult difference in all conditions, including

those with and without masker modulation. However, there

was no evidence of a child-adult difference in rate tuning or

greater susceptibility to on-frequency modulation masking

for children. In fact, there was a non-significant trend in the

opposite direction—for less modulation masking in children

than adults.

FIG. 5. Thresholds for detecting 64-Hz AM (top) or 16-Hz AM (bottom) carried by a bandpass noise in dB SNR relative to masker AM with a fixed overall

AM depth of �7 dB. Data are shown separately for masker modulation rates below the target rate (left), at the target rate (center), and above the target rate

(right). Values in the upper right of each panel indicate the nominal masker AM rate. Plotting conventions within each panel follow those of Fig. 1.
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Previous data for adults show that whereas noise-carrier

TMTFs begin to roll off at 50 Hz, tone-carrier TMTFs begin

to roll off at 100–130 Hz. This difference in shape implies

that modulation masking has a greater effect for AM at rates

of 50 Hz and above. The previous finding of no age effect in

the shape of the noise TMTF could therefore be due to mod-

ulation masking obscuring group differences in temporal res-

olution at 50-Hz AM and above. This possibility is

undermined somewhat by the observation in experiment 2 of

a non-significant trend for an age effect for 64-Hz AM detec-

tion but not 16-Hz AM detection with a noise carrier.

Although on- and off-frequency modulation masking

were evaluated using different paradigms in the present

report, it is unlikely that these differences are responsible for

the different results. The masker AM was sinusoidal in

experiment 1, but it was a bandpass noise in experiment 2.

While previous studies of off-frequency modulation masking

have typically used sinusoidal AM maskers (Hall and Grose,

1991; Moore and Shailer, 1992), similar results are obtained

when masker envelopes are raised noise samples (Mendoza

et al., 1995; Oxenham and Dau, 2001). Another difference

between experiments is the gating applied to the target car-

rier: the carrier was gated in experiment 1 but continuous in

experiment 2. Oxenham and Dau (2001) showed that off-

frequency modulation masking could be demonstrated with

a continuous carrier, and there is no reason to expect a gating

effect for on-frequency modulation masking.

It has been proposed that speech-in-noise recognition in

adults may be affected by both on-frequency (Stone et al.,
2011; Stone et al., 2012; Stone and Moore, 2014) and off-

frequency modulation masking (Apoux and Bacon, 2008).

This has led to speculation that susceptibility to modulation

masking in children could play a role in the child-adult dif-

ference observed for speech in noise (Buss et al., 2018). In

the present study, there was evidence of a child-adult differ-

ence for 16-Hz AM detection with an off-frequency masker

(experiment 1) but not with an on-frequency masker (experi-

ment 2). While there could be some effect of off-frequency

masking for speech in noise, this effect is likely to be small

for two reasons. First, the target AM associated with the

speech signal occurs in frequency channels that also repre-

sent inherent noise fluctuation (masker AM), so selective

attention to a particular frequency region would not elimi-

nate modulation masking. Second, it has been argued that

both children and adults are able to segregate speech from a

noise masker (Freyman et al., 1999; Leibold et al., 2016). If

segregation of the target and masker substantially reduces or

eliminates off-frequency modulation masking for both

children and adults, then we would not expect off-frequency

modulation masking to play an important role in speech-in-

noise recognition. In contrast to speech recognition in a

noise masker, auditory stream segregation is a challenge for

both children and adults for speech in a speech masker

(Leibold et al., 2016; Corbin et al., 2017). One question for

future research is whether off-frequency modulation mask-

ing plays a role in the marked child-adult difference

observed for speech-in-speech recognition.

Results of a recent study designed to evaluate the effect

of modulation masking for speech in noise recognition by

children and adults failed to find support for the idea that

modulation masking is responsible for the child-adult differ-

ence for speech-in-noise recognition. Buss et al. (2018) mea-

sured masked sentence recognition for narrow bands of

speech masked by either spectrally overlapping bands of

noise or pure tones centered on each speech band. As previ-

ously observed by Stone et al. (2012), adults’ thresholds

were lower for the multi-tone masker than for the multi-

noise-band masker. This difference has been interpreted as

reflecting the modulation masking associated with inherent

AM of the noise bands. If children experience more modula-

tion masking than adults, then the child-adult difference

should be larger for the multi-noise-band masker than the

multi-tone masker. However, the opposite effect was

observed—there were smaller child-adult differences for the

multi-noise-band than for the multi-tone masker.

Buss et al. (2018) argued that the large child-adult dif-

ference for the multi-tone masker reflects children’s reduced

ability to selectively attend to the frequency regions associ-

ated with the best SNR. This effect would be seen in the

multi-tone but not the multi-noise-band masker conditions

due to the greater differences in SNR across frequency in the

former than the latter condition. This interpretation—in

terms of the ability to selectively attend to the most informa-

tive frequency regions—is consistent with the data on chil-

dren and adults in the off-frequency modulation masking

paradigm (experiment 1). The most parsimonious explana-

tion for both results is that segregation and selective atten-

tion to the target, not on-frequency modulation masking,

limit children’s performance.

While modulation masking may not play an important

role in the child-adult difference for speech-in-noise recogni-

tion, results obtained for AM detection without an off-

frequency masker indicate that temporal resolution could be

an important factor. Low- and high-rate AM provide differ-

ent types of speech information (Rosen, 1992): envelope

cues between 2 and 50 Hz reflect movement of the articula-

tors, whereas periodicity cues in the range of 50–500 Hz con-

vey information about voicing and voice pitch. Speech can

be recognized in quiet based on low-rate AM cues

(Drullman et al., 1994b; Shannon et al., 1995) and associ-

ated temporal fine-structure cues (Shamma and Lorenzi,

2013). However, higher-rate cues become more important

when maskers are present, particularly complex maskers like

speech (Qin and Oxenham, 2003, 2005; Stone et al., 2008).

This suggests that the effects of temporal resolution on

speech perception in children could depend on the character-

istics of the masker. Children may be at a disadvantage

under challenging listening conditions due to the increased

importance of high-rate cues, the very cues that they are less

adept than adults at using. For example, a recent study by

Flaherty et al. (2018) reported that whereas adults benefit

from an F0 difference between the target and masker speech,

young children derive little or no benefit from F0 mis-

matches. One possible factor contributing to this result is

that children’s limited temporal resolution for high-rate

envelope cues interferes with their ability to utilize segrega-

tion cues based on differences in voice F0.
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