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To extract meaningful information from complex auditory scenes like a noisy playground, rock concert, or class- 

room, children can direct attention to different sound streams. One means of accomplishing this might be to 

align neural activity with the temporal structure of a target stream, such as a specific talker or melody. However, 

this may be more difficult for children with ADHD, who can struggle with accurately perceiving and producing 

temporal intervals. In this EEG study, we found that school-aged children’s attention to one of two temporally- 

interleaved isochronous tone ’melodies’ was linked to an increase in phase-locking at the melody’s rate, and a 

shift in neural phase that aligned the neural responses with the attended tone stream. Children’s attention task 

performance and neural phase alignment with the attended melody were linked to performance on temporal 

production tasks, suggesting that children with more robust control over motor timing were better able to direct 

attention to the time points associated with the target melody. Finally, we found that although children with 

ADHD performed less accurately on the tonal attention task than typically developing children, they showed the 

same degree of attentional modulation of phase locking and neural phase shifts, suggesting that children with 

ADHD may have difficulty with attentional engagement rather than attentional selection. 
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. Introduction 

Auditory environments are complex, with listeners often faced with 

he difficult task of maintaining focus on relevant auditory streams while 

ltering out distracting ones. This problem requires listeners to make 

se of acoustic information distinguishing the target stream from the 

istractors. For example, if the target and distractors are temporally 

redictable, the listener could focus attention on upcoming time points 

hat are likely to contain target sounds but not distractors ( Nobre and 

an Ede 2018 ). The viability of this strategy is supported by prior re-

earch on speech perception in complex environments. For example, 

emporal predictability decreases thresholds for speech perception in 

oise ( Gatehouse and Akeroyd 2008 ; Kitterick et al. 2010 ), and when

peakers produce speech in the presence of competing speech, they will 

odify their timing to minimize temporal overlap with the background 

 Cooke and Lu 2010 ). 

Sustained auditory selective attention is a complex skill that 

an draw upon multiple component mechanisms —for example, both 

pectrally-selective attention and temporally-selective attention could 

e used to select a target stream. Unfortunately, these mechanisms are 

ifficult to isolate in speech, due to the complexity of the signal. Here we
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053-8119/© 2020 Published by Elsevier Inc. This is an open access article under th
ocus on investigating sustained selective attention to tone ’melodies’ in 

ypically-developing children and children with ADHD. The use of non- 

erbal stimuli allows us to maximize the utility of a temporally-selective 

trategy by separating the sequences in time, while minimizing the util- 

ty of a spectrally-selective strategy by moving the sequences close to- 

ether in frequency. 

How, then, do listeners make use of temporal patterns when sus- 

aining selective attention to temporally structured sound streams 

ike music or speech? One possibility is that neural activity syn- 

hronizes to low-frequency fluctuations in the amplitude of the 

ttended stream. Prior EEG research has demonstrated that low- 

requency neural activity phase-locks to the temporal structure of 

on-verbal auditory stimuli ( Nozaradan et al. 2011 , 2012 , 2016 ; 

ierney and Kraus 2014 ; Doelling and Poeppel 2015 ; Cirelli et al. 2016 ;

arding et al. 2019 ), and that manipulating the perceived temporal 

tructure of rhythmically ambiguous stimuli can modulate neural en- 

rainment ( Nozaradan et al. 2011 ). These results are also consistent 

ith theories of neural oscillators resonating to the temporal structure 

f sound sequences as attention to time waxes and wanes ( Large and 

ones 1999 , Large 2008 ), although they could also reflect other neural 

echanisms, such as attention-driven enhancement of exogenous neural 

esponses. (See the distinction between neural entrainment in a broad 
mber 2020 
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t

ersus narrow sense introduced by Obleser and Kayser 2019 ; our pro- 

osal here would fall under broad entrainment). Here we tested the pre- 

iction that selective attention to tonal melodies is linked to increased 

eural entrainment to the attended melody. We presented participants 

ith two tone streams, asking them to attend to one or the other, or to sit

assively. These tone streams were presented 180 degrees out of phase, 

uch that when a tone was present in one stream, silence was presented 

n the other. We measured neural entrainment in two convergent ways: 

rst, we predicted that inter-trial phase consistency at the frequency of 

one presentation within an individual melody would be greater when 

articipants were asked to attend to one of the two melodies, compared 

o a passive condition in which they were asked to simply sit quietly.

econd, we predicted that average neural phase at this frequency would 

e shifted when participants were asked to attend to the higher versus 

he lower stream, since the two streams themselves were 180 degrees 

ut of phase. We further tested whether better task performance was 

inked to stronger inter-trial phase coherence and average neural phase. 

Perception of temporal structure has been linked to increased acti- 

ation in sub-cortical and cortical motor regions, including the basal 

anglia, left inferior frontal gyrus, and supplementary motor area 

 Grahn and Brett 2007 ; Grahn and Schuit 2012 ; Kung et al. 2013 ).

oreover, neural entrainment to temporal structure is diminished in 

atients with basal ganglia lesions ( Nozaradan et al. 2017 ). Integrating 

hese findings, Patel and Iversen (2014) suggested that during percep- 

ion of temporal structure, auditory timing information is sent to motor 

lanning regions, which predict the timing of upcoming sound onsets. 

etection of temporal regularities in speech has also been linked to a 

imilar network of motor regions, including the basal ganglia, left infe- 

ior frontal gyrus, and supplementary motor area ( Kotz and Schwartze 

010 ; Rothermich and Kotz 2013 ), suggesting that perception of tem- 

oral patterns in speech and non-verbal stimuli may draw upon over- 

apping resources ( Ravignani et al. 2017 ; Kotz et al. 2018 ). If sustained

elective attention to melodies and speech does draw upon temporal 

rocessing, then participants with more precise motor production and 

uditory-motor integration may perform better on musical selective at- 

ention and speech-in-speech perception tasks and show greater neural 

ntrainment to attended sequences. Here we tested this hypothesis by 

sking participants to complete a temporal production battery that in- 

luded self-paced, synchronization, and rhythm memory tests. We then 

nvestigated whether performance in these temporal production tasks 

as linked to attentional modulation of neural entrainment, auditory 

elective attention performance, and speech-in-speech perception. 

Although speech and music differ acoustically in many ways, on 

n abstract level the demands of a cocktail party and a concert hall 

re similar: both situations require listeners to track the spectral and 

emporal characteristics of auditory streams in order to maintain focus 

n the target signal. This provides one possible explanation for reports 

hat musical training is linked to enhanced speech-in-noise perception 

 Coffey et al. 2017 ): both sustained attention to tone melodies (a process

elevant to ecologically valid music listening) and speech perception in 

eal-world environments may draw upon auditory selective attention. 

e tested this hypothesis by investigating whether participants who 

emonstrate better attention to tone melodies and stronger attention- 

riven neural entrainment are also better able to ignore distractors dur- 

ng speech perception. 

