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Abstract 11 
Carrying out any everyday task, be it driving in traffic, conversing with friends, or playing 12 
basketball, requires rapid selection, integration, and segregation of stimuli from different sen-13 
sory modalities. To date, even the most advanced artificial intelligence-based systems are 14 
unable to replicate the multisensory processes that our brain routinely performs. How neural 15 
circuits carry out these processes is still not well understood. Here, we discuss recent find-16 
ings that shed new light on the neural mechanisms underlying multisensory integration (MI). 17 
We present a new concept of MI that emphasizes the critical role of neural interactions at 18 
multiple timescales, allowing, for example, the simultaneous integration and segregation of 19 
information in different time windows. We review recent findings that highlight key mecha-20 
nisms in the multi-timescale network dynamics mediating MI: power modulations, phase-21 
resetting, phase-amplitude coupling and dynamic functional connectivity. We then discuss 22 
scenarios on how multi-timescale processes may coordinate MI in a flexible and adaptive 23 
manner. Research on multiscale dynamics may benefit from advances in modeling and neu-24 
rostimulation techniques and may have implications for multisensory neurotechnologies. The 25 
findings discussed here strongly support the notion that multi-timescale interactions consti-26 
tute a key mechanism in MI. 27 
  28 
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Introduction 29 
Why do we understand speech better when we watch a person’s lip movements? Why does 30 
food have little savor if we are unable to process olfactory information1? These are questions 31 
that are being addressed in research on multisensory integration (MI) which focuses on inves-32 
tigating how information from the different sensory modalities interacts to influence perception 33 
and behavior. A key feature of MI is that responses to a multisensory stimulus typically differ 34 
from the combined responses of corresponding unisensory stimuli2,3. There are also differ-35 
ences in how the brain processes and integrates stimuli within a single sensory modality and 36 
across modalities (BOX 1). Studies in the past decades have elucidated a number of factors 37 
shaping MI, including bottom-up effects, such as the spatiotemporal congruency of stimuli and 38 
the finding of reliable MI effects when the unisensory constituent stimuli elicit weak neural 39 
responses3, the weighting of sensory evidence in relation to the appropriateness for the task 40 
at hand4, and top-down mechanisms such as attention5. In this Perspective, we focus on tem-41 
poral aspects of the mechanisms underlying MI and discuss the concept that MI involves neu-42 
ral dynamics at multiple interacting timescales. Compared to other aspects of MI, the role of 43 
neural processes at different timescales involved in MI are much less well understood.  44 
The temporal characteristics of the stimuli that activate peripheral receptor cells, such as 45 
sound waves, odor molecules or skin touch, differ considerably between sensory systems6,7. 46 
Our senses encode intensities and time courses of these stimuli and transduce them into 47 
electrical brain signals at timescales that can diverge by orders of magnitude across different 48 
systems (FIG. 1a). Furthermore, in all sensory organs, stimuli are encoded concurrently by 49 
distinct cell populations at different temporal resolutions. Thus, MI requires comparison and 50 
linking of information not only between different sensory systems, but also across different 51 
timescales.  52 
At the next processing stages of sensory pathways, the neural dynamics also span a broad 53 
variety of timescales (FIG. 1a). Subcortical and cortical regions exhibit synchronized neural 54 
activity over a wide range of frequencies, from slow oscillations below 1 Hz to high gamma 55 
band oscillations at frequencies above 100 Hz8. These oscillatory rhythms are involved in 56 
many aspects of sensory and cognitive processing8–15 and it has been hypothesized that they 57 
may provide time windows of different duration for the chunking or linking of information10,16–58 
18. Furthermore, analysis of the autocorrelation of neural activity has revealed characteristic 59 
timescales of cortical processing19–23 (FIG. 1b). These intrinsic neural timescales seem to differ 60 
across processing stages of cortical pathways, with early sensory areas exhibiting shorter 61 
timescales and higher-order areas showing progressively longer timescales19,20,22,23. Different 62 
timescales are also observed in analyses of the dynamic coupling of neural activity across 63 
different cell populations11,17,24–27 (FIG. 1b). Here, there is robust evidence for a plethora of 64 
intrinsic coupling modes operating on different timescales26. 65 
Overall, it is well established that the processing of sensory information in the periphery and 66 
at central stages involves multiple timescales, i.e., information processing occurs at different 67 
temporal resolutions and over a wide range of sensory and neural integration time win-68 
dows7,8,19,20,22,23.  69 
Based on these observations, concepts on the functional importance of multi-timescale pro-70 
cessing have been advanced that emphasize several distinct, but related aspects. The first 71 
