


(e.g.,quarternotes,halfnotes,anddottedhalfnotes)cangiveriseto asenseof regularityata
ratethat isnot actuallyrepresentedbyanyof theintervalsin thesequence(that is,at thewhole
notelevel).In fact,manypreviousstudieson neuralentrainmentdid not evenutilize the
strictly isochronoussequencespresentedhereasahallmarkof rhythm but insteadallowedfor
considerablejitter betweensinglestimuli (e.g.,[6±9]).

Empirically,rhythmicity canbeassessedbestbyaskingindividualswhethertheyperceivea
sequenceasrhythmic.To thisend,wetransferredBreskaandDeouell'ssequencesto theaudi-
tory domain(arguablythemorenaturaldomainfor assessingrhythm andentrainment)in an
exercisethatwasquiteinformative:it turnsout that their ªrepeated-intervalºcondition,con-
ceivedto reducerhythmicity, feelsveryrhythmic indeed(seesupplementalaudioathttps://
osf.io/phs6e/).Theoretically,rhythmicity canbeassessedbyattemptingto align(that is,to
entrain)asinusoidaloscillationto astimulussequence(Fig1),asBreskaandDeouellhavealso
done:if theoscillationalignsto thesequencesuchthat its relativephaseissufficientlynon-ran-
domrelativeto stimulusonsets,thesequenceshouldbeconsideredrhythmic from theper-
spectiveof theunderlyingoscillator.Our attemptsto do sosuggestthat thedegreeof jitter
employedbyBreskaandDeouell,evenin their ªrandomºcondition,wouldstill allowfor suc-
cessfulneuralentrainment(Fig1C).WenotethatBreskaandDeouellalsoreport resultsof
suchasimulationandalsoshowthat,in particularfor thelongSOAcondition,their ªrandomº
stimulationwouldhaveledto successfuloscillatoryentrainment.

An orthogonalissuecontributing to BreskaandDeouell'slargelysimilarphase-concentra-
tion resultsacrossªrhythmicº andªrepeated-intervalºconditionsis thepresenceof large-
amplitudecontingentnegativevariation(CNV) andP3componentsflankingthetargets,
whichlikely distortedthephasemeasuresandresultedin artificially highphaseconcentrations
(Fig1D).Thissuggestion(alsoput forwardbyBreskaandDeouell)wasconfirmedbyour sim-
ulationsandaccuratelypredictedlowerphaseconcentrationat thetime of thewarningsignal
comparedto thetime of thetarget,whichwouldnot bepredictedbyneuralentrainmentalone
(Fig5Bof BreskaandDeouell[1]). Thebottomline herehasalreadybeendiscussedat length
in thefield:phaseconcentrationmeasuresdo not just indexoscillationsÐtheyindextheentire
underlyingsignalÐandthereforeshouldbeinterpretedwith utmostcaution.

Nonetheless,to concludethat ªphaseconcentrationandalignmentof slowEEG[electroen-
cephalogram]oscillationsarenot asignatureof rhythmic entrainmentº([1]; asin thetitle of
their paper)isworrisome:BreskaandDeouellseemonly to considerthepossibilitythat
entrainmentmeasuresmight not begoodindicatorsof entrainment.Potentially,however,
their manipulationsimplydid not varytheintendedindependentmeasure(that is,rhythmic-
ity) to aconclusivedegree.

Our reservationsnotwithstanding,BreskaandDeouell'spaperisanimportant reminderof
howlittle weactuallyknowabouttheway(s)in whichrhythmicÐor otherwisepredictableÐ
patternsin our environmentareutilizedbybehavingorganisms.Accordingly,ahallmarkcon-
tribution of their paperis to demonstratethebehavioralcosts(in termsof responsetimes)that
canarisefor abehavingorganismfrom entrainmentto astrictlyperiodicstimulus.

Letusconcludebybrieflyoutlining requirementsof anexperimentthatwethink wouldset-
tle theimportant questionsraisedbyBreskaandDeouellmoreconclusively.First,theexperi-
mentwouldneedto manipulateaperceiver'sability to predicttheprecisetiming of upcoming,
behaviorallyrelevanteventsby truly varyingrhythmicity. That is,thepresenceof rhythmicity
shouldbeempiricallyverifiedbyaskingfor information aboutthe(non-)rhythmic percept.
Oneparticularlypromisingapproachis to manipulatemeter:rhythmswith differentdegrees
of perceivedrhythmicity canbeconstructedbyreorderingtheexactsameintervalset,creating
stimuli with identicalstatisticalpropertiesbut differentdegreesof perceivedregularity[13].
Suchstimuli allowfor arigoroustestof theeffectsof rhythmicity on neuralentrainment.
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Fig 1. Pitfalls of “oscillatory investigations” into rhythm processing. (a) A 20-second-long snippet of

simulated delta oscillation illustrating the properties of the model used to investigate the effects of task

structure on the delta inter-trial coherence measure. The top trace shows a simulated ongoing delta oscillation

that becomes entrained by the stimulus onsets, indicated by vertical red lines. The bottom trace is the time

course of the instantaneous frequency of the delta oscillation; the horizontal line marks the stimulus rate. The

ongoing oscillation had a default mean frequency of 1.7 Hz (with a 20% standard deviation of 0.34 Hz;

Gaussian frequency distribution). Upon stimulus presentation, the oscillation was reset, and the period was

sequentially adjusted to the frequency halfway between the current ongoing frequency and the SOA of the

preceding 2 stimuli. (b) Simulated oscillatory entrainment by the stimulus structures employed by Breska and
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Second,wesuggestthatunpredictable,near-thresholdtargetsavoidasmuchaspossiblethe
contaminationby largeCNV andP3componentsthatcandistort phase-concentrationmea-
sures.Inevitably,however,testingamemory-basedpredictionmechanismiscontingenton a
subject'sability to predictwhenthetargetwill occurÐaprocessthatcanhardlyescapelarge
transientevokedresponseslike theCNV andsomaybebetterstudiedusingapsychophysically
soundbehavioralparadigm.It remainsto beconceded,however,that it is far from trivial to
arbitratebetweena(theoreticallyandempiricallythusfar substantiated)entrainmentaccount
on theonehand,andapotentiallymoreparsimoniousviewthatwouldsubsumebothperiodic
andaperiodicpredictionsbut might challengeentrainmenton theother.

So,whatdo wetalk aboutwhenwetalk aboutrhythm?Aswehavelaid out here,regularity
manipulationsthemselvesneedto beof sufficientmagnitudeandqualityto modulateboth
perceptsof rhythmicity andentrainmentof a(neuralor other)oscillator.Eventhen,however,
our belovedtoolsfor dissectingrhythmic andnon-rhythmicprocessesin theneuraldomain
canbeturnedinto rustybladesbynotoriousinterpretationalproblems.Thisshouldencourage
usto humblyspellout our predictionsin thosedomainswhererhythm truly resides:in percep-
tion andbehavior[14].
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Deouell [1]. As the delta waveforms averaged across 100 instances of stimulus sequences consisting of 7

stimuli illustrate, delta phase across trials is not random, but rather delta oscillations are aligned to the stimuli,

despite some randomization (for paradigm details see Breska and Deouell [1]). Indeed, ITC values measured

at the last stimulus of each train (target in the Breska and Deouell study) were all significant (all P �� 10�í5), as

the respective polar histograms next to each panel illustrate (covering a range of 0%–100% of all delta

phases). (c) The effect of SOA randomization on phase concentration. Simulated ITC values at target onset

for differing degrees of uniform variation in SOA. The x-axis displays percentage SOA standard deviation; the

vertical dotted lines represent the actual SOA variation used by [1]. These both fall into the rhythmic category

indicated by significant ITC values (horizontal dotted line, Rayleigh P = 0.05 for 100 trials, corrected for

multiple comparisons). (d) A theoretic scenario in which ongoing oscillations are not reset or entrained by

stimuli, e.g., when presented stimuli are being ignored [10]. On top, no event-related potentials are present,

and delta phases measured with the phase estimation method used by Breska and Deouell are random

across the 100 stimulus train presentations as the non-significant ITC values measured at the time of the

second to last (Warning) and last (Target) stimuli show (bar plot on the right). On the bottom, we added event-

related responses including a CNV component following the Warning stimulus and a P3 component following

the Target (like responses in the Breska and Deouell study). In this case, even when phases of underlying

delta oscillations are completely random, significant ITC is detected due to the large amplitude ERP

components flanking the target. ITC related to the warning stimulus is still non-significant, similar to Breska

and Deouell’s results (Fig 5B in [1]). Note that the amplitude of the CNV component was twice the amplitude of

ongoing delta in our simulations, and that evoked response-related phase bias depends on the ratio of

amplitudes as well as on the shape of the response [11,12]. Abbreviations: CNV, contingent negative

variation; ERP, event-related potential; ITC, Inter-trial [phase] coherence; SOA, stimulus onset asynchrony.

https://doi.org/10.1371/journal.pbio.2002794.g001
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