Due to the prior lack of a non-verbal test of sustained auditory selec- 

ive attention to sound, it is still unclear whether this skill is impaired

n certain clinical populations. For example, extensive behavioral evi- 

ence suggests that individuals with attention deficit hyperactivity dis- 

rder (ADHD) have difficulty perceiving speech embedded in distrac- 

ors ( Davidson and Prior 1978 ; Gascon et al. 1986 ; Keith et al. 1989 ;

ook et al. 1993 ; Pillsbury et al. 1995 ; Geffner et al. 1996 ; Gomez and

ondon 1999 ; Schafer et al. 2013 ; Michalek et al. 2014 ; Lanzetta-

aldo et al. 2017 ; Blomberg et al. 2019 ). This suggests that ADHD is

inked to deficits in sustained auditory selective attention. However, be- 

ause individuals with ADHD often have co-occurring language impair- 
2 
ent, it has been difficult to rule out the possibility that these difficulties 

ith speech-in-noise perception are driven by impaired speech percep- 

ion or language processing. Nevertheless, there is reason to believe that 

DHD may be linked to difficulties with temporally-selective attention, 

s individuals with ADHD tend to perform poorly on time perception 

 Noreika et al. 2013 ), synchronization ( Toplak and Tannock 2005 ), and

usical beat perception ( Puyjarinet et al. 2017 ) tasks. Here we investi- 

ated sustained selective attention to tone melodies and temporal pro- 

uction skill in children with and without ADHD. This issue is important 

ecause it has implications for how remediation should be targeted to 

hildren with ADHD who have difficulty perceiving speech in complex 

nvironments. If impaired speech-in-noise perception in children with 

DHD stems from problems with auditory selective attention, then at- 

entional training could be particularly effective; on the other hand, if 

hese deficits stem from impaired verbal skills, then training focused on 

anguage processing may be more effective. We predicted that children 

ith ADHD would demonstrate poor temporal production, difficulty se- 

ectively attending to tone melodies, and weaker neural entrainment to 

he attended tone melody. 

. Methods 

.1. Participants 

A total of 91 participants were recruited. An initial data quality check 

as run prior to analysis to ensure that data were of sufficient qual- 

ty across all measures for all participants. Based on this check, data 

rom nine participants were excluded. Five participants were missing 

ata from at least one test due to technical or compliance issues. One 

articipant was excluded because they scored over 80% on the attend 

ale talker condition of the CRM test, but scored less than 10% on the

ttend female talker condition, suggesting that they did not follow di- 

ections during the attend female condition. An additional three par- 

icipants were excluded because fewer than 125 trials survived artifact 

ejection during one of the three EEG conditions (see section 2.4 below 

or more details). 

82 participants remained after these exclusions were applied. 44 par- 

icipants (8 female, age M = 11.39 years, SD = 0.90) reported a diagnosis

f ADHD by a clinician based on DSM-V criteria. 38 typically develop- 

ng (TD) participants (15 female, age M = 11.15 years, SD = 0.81) re-

orted not having been diagnosed with ADHD. 16 of the participants 

ith ADHD reported having used prescribed stimulant medication in 

he 48 hours prior to testing, while the remainder of the participants 

ad not used medication during this time period. The Test of Nonverbal 

ntelligence (TONI; Brown et al., 2010 ) was used to assess whether IQ 

iffered between ADHD and TD groups. IQ scores were slightly higher 

n TD participants (M = 116.2, SD = 13.8) than in ADHD participants 

M = 108.2, SD = 12.8; Wilcoxon rank sum test, z = 2.54, p = 0.0111).

ONI scores were, therefore, included as a covariate in all analyses 

omparing ADHD and TD groups. The Test of Word Reading Efficiency 

TOWRE; Torgeson et al., 1999 ) was used as an assay of language and

eading proficiency. TOWRE scores did not significantly differ across 

roups (TD, M = 62.3, SD = 9.7; ADHD, M = 57.9, SD = 10.1; z = 1.66,

 = 0.0968). Age also did not significantly differ between TD and ADHD 

roups (z = -0.98, p = 0.327). 

Participants were compensated with £10 per hour in gift vouchers for 

heir time. Informed assent and parental consent were collected for all 

articipants. Experiment and consent procedures were approved by the 

thics committee of the Department of Psychological Sciences, Birkbeck 

ollege, University of London (approval number 171883). 

.2. Behavioral testing 

.2.1. Temporal production tests 

Participants completed three behavioral tests assessing their ability 

o produce temporal sequences. (EEG was not collected during these 
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ests.) In two of the three tests, participants listened to auditory stim- 

li presented via headphones at a comfortable listening volume and 

rummed along by hitting a small drum with one hand. Participants’ 

rumming was recorded with a handheld microphone held by the exper- 

menter approximately 30 centimeters away from the drum. The stim- 

lus and participant’s drumming were recorded as separate channels of 

 stereo recording to preserve the relative timing between stimulus and 

esponse. 

Drum hit onset times were marked offline using an automated proce- 

ure (scripted in Matlab) that could be adjusted manually. An amplitude 

hreshold and relaxation time was set for each participant to best capture 

heir drumming, such that any time point that exceeded the amplitude 

hreshold and had not been preceded by a prior high-amplitude point 

ithin the relaxation time window was marked as a drum onset. Marked 

rum onsets were then compared to the raw response waveform to en- 

ure that all drum hits were marked successfully and that background 

oise was not marked as drumming. If necessary, background noise was 

emoved manually in Praat ( Boersma et al., 2019 ) prior to running the

cript. Drum onset times were then sent as input to performance scoring 

rocedures that differed across the three tests. 

Self-paced variability test: In this test, participants were asked to 

rum for sixty seconds as steadily as possible at whatever pace they 

ound most comfortable. The experimenter directed the start and end 

ime of the drumming. Performance was assessed as the standard de- 

iation of the inter-drum-intervals divided by the mean inter-drum- 

nterval. 

Paced variability test: In this test, participants listened to an 

sochronous drum track and were asked to drum along, such that their 

rum hits occurred at the exact same time as the drum hits they heard.

he stimulus used to construct the drum track was a 150-ms recording 

f a bongo drum being hit (acquired from freesound.org). This test con- 

isted of six trials. Each trial contained forty drum hits. Drum hits were 

resented at three different tempos (two trials per tempo): 1.5 Hz, 2 

z, and 3 Hz (corresponding to inter-onset-intervals of 0.667, 0.5, and 

.333 s). Data from the first twenty drum hits of each trial were not as-

essed, to give the participants time to internalize the tempo and begin 

ynchronizing. Performance for a given tempo was assessed as the stan- 

ard deviation of the intervals between each drum hit and the nearest 

timulus onset, divided by the mean inter-onset-interval for that tempo. 

erformance was then averaged across tempos. 