aspect concerns the integration of information. Multiple timescales might support the integra-72 
tion of information over time windows of different durations that could be adapted to require-73 
ments of the current task22,23. Furthermore, it has been suggested that different timescales, 74 
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reflected in different frequency bands, serve to route different types of information through 75 
cortical networks, thus establishing functionally specific links between neural popula-76 
tions14,28,29. The second aspect is the segregation of information. It has been proposed that 77 
the coexistence of multiple timescales may enhance the capacity of the system by multiplex-78 
ing, i.e., the parallel processing of complementary information in different channels that could 79 
be provided by separate frequency bands7,30. A third, closely related aspect is the hierarchical 80 
structuring of information. It has been suggested that relations between different timescales 81 
may be established by cross-frequency coupling of neural oscillations31,32. The nesting of mul-82 
tiple processing timescales might lead to the formation of functional hierarchies in cortical net-83 
works19,33. A fourth aspect concerns the selection of information. Recent concepts postulate 84 
the involvement of different neural timescales in prediction and in attentional selection of sen-85 
sory stimuli15,34,35. Both processes require the interplay of top-down and bottom-up information 86 
flows which seem to be mediated by different frequency bands28,36.  87 
These concepts of multi-timescale processing have been substantiated by research on indi-88 
vidual sensory modalities (BOX 1). However, multi-timescale concepts have so far not been 89 
explicitly considered to account for the dynamic integration and interaction between different 90 
sensory systems. In this Perspective, we first review several neural mechanisms that are rel-91 
evant for multi-timescale dynamics involved in MI. We then describe how multi-timescale dy-92 
namics in ongoing activity can influence MI. Subsequently, we discuss the role of multi-time-93 
scale MI during cognitive processing. On the basis of this evidence, we will argue for a novel 94 
concept of MI that incorporates multi-timescale mechanisms for integration, selection, hierar-95 
chical structuring and selection of information. We will describe scenarios that highlight the 96 
multi-timescale dynamics underlying MI and allow the testing of predictions derived from the 97 
proposed concept. 98 
 99 
Neural mechanisms for multiscale MI 100 
The integrative processing of multisensory information requires neural mechanisms that are 101 
capable of rapidly adapting to changes in the sensory environment. These must mediate inte-102 
gration across different subsystems of the brain, as well as integration across different time-103 
scales. To mediate the linking or segregation of information, the routing of signals and the 104 
selection of information, such mechanisms must be able to operate flexibly, both within and 105 
between brain areas.  106 
Several neural mechanisms meet these requirements and are likely to be important for mul-107 
tiscale MI (FIG. 1c). These mechanisms include the amplitude modulation of neural oscilla-108 
tions in different frequency bands37–39; phase resetting and entrainment of neural signals40,41; 109 
and dynamic functional coupling of neuronal populations, including phase coupling, envelope 110 
coupling, as well as phase-amplitude coupling across frequency bands26,39,42,43. These mech-111 
anisms are also known to play key roles in multiscale unisensory processing11,17,26,35, but the 112 
neural computations that they perform can differ between unisensory and multisensory pro-113 
cessing (BOX 1). Next, we discuss evidence for an involvement of each of these mechanisms 114 
in multisensory processing, and we highlight their relevance for multi-timescale MI. 115 
Amplitude modulation 116 
Changes in the amplitude or power of neural oscillations (FIG. 1c, top left) during MI have 117 
been observed in a large number of studies. For example, studies using multisensory stimuli 118 
have shown effects on gamma power (>30 Hz) in sensory cortices44–48. This suggests that 119 
high-frequency oscillations may provide a neural mechanism with a short time window that 120 
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supports rapid feed-forward multisensory processing. Further studies using multisensory 121 
speech stimuli have shown enhanced frontal theta (4-7 Hz) oscillations in response to seman-122 
tically incongruent vs. congruent audiovisual stimuli49 and enhanced frontal delta (<3 Hz) os-123 
cillations in response to temporal asynchrony vs. synchrony between visual and auditory 124 
speech50. This suggests that higher-level multisensory processes may be associated with 125 
power modulations in lower frequency bands with longer time windows. Therefore, it is tempt-126 
ing to propose that MI-related power modulations are reflected in a gradient from fast to slow 127 
oscillations as one moves from lower to higher level areas. Notably, a similar frequency gra-128 
dient has been found in human resting state magnetoencephalography data51 and there is 129 
evidence from electrophysiological52,53 and functional neuroimaging studies54,55 for a posterior-130 
