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Abstract

Brain operation is profoundly rhythmic. Oscillations of neural excitability shape sensory, motor,

and cognitive processes. Intrinsic oscillations also entrain to external rhythms, allowing the brain

to optimize the processing of predictable events such as speech. Moreover, selective attention to a

particular rhythm in a complex environment entails entrainment of neural oscillations to its

temporal structure. Entrainment appears to form one of the core mechanisms of selective attention,

likely relevant to certain psychiatric disorders. Deficient entrainment has been found in

schizophrenia and dyslexia, and mounting evidence also suggests that it may be abnormal in

Attention-Deficit/Hyperactivity Disorder. Accordingly, we suggest that studying entrainment in

selective attention paradigms will likely reveal mechanisms underlying deficits across multiple

disorders.
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Cognitive science has recently returned its focus to self-generated brain activity [1, 2].

Intrinsic brain rhythms were first detected in early electrophysiological recordings [3], but

the contribution of these complex oscillations to perception and cognition is only now being

elucidated. This partly reflects a long-standing emphasis on characterizing brain activity by

examining signals evoked by events such as external stimuli. This approach implicitly

assumes that neurons respond reflexively and background neural activity is considered noise

[1]. However, ongoing oscillations of neural excitability are now known to modulate

responses and shape perceptual, motoric, and cognitive processes [4-6]. For example, neural

oscillations may promote or suppress detection of external stimuli [7-10].
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While intrinsic rhythms modulate responses to stimuli, neural oscillations themselves also

respond to the environment. Frequency and timing of ongoing oscillations can be entrained

by rhythmic stimuli, aligning the temporal dynamics of neural processing to external

patterns. Entrainment optimizes neural excitability to be high or low when stimuli are

expected [11-13] (Figure 1). This mechanism explains why predictable rhythmic stimuli are

more easily perceived than unpredictable non-rhythmic stimuli [14, 15]. Further,

entrainment to particular rhythms has recently been proposed to underlie selective attention,

making entrainment a relevant electrophysiological target for attention research [12, 16-18].

Here, we use the term ‘selective attention’ to refer to enhanced sensory representation and

perception of certain stimuli over others. Oscillatory entrainment provides a neural basis for

selective attention in the case of rhythmic stimuli such as human speech [19-23].

This review highlights recent advances in understanding oscillatory entrainment as a

mechanism of selective attention. We then discuss new evidence of impaired entrainment in

psychopathology and the implications for better characterizing related cognitive deficits.

Surprisingly, entrainment has not been studied in relation to failures of selective attention.

Using the example of Attention-Deficit/Hyperactivity Disorder (ADHD), we suggest that

studying entrainment will elucidate substrates of selective attention deficits. This proposal is

based on growing evidence that selective attention is specifically impaired in ADHD, along

with findings of abnormal intrinsic oscillations in ADHD.

Entrainment of intrinsic neural oscillations

Ongoing neural oscillations can be entrained by rhythmic sensory stimuli or transcranial

brain stimulation, ensuring optimal excitability across neural ensembles when stimuli occur

[24] (Table 1). Entrainment is likely accomplished by repetitive phase reset of oscillations

by incoming stimuli [12] (Box 1), and has been demonstrated in several frequency ranges.

Entrainment entails rhythmic fluctuations of neural excitability and perception, which can

outlast external stimulation [12]. For example, de Graaf et al. [25] presented visual stimuli at

an alpha frequency (10.6 Hz). After an entrainment period, responses to visual targets were

most accurate when targets occurred in time (in-phase) with the preceding rhythm. The

periodicity of this effect correlated with individual resting alpha oscillation frequency,

suggesting that rhythmic stimulation recruited intrinsic oscillations, rather than creating

oscillations de novo. Similarly, Mathewson et al. [15, 26] (Figure 3) presented rhythmic

visual stimuli at an alpha frequency (12 Hz). After an entrainment period, probe stimuli

were only perceived if presented in-phase with the 12 Hz stimulus rhythm.