Rhythm memory test: In this test, participants listened to short tem- 

oral sequences, each of which was presented three times. After the third 

resentation, the participant was asked to reproduce the sequence, to 

he best of their memory, by drumming on the hand drum. The stimulus

sed to construct the temporal sequences was the same drum sound used 

n the paced variability test. The temporal sequences consisted of four- 

easure rhythms, five each from the “strongly metrical ” and “weakly 

etrical ” rhythms listed in Povel and Essens (1985) . The strongly met- 

ical rhythms contain more drum hits on the first and third beats of 

ach measure. Each sequence consisted of a different arrangement of 

he following sets of inter-onset-intervals: five 200-ms IOIs, two 400-ms 

OIs, one 600-ms IOI, and one 800-ms IOI. The underlying inter-beat- 

nterval of each sequence was 800 ms. To assess performance, partici- 

ants’ drumming was first quantized by rounding each inter-drum in- 

erval to the nearest interval in the set [200 400 600 800 1200 1400

600 1800 2000] ms. Participants’ drumming was then converted to a 

equence of ones (hits) and zeros (rests), with one element (i.e. either a 

it or a rest) every 200 ms. The resulting vector was then compared to

he stimulus vector on an item-by-item basis. For example, if the stim- 

lus vector was [1 0 0 1], and the drumming vector was [1 0 1 0], the

articipant would score 50% on this trial. Performance was then aver- 

ged across all ten trials. 

.2.2. Speech-in-speech perception 

Speech-in-speech perception was assessed using a modified ver- 

ion of the Coordinate Response Measure protocol ( Bolia et al. 2000 ).
3 
his test consisted of 40 trials. During each trial, participants heard a 

ale voice and a female voice say a sentence of the form “Show the

dog/duck] where the [color] [number] is. ” The color in the sentence 

as always either black, blue, green, pink, or red, while the number 

as always a member of the set [1 2 3 4 5 6 8 9]. Both voices began si-

ultaneously. After the presentation of each sentence, participants were 

hown a grid of 40 colored numbers, one for each possible color/number 

ombination. Participants were asked to listen to the voice which said 

dog ” and to click on the color-number combination indicated by that 

alker, ignoring the color-number combination indicated by the other 

alker. Two conditions were included, one in which the target talker 

as always the male voice, and another in which the target talker was 

lways the female voice. The target sentence was presented at an SNR 

f 0 dB relative to the distractor sentence. Target and distractor sen- 

ences always contained different colors and numbers. Both the target 

nd distractor sentences were spoken by talkers who spoke in a standard 

ritish English accent. Performance was assessed as proportion correct, 

nd was averaged across both conditions. 

.3. Electrophysiological testing 

.3.1. Stimuli 

Stimuli for the tonal selective attention test were constructed from 

hort tone melodies consisting of three cosine-ramped sine tones (sam- 

ling rate 48 kHz). Each tone was 166.67 ms in duration, and was fol-

owed by a pause of equal duration, i.e. 166.67 ms. During each trial, 

wo tonal streams were presented, one in a high frequency band (with 

he lowest note equal to 740 Hz) and another in a lower frequency band

with the lowest note equal to 370 Hz). Tone melodies were created by 

epeatedly randomly sampling from the first three notes of the major 

cale (e.g., the first tone was two and four semitones lower than the 

econd and third tones, respectively). Possible tone frequencies for the 

ower band were 370, 415, and 466 Hz, while tone frequencies for the 

igher band were 740, 831, and 932 Hz. The low stream sequence began 

66.67 ms before the high stream sequence; as a result, the tone streams 

ere temporally interleaved, such that when a note in one frequency 

and was present, the competing band was silent. In other words, par- 

icipants heard a sequence of six successive notes in each trial, each 

66.67 ms in duration, with the first, third, and fifth notes taken from 

he low frequency band, and the second, fourth, and sixth notes taken 

rom the high frequency band. This six-note sequence (which was 1 s in 

uration) was followed by a 333 ms silence, for a total of 1.333 s per

rial. Note that the within-band presentation rate was 3 Hz (one note ev- 

ry 333 ms), but the across-band presentation rate was 6 Hz (one note 

very 166.67 ms). Moreover, note that although melodies in both fre- 

uency bands were presented at a presentation rate of 3 Hz, they were 

resented 180 degrees out of phase. See Fig. 1 for a graphical represen- 

ation of the stimuli. 

.3.2. Stimulus presentation and behavioural responses 

Tone melodies were presented in soundfield through Goodmans 

axim 2 speakers at an amplitude of 80 dB SPL (measured using a sound

evel meter at the point in the room where participants’ heads were lo- 

ated during the experiment), as pilot testing suggested that soundfield 

resentation improved participant compliance relative to in-ear inserts. 

one melodies were presented in ten blocks of 30 (i.e. 300 total trials 

er condition). Occasionally melodies within a frequency band repeated, 

.e. a tone melody was identical to the one that immediately preceded 

t. Repetitions occurred in each band five times in each block. 

An engaging interface incorporating video-game elements was used 

o maximize participant engagement with the task. Participant responses 

ere collected and feedback was presented via custom Python scripts 

eveloped in-house. Throughout the task a spaceship was displayed on 

he screen. The spaceship slowly drifted from side to side, while moving 

ots in the background gave the impression that the ship was travelling 
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Fig. 1. Schematic representation of auditory 

selective attention stimuli. Highlighted notes 

indicate the frequency band to which partic- 

ipants are asked to attend. Each measure is 

1.333 s in duration, each note is 166.67 ms in 

duration, and each rest is 333.33 ms in dura- 

tion. 

t

t

f  

t

w  

t  

b  

i  

g

a

p

o  

t

a

t

a

l

b

a

f

t

s

w

p

a

2

3

r

a

t

d

n  

c  

(

2

t

c

d

a

t

w

t

t

a

c

e

o

n

e

w

a

f

t

s

O

 

w

w

p

i

t

t

s

p

e

t

(

t

n

o

n

f

0

t

a

a

n

t

r

t

w

I  

A

t

o

hrough space. A “health meter ” and “energy meter ” were displayed in 

he top right of the screen as red and blue bars, respectively. 

The participant was told that they would be hearing sounds coming 

rom the ship’s radar, and that they would need to listen carefully to dis-

inguish warning sounds from false alarms. During each condition they 

ere asked to either attend to the high band ( attend high condition), at-

end to the low band ( attend low condition), or sit quietly and press a

utton at the end of each block ( passive condition). Their goal was to

ndicate the presence of a repeat in the target band by pressing the trig-

er on an Xbox One game controller. Pressing the trigger was always 

ccompanied by an image of the ship firing its weapons. If the partici- 

ants correctly detected a repeat, they were awarded with an animation 

f an asteroid being destroyed and an increase in score of 20 points. If

he participants missed a repeat, they were shown an animation of an 

steroid colliding with the ship, they lost 2 points, and the length of 

he health meter decreased. If the participants pressed the trigger when 

 repeat was not present, their score decreased by 2 points, and the 

ength of the energy meter decreased. Missing all of the asteroids in a 

lock resulted in a penalty of 20 points. Behavioral performance was 

ssessed as d-prime, with five possible targets and twenty-five possible 

alse alarms in each block. (As the task was a one-back memory task, 

argets were defined as sequences that were identical to the previous 

equence, while false alarms were defined as responses to sequences 

hich were not identical to the previous sequence.) Multiple button 

resses within a single response window were all treated as a single false 

larm. 