to-anterior hierarchical organization of multisensory processes. Furthermore, based on the 131 
analysis of the autocorrelation of neural signals, it has been suggested that higher levels in 132 
sensory processing hierarchies are associated with progressively longer time windows for the 133 
integration of information23,56. 134 
However, several lines of evidence argue against a strictly frequency-dependent hierarchical 135 
organization of multisensory processing. First, power modulations of high-frequency oscilla-136 
tions during MI have been found not only in sensory regions but also in higher-order associa-137 
tion areas57–59. Second, after multisensory learning widespread changes in beta (13-30 Hz) 138 
oscillations have been found throughout the cortex, including higher level cortical regions60,61. 139 
Third, multisensory interactions in low frequency bands have been observed in low level sen-140 
sory areas48,62. Fourth, crossmodal prediction errors for incongruent visual and auditory 141 
speech stimuli are reflected not only in frontal brain regions49,50, but also in gamma oscillations 142 
in sensory areas63, contradicting the notion that high-frequency oscillations in sensory regions 143 
serve solely rapid feedforward multisensory processes.  144 
In the context of MI, amplitude and power modulations of neural oscillations have been ob-145 
served across all frequency bands and in all brain subsystems41,64. This suggests the presence 146 
of multiple frequency-dependent timescales that can operate in parallel to optimize the selec-147 
tion, integration and segregation of sensory information. 148 
Phase resetting 149 
Several studies have shown that the presentation of a stimulus in one sensory modality can 150 
crossmodally phase reset (FIG. 1c, bottom left) neural oscillations in sensory cortices of other 151 
functional systems41. For instance, the presentation of a tactile stimulus leads to a broadband 152 
crossmodal phase reset of neural oscillations in auditory cortex with a short latency of less 153 
than 100 ms, indicative of feedforward processing40. Similarly, the presentation of an auditory 154 
stimulus can lead to a rapid phase reset in visual cortex65 and vice versa44,66–68. Crossmodal 155 
phase resetting mechanisms in sensory cortices have been shown to be behaviorally rele-156 
vant67–69 and they are also influenced by attention44,70. Moreover, crossmodal phase resetting 157 
has been found to rely on both cortico-cortical projections as well as subcortical feedforward 158 
processing71. Finally, crossmodal phase resetting has been reported across the entire fre-159 
quency range of neural oscillations, from long-lasting slow-wave delta oscillations69,72 to tran-160 
sient high-frequency gamma oscillations40,44,71.  161 
Thus, the presentation of a stimulus in one sensory modality can induce feedforward phase 162 
resetting of neural oscillations in other sensory modalities. Crossmodal phase resetting is 163 
found across different frequency bands and with different durations, suggesting that it may 164 
serve multiscale information processing to facilitate neural responses and behavior. Feedfor-165 
ward crossmodal phase resetting also appears to be modulated by top-down control70. 166 
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Entrainment 167 
Further research has investigated the entrainment of neural oscillations (FIG. 1c, middle) and 168 
its effect on crossmodal processing73–77. One study showed that auditory rhythmic delta stim-169 
ulation leads to an entrainment of slow wave oscillations in visual cortex and a concomitant 170 
phase-dependent modulation of visual target sensitivity76. In another study, two auditory 171 
streams of artificial vowels, each with different pitch and timbre and independently low-pass 172 
amplitude modulated, were presented together with a continuous luminance-modulated visual 173 
stimulus that matched the amplitude of one of the two streams75. Presentation of the visual 174 
stimulus enhanced local oscillations in the auditory cortex specifically for the temporally co-175 
herent but not for the non-coherent auditory stream. Similarly, a task-irrelevant visual stimulus 176 
stream can crossmodally facilitate target detection in a temporally coherent auditory stream 177 
compared to non-coherent auditory stream78. Furthermore, for crossmodal audio-visual influ-178 
ences, temporally coherent audiovisual streams have been found to facilitate visual target 179 
detection, whereas temporally desynchronized audiovisual streams have been found to impair 180 
visual target detection under specific conditions79. Recently, a study presented continuous 4-181 
Hz modulated tactile and auditory stimuli and showed that in-phase multisensory stimulation 182 
enhanced auditory steady-state responses, whereas anti-phase stimulation reduced these re-183 
sponses compared to auditory stimulation alone80.  184 
The available data suggest that crossmodal entrainment at multiple timescales may provide a 185 
neural mechanism that can enhance or impair crossmodal processing, depending on the tem-186 
poral relationship of the multisensory stimulus streams. Crossmodal entrainment also appears 187 
to be well suited for top-down attentional modulation during multisensory processing41.  188 
Functional coupling 189 
Functional connectivity is abundant in brain networks and can involve both the phase and 190 