Electroencephalography (EEG) revealed entrainment of alpha oscillations which continued

after the entrainment period, with entrained alpha phase predicting probe stimulus

perception. Entrainment and its behavioral consequences were also observed for quasi-

rhythmic (jittered) entraining stimuli. This indicates entrainment is an adaptable mechanism

that can operate for naturalistic, not precisely rhythmic, stimuli (Box 2). Alpha oscillations

entrained by rhythmic pulses of transcranial brain stimulation altered detection of auditory

[27] and visual [28] stimuli depending on entrained oscillatory phase.

Ng et al. [29] used a cocktail-party paradigm in which a brief auditory stimulus occurred

amid a noisy background. Theta oscillation phase was reset by the onset of background
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noise and modulated stimulus detection rate and response time. Cravo et al. [30] found

enhanced visual contrast sensitivity predicted by entrained EEG delta phase for rhythmic but

not non-rhythmic stimuli. Henry and Obleser [10] showed delta entrainment without abrupt

stimulus onsets, using rhythmic frequency modulations characteristic of natural stimuli.

Stefanics et al. [31] presented jittered auditory stimuli and demonstrated delta entrainment to

the average stimulation frequency. Cues within the stimulus stream predicted targets with

varying probability. Delta entrainment was stronger for more predictive cues and weaker for

less predictive cues. The phase of entrained delta oscillations correlated with response time

to target stimuli. Delta entrainment not only enhanced responses, but was sensitive to the

predictive power of cues, suggesting a broad role for entrainment in temporal prediction.

Similarly, the degree of entrainment depends on participant effort [32].

While the above studies demonstrate entrainment in specific frequencies, different

oscillation frequencies are often coupled (Box 1) (Figure 2). For instance, the phase of

entrained delta oscillations can predict gamma power [11]. Thus, entrainment has the

potential to coordinate brain activity not only at the entraining rhythm, but across multiple

faster time-scales, linking information in local and large-scale brain networks [33].

Entrainment as a mechanism of attention

Recent evidence suggests that attention, even in the absence of entrainment, operates

periodically. In a behavioral study, visual stimuli were presented at two locations with

attention directed to one. Change detection performance at the attended location fluctuated

at 4-8 Hz, i.e., at a theta rhythm [34]. Others found that detection of brief light flashes

improved at attended locations depending on the phase of theta and alpha EEG oscillations

[35, 36]. Thus, even seemingly stable allocation of attention appears to oscillate.

Selective attention can direct entrainment of ongoing oscillations to particular rhythmic

stimuli according to task demands (Figure 4A, Table 1). Lakatos et al. [11] presented

monkeys with simultaneous but out-of-phase visual and auditory stimulus streams and

trained them to attend to only the cued modality stream. The phase of ongoing delta

oscillations in primary visual cortex synchronized with the rhythm of the attended stream

only, independent of modality. This intermodal selective entrainment effect has also been

observed in human intracranial recordings [37, 38] (Figure 4B). Unimodal selective

entrainment has also been observed during auditory selective attention tasks [12, 23].

When neural oscillations are selectively entrained, sensory representations of attended

stimuli are both enhanced and stabilized. Non-human primates showed entrainment to

attended tones in an auditory selective attention task, with frequency-dependent phase

differences across tonotopically organized auditory cortex [12]. The high excitability phase

of entrained oscillations was specifically aligned with the occurrence of stimuli in regions

optimally tuned to process the attended frequency. Regions tuned to process frequencies

approximately two octaves above or below the attended frequency showed opposite phase

entrainment, with low excitability phase aligned to stimuli. This resulted in amplification of

responses in regions tuned to the attended frequency and concurrent suppression of

responses in differently tuned regions. Additionally, response amplitudes for attended
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stimuli varied less than those for ignored stimuli, indicating more stable sensory

representation during entrainment.

Together, these studies suggest entrainment subserves selective attention to stimuli with a

predictable temporal structure, such that fluctuations in neural excitability track one external

rhythm to the exclusion of others. We propose that its mechanistic function in selective

attention makes entrainment a target for further study in humans, particularly those with

psychopathologies involving attentional dysfunction.