.3.3. EEG recording 

Electrophysiological data were recorded from a Biosemi ActiveTwo 

2-channel system and digitized with 24-bit resolution. Data were 

ecorded at a sample rate of 16,384 Hz. Electrodes were positioned in 

 fitted headcap according to the standard 10/20 montage, with ex- 

ernal reference electrodes placed at the ear lobes, recording unlinked 

ata for offline re-referencing. Contact impedance was maintained be- 

eath 20 k Ω. Data were low-pass filtered online via a fifth order cas-

aded integrator-comb filter with a -3 dB point at 1/5 of the sample rate

16,384 Hz). 

.3.4. EEG data processing 

EEG data and stimulus timing were aligned via an RTBox, which de- 

ected stimulus onsets and sent trigger pulses to the EEG data acquisition 

omputer, referencing both events to the same internal clock. Indepen- 

ent component analysis was used to detect and remove ocular-motor 

rtefacts, which were verified via manual viewing of topography and 

ime course prior to removal. On average, a mean of 1.68 components 

ere removed per recording (range 0-6). EEG data were downsampled 
4 
o 500 Hz and a high-pass fourth-order zero-phase Butterworth IIR fil- 

er with a cutoff of 1 Hz was applied. (Given our use of time-frequency 

nalysis methods, where target frequencies are well away from filter 

utoffs, our use of a high-pass filter is unlikely to have any substantive 

ffect on the data beyond the intended minimization of rejections based 

n slow drift). The data were then segmented into 1.333 s epochs, begin- 

ing at each stimulus onset. Epochs in which the signal in any channel 

xceeded ± 125 μV were rejected. The mean number of trials which 

ere accepted for analysis across the three conditions was 266.4 for the 

ttend high condition (standard deviation (SD) 40.0), 253.1 (SD 45.6) 

or the attend low condition, and 239.5 (SD 44.9) for the passive condi- 

ion. Pre-processing was carried out using a mix of custom and premade 

cripts from the Fieldtrip toolbox (version released on August 1 st , 2016; 

ostenveld et al., 2011 ) in Matlab 2015a (Mathworks, Inc). 

The effect of attention on the robustness of encoding at 3 and 6 Hz

as assessed using inter-trial phase coherence (ITPC). First, a Hann- 

indowed fast Fourier transform was applied to each epoch. The com- 

lex vector at each frequency was then converted to a unit vector, throw- 

ng out information about response magnitude and retaining informa- 

ion about response phase. These unit vectors were then averaged, and 

he length of the resulting average vector was taken as ITPC. This mea- 

ure ranges from 0 (no phase consistency across trials) to 1 (perfect 

hase consistency across trials). For each subject, we also extracted av- 

rage neural phase at 3 Hz by averaging the phases across trials using 

he function circ_mean.m from the Maltab Circular Statistics Toolbox 

 Berens, 2009 ). 

ITPC can be affected somewhat by the number of trials included in 

he analysis; the fewer the number of trials included, the higher the 

oise floor. To ensure that variability across participants in the number 

f usable trials did not significantly affect our results, we correlated the 

umber of trials in each condition across subjects with ITPC at 3 Hz 

or that condition. None of these correlations was significant (all p > 

.1), despite the reasonable power (n = 82). We conclude that although 

he number of trials varied across participants somewhat, this was not 

 major factor driving our results. 

Lacking an a priori reason to select a particular channel montage, 

ll analyses of neural data were run by collapsing across all 32 chan- 

els. Given that 3 Hz phase-locking is strongest at fronto-central elec- 

rodes (see Fig. 2 b), this procedure may slightly under-estimate the neu- 

al effects of attention. To ensure that the choice of an all-channel mon- 

age did not significantly bias our results, our findings were confirmed 

ith a follow-up analysis conducted on the five channels with greatest 

TPC at 3 Hz across all three conditions (C3, C4, FC5, FC6, and F3).

ll effects that are reported significant below remained significant with 

he more limited five-channel montage. Processed data are available at 

sf.io/xhrkp/. 
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Fig. 2. A) Inter-trial phase coherence across frequency in active (red) and passive (black) conditions. The shaded bars indicate standard error. B) Inter-trial phase 

locking at 3 Hz across channels in active (left) and passive (right) conditions. C) Average neural phase at 3 Hz in attend high (red) and attend low (blue) conditions. 

The distance of each data point from the origin corresponds to ITPC at 3 Hz. Red and blue arrows indicate the average neural phase across participants in each 

condition. D) Average waveforms across participants in attend high (red), attend low (blue), and passive (black) conditions. Shaded regions depict standard error of 

the mean. Waveforms have been baselined by subtracting the mean of the entire epoch. 
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.4. Procedures 

Participants were first given the IQ (TONI) and reading (TOWRE) 

ests. Next participants were given the three temporal production tests, 

tarting with tapping alone, followed by tapping along to a metronome 

t different speeds, then finally the rhythm memory test. After the 

rumming tests were complete, participants moved on to the CRM 

est, which they completed once for the male and once for the female

peaker. Together, the IQ test, reading test, drumming tests, and the 

RM test tended to last between 40 and 60 minutes, depending on the 

o-operation of the participant and the need to explain instructions. Af- 

er a short break and EEG cap fitting, participants then began the audi-

ory selective attention task. Before starting the main auditory selective 

ttention procedure, participants completed a ten-minute training exer- 

ise with two levels of difficulty for each frequency, with the alternate 

and tones played at 0% and 50% of test volume. The auditory selective 

ttention portion of the experiment tended to take between 60 and 90 

inutes, depending on the co-operation of the participant and the need 

o explain instructions. 

.5. Analyses 

Our hypothesis was that attention to one of the two frequency bands 

ould be linked to increased neural entrainment to the target band. This 

ypothesis led to two predictions. First, we predicted that ITPC would be 

reater at 3 Hz in the two active conditions (attend high and attend low)

ompared to the passive condition. Second, we predicted that neural 

hase at 3 Hz would differ between the attend high and attend low con-

itions. The high and low frequency bands were presented 180 degrees 

ut of phase, and so one would expect perfect performance on the task 

o be linked to a 180 degree shift in neural phase. However, if partici-

ants’ attention is occasionally drawn to the competing stimulus stream, 

hen one would expect the neural phase difference to be less than 180

egrees, and to be larger in participants who perform better at the task. 

o test whether neural entrainment can provide an index of selective 

ttention ability, therefore, we analysed the relationship between task 

erformance and both ITPC (using Spearman’s correlations) and neural 

hase across the attend high and attend low conditions (using linear 
5 
egression; neural phase was entered as two predictors, sin(angle) and 

os(angle)). This analysis covaried for diagnosis (ADHD versus typically- 

eveloping), age, and IQ. 