amplitude of neural signals, giving rise to phase coupling, envelope coupling as well as phase-191 
amplitude coupling25,26,31 (FIG. 1c, middle and right). A number of studies in humans and in 192 
animal models have demonstrated changes in functional connectivity at different timescales 193 
in relation to multisensory processing. In the human brain, phase coupling in slow (theta, delta) 194 
frequency bands has been demonstrated in sensorimotor networks during audio-visual MI68,74. 195 
Furthermore, phase coupling at alpha (8-12 Hz) and beta frequencies was observed between 196 
the involved sensory cortices during the auditory and tactile double-flash illusion43 and be-197 
tween temporal and fronto-parietal cortex during the McGurk effect81. During visuo-tactile pat-198 
tern matching, task related phase coupling has been observed in sensorimotor networks in 199 
the theta, alpha, and beta bands39. In the same study, long-range alpha-beta phase-amplitude 200 
coupling in sensorimotor areas was also found to be predictive of performance. Studies in 201 
monkeys have revealed phase coupling in the beta and gamma band between auditory and 202 
higher-order temporal cortex during audio-visual MI82–84. In rats, visual-tactile sensory pro-203 
cessing has been shown to lead to enhanced phase coupling between visual and somatosen-204 
sory cortex in the theta and beta band85. Another study demonstrated that auditory-olfactory 205 
associations are accompanied by theta and delta band coupling between auditory and piriform 206 
cortex86. In ferrets, visual-auditory processing has been shown to be associated with both 207 
phase and envelope coupling in multiple frequency bands in networks comprising visual, au-208 
ditory and parietal areas42. While most of the studies demonstrate effects related to phase 209 
coupling, there is less evidence for a role of envelope coupling in MI42. 210 
Taken together, these data show a relation of coupling in multiple frequency ranges to multi-211 
sensory tasks, supporting the notion that MI requires multi-timescale dynamics not only in 212 
terms of local processing, but also with regard to long-range network interactions. Given the 213 
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distributed nature of cortical sensory systems, such interactions are highly suited to dynami-214 
cally link information processed in different modalities. Much of the coupling dynamics ob-215 
served during MI seem intrinsically generated. In the case of rhythmic sensory stimulation, 216 
entrainment can lead to phase coupling of the neural populations involved in stimulus pro-217 
cessing74. However, in most of the studies discussed here the coupling did not result from 218 
entrainment by external stimuli but, rather, emerged from intrinsic mechanisms in the respec-219 
tive networks26.  220 
To further understand how amplitude modulation, phase resetting, entrainment and functional 221 
coupling could support multiscale MI, we next discuss how intrinsic network dynamics can 222 
shape MI at multiple timescales. 223 
 224 
Ongoing multiscale dynamics 225 
Do ongoing intrinsic network dynamics shape MI? Recent studies suggest that ongoing neural 226 
dynamics, occurring at different timescales, may indeed influence multisensory processing 227 
(FIG. 2). An obvious way to investigate this is to ask how prestimulus activity, as reflected in 228 
neural oscillations, affects MI39,53,81,87–93. Research on prestimulus neural oscillations and mul-229 
tisensory perception has revealed effects in several frequency ranges. Prestimulus theta os-230 
cillations have been related to top-down modulation of crossmodal processing. For instance, 231 
reduced ongoing mediofrontal theta oscillations have been found to be associated with an 232 
enhancement of the ventriloquist illusion90. In addition, prestimulus alpha oscillations have 233 
been shown to influence the sensitivity to temporal lags between inputs in different modalities 234 
and the perception of the temporal sequencing of audiovisual stimuli87,93. Furthermore, spon-235 
taneous fluctuations in the power of prestimulus beta oscillations have been shown to predict 236 
audio-visual integration in the sound-induced flash illusion89,91 (FIG. 2a) and in the McGurk 237 
effect81. In both cases, stronger beta power is associated with enhanced illusory percepts, 238 
possibly reflecting an increased predisposition of sensory and higher-order areas for MI81,89,91. 239 
Hence, these results show that fluctuations in the power of prestimulus neural oscillations with 240 
different frequencies, reflecting different timescales, influence upcoming multisensory pro-241 
cessing. In the following, we discuss further aspects of ongoing multiscale dynamics that 242 
shape MI. These include the brain state reflected in ongoing activity, multiscale prestimulus 243 
coupling, learning-dependent changes, and scale-free features of intrinsic brain dynamics.  244 
MI and brain state 245 
Of particular interest is whether time-stable characteristics in the ongoing brain state, such as 246 
individual oscillation peak frequencies, can influence MI. Several studies have addressed 247 
whether the individual alpha peak frequency relates to the temporal window for audiovisual 248 
integration94–96. Cecere and coworkers95 showed that the individual alpha frequency is posi-249 
tively correlated with the size of the temporal multisensory integration window – a finding that 250 