Abnormal entrainment in psychiatric disorders

Entrainment of neural oscillations has begun to be studied in psychiatric conditions (Table

1). An EEG study in schizophrenia had participants detect deviant auditory stimuli among

rhythmic tone streams [32]. Healthy participants showed delta entrainment to rhythmic

stimuli, while patients with schizophrenia did not entrain significantly. Greater failure to

entrain correlated with diminished ability to discriminate small auditory frequency

differences and with increased severity of psychotic symptoms. The authors concluded that

patients with schizophrenia failed to use temporal predictability in the environment, leading

to suboptimal processing of relevant events. An important caveat remains in interpreting the

role of impaired entrainment in psychopathology. A failure of entrainment may underlie a

loss of selective attention to rhythmic stimuli, or it may be the effect of inattention to the

task. In this study [32], patients matched controls on behavioral accuracy and an increase in

parieto-occipital alpha activity, indicating a similar degree of task engagement. This

suggested that patients allocated similar effort to the task as controls, yet were unable to

engage entrainment. Future studies will need to explicitly address the issue of cause vs.

effect.

According to recent evidence, speech processing involves entraining oscillations to the

rhythms of attended speech [19-23], and dysfunctional entrainment likely contributes to

poor phonological processing in dyslexia [39]. Thomson et al. [40] found links between

rhythmic finger tapping and written language ability in children with dyslexia, suggesting

rhythmic processing contributes to both motor and language development. A recent EEG

study of adults with dyslexia presented rhythmic auditory tones at delta frequencies, and

found weaker delta entrainment in dyslexia compared to healthy controls [41]. Additionally,

delta inter-trial phase coherence and the strength of contingent negative variation correlated

with language processing and reading scores.

Delta rhythms are proposed to underlie prosody perception, while theta rhythms are linked

to syllable perception [39]. Dysfunctional entrainment at these frequencies may contribute to

abnormal phonological development in dyslexia [39]. To test this prediction, a behavioral

study analyzed the ability of adults with dyslexia to perceive and produce rhythms in speech

[42]. Entrainment to and production of syllable rhythms (~5 Hz) was found to be altered in

dyslexia, as was cross-frequency coupling between syllable and phoneme rhythms (12-40

Hz). In summary, mounting evidence points to dysfunctional oscillatory entrainment in

dyslexia [39-42].
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The case for studying selective entrainment in ADHD

While schizophrenia and dyslexia have been linked to abnormal entrainment, there is also

reason to suspect dysfunctional entrainment in ADHD. As we noted, selective entrainment

to particular rhythms appears to subserve selective attention [11, 12, 17, 37, 38], but this

phenomenon has yet to be examined in the putative disorder of attention, ADHD. One

reason is that selective attention has long been considered intact in ADHD, a conclusion still

recently supported [43, 44]. However, evidence increasingly suggests selective attention

deficits in ADHD during early-stage (low-level) sensory processing. Electrophysiological

studies have found robust early-stage sensory orienting deficits in ADHD [45, 46].

Behavioral studies have found deficits in effortful visual search [47] and orientation to

stimuli [45]. Stevens et al. [48] found substantial deficits in adult patients with ADHD when

detecting visual targets among distracters. A further experiment showed intact high-level

selective attention to spatial location in ADHD, suggesting the deficits were due to impaired

early-stage selective attention to targets.

Robust abnormalities in EEG oscillations have also been observed in ADHD. The most

consistent finding has been increased theta and decreased beta power, operationalized as

“theta/beta ratio.” A meta-analysis found abnormal theta/beta ratios in a substantial minority

of patients with ADHD (25-40%), concluding that while this measure is not diagnostically

sufficient, it may predict treatment outcome [49]. Another line of research has linked

oscillatory abnormalities to symptoms through neurofeedback treatment. This procedure

trains patients to adjust their EEG oscillations to typical levels (Box 3). Neurofeedback

treatment has been reported to normalize EEG patterns [50-52] and reduce ADHD

symptoms such as inattention, hyperactivity, and impulsivity [53-55].

Few studies of ADHD have analyzed EEG oscillations in response to sensory stimuli; most

have measured oscillations during rest [56]. However, a recent study found greater gamma

event-related synchronization for remembered as opposed to novel visual stimuli in typically

developing children (TDC), while children with ADHD lacked this effect [57]. This was

interpreted as an early-stage deficit in ADHD for selecting relevant stimuli. Occipital alpha

event-related desynchronization, indicating decreased active inhibition of responses, was

also found in response to visual stimuli in TDC [58]. This effect was coupled with frontal

theta synchronization, interpreted as a signature of functional connectivity between occipital

and frontal areas. By contrast, children with ADHD failed to show occipital

desynchronization or frontal synchronization, suggesting both early-stage visual processing

deficits and reduced functional connectivity [58]. Such deficits were not confirmed in a

small sample of children with ADHD during a working memory task [59]. However, another

working memory study of adults with ADHD replicated the occipital alpha and frontal theta

effects in the short time period immediately after stimulus presentation. In later processing

stages, the ADHD group showed greater alpha synchronization than controls and normal

theta synchronization [60]. This pattern was interpreted as an early-stage deficit in orienting

to visual information, with later stage compensatory mechanisms. The authors speculated

that such compensation may have accounted for prior null findings in ADHD when methods

did not distinguish early and late processing stages.
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These studies indicate that not only are intrinsic oscillations abnormal in ADHD, but that

they respond abnormally to external stimulation, particularly during early processing stages.

Together with recent findings of abnormal early-stage selective attention, these studies

suggest that entrainment of oscillations to external rhythms should be targeted for study in

ADHD. This conclusion is further supported by findings of abnormal entrainment related to

language and reading disability in dyslexia [41], given that ADHD often co-occurs with

such difficulties [61].

Concluding remarks

Neural oscillations are fundamental to brain function, and their entrainment enhances

processing for relevant time points, locations, and stimulus features. The clear advantage of

enhancing neural processing by capitalizing on predictive information in the environment

suggests that dysfunctional entrainment may underlie a wide range of processing difficulties

across psychiatric conditions. Possible consequences of impaired entrainment include

decreased access to temporal predictability, language development problems, and selective

attention deficits. Future work should elucidate the role of entrainment in various

psychopathologic conditions. Such knowledge can rapidly translate to treatment programs

involving rhythmic training or neurofeedback.

Additional work should also delve into the specific mechanisms underlying entrainment.

Systems enabling top-down control of entrainment during selective attention have yet to be

elucidated. Understanding these mechanisms will require a combination of techniques such

as electrophysiological recordings complemented by electrical microstimulation,

optogenetics, pharmacological manipulations and computational modeling. Likewise, little

is known about the development of entrainment, but longitudinal electrophysiological,

neuroimaging, and behavioral studies of adolescent humans and non-human primates can

characterize the origins and maturation of entrainment.

Understanding the underpinnings, ontogeny, and specific functions of entrainment will

allow the design of experiments aimed at determining entrainment integrity in psychiatric

disorders. On the flip side, another way to decipher function is to correlate the impairment of

entrainment to specific symptoms of neuropsychiatric disorders. A more complete

understanding of entrainment and its dysfunctions will be gained from examining a broad

range of individuals with comorbid conditions, such as ADHD co-occurring with learning

disabilities.

While this review focuses on rhythmic processing, it has been suggested that when stimulus

input or its sampling is predominantly not rhythmic, oscillations are suppressed to allow

more sustained sampling of input [17]. Future studies should determine whether a failure to

suppress oscillatory rhythms also contributes to psychopathology. Other suggested functions

of oscillations are facilitating functional connectivity [62-66] and parsing and grouping

neural information [9]. It will be important to determine the role of oscillations in

information modulation, information transmission, and neural syntax [67]. Knowledge of

how these processes are impaired in neuropsychiatric disorders will set the stage for more

targeted novel interventions.
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Glossary

Amplitude the maximum change of a periodic wave over one cycle. In

extracellular electrophysiological recordings of neural ensembles,

amplitude reflects the extent to which neurons in the ensemble(s)

oscillate in phase at a particular frequency. In these recordings,

the measure reflects the number of neurons oscillating, the degree

of synchrony among them, and the magnitude of each single

neuron’s oscillations.

Contingent negative
variation

an electrophysiological potential arising in the motor system

reflecting anticipation of a predicted stimulus and/or motor

preparation for a response. It has been suggested that the

contingent negative variation at least partly reflects modulation of

sensory systems by motor system predictions, and that this

modulation occurs via oscillatory mechanisms [68].

Event-related
synchronization/
event-related
desynchronization

increases and decreases, respectively, in the spectral power or

amplitude of an oscillatory frequency in response to a stimulus

event. Event related synchronization and desynchronization

quantify the extent to which the oscillations of distinct neurons

synchronize or desynchronize at a particular frequency in

response to external stimulation.

Inter-trial phase
coherence

coherence refers to a stable relationship between the phases of

oscillatory waves. Inter-trial phase coherence in EEG measures

the stability of oscillatory phase across trials time-locked to

stimuli and indicates the stability of entrainment by rhythmic

stimuli.

Neural oscillations rhythmic fluctuations of neural excitability which, when

synchronized across large numbers of neurons, appear as periodic

waves in electrophysiological recordings. Neural oscillations

occur in a hierarchy of distinguishable frequency bands, including

delta (0.5 – 4 Hz), theta (4 – 10 Hz), alpha (8 – 12 Hz), beta

(10-30 Hz), and gamma (30 – 100 Hz) [69]. Oscillations are

further quantified in terms of phase and amplitude or spectral

power.

Phase indicates the particular point in the cycle of an oscillation.

Oscillatory phase can be measured in degrees, with one cycle

comprising 360° or 2π radians. Phase indicates the particular

point in the cycle of a given oscillation. The oscillations of

distinct neurons or neural ensembles are in phase (synchronized)
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when their peaks and troughs coincide. Anti-phase fluctuations

occur when the peak of one coincides with the trough of the other

and vice-versa.

Phoneme a distinct unit of speech within a word that differentiates word

meaning, e.g. the “j” and “c” sounds that differentiate “jog” from

“cog”. Gamma oscillations are proposed to subserve perception of

prosody [39].

Prosody rhythmic changes in volume, pitch, and tempo of speech that

carry semantic meaning. Delta oscillations are proposed to

underlie perception of prosody [39].

Spectral power the square of the amplitude. Spectral power, also simply called

power, is a commonly reported measure of neural synchrony at a

particular frequency.

Syllable a unit of speech containing a vowel sound and a consonant sound,

e.g. “da.” Most syllables across language follow a consonant-

vowel pattern. Theta oscillations are proposed to subserve

perception of syllabic rhythms [39].
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Box 1: Mechanisms of oscillatory entrainment

Phase reset: Phase reset refers to the modulation of the phase of ongoing oscillations by

external or internal event-related input. A single attended or salient external stimulus can

reset the phase of oscillations to a particular state of excitability within a sensory

modality [18]. Stimuli in one sensory modality can also reset oscillatory phase in other

modalities, and this phase reset can affect behavioral performance [11, 70, 71]. For

example, in one study visual stimuli caused phase reset in auditory cortex, and oscillatory

phase in turn correlated with response time to auditory stimuli [72]. Given that natural

visual and auditory stimuli often co-occur [72], phase reset by one type of stimulus may

prepare a range of sensory areas to optimally process further incoming stimuli. In the

case of rhythmic stimuli, repetitive phase reset likely underlies entrainment by initially

aligning oscillatory phase and frequency to an external rhythm [18] (Figure 1). After

entrainment is established, it can continue for some time in the absence of phase reset, as

evidenced by entrained oscillations outlasting external stimulation [12, 26]. Just like

phase reset, entrainment can be cross-modal [11].

Cross frequency interactions: Neural oscillations at different frequencies form a

hierarchy of coordinated activity. One mechanism of coordination is phase-amplitude

coupling, in which the phase of lower frequency oscillations modulates the amplitude of

higher frequency rhythms. This occurs in both hippocampus [9] and neocortex [73],

allowing information processing and transfer across a hierarchy of frequency bands

(time-scales) [17, 33] (Figure 2). For example, the phase of delta or theta fluctuations

determines gamma amplitude, during both ongoing activity and entrainment to external

rhythms [16, 74-77]. A recent study provided evidence that cross frequency coupling

influences perception, showing that beta phase predicted detection of visual stimuli, but

the strength of this relationship was modulated by the phase of theta and delta oscillations

[78]. Attention-related entrainment of low-frequency oscillations likely coordinates brain

processing across multiple oscillatory frequencies in time, and across multiple

information processing units in space [33, 79]. We note the caveat that analysis of cross-

frequency coupling may not be accurate if neural oscillations contain sharp changes in

voltage; future analyses should take this into consideration [80].
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Box 2: Entrainment to natural stimuli

Although most natural stimuli like speech are not strictly rhythmic, neural oscillations

readily entrain to attended speech [19-23]. Henry and Obleser [10] demonstrated

entrainment to continuous sounds rhythmically modulated without sharp onsets/offsets,

showing that entrainment is not confined to streams of discreet stimuli. Lakatos et al. [12]

suggested that for somewhat irregular inputs, entrainment shifts the perceived timing to

an average value. Indeed, several studies show entrainment even when stimuli are not

strictly rhythmic. Lakatos et al. [11] demonstrated selective entrainment to attended

stimuli in monkeys with variable (jittered) stimulus timing. They varied the inter-

stimulus interval (ISI) between 500 and 800 ms, with a mean of 650 ms (~1.5 Hz), and

found entrainment at the delta frequency corresponding to the average ISI. Stefanics et al.

[31] studied human entrainment with an ISI varying between 1200 and 1500 ms, with an

average of 1350 ms (~0.74 Hz). Entrainment again occurred at the average repetition

rate.

Mathewson et al. [26] compared alpha entrainment between strictly rhythmic visual

streams and jittered streams (Figure 3). Rhythmic streams consisted of stimuli every 82.3

ms (~12 Hz), and resulted in both oscillatory entrainment and behavioral enhancement

for subsequent in-phase probe stimulus detection. Jittered streams varied the ISI between

11.7 and 257.4 ms, with a mean of 82.3 ms and an identical duration to the rhythmic

streams. The jittered condition also produced oscillatory entrainment, though with less

consistency than the strictly rhythmic condition. In-phase probe detection following

jittered streams also showed behavioral enhancement, which was slightly less than the

enhancement following strictly rhythmic streams. Overall, these results show that the

advantages of temporal predictability are also applicable to naturalistic rhythms that

contain some degree of irregularity.

Cravo et al. [30] recently compared rhythmic visual stimulation to a non-rhythmic

condition. While the rhythmic stimuli, presented every 400 ms (2.5 Hz) produced delta

entrainment, the non-rhythmic condition produced no entrainment. The non-rhythmic

stimuli were presented with randomly chosen ISI intervals of 200, 300, 400, 500, or 600

ms, and no mean frequency was reported. Taken together, these studies suggest that the

amount of jitter entrainment can tolerate depends on the wavelength of the average

rhythm as well as the ISI distribution (e.g., normal vs. random distribution).
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Box 3: Neurofeedback treatment for ADHD

Neurofeedback involves altering neural activity through operant conditioning. Visual or

auditory stimuli, including video games and animations, are presented as a reward when

particular EEG oscillations or electrophysiological potentials correspond to a target

range. This procedure has been used as a non-pharmacological treatment for ADHD, due

to findings of abnormal oscillatory activity (e.g., elevated theta/beta ratio) in patients

with ADHD. For example, pharmacological treatment with methylphenidate improves

both ADHD symptoms and normalizes neural oscillations [53], suggesting a link between

abnormal oscillations and symptomatology.

Different neurofeedback procedures for ADHD treatment target different types of EEG

activity, and optimal treatment may require tailoring neurofeedback to individual EEG

abnormalities [81]. Some protocols aim to reward suppression of theta activity and

enhancement of beta activity to normalize the theta/beta ratio, while others focus on

electrophysiological potentials such as the slow cortical potential, which reflects

attentiveness [81, 82]. Meta-analyses of neurofeedback treatment for ADHD have

yielded moderate to large effect sizes for reduction of inattention, hyperactivity, and

impulsivity symptoms [53, 55]; in one study, benefits were reported to persist for six

months after treatment [54].

Neurofeedback treatment has also demonstrated concurrent changes in oscillatory

activity and ADHD symptoms [50-52, 83], suggesting that oscillations and symptoms are

linked. For example, neurofeedback aiming to reduce the theta/beta ratio in children with

ADHD resulted in reduced theta/beta ratio, reduced parent ratings of inattention, and

improved neuropsychological response times [52]. Another study applied protocols

targeting theta/beta ratio and slow cortical potentials to separate groups of children with

ADHD [83]. Both groups showed increased ability to voluntarily regulate

electrophysiological activity as well as improvements in attention, cognition, and

behavior as rated by parents and teachers. Comparison of neurofeedback to other

treatments for ADHD has suggested effects comparable to psychostimulants and

cognitive behavioral therapy [82]. While existing evidence suggests that neurofeedback

may be an effective nonpharmacological treatment for ADHD, more randomized and

well-blinded studies are needed. Neurofeedback approaches have not yet addressed

modulatory mechanisms like phase reset and entrainment in perceptual processes.

Investigation of oscillatory entrainment may inform neurofeedback by revealing how

oscillations interact with external rhythms in ADHD. Such knowledge may provide new

methods of assessing individual oscillatory abnormalities, as well as new treatment

protocols involving entrainment.
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Box 4: Questions for future research

• What mechanisms are involved in the top-down control of oscillatory

entrainment? Given that the strong control over entrainment observed in

selective attention tasks suggests modulation of stimulus related inputs at the

thalamus and/or early-stage cortical targets, what pathways are involved in

directing entrainment to particular environmental rhythms?

• How does entrainment develop under normal conditions and in

psychopathology? What links exist between the ability to entrain oscillations at

various developmental stages and cognitive functions such as attention? How

might the development of entrainment differ in various neurodevelopmental

disorders?

• What might the correlation between impaired entrainment and specific

symptoms of psychiatric disorders reveal about the functions of entrainment

under typical conditions?

• Do links between deficient entrainment and symptoms translate across

disorders, e.g. does the role of entrainment in language processing in dyslexia

indicate a similar underlying mechanism for language difficulties in ADHD?

Might deficient entrainment underlie the common co-occurrence of ADHD and

dyslexia? Will deficient entrainment be most easily discernible in individuals

with ADHD and comorbid dyslexia?

• Under what conditions is it advantageous to suppress entrainment and use a

more sustained sampling of sensory input? Does failure to suppress entrainment

in particular frequency bands contribute to psychopathology?

• Can knowledge of specific deficits of entrainment inform neurofeedback

treatment of ADHD and related conditions? Can entrainment be directly utilized

to modify abnormal oscillatory activity, or be used to assess individual

impairments and tailor neurofeedback procedures to individual needs?
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Figure 1. Entrainment of neural oscillations
(a) Stylized example of oscillatory entrainment by rhythmic auditory stimuli. The

excitability of neural ensembles oscillates at various frequencies. The phases of ongoing

oscillations are reset by the first stimulus. The second stimulus establishes a rhythm, and

oscillatory frequencies adjust such that phases become aligned to this rhythm. As a

consequence of entrainment, neural ensembles are in a particular state of excitability when

stimuli occur. Oscillations remain entrained for several cycles after the last stimulus before

eventually “falling out of phase” due to frequency changes. (b) Supragranular current source

density trace recorded from a monkey showing entrainment of ongoing oscillations to

rhythmic auditory stimuli. Blue vertical lines represent stimuli and red lines represent when

stimuli would have occurred if stimulation had continued. Oscillatory phase remained

entrained to the stimulation rhythm for several cycles after the last stimulus (adapted, with

permission, from [12]).
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Figure 2. Hierarchical phase-amplitude coupling
Stylized example of phase-amplitude coupling in a hierarchy of oscillations. The top trace

represents a typical EEG signal comprised of several oscillatory frequencies. The other three

traces are the individual oscillations that are added to create the combined signal. The phase

of lower frequency oscillations determines the amplitude of higher frequencies in a

hierarchical fashion. The phase of the delta oscillation is coupled to the amplitude of the

theta oscillation, such that theta amplitude is larger during one phase of delta and smaller

during the opposite phase. The phase of the theta oscillation is similarly coupled to the

amplitude of the gamma oscillation. Gamma oscillations are “co-modulated” by both delta

and theta rhythms.
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Figure 3. Entrained oscillatory phase affects perception
A recent study showing that the phase of entrained alpha oscillations affects stimulus

detection (adapted, with permission, from [26]). (a) SOA = stimulus onset asynchrony,

eSOA = entrainer SOA, tSOA = target SOA, mSOA = mask SOA. Participants were

instructed to detect small circular targets that were backward-masked by an annulus. Each

trial began with a fixation and blank screen, followed by an entraining period in which one

of three conditions was presented. Eight annulus stimuli were presented with a fixed, 83 ms

SOA (12 Hz) in the rhythmic condition and a variable SOA in the variable condition. The

control condition presented only two annuli at the beginning and end of the entraining

period. Targets were then presented at one of seven randomly chosen lags after the

entraining period. Lags of 83 and 177 ms, indicated by blue boxes, were in-phase with the

entrainment rhythm, meaning that they represented time points at which rhythmic stimuli

would have occurred had entraining continued. Lags of 36 and 130 ms, indicated by pink

boxes, were out-of-phase, meaning that they represented time points directly between

rhythmic stimuli if entraining had continued. (b) Target detection as a function of target lag.

In-phase targets (blue boxes) were detected more often than out-of-phase targets (pink

boxes). For in-phase targets at 83 ms, detection rates were significantly higher for the

rhythmic and variable conditions compared to the control condition. Detection rates were

also significantly higher for the rhythmic than the variable condition. For in-phase targets at

177 ms, detection rates were also significantly higher for the rhythmic and variable

conditions than the control condition, but the rhythmic and variable conditions did not differ.

These results indicate that detection of targets was enhanced or suppressed during particular

phases of the entrained oscillations. (c) Difference between phase-locking index (PLI)

locked to onset of entrainment period for the rhythmic and variable conditions. PLI

measures the consistency of a particular frequency’s phase at a given time across trials,

reflecting phase alignment. The two marked time windows are 300 ms before and 200 ms
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after the end of entrainment, and the head plots show average scalp distributions of the PLI

difference in these two windows. Initial fixation and entrainer stimuli are marked with

vertical lines. This time-frequency plot shows increased PLI during entrainment for the

rhythmic compared to the variable condition, centered on the 12 Hz entrainment frequency,

coincident in time with the presentation of targets.
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Figure 4. Oscillatory entrainment as a substrate of selective attention
(a) Stylized example of selective oscillatory entrainment. Rhythmic visual and auditory

stimulus streams are presented simultaneously in anti-phase. Attention to the visual stream

entrains ongoing oscillations such that a particular phase of the oscillation in neural

excitability coincides with visual stimuli. Attention to the auditory stream, however, aligns

that same phase to auditory stimuli, producing an oscillation pattern that is anti-phase to the

visual attention condition. Under identical stimulus conditions, attention can determine the

entrainment pattern by aligning particular states of neural excitability to one stream or

another. (b) Intracranial recordings from epilepsy patients who performed a selective

attention task. Interleaved visual and auditory streams were presented, and the task was to

detect targets in one of the two modalities. The upper plots show the unfiltered EEG

recordings time-locked to auditory or visual stimuli (time point 0). The two different colors

represent EEG recordings under different attention conditions (visual vs. auditory). The

lower plots show the same data filtered at the stimulus frequency (1.5 Hz). The oscillatory

entrainment pattern is generally anti-phase between the two attention conditions,

demonstrating selective entrainment to the attended stream (adapted, with permission, from

[37]). We note the caveat that this effect may also be due to a general system for predicting

stimuli, which happens to appear rhythmic under rhythmic stimulus conditions. Future work

may differentiate between entrainment of ongoing oscillations and more general

predictability mechanisms.
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