Although we focus here on differences across conditions in ITPC 

t the rate of stimulus presentation within a band, it is possible that 

ifferences could exist as well at lower frequencies ( < 1 Hz), given 

hat the task requires participants to integrate across sequences. How- 

ver, we do not have sufficient trials to investigate this possibil- 

ty here, since our participants would not have been willing to sit 

hrough the longer recordings times that would be needed to pro- 

uce robust measurements of such low-frequency phase-locking. Nev- 

rtheless, the effect of selective attention on phase-locking at lower 

requencies in this paradigm remains an interesting topic for future 

esearch. 

We tested the hypothesis that selective attention to tone melodies 

nd selective attention to speech draw upon motor resources by ex- 

mining relationships between performance on the temporal produc- 

ion battery and selective attention performance, the difference in ITPC 

etween active and passive conditions, and speech-in-speech percep- 

ion performance. We also tested the hypothesis that selective attention 

o speech and selective attention to tone melodies draw upon overlap- 

ing resources by correlating speech-in-speech perception with perfor- 

ance on the melodic selective attention task, as well as the differ- 

nce in ITPC between active and passive conditions. All of these cor- 

elational analyses used Spearman’s correlations, covarying for diag- 

osis, age, and IQ; correlations with speech-in-speech perception ad- 

itionally covaried for reading ability (to control for individual dif- 

erences in language development). For all figures showing correla- 

ions, the rank-rank figures show the best fit line corresponding to these 

nalyses. 

We hypothesized that participants diagnosed with ADHD would 

e impaired relative to typically developing participants on speech-in- 

peech perception, temporal production, and selective attention to tone 

elodies (assessed both behaviourally and by measuring attentional 

odulation of ITPC and neural phase). We tested this hypothesis using 

 series of linear regressions with age, IQ, and reading ability entered 

t the first step; diagnosis was then added at the second step, to see if it

xplained additional variance in the outcome measures. 
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. Results 

.1. Neural effects of selective attention to tone melodies 

We tested the hypothesis that selective attention to tone melodies is 

inked to increased neural entrainment to the target band by investigat- 

ng the difference in ITPC between active and passive conditions, as well 

s the shift in neural phase between the attend high and attend low con-

itions. First, to investigate effects of attention to tone melodies on neu- 

al entrainment to sound, we compared ITPC at 3 Hz (the within-band 

resentation rate) in active and passive conditions using a Wilcoxon 

igned-rank test. ITPC was greater in the active conditions (M = 0.106, 

D = 0.033) than in the passive condition (M = 0.087, SD = 0.030;

 = 4.22, p < 0.001). To examine whether this effect was limited to 3 Hz,

e also compared ITPC between active and passive conditions at 6 Hz 

the rate of stimulus presentation across frequency bands). In contrast 

o 3 Hz, at 6 Hz ITPC was smaller in the active conditions (M = 0.196,

D = 0.072) than in the passive conditions (M = 0.206, SD = 0.078;

 = -1.96, p = 0.050). This suggests that attending to one of the two

requency bands was linked to enhancement of encoding of the within- 

and rate and suppression of encoding of the between-band rate. (See 

ig. 2 a for a plot of ITPC as a function of frequency, and Fig. 2 B for a

lot of ITPC at 3 Hz across channels in active and passive conditions). 

Next, we further investigated effects of attention to tone melodies on 

eural phase alignment by comparing average neural phase between the 

wo attention conditions using a Hotelling paired-sample test for equal 

ngular means. Neural phase at 3 Hz was significantly different between 

he attend high (M = -1.68 radians) and attend low conditions (M = -0.34

adians; F = 13.4, p < 0.001). (See Fig. 2 c for a plot of average neural

hase across participants in attend high and attend low conditions. See 

ig. 2 d for a plot of average waveforms across participants in all three

onditions.) 

We tested the hypothesis that neural entrainment can serve as an 

ndex of selective attention by relating selective attention performance 

o both the difference in ITPC between active and passive conditions 

nd average neural phase across the attend high and attend low condi- 

ions. First, we used a partial Spearman correlation to relate selective at- 

ention performance (d-prime) to the difference in ITPC between active 

nd passive conditions, controlling for age, diagnosis (ADHD versus typ- 

cally developing), and IQ. Better performance was linked to a greater 

ttention-driven increase in ITPC at 3 Hz (rho = 0.40, p < 0.001; Fig. 2 a)

ut not 6 Hz (rho = 0.11, p = 0.329). (Using Fisher’s r-to-z transforma-

ion, we found that there was a non-significant trend for these two corre- 

ations to be different, p = 0.052.) We also investigated whether average 

eural phase was linked to performance. First, we averaged phase across 

he two active conditions (after flipping phase in the attend high condi- 

ion by 180 degrees) using the function circ_mean.m from the MATLAB 

ircular Statistics Toolbox ( Berens 2009 ). Next, we computed a step- 

ise linear regression, with selective attention performance (d-prime) 

s the outcome measure. In the first step, age, diagnosis, and IQ were 

dded to the model as predictors; they explained 21.3% of the variance 

F(3,78) = 7.02, p < 0.001). We then tested whether adding average 

eural phase explained additional variance in selective attention per- 

ormance. To convert neural phase to linear predictors suitable for use 

n a linear regression, two predictors were added in the second step: 

in(angle) and cos(angle). Adding neural phase predicted an additional 

.9% of the variance (F(2,76) = 3.66, p = 0.030). (See Fig. 3 c for plots of

verage neural phase in attend high and attend low conditions in good 

nd poor selective attention performance groups). 

.2. Relationship between selective attention to melodies and temporal 

roduction skill 

We tested the hypothesis that selective attention to tone melodies 

raws upon motor control resources by comparing both behavioral se- 

ective attention performance (d-prime) and the difference in ITPC at 3 
6 
z in the active versus passive conditions with behavioral performance 

n the three temporal production tests: self-paced tapping, paced tap- 

ing, and rhythm memory. We used partial Spearman’s correlations, co- 

arying for diagnosis (ADHD versus TD), age, and IQ. The active-passive 

TPC difference was correlated with performance on all three temporal 

roduction tests (self-paced, rho = -0.26, p = 0.023; paced, rho = -0.25, 

 = 0.025; rhythm memory, rho = 0.32, p = 0.004). (Note that for self-

aced and paced tapping, higher numbers indicate worse performance, 

ecause these tests measured tapping variability, while for rhythm mem- 

ry, higher numbers indicate better performance, because this test was 

ssessed using a percent correct reproduction measure.) Similarly, bet- 

er selective attention performance was linked to better performance on 

ll three temporal production tests (self-paced, rho = -0.41, p < 0.001; 

aced, rho = -0.44, p < 0.001; rhythm memory, rho = 0.48, p < 0.001).