has since been replicated in several studies96–98; but see94. Hence, similar to what has been 251 
proposed for unisensory visual processing99, it is possible that each alpha cycle in a neural 252 
network provides a functional window that allows the integration or segregation of information 253 
not only within but also across different sensory modalities100. Several studies support this 254 
conclusion53,88,92,93. For example, the perception of audio-tactile stimuli as temporally sepa-255 
rated is accompanied by reduced prestimulus alpha power92 (FIG. 2b).  256 
Furthermore, a computational modeling study has linked prestimulus alpha power and phase 257 
to multisensory perception53. The study showed that alpha oscillations are directly related to 258 
the observer’s causal prior, i.e., the belief about the causal structure of multisensory stimuli. 259 
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Interestingly, this relationship depended on the stimulus history, suggesting that modulations 260 
in the amplitude and phase of alpha oscillations may support flexible adaptation processes 261 
linked to assumptions about common or distinct sources of incoming sensory information. 262 
Thus, there is strong evidence that alpha oscillations are dynamically related to the width of 263 
the multisensory integration window and are associated with the observer’s beliefs about the 264 
causal structure of the world. The phase and amplitude of alpha oscillations can be dynami-265 
cally adapted to facilitate the integration or segregation of the stimuli that enter our sensory 266 
systems at different timescales. However, there is an ongoing controversy as to whether the 267 
prestimulus alpha frequency influences the width of the multisensory integration window96–98 268 
or not94. 269 
MI and multiscale prestimulus coupling 270 
There is ample evidence that functional coupling in cortical networks prior to stimulus presen-271 
tation influences multisensory perception42,81,91,92,101,102. Several studies on ambiguous audio-272 
visual perception have shown that intrinsic beta band phase coupling can bias the multisen-273 
sory percept reported by the observers81,101. Along similar lines, the sound-induced flash illu-274 
sion is enhanced by stronger prestimulus beta band phase coupling between multisensory 275 
and unisensory regions91. Beta band phase coupling has been suggested to play a role in top-276 
down signaling14,28 and may provide a mechanism for transmitting predictive signals from mul-277 
tisensory regions to lower-level sensory cortices.  278 
In a study on audiotactile interaction, higher prestimulus phase coupling in the alpha band 279 
between prefrontal cortex, intraparietal cortex and sensory cortices was found to predict the 280 
integration of auditory and tactile inputs92 (FIG. 2b). This further supports the notion, discussed 281 
above, that alpha oscillations relate to the temporal integration window for the perception of 282 
simultaneity across sensory modalities100. In an auditory-olfactory matching task, delta band 283 
and theta band phase coupling in auditory and olfactory cortices was shown to predict task 284 
performance102. Furthermore, correct trials were associated with coupling between the phase 285 
of slow oscillations in auditory and olfactory cortex and the amplitude of high-frequency oscil-286 
lations in the olfactory cortex. Recent work in ferrets42 has provided evidence that the coupling 287 
of prestimulus signal phases and amplitudes between visual, auditory and partietal areas in-288 
fluences upcoming multisensory processes. Interestingly, prestimulus phase coupling and am-289 
plitude coupling, which reflect interactions at different timescales26, have been observed to 290 
correlate with different features of multisensory responses (FIG. 2c). For example, latencies 291 
of multisensory response were more strongly predicted by phase coupling than by prestimulus 292 
envelope coupling42. Overall, these studies provide clear evidence that prestimulus functional 293 
coupling in low and high frequency bands, as well as cross-frequency phase-amplitude cou-294 
pling within and between sensory and higher cortical areas can influence the processing of 295 
upcoming multisensory stimuli. 296 
Learning and ongoing multiscale dynamics 297 
Another important question is how multisensory learning and training affect MI by altering the 298 
network structure and, thus, shaping the ongoing network dynamics and the disposition for 299 
multisensory stimulus processing. Multisensory training over a few days can have significant 300 
effects on multisensory perception, such as narrowing the audiovisual temporal integration 301 
window103. At the neural level, multisensory training has been shown to change beta and 302 
gamma band coupling in a widespread network involving prefrontal, parietal, and visual re-303 
gions60.  304 
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Learning-dependent changes in MI and multiscale neural dynamics are also found after longer 305 
training intervals of months to years, as demonstrated by studies in musicians104–106. Com-306 
pared to non-musicians, musicians have a narrower integration time window for detecting au-307 
diovisual asynchronies105,106 and show a higher susceptibility to multisensory illusions104. In 308 
addition, musicians show enhanced theta and alpha band coupling between auditory, the sen-309 
