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Abstract

Many animals can encode temporal intervals and use them to plan their actions, but only

humans can flexibly extract a regular beat from complex patterns, such as musical rhythms.

Beat-based timing is hypothesized to rely on the integration of sensory information with tem-

poral information encoded in motor regions such as the medial premotor cortex (MPC), but

how beat-based timing might be encoded in neuronal populations is mostly unknown.

Gámez and colleagues show that the MPC encodes temporal information via a population

code visible as circular trajectories in state space; these patterns may represent precursors

to more-complex skills such as beat-based timing.

Just listen to Antonio Carlos Jobim’s “Girl from Ipanema” (YouTube version of this song avail-

able here). The urge to sway with the languid, syncopated samba rhythm is irresistible. Why

does this happen? It somehow must result from interactions between the auditory and motor

systems of the brain that detect and anticipate temporally predictable moments in the song.

This beat-based form of sensory-motor timing allows humans to flexibly extract a regular tem-

poral structure from a range of rhythms, from simple isochronous sequences, in which all the

intervals are identical, to more-complex meters like those of waltzes, marches, and sambas—

like Jobim’s piece [1, 2]. People even perceive a regular beat at moments in the music when no

sound is present [3], as in the last bar of “Girl,” when the downbeat occurs on a silent rest. Fur-

ther, motor regions of the brain are active when people listen to musical rhythms, even without

moving [4]. These facts demonstrate that the beat is an abstract percept that is not solely

dependent on features of the stimulus or motor responses. Beat-based structure is particular to

music, but quasiperiodic temporal structure is also present at longer timescales in language

[5]. Humans can use temporal predictions based on the beat to facilitate action and perception.

Predictable beats enhance attention to stimuli that fall on the beat, resulting in better discrimi-

nation or detection [6, 7]. Predictable beats also facilitate movement timing, making it more

accurate and less variable [8]. This may be the reason why athletes in many sports use music to

guide movement timing.

Beat-based timing can be contrasted with interval timing—the ability to encode and

remember the interval between two events [9]. Many animals can encode temporal intervals

and use them to plan their actions [10]. Your dog knows when it is time for dinner and how

long it takes to pour the food. In contrast, beat-based timing appears to be characteristically
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human. Beat-based timing in humans has been well characterized using a deceptively simple

paradigm known as the tapping and continuation task (see [11] for review). A series of equally

spaced stimuli are presented, and people synchronize their finger taps to them. Then the sti-

muli are stopped, and participants continue to tap, maintaining the original pace. Many vari-

ables can be manipulated in this task, including stimulus modality, tempo, regularity of

timing, etc. The measures extracted from it are period and phase accuracy, as well as variabil-

ity. Across a large number of experiments, this simple task reveals several important features

of human rhythmic timing: (1) it is predictive, with taps preceding the onset of stimuli after

only a few cycles; (2) it is more accurate for auditory than visual stimuli; (3) accuracy declines

linearly for longer intervals; and (4) people can maintain the correct pace for many cycles after

the stimuli cease.

Because beat-based timing in humans favors auditory stimuli, it has been hypothesized that

this ability is related to neural specialization for audio-motor coupling required for language

[12]. Neuroimaging studies in humans have identified a network of auditory and motor struc-

tures involved in both interval- and beat-based timing [12–14]. These include posterior audi-

tory regions, inferior parietal, premotor, and supplementary motor areas (SMAs/preSMAs in

humans, medial premotor cortex [MPC] in monkeys [15]). Subcortical structures also contrib-

ute, with basal ganglia thought to be more important for beat-based timing and the cerebellum

for interval timing [16, 17]. A number of influential models suggest that motor planning

regions such as the SMA/MPC may be critical in encoding temporal intervals and providing

this information to sensory regions to guide perception [18–20]. The neural mechanism

underlying beat-based timing is proposed to be nested oscillations in auditory and motor

regions that underlie a dynamic interaction between these systems [21–24]. But until now,

how these oscillatory mechanisms are actually instantiated in neuronal populations has never

been satisfactorily described.