.3. Relationship between selective attention to speech and temporal 

roduction skill 

We tested the hypothesis that selective attention to speech draws 

pon motor control resources by comparing speech-in-speech percep- 

ion (proportion correct) with behavioral performance on the three tem- 

oral production tests. We used partial Spearman’s correlations, covary- 

ng for diagnosis, age, IQ, and reading ability (TOWRE). (We covaried 

or reading ability in this analysis to account for variability in speech-in- 

peech performance due to differences in language skills, in an attempt 

o isolate the ability to selectively attend to speech.) Better speech-in- 

peech perception ability was linked to better performance on self-paced 

apping (rho = -0.27, p = 0.020) and rhythm memory tests (rho = 0.29,

 = 0.010), but there was only a trending relationship with paced tap- 

ing (rho = -0.20, p = 0.073). 

.4. Relationship between selective attention to melodies and 

peech-in-speech perception 

We tested the hypothesis that attention to speech in competing 

peech and selective attention to tone melodies draw upon overlapping 

eural and cognitive resources by comparing selective attention perfor- 

ance and the active-passive difference in ITPC at 3 Hz with perfor- 

ance on the CRM test. We used partial Spearman’s correlations, co- 

arying for diagnosis, age, IQ, and reading ability. Selective attention 

erformance was correlated with CRM performance (rho = 0.57, p < 

.001). However, the active-passive ITPC difference was not correlated 

ith CRM performance (rho = 0.17, p = 0.143). See Fig. 4 for a depic-

ion of the relationship between selective attention to tone melodies and 

peech-in-speech perception and temporal production skills. 

.5. Comparison of ADHD and TD participants 

Using linear regression, we tested the hypothesis that ADHD and 

D participants would differ on selective attention to tone melodies, 

peech-in-speech performance, and temporal production skills. In a first 

tep, age, IQ (tested via TONI), and reading ability (tested via TOWRE) 

ere added to the model. We then tested whether adding diagnosis ex- 

lained additional variance in the outcome measures. Selective attention 

erformance (d-prime) was better in TD children compared to children 

ith ADHD (F(1,77) = 9.44, p = 0.003, standardized beta(diagnosis) = - 

.329). Perception of speech in competing speech (proportion correct re- 

ponse) was also better in TD children compared to children with ADHD 

F(1,77) = 7.65, p = 0.007, standardized beta = -0.300). However, 

he two groups did not differ on active-passive ITPC (F(1,77) = 0.20, 

 = 0.657, standardized beta = 0.051) or the average neural phase dif- 

erence between the two attention conditions (F(1,77) = 0.13, p = 0.719, 

tandardized beta = -0.044), suggesting that despite the difference in 

erformance between the groups, selective attention mechanisms per se 

ere not impaired in the ADHD group. The TD participants performed 

etter than the ADHD participants on all three temporal production 
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Fig. 3. A) Scatterplots displaying selective attention performance versus the difference in inter-trial phase coherence between active and passive conditions at 3 

Hz (left) and 6 Hz (right) in typically developing participants (red) versus participants diagnosed with ADHD (black). B) Scatterplot displaying 3 Hz neural phase 

(in radians) versus selective attention performance in typically developing participants (red) versus participants diagnosed with ADHD (black). C) Average neural 

phase in attend high (red) and attend low (blue) conditions in good (left) versus poor (right) performers of the selective attention task. Good and poor performers 

are separated via median split. The distance of each data point from the origin corresponds to ITPC at 3 Hz. Red and blue arrows indicate the average neural phase 

across participants in each condition . 
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ests, demonstrating less variable self-paced drumming (F(1,77) = 5.2, 

 = 0.026, standardized beta = 0.241), less variable paced drumming 

F(1,77) = 4.7, p = 0.033, standardized beta = 0.247), and better rhythm 

emory (F(1,77) = 4.3, p = 0.040, standardized beta = -0.229). (See 

ig. 5 for a depiction of raw data points for behavioral and neural vari-

bles in ADHD and TD groups, Fig. 6 for a more detailed display of ITPC

nd neural phase across groups, and Table 1 for descriptive statistics for 

ll outcome measures in ADHD and TD groups). Finally, given that 16 

f the ADHD participants reported use of medication in the 48 hours 
7 
eading up to testing while the rest did not, we investigated whether 

dding medication use to the linear regression model would explain ad- 

itional variance in the outcome variables, after controlling for age, IQ, 

nd reading ability. This analysis showed that medication use was not 

ignificantly related to any of the outcome variables (all p > 0.1). 

To test the strength of the evidence in favor of equivalent atten- 

ional modulation of neural entrainment in the ADHD and TD groups, 

e calculated Bayes Factors using the package bain ( Gu et al. 2019 )

n RStudio 1.1.463. The underlying models were ANCOVA with active- 
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Fig. 4. Scatterplots displaying performance on temporal production and speech-in-speech perception tests versus selective attention performance (top) and the 

difference in inter-trial phase coherence in active versus passive conditions (bottom) in typically developing participants (red) versus participants diagnosed with 

ADHD (black). Data are plotted as ranks for all variables. Note that larger values indicate worse performance for self-paced and paced drumming variability, but that 

larger values indicate better performance for the other two measures . 

Fig. 5. Performance on temporal production tests (top) and selective attention paradigms (bottom) in typically developing children (grey) versus children with 

ADHD (black). The location of each data point along the x-axis has been slightly jittered to make them visually distinguishable. The horizontal lines indicate median 

values for each group. Note that larger values indicate worse performance for self-paced and paced drumming variability, but that larger values indicate better 

performance for the other four measures. 

8 
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Fig. 6. A) Inter-trial phase coherence across frequency in active (red) and passive (black) conditions in typically-developing children (left) and children with ADHD 

(right). The shaded region indicates standard error. B) Average neural phase at 3 Hz in attend high (red) and attend low (blue) conditions in typically-developing 

children (left) and children with ADHD (right). The distance of each data point from the origin corresponds to ITPC at 3 Hz. Red and blue arrows indicate the average 

neural phase across participants in each condition. C) Inter-trial phase coherence across channels at 3 Hz in active and passive conditions in typically-developing 

children (left) and children with ADHD (right) . 

Table 1 

Descriptive statistics for all outcome variables in participants with and without a diagnosis of ADHD. 

Mean (SD) 

Speech-in-speech perception 

(proportion correct) 

Auditory selective 

attention (d-prime) 

Effect of attention 

on ITPC (AU) 

Effect of attention on 

neural phase (radians) 

Self-paced 

Tapping (ms) 

Paced tapping 

(ms) 

Rhythm memory 

(proportion 

correct) 

TD 0.87 1.78 0.0184 1.46 0.060 0.072 0.48 

(0.10) (0.90) (0.042) (0.87) (0.027) (0.033) (0.08) 

ADHD 0.76 0.76 0.0204 1.36 0.084 0.102 0.78 

(0.16) (0.16) (0.041) (0.94) (0.045) (0.066) (0.09) 
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assive ITPC and the average phase difference between the attend 

igh and attend low conditions as outcome variables and age, IQ, and 

eading ability as covariates. For attentional modulation of ITPC, the 

ayes Factor for the null hypothesis of equivalent group means (ver- 

us the complement of different group means) was 8.173. For atten- 

ional modulation of phase, the Bayes factor for the null hypothe- 

is was 8.460. These values indicate “substantial ” evidence ( Kass and 

aftery 1995 ) in favor of the null hypothesis that the ADHD and 

D groups demonstrated equivalent attentional modulation of neural 

ntrainment. 
9 
. Discussion 

.1. Overview of hypotheses 

To investigate whether listeners can selectively attend to tone 

elodies by aligning neural activity with the temporal structure of 

he target sequence, we presented school-aged children (typically de- 

eloping or diagnosed with ADHD) undergoing EEG recording with 

sochronous melodies in two frequency bands and asked them to de- 

ect melodic repeats in a target band, ignoring the other band. Both 
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s

elodies were presented at 3 Hz, but the phase of the two sequences dif-

ered by 180 degrees. When compared to a passive condition in which 

articipants simply sat quietly, we predicted that attention to either 

and would be linked to an increase in inter-trial phase coherence at 

 Hz. We also predicted that the average neural phase at 3 Hz would

iffer between the two attention conditions. To investigate the extent 

o which temporally-driven selective attention might rely upon motor 

lanning resources, we compared auditory selective attention perfor- 

ance and attentional modulation of neural entrainment with perfor- 

ance on a battery of temporal production, predicting an association be- 

ween temporal production measures with auditory selective attention 

erformance and neural modulation. Finally, we investigated possible 

ifferences in attention-driven neural entrainment, selective attention 

erformance, and temporal production skill between typically develop- 

ng children and children diagnosed with ADHD, predicting that ADHD 

hildren would show less entrainment, and poorer selective attentional 

nd temporal production performance than typically developing chil- 

ren. 

.2. A neural metric of non-verbal sustained auditory selective attention in 

hildren 

Here we demonstrate that EEG can be used to track selective at- 

ention to tone melodies in school-aged children, replicating our prior 

ndings in young adults ( Laffere et al. 2020 ). Attention to tone melodies

as linked to two main neural metrics: first, there was greater trial- 

y-trial phase consistency at the melodic presentation rate during ac- 

ive conditions (in which participants were asked to attend to one of 

he two melodies) compared to passive conditions. Second, attention 

o one of the two melodies (which were presented 180 degrees out of 

hase) was linked to a shift in neural phase at the melodic presenta- 

ion rate. Furthermore, we found moderate relationships between these 

eural metrics and behavioral performance on the selective attention 

o tone melodies task, indicating that the neural measures are reliable 

ndices of selective attention. This paradigm, therefore, supplies a way 

o measure in children the ability to direct attention to and integrate 

nformation from a sustained sound stream that is not contaminated by 

he influence of language skill. 

.3. Auditory selective attention and neural entrainment 

Prior research has shown that perception of temporal structure is tied 

o an increase in low-frequency inter-trial phase locking ( Doelling and 

oeppel 2015 ) and spectral power at frequencies prominent in the 

timulus ( Nozaradan et al. 2011 , 2012 , 2016 ; Tierney and Kraus

014 ; Cirelli et al. 2016 ). Here we show that selective attention to

one sequences is linked to an increase in phase locking at the fre- 

uency of tone melody presentation and to a shift in neural phase 

orresponding to the phase of the attended melody. These results 

ccord with the notion of neural entrainment as a possible under- 

ying mechanism driving the alignment of attention with stimulus 

emporal structure ( Ding and Simon 2012 ; O’Sullivan et al. 2015 ;

hinst et al. 2016 ). They are also consistent with prior electrophysi- 

logical research in non-human primates and human epilepsy patients 

emonstrating links between selective attention and alignment of neu- 

al phase with the temporal structure of attended auditory and visual 

on-verbal stimuli ( Lakatos et al. 2008 , 2009 , 2013 ; Besle et al. 2011 ).

owever, we cannot currently rule out the possibility that our results 

re driven by attentional modulation of exogenous neural responses, 

hich has been demonstrated previously for non-verbal auditory stimuli 

 Hillyard et al. 1973 ; Woldorff et al. 1993 ; Chait et al. 2010 ), including

one sequences ( Choi et al. 2013 ; Dai et al. 2018 ). 
10 
.4. Relationship between rhythm perception/production and auditory 

elective attention 

Brain imaging experiments have linked the perception of temporal 

tructure to activation in subcortical and cortical motor areas, including 

he basal ganglia, left inferior frontal gyrus, and supplementary motor 

rea ( Grahn and Brett 2007 ; Grahn and Schuit 2012 ; King et al. 2013 ).

f selective attention to tone melodies draws upon perception and pre- 

iction or anticipation of temporal structure, then we would expect par- 

icipants who demonstrate better tonal attention to also show more ro- 

ust motor control and auditory-motor integration. Indeed, we found 

hat both performance on the tonal attention task and attention-driven 

eural entrainment were linked to performance on a temporal pro- 

uction battery, including self-paced drumming, synchronization to a 

etronome, and rhythm memory. We suggest that, in order to selec- 

ively attend to tone melodies, listeners generate models (via corticostri- 

tal circuits) anticipating the potential timing of temporally predictable 

vents. We further suggest that this mechanism is more accurate in 

articipants who are better able to make temporally consistent move- 

ents, and more strongly influences auditory processing in participants 

ho are better able to perform auditory-motor integration (as tested 

y the rhythm memory and synchronization tests). This proposal is in 

ine with prior findings of involvement of motor resources in tempo- 

al prediction ( Rothermich and Kotz 2013 ; Arnal et al. 2014 ; Kotz and

chmidt-Kassow, 2016 ; Morillon and Baillet 2017 ), and with the find- 

ng of Park et al. (2015) that low-frequency activity in auditory cortex is 

odulated by frontal and motor cortices during speech perception, en- 

ancing auditory cortical alignment with speech. Note, however, that 

lthough the relationship between temporal production and attentional 

odulation of neural entrainment suggests the involvement of the mo- 

or system in temporally-selective attention, we do not make any claims 

bout the anatomical source of our EEG signals and whether they are 

enerated within auditory cortex or a broader auditory-motor network. 

.5. Relationship between rhythm perception/production and 

peech-in-speech perception 

Extensive prior work has investigated relationships between non- 

erbal temporal perception and production ability and individual vari- 

tion in a variety of language skills, including phonological awareness 

 David et al. 2007 ; Grube et al. 2012 ; Moritz et al. 2013 ), phonological

emory ( Saito 2001 ; Tierney et al. 2017 ), syntax ( Gordon et al. 2015 ;

achlicka et al. 2019 ), reading ( Atterbury 1983 , 1985 ; Douglas and

illatts 1994 ; Overy 2000 ; McGivern et al. 2001 ; Thomson et al. 2006 ;

homson and Goswami 2008 ; Dellatolas et al. 2009 ; Huss et al. 2010 ;

trait et al. 2011 ; González-Trujillo et al. 2012 ; Tierney and Kraus 

013 ; Rautenberg 2013 ; Flaugnacco et al. 2014 ), rapid naming 

 Bekius et al. 2016 ), prosody perception ( Myers et al. 2018 ), and per-

eption of foreign language phonemes ( Swaminathan and Schellenberg 

017 ). Recently, a few papers have examined the relationship between 

emporal perception and production and speech-in-noise perception, 

nding that lower speech-in-noise thresholds are linked to better perfor- 

ance on tests of rhythm memory, beat perception, and rhythm produc- 

ion, but not synchronization to a metronome ( Slater and Kraus 2016 ; 

later et al. 2017 ; Yates et al. 2019 ). Here, we broadly replicate these

ndings, showing that self-paced tapping and rhythm production relate 

o speech-in-speech perception, but synchronization to a metronome 

oes not. This result supports the theory that the ability to precisely pro- 

uce temporal structure can enable listeners to isolate a target speaker 

nd ignore a distracting speaker by helping them direct attention to- 

ards particularly relevant time points. 

.6. Speech-in-speech perception and auditory selective attention 

We found a strong relationship between performance on the test of 

elective attention to tone melodies and speech-in-speech perception 
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n school-aged children, replicating and extending the relationship we 

reviously reported in adults ( Holt et al. 2018 ; Tierney et al., 2020 ).

owever, and surprisingly, we found a lack of relationship between 

peech-in-speech perception and attentional modulation of neural en- 

rainment. This suggests that the link between speech-in-speech percep- 

ion and selective listening to musical melodies may reflect a shared 

eliance on sustained attention or working memory rather than stream 

election per se. Whatever the nature of the shared cognitive founda- 

ions between melodic listening and speech-in-speech perception, that 

hese two tasks are linked could help explain prior findings of en- 

anced speech-in-noise perception in trained musicians ( Baskent and 

audrain 2016 ; Clayton et al. 2016 ; Deroche et al. 2017 ; Du and Zatorre

017 ; Meha-Bettison et al. 2017 ; Morse-Fortier et al. 2017 ; Parbery- 

lark et al. 2009 ; Slater and Kraus 2016 ; Swaminathan et al. 2015 ;

eend et al. 2017 ; Zendel and Alain, 2014 ; for a review see

offey et al. 2017 ; but see Boebinger et al. 2014 ; Fuller et al. 2014 ;

adsen et al. 2017 ; Ruggles et al. 2014 ). More generally, our 

nding of a link between these two tasks supports prior findings 

hat speech-in-noise perception draws upon domain-general execu- 

ive function resources ( Fullgrabe et al. 2015 ; Heinrich et al. 2015 ,

eher et al. 2009 ; Neher et al. 2011 ; Oberfeld and Klockner-Nowotny 

016 ; Yeend et al. 2017 ). 

.7. Auditory selective attention in children with and without ADHD 

Prior work has reported that children with ADHD perform 

ore poorly when asked to selectively direct attention to tar- 

et sounds while ignoring distractor sounds ( Davidson and Prior 

978 ; Gascon et al. 1986 ; Keith et al. 1989 ; Cook et al. 1993 ;

illsbury et al. 1995 ; Geffner et al. 1996 ; Gomez and Condon 1999 ;

chafer et al. 2013 ; Michalek et al. 2014 ; Lanzetta-Valdo et al. 2017 ;

lomberg et al. 2019 ). However, based on these results it is difficult 

o determine from behavioral performance whether selective attention 

s specifically impaired, since performance on these tasks can reflect 

 very wide range of variables. Children with ADHD have also been 

hown to demonstrate smaller EEG responses when asked to attend to 

solated tone pips in one ear while ignoring similar sounds in another ear 

 Loiselle et al. 1980 ; Jonkman et al. 1997 ; Gomes et al. 2012 ); however,

his task is very different from selective attention in ecological envi- 

onments, in which complex soundscapes enable selection of auditory 

treams based on multiple dimensions (frequency, time, etc.) Here we 

ound that children without ADHD performed better on tests of selective 

ttention to tone melodies and speech-in-speech perception compared to 

hildren with ADHD. However, we found no group differences in atten- 

ional modulation of neural entrainment in children with and without 

DHD. This suggests that the difference in task performance between 

he two groups is not driven by auditory stream segregation or audi- 

ory stream selection, per se, but may come from later processing stages 

uch as attentional engagement ( Zivony and Lamy 2018 ) or information 

eing encoded into working memory. Thus, prior reports of impaired 

peech-in-noise perception in individuals with ADHD may reflect either 

mpaired verbal skills ( Mueller and Tomblin 2012 ) or impaired work- 

ng memory ( Pievsky and McGrath 2018 ) rather than difficulties with 

elective attention. This suggests that future attempts to remediate dif- 

culties with speech-in-speech perception or other aspects of selective 

ttention in children with ADHD might be particularly effective if they 

ocused on attentional engagement rather than attentional selection. 

Here we replicated prior findings that individuals with ADHD have 

ifficulty with temporally precise motor movement ( Pitcher et al. 2002 ; 

uman et al. 2008 ; Gilden and Marusich 2009 ; Noreika et al. 2013 ;

aiser et al. 2015 ) and synchronization to rhythmic sounds 

 Rubia et al. 2001 ; Toplak and Tannock 2005 ; Ben-Pazi et al. 2006 ;

uyjarinet et al. 2017 ), and extended them by showing that these 

hythmic impairments also extend to memorizing and repeating 

hythms. These groups differences were, however, relatively modest; 

oreover, despite our overall finding of a link between rhythmic skill 
11 
nd attentional modulation of neural entrainment, we did not find that 

ndividuals with and without ADHD differed on neural entrainment. 

ne possible explanation is that individuals with ADHD may be able 

o compensate for their temporal deficits by making use of other 

trategies —such as spectrally-selective attention —during auditory 

tream selection. 

.8. Conclusions 

Overall, we present evidence suggesting that children draw on motor 

esources when using temporal structure to direct selective attention to 

ound streams. Surprisingly, we also show that this mechanism functions 

ormally in children with ADHD. These results also suggest that training 

n the perception and production of complex rhythmic sequences could 

elp facilitate the perception of sound streams in complex environments. 
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