sorimotor, and frontal cortices107. Hence, multisensory learning and training significantly shape 310 
the multiscale neural network dynamics associated with MI. As a consequence, this influences 311 
the way multisensory stimuli are processed and integrated.  312 
Scale-free dynamics 313 
Intrinsic multiscale dynamics have been investigated not only with respect to band-limited pro-314 
cesses, such as those reflected in neural oscillations, but also for scale-free neural signals108–315 
112. These scale-free dynamics can be captured, for example, by analyzing the envelopes of 316 
neural signals. These typically exhibit long-range temporal correlations and power-law scaling, 317 
indicating that the ongoing activity fluctuates over a wide range of timescales111,113. Such fea-318 
tures of scale-free dynamics seem highly interesting, as they are thought to reflect a state of 319 
criticality in which networks can rapidly adapt to volatile environments108,111,113 and neural cou-320 
pling patterns are particularly susceptible to perturbations112. Unlike frequency-specific oscil-321 
latory signals, scale-free neural dynamics have not been directly linked to MI. Thus, one can 322 
only speculate that scale-free dynamics might add flexibility to the multisensory integration 323 
process by enhancing the capacity for information processing and increasing the variability of 324 
neural coupling112. Furthermore, it has been argued that scale-free dynamics can improve 325 
phase resetting and entrainment in neuronal networks112, which could also facilitate the multi-326 
timescale interactions required for MI. 327 
In summary, the studies discussed in this section demonstrate that MI is shaped by features 328 
of ongoing network dynamics that are intrinsically generated and reflect the current brain state 329 
as well as influences of previous learning. These include prestimulus neural oscillations and 330 
dynamic coupling in ongoing activity at multiple timescales. The influence of scale-free neural 331 
dynamics on MI remains to be determined. As we will discuss in the next section, multiscale 332 
neural dynamics may also play an important role in multisensory cognitive processing. To 333 
highlight this, we will consider multiscale dynamics in the context of cognitive functions such 334 
as multisensory speech processing, intersensory attention, working memory, and predictive 335 
processing. 336 
 337 
Multiscale MI during cognitive processing 338 
In real-world situations, multisensory stimuli typically exhibit a complex spatiotemporal struc-339 
ture and carry information on more than one timescale. The selection, integration, and segre-340 
gation of these stimuli require cognitive functions that are presumably realized by hierarchical 341 
processing with different temporal resolutions7,19,22,23,26,30. Below we discuss four examples for 342 
such cognitive functions that are well investigated in the context of MI. All of these examples 343 
demonstrate the operation of neural multiscale mechanisms during cognitive processing of 344 
multisensory stimuli. 345 
Multiscale entrainment in speech processing 346 
Tracking of speech information involves a nested hierarchy of brain oscillations114 and parallel 347 
information processing in cortical networks with hierarchically organized timescales115. This is 348 
particularly evident in the case of audiovisual speech which involves crossmodal predictive 349 
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mechanisms operating at different timescales116 117. Studies investigating the neural mecha-350 
nisms underlying audiovisual speech processing have shown a crossmodal phase-resetting 351 
in auditory cortex that facilitates speech perception73,116–120. The crossmodal influence is ex-352 
plained by the fact that lip movements precede auditory speech by about 100-300 ms, i.e., the 353 
typical duration of a syllable121. A recent study has varied the temporal delays between visual 354 
and auditory syllables122. Examining the nested hierarchical organization of oscillatory net-355 
works, the study found that temporal delays were reflected in modulations of oscillatory dy-356 
namics on different timescales (FIG. 3a). Furthermore, the study suggests that global network 357 
modulations in slow oscillations can tune nested high-frequency local networks, enabling ef-358 
fective integrative processing of speech information across different timescales. Another im-359 
portant finding was that the phase of crossmodally entrained delta-theta oscillations in a left 360 
hemisphere-dominated network adapted to the temporal asynchronies between visual and 361 
auditory onsets. This shows that the phase of slow wave oscillations can rapidly adapt to the 362 
environmental dynamics, providing a flexible neural mechanism for crossmodal information 363 
transfer. Another study120 used computer-generated audiovisual speech stimuli to induce bi-364 
stable perception, so that either the visual or the auditory input dominated speech processing. 365 
The study found that the phase of theta oscillations in temporal and occipital cortex predicted 366 
whether the auditory or the visual input dominated audiovisual speech perception120.  367 
Overall, these studies clearly demonstrate that multisensory speech processing involves vis-368 
ual-auditory phase-resetting and hierarchically organized cross-frequency coupling within and 369 
between cortical networks, enabling integrative information processing with different time-370 
scales. It seems likely that these neural mechanisms, which can flexibly adapt to changes in 371 
the environment, also play a key role in situations other than speech processing that require 372 
the tracking and segmentation of complex multisensory stimuli.  373 
Multiscale dynamics in multisensory attention 374 
There is considerable evidence that multiscale neural dynamics are highly relevant for atten-375 
tional modulation in multisensory contexts. Several lines of research have highlighted the in-376 
terplay between attention and multisensory integration5,123. In addition, numerous studies have 377 
investigated the role of neural oscillations for multisensory attention, reporting a variety of ef-378 
fects within and across different frequency bands37,44,70,124–128. For example, spatially44 and 379 
non-spatially70 attended visual stimuli can induce early crossmodal resetting of neural oscilla-380 
tions in auditory cortex, as found in multisensory target detection paradigms. This shows that 381 
top-down attention can facilitate multisensory bottom-up processing. In addition, a salient 382 
sound can capture visual attention in a purely bottom-up manner, as evidenced by the desyn-383 
chronization of occipital alpha oscillations and enhanced performance in a visual perception 384 
task124. Further studies using multisensory target detection paradigms have investigated neu-385 
ral entrainment effects for rhythmically presented sensory stimuli37,126,127. For audiovisual stim-386 
uli that were presented at sub-delta frequency, neural entrainment was found at twice the 387 
stimulation frequency, which was accompanied by modulations of the alpha amplitude in au-388 
ditory cortex and cross-frequency coupling between the delta phase and alpha power126. Re-389 
latedly, in an intersensory visuo-tactile attention paradigm37, entrainment effects for rhythmic 390 
vs. non-rhythmic stimuli on alpha and beta power have been observed in the visual cortex 391 
(FIG. 3b). The same study revealed functionally connected network effects of attention in the 392 
alpha and beta bands, effects of rhythmicity in delta and beta functional networks, and inter-393 
action effects between attention and rhythmicity in the theta band127.  394 
Taken together, this demonstrates that intersensory attention and rhythmic attentional sam-395 
pling involve neural network dynamics at multiple timescales. An important mechanism seems 396 
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to be the top-down modulation of slow oscillations which then facilitate higher-frequency bot-397 
tom-up processing in sensory areas. The oscillatory mechanisms relevant to multisensory at-398 
tention, in particular crossmodal phase resetting and cross-frequency coupling, overlap to 399 
some extent with those that are also involved in other aspects of MI that we have considered 400 
above. As we will discuss next, there are also close relations to multiscale MI mechanisms 401 
involved in working memory. 402 
Multisensory working memory 403 
Stimuli entering our sensory system typically appear in a specific context and they are pre-404 
ceded and followed by other related input. Perception relies on the selection, integration, and 405 
segregation of information from different sensory modalities in a temporal window encompass-406 
ing a stimulus. This process requires working memory functions, which are intimately related 407 
to attention129 and multisensory processing130. Important neural mechanisms that may link the 408 
three functions are theta oscillations and cross-frequency phase-amplitude coupling of theta-409 
gamma oscillations. In brain circuits, the phase, amplitude and functional coupling of theta and 410 
gamma oscillations can rapidly adapt to changes in the environment. Theta cycles may pro-411 
vide temporal windows for attentional sampling131, working memory132 and MI39. In humans, 412 
enhanced power and functional coupling in the theta band were found during audiovisual ob-413 
ject encoding in a match-to-sample task133, and theta oscillations are also thought to underlie 414 
the influence of memory-load on perception-related multisensory processing134. In another 415 
study, the rhythmic presentation of task-irrelevant visual shapes at theta frequency produced 416 
increased frontoparietal connectivity in the theta band, which was found to improve perfor-417 
mance in a subsequent auditory working memory task77. Thus, there is ample evidence that 418 
theta oscillations provide a critical temporal window for the processing of multisensory infor-419 
mation in working memory. In addition to these findings, there is also evidence for a beta band 420 
supramodal working memory mechanism in the right prefrontal cortex that serves to maintain 421 
stimulus frequency in memory135.  422 
These studies strongly support the conclusion that the interplay between working memory, 423 
attention, and MI allows for the flexible and adaptive processing of multisensory information. 424 
The available data point to an important role of theta, beta and gamma oscillations, as well as 425 
cross-frequency theta-gamma interactions for the selection, integration and segregation of 426 
multisensory stimuli in working memory.  427 
Multiscale interactions in predictive processing 428 