Since interval timing is common in animals, whereas beat-based timing appears to be

unique to humans, there has been much interest in identifying whether nonhuman primates

possess related abilities that might be considered precursors of these processes. Identifying pre-

cursors would allow us to causally test the contributions of specific brain regions and to model

encoding mechanisms at the neuronal level in a way that is difficult to do in humans. To exam-

ine possible precursor abilities and their underlying mechanisms in the macaque, previous

studies have developed a monkey paradigm based on the tapping and continuation task in

humans [25]. Like the human task, monkeys tap in synchrony with a series of stimuli and con-

tinue after they stop. Unlike the human task, the stimuli are typically visual, because monkeys

have difficulty engaging with auditory stimuli, and the sequences are quite short: only 3 taps

compared to the usual 30 in humans. Using this innovative paradigm, it has been shown that

macaques can perform this task across a range of tempos and that their responses can show

some degree of predictive timing if enough behavioral feedback is given [26]. This observation

suggests that macaques may possess an intermediate form of event timing that allows them to

make temporal predictions from a series of simple intervals. This form of timing may be simi-

lar to the countdown in a game of tag or a rocket launch, in which a regularly spaced series of

cues allows us to accurately predict when to run or start the engines.

In the target paper, Gámez and colleagues [27] trained two macaques to perform this tap-

ping and continuation task while recording neurophysiological activity simultaneously from a

large number of neurons within the MPC. Behaviorally, the monkeys learned to tap to a rhyth-

mic visual cue at different speeds and to continue tapping after the stimulus stopped. The neu-

ral data were analyzed using principal component analyses (PCAs), a multivariate approach

that converts the data into a representation in which the variance is accounted for by a series

of uncorrelated (orthogonal) components. This analytical approach is able to reveal
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organizational features of complex data that would not be identified by simple linear or univar-

iate approaches (such as spike averaging).

The most remarkable finding is that as the monkeys tap, the neural responses, modeled in a

multidimensional space defined by the PCA, describe a circular trajectory of constant speed

whose radius scales with the duration of the time intervals (i.e., the tempo of the sequence)

(see the Supporting Information for a video illustrating this phenomenon). The relation to

tempo indicates that the circular trajectory encodes relevant properties of the temporal

sequence. These trajectories are found not only when the animal is tapping in synchrony to

the stimulus but also during the continuation phase when there is no stimulus. Therefore, the

brain activity is not merely a response to a stimulus. Furthermore, one monkey performed a

control task using stimulus sequences that were unpredictable in time; under those conditions,

the monkey was slower to respond, and also the neural trajectories were much less well orga-

nized. Thus, the shape of the neural trajectories is related to the degree of temporal regularity.

Finally, these neural population state trajectories may be related to previously reported single-

cell ramping activity during performance of this task [28].

One might ask if the brain activity is directly related to the movements themselves: analysis

of the kinematics of the monkey’s finger shows that the movement trajectory is not sinusoidal,

as one might expect if it followed the circular trajectory directly. Conversely, the periodicity of

the neural activity is closely related to the onset of movement, so it appears that when the neu-

ral trajectory reaches a certain position in state space, there is a triggering of the motor action.

Finally, the authors show that the results are stable even when data from fewer neurons are

analyzed, indicating that the results are robust and correspond to a distributed, sparse popula-

tion code throughout the premotor region.

This set of findings provides remarkable insight into the mechanisms by which entrainment

is instantiated in the MPC, a key cortical region for this ability. The regularity of the circular

neural trajectories, their continuation even in the absence of a stimulus, and the relationship

between their features and behavior (sensitivity to tempo and to temporal structure) strongly

suggest that they represent an internal sensorimotor representation of the timed sequence. A

key advance in this paper is the idea that timing is encoded in a neural population clock—a

mechanism that may be unique to the MPC or that may be a common code in other regions

involved in timing. As with any important new finding, this one raises questions and opens

many possibilities for future research.

Coming back to the distinction between interval-based and beat-based timing, one might

ask which one is pertinent to the proposed neural mechanism in the MPC. Although the mon-

key findings point to a certain level of abstractness in the internal representation (the pattern

can encode any tempo and is independent of the presence of the stimulus itself), it is nonethe-

less unlikely to represent a true beat-based timing mechanism, since monkeys seem to lack this

ability. Rather, it likely pertains to interval-based timing, albeit a more complex version of it,

involved in entrainment to a sequence of isochronous events [29].

But could the mechanism uncovered here represent a precursor to the more complex beat-

processing ability that humans express so readily? It’s hard to say, because if the two mecha-

nisms rely on distinct neural systems in humans, as has been proposed, then the mechanism

uncovered in monkeys would pertain only to the interval-based aspect. However, it seems

likely that a beat-based mechanism could only exist if regular, timed intervals are well repre-

sented in the first place, so in that sense, the findings here may represent a precursor upon

which the human nervous system has built more-complex systems. The question then

becomes, what are those more complex systems, exactly? Is it simply a matter of quantitative

enhancement of what already exists in a monkey? It is notable, for example, that although the

monkeys are clearly entraining, they do so more sluggishly than humans, and they follow the
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stimulus rather than align with it or predict it as humans tend to do. So perhaps all you need is

greater precision. Or instead, there may well be a qualitatively different system that allows

beat-based timing but that interacts with interval-based mechanisms.

One valuable aspect of these findings is that they provide a concrete and sophisticated

model that can be tested in humans. Although we cannot easily perform multiunit recordings

in humans (except perhaps with intracranial techniques in epilepsy patients, for instance), we

can think of ways to use neuroimaging methods to test the model. For instance, with high-field

functional MRI, duration-related topographies have already been demonstrated in the SMA

[30]. Therefore, it may also be possible to image sufficiently small voxels and apply PCA (or

other multivariate approaches) to test for the existence of neural trajectories in SMA similar to

those seen in monkeys. The temporal resolution needed may be an issue for MRI, but tech-

niques such as magnetoencephalography could perhaps be applied in a similar vein. These

approaches might help us to understand whether interval- and beat-based timing are truly dis-

sociable or on a continuum.

Neuroimaging approaches applied to this issue would have the further advantage that they

would help reveal more information about the network in which the MPC is embedded,

because the entire brain is typically imaged simultaneously. Gámez and colleagues point out

that the MPC is part of both the cortico-basal ganglia and the cortico-cerebellar circuits; it may

therefore participate in both interval and rhythmic timing [16, 17]. Nonetheless, the neuro-

physiological findings do not tell us whether the patterns observed represent an intrinsic

mechanism of the MPC or reflect readout from upstream regions—for example, frontal areas.

We need to understand what the relevant inputs are in order to better understand how sensory

and motor information are integrated at a network level. Similarly, it is not clear how the out-

puts from the MPC to downstream motor structures—such as dorsal premotor cortex, primary

motor cortex, basal ganglia, and cerebellum—lead to the organization of action that enables

precise, timed movements on the beat. Most critically, we need to understand what computa-

tions are carried out across a distributed network of regions, such that sensory and motor sys-

tem activity becomes part of an integrated whole. Such knowledge would indirectly help to

answer the evolutionary question of whether human musical and timing skills depend on simi-

lar, if enhanced, mechanisms as in monkeys or engage additional, qualitatively distinct mecha-

nisms within more-complex networks of neural structures. Monkeys may never swing to

Brazilian samba, but their movements may nonetheless help us to figure out why we do.

Supporting information

S1 Video. Medial premotor cortex neural population trajectories during the continuation

condition of the tapping task. The trajectory completes an oscillatory cycle on every pro-

duced interval, with an amplitude that is larger for the slower tempo (red) compared to the

faster tempo (blue). The tapping times for the two tempos are displayed at the bottom.

(MP4)

References
1. Honig H. Structure and interpretation of rhythm in music. In: Deutsch D, editor. The Psychology of

Music. 3. Amsterdam: Academic Press; 2013. p. 369–404.

2. Povel D, Essens P. Perception of temporal patterns. Music Perception. 1985; 2(4):411–40.

3. Snyder JS, Large EW. Gamma-band activity reflects the metric structure of rhythmic tone sequences.

Brain Res Cogn Brain Res. 2005; 24(1):117–26. https://doi.org/10.1016/j.cogbrainres.2004.12.014

PMID: 15922164.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000293 June 3, 2019 4 / 6

http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3000293.s001
https://doi.org/10.1016/j.cogbrainres.2004.12.014
http://www.ncbi.nlm.nih.gov/pubmed/15922164
https://doi.org/10.1371/journal.pbio.3000293


4. Chen JL, Penhune VB, Zatorre RJ. Listening to musical rhythms recruits motor regions of the brain.

Cereb Cortex. 2008; 18(12):2844–54. https://doi.org/10.1093/cercor/bhn042 PMID: 18388350.

5. Schon D, Morillon B, editors. Music and Language. Oxford, UK: Oxford University Press; 2018.

6. Manning F, Schutz M. "Moving to the beat" improves timing perception. Psychon Bull Rev. 2013; 20

(6):1133–9. https://doi.org/10.3758/s13423-013-0439-7 PMID: 23670284.

7. Morillon B, Schroeder CE, Wyart V. Motor contributions to the temporal precision of auditory attention.

Nat Commun. 2014; 5:5255. https://doi.org/10.1038/ncomms6255 PMID: 25314898; PubMed Central

PMCID: PMCPMC4199392.

8. Patel AD, Iversen JR, Chen Y, Repp BH. The influence of metricality and modality on synchronization

with a beat. Exp Brain Res. 2005; 163(2):226–38. https://doi.org/10.1007/s00221-004-2159-8 PMID:

15654589.

9. Teki S, Grube M, Griffiths TD. A unified model of time perception accounts for duration-based and beat-

based timing mechanisms. Front Integr Neurosci. 2011; 5:90. https://doi.org/10.3389/fnint.2011.00090

PMID: 22319477; PubMed Central PMCID: PMCPMC3249611.

10. Merchant H, de Lafuente V. Introduction to the Neurobiology of Interval Timing. In: Merchant H, de

Lafuente V, editors. Neurobiology of Interval Timing. New York, NY: Springer New York; 2014. p. 1–

13.

11. Repp BH, Su YH. Sensorimotor synchronization: a review of recent research (2006–2012). Psychon

Bull Rev. 2013; 20(3):403–52. https://doi.org/10.3758/s13423-012-0371-2 PMID: 23397235.

12. Merchant H, Grahn J, Trainor L, Rohrmeier M, Fitch WT. Finding the beat: a neural perspective across

humans and non-human primates. Philos Trans R Soc Lond B Biol Sci. 2015; 370(1664):20140093.

https://doi.org/10.1098/rstb.2014.0093 PMID: 25646516; PubMed Central PMCID: PMCPMC4321134.

13. Rajendran VG, Teki S, Schnupp JWH. Temporal Processing in Audition: Insights from Music. Neurosci-

ence. 2018; 389:4–18. https://doi.org/10.1016/j.neuroscience.2017.10.041 PMID: 29108832; PubMed

Central PMCID: PMCPMC6371985.

14. Kung SJ, Chen JL, Zatorre RJ, Penhune VB. Interacting cortical and basal ganglia networks underlying

finding and tapping to the musical beat. J Cogn Neurosci. 2013; 25(3):401–20. https://doi.org/10.1162/

jocn_a_00325 PMID: 23163420.

15. Mendoza G, Merchant H. Motor system evolution and the emergence of high cognitive functions. Prog

Neurobiol. 2014; 122:73–93. https://doi.org/10.1016/j.pneurobio.2014.09.001 PMID: 25224031.

16. Breska A, Ivry RB. Double dissociation of single-interval and rhythmic temporal prediction in cerebellar

degeneration and Parkinson’s disease. Proc Natl Acad Sci U S A. 2018; 115(48):12283–8. https://doi.

org/10.1073/pnas.1810596115 PMID: 30425170; PubMed Central PMCID: PMCPMC6275527.

17. Teki S, Grube M, Kumar S, Griffiths TD. Distinct neural substrates of duration-based and beat-based

auditory timing. J Neurosci. 2011; 31(10):3805–12. https://doi.org/10.1523/JNEUROSCI.5561-10.2011

PMID: 21389235; PubMed Central PMCID: PMCPMC3074096.

18. Patel A, Iversen J. The evolutionary neuroscience of musical beat perception: the Action Simulation for

Auditory Prediction (ASAP) hypothesis. Front Syst Neurosci. 2014; 8:57. https://doi.org/10.3389/fnsys.

2014.00057 PMID: 24860439; PubMed Central PMCID: PMC4026735.

19. Honing H, Merchant H. Differences in auditory timing between human and nonhuman primates. Behav

Brain Sci. 2014; 37(6):557–8; discussion 77–604. https://doi.org/10.1017/S0140525X13004056 PMID:

25514947.

20. Rimmele JM, Morillon B, Poeppel D, Arnal LH. Proactive Sensing of Periodic and Aperiodic Auditory

Patterns. Trends Cogn Sci. 2018; 22(10):870–82. https://doi.org/10.1016/j.tics.2018.08.003 PMID:

30266147.

21. Morillon B, Schroeder CE. Neuronal oscillations as a mechanistic substrate of auditory temporal predic-

tion. Ann N Y Acad Sci. 2015; 1337:26–31. https://doi.org/10.1111/nyas.12629 PMID: 25773613;

PubMed Central PMCID: PMCPMC4363099.

22. Large E, Herrera J, Velasco M. Neural Networks for Beat Perception in Musical Rhythm. Front Syst

Neurosci. 2015; 9:159. https://doi.org/10.3389/fnsys.2015.00159 PMID: 26635549; PubMed Central

PMCID: PMCPMC4658578.

23. Fujioka T, Ross B, Trainor LJ. Beta-Band Oscillations Represent Auditory Beat and Its Metrical Hierar-

chy in Perception and Imagery. J Neurosci. 2015; 35(45):15187–98. https://doi.org/10.1523/

JNEUROSCI.2397-15.2015 PMID: 26558788.

24. Nozaradan S, Schonwiesner M, Keller PE, Lenc T, Lehmann A. Neural bases of rhythmic entrainment

in humans: critical transformation between cortical and lower-level representations of auditory rhythm.

Eur J Neurosci. 2018; 47(4):321–32. https://doi.org/10.1111/ejn.13826 PMID: 29356161.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000293 June 3, 2019 5 / 6

https://doi.org/10.1093/cercor/bhn042
http://www.ncbi.nlm.nih.gov/pubmed/18388350
https://doi.org/10.3758/s13423-013-0439-7
http://www.ncbi.nlm.nih.gov/pubmed/23670284
https://doi.org/10.1038/ncomms6255
http://www.ncbi.nlm.nih.gov/pubmed/25314898
https://doi.org/10.1007/s00221-004-2159-8
http://www.ncbi.nlm.nih.gov/pubmed/15654589
https://doi.org/10.3389/fnint.2011.00090
http://www.ncbi.nlm.nih.gov/pubmed/22319477
https://doi.org/10.3758/s13423-012-0371-2
http://www.ncbi.nlm.nih.gov/pubmed/23397235
https://doi.org/10.1098/rstb.2014.0093
http://www.ncbi.nlm.nih.gov/pubmed/25646516
https://doi.org/10.1016/j.neuroscience.2017.10.041
http://www.ncbi.nlm.nih.gov/pubmed/29108832
https://doi.org/10.1162/jocn_a_00325
https://doi.org/10.1162/jocn_a_00325
http://www.ncbi.nlm.nih.gov/pubmed/23163420
https://doi.org/10.1016/j.pneurobio.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25224031
https://doi.org/10.1073/pnas.1810596115
https://doi.org/10.1073/pnas.1810596115
http://www.ncbi.nlm.nih.gov/pubmed/30425170
https://doi.org/10.1523/JNEUROSCI.5561-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21389235
https://doi.org/10.3389/fnsys.2014.00057
https://doi.org/10.3389/fnsys.2014.00057
http://www.ncbi.nlm.nih.gov/pubmed/24860439
https://doi.org/10.1017/S0140525X13004056
http://www.ncbi.nlm.nih.gov/pubmed/25514947
https://doi.org/10.1016/j.tics.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30266147
https://doi.org/10.1111/nyas.12629
http://www.ncbi.nlm.nih.gov/pubmed/25773613
https://doi.org/10.3389/fnsys.2015.00159
http://www.ncbi.nlm.nih.gov/pubmed/26635549
https://doi.org/10.1523/JNEUROSCI.2397-15.2015
https://doi.org/10.1523/JNEUROSCI.2397-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26558788
https://doi.org/10.1111/ejn.13826
http://www.ncbi.nlm.nih.gov/pubmed/29356161
https://doi.org/10.1371/journal.pbio.3000293


25. Zarco W, Merchant H, Prado L, Mendez JC. Subsecond timing in primates: comparison of interval pro-

duction between human subjects and rhesus monkeys. J Neurophysiol. 2009; 102(6):3191–202.

https://doi.org/10.1152/jn.00066.2009 PMID: 19812296; PubMed Central PMCID: PMCPMC4073907.

26. Gamez J, Yc K, Ayala YA, Dotov D, Prado L, Merchant H. Predictive rhythmic tapping to isochronous

and tempo changing metronomes in the nonhuman primate. Ann N Y Acad Sci. 2018. https://doi.org/10.

1111/nyas.13671 PMID: 29707785.

27. Gamez J, Mendoza G, Prado L, Betancourt A, Merchant H. The amplitude in periodic neural state tra-

jectories underlies the tempo of rhythmic tapping. PLoS Biol. 2019; 17(4):e3000054. https://doi.org/10.

1371/journal.pbio.3000054 PMID: 30958818; PubMed Central PMCID: PMCPMC6472824.

28. Merchant H, Zarco W, Perez O, Prado L, Bartolo R. Measuring time with different neural chronometers

during a synchronization-continuation task. Proc Natl Acad Sci U S A. 2011; 108(49):19784–9. https://

doi.org/10.1073/pnas.1112933108 PMID: 22106292; PubMed Central PMCID: PMCPMC3241773.

29. Merchant H, Honing H. Are non-human primates capable of rhythmic entrainment? Evidence for the

gradual audiomotor evolution hypothesis. Front Neurosci. 2013; 7:274. https://doi.org/10.3389/fnins.

2013.00274 PMID: 24478618; PubMed Central PMCID: PMCPMC3894452.

30. Protopapa F, Hayashi MJ, Kulashekhar S, van der Zwaag W, Battistella G, Murray MM, et al. Chronoto-

pic maps in human supplementary motor area. PLoS Biol. 2019; 17(3):e3000026. https://doi.org/10.

1371/journal.pbio.3000026 PMID: 30897088; PubMed Central PMCID: PMCPMC6428248.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000293 June 3, 2019 6 / 6

https://doi.org/10.1152/jn.00066.2009
http://www.ncbi.nlm.nih.gov/pubmed/19812296
https://doi.org/10.1111/nyas.13671
https://doi.org/10.1111/nyas.13671
http://www.ncbi.nlm.nih.gov/pubmed/29707785
https://doi.org/10.1371/journal.pbio.3000054
https://doi.org/10.1371/journal.pbio.3000054
http://www.ncbi.nlm.nih.gov/pubmed/30958818
https://doi.org/10.1073/pnas.1112933108
https://doi.org/10.1073/pnas.1112933108
http://www.ncbi.nlm.nih.gov/pubmed/22106292
https://doi.org/10.3389/fnins.2013.00274
https://doi.org/10.3389/fnins.2013.00274
http://www.ncbi.nlm.nih.gov/pubmed/24478618
https://doi.org/10.1371/journal.pbio.3000026
https://doi.org/10.1371/journal.pbio.3000026
http://www.ncbi.nlm.nih.gov/pubmed/30897088
https://doi.org/10.1371/journal.pbio.3000293