Multiscale dynamics are also evident in multisensory predictive processing. Based on previous 429 
experience, the brain continuously predicts upcoming events and adapts these predictions 430 
through learning in order to reduce prediction errors36,136. It has been proposed that the top-431 
down signaling of predictions and the bottom-up propagation of prediction errors involves dif-432 
ferent timescales36,112,115,137. Support for this notion comes from the observation that top-down 433 
and bottom-up processes are likely to be mediated by oscillatory signals in different frequency 434 
bands11,27,29,137. While top-down signaling may primarily involve the alpha and beta band, bot-435 
tom-up processing of novel information seems to be preferentially mediated by interactions in 436 
the gamma band14,27–29,138,139. Studies on the neural signatures of predictive processing in MI 437 
are consistent with this view. For example, prediction errors in audiovisual speech perception 438 
are reflected in increased beta band and gamma band dynamics in multisensory temporal 439 
cortex63. A relation of beta band coupling to the validity of temporal predictions has also been 440 
observed in a visuo-tactile task127. Interestingly, lower frequency bands also seem to play a 441 
role, especially in tasks involving predictions on the timing of sensory stimuli. Phase resetting 442 
of ongoing delta band oscillations was found to be relevant for the temporal prediction in a 443 
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crossmodal time estimation task69. Another study showed that temporal prediction accuracy 444 
in a delayed target-detection task is associated with increased power of delta and beta oscil-445 
lations and that correct temporal predictions are preceded by enhanced delta-beta phase-446 
amplitude coupling140.  447 
Overall, these studies support the notion that oscillatory signals at multiple timescales play a 448 
key role in predictive processing. Further evidence comes from work focusing on other aspects 449 
of cortical dynamics. It has been proposed that integration time windows, such as those re-450 
flected in the autocorrelation of neural responses, increase along functional cortical hierar-451 
chies19,22,23. This could generate top-down predictions in different time windows and the up-452 
dating could be based on prediction errors generated on different timescales23.  453 
In summary, the evidence reviewed in this section suggests that multiscale dynamics are in-454 
volved in the cognitive processing of multisensory information. The sampling, processing and 455 
prediction of environmental events is mediated by the concurrent operation of mechanisms in 456 
different frequency bands. In particular, MI seems to involve phase-amplitude coupling be-457 
tween slow oscillations involved in the tracking or rhythmic sampling of sensory signals and 458 
faster oscillations relevant for top-down or bottom-up transmission of information. As dis-459 
cussed next, the available evidence leads us to propose a concept of MI that envisages multi-460 
timescale scenarios for the segregation, integration, crossmodal facilitation, and selection of 461 
multisensory information. 462 
 463 
A multi-timescale concept for MI 464 
It has long been suggested that temporal patterning of brain signals and dynamic coupling 465 
across different neural populations is relevant for multisensory processing13,40,41,64. However, 466 
with few exceptions40,137, the concurrent involvement of multiple timescales as well as the pos-467 
sible roles and interrelations of processes at these different timescales have not been explicitly 468 
considered. The results reviewed in the preceding sections clearly demonstrate the relevance 469 
of multi-timescale dynamics in MI. They show that oscillations in different frequency bands8,9 470 
as well as functional coupling on multiple timescales11,17,26 provide key mechanisms for MI.  471 
The empirical findings discussed above demonstrate that neural dynamics in all frequency 472 
ranges from delta to the gamma band are involved in MI. For all frequency bands, power 473 
modulations, phase resetting, and changes in coupling have been observed in the context of 474 
multisensory processing. Relatively few functional aspects seem to differ between frequency 475 
bands. For example, entrainment to environmental changes or rhythmic samping of stimuli 476 
often seems to involve slow oscillations in the delta and theta range35,131,141. Furthermore, al-477 
pha- and beta-oscillations seem to be primarily related to top-down processing14,63, whereas 478 
the gamma band seems to be mainly involved in the signaling of novel salient information and 479 
in the bottom-up processing of multisensory signals45,47. The apparent involvement of the 480 
whole spectrum of frequencies in MI invites the suggestion that oscillations at different fre-481 
quencies mainly provide different time windows for the processing of multisensory information. 482 
Importantly, this would apply not only to MI, but also to unisensory processing18,23,30 (BOX 1). 483 
A critical aspect of multi-timescale dynamics is that processes on different timescales can be 484 
functionally linked. As discussed above, oscillations in all frequency bands can be involved in 485 
cross-frequency coupling, in particular phase-amplitude coupling31,112. For example, coupled 486 
delta-beta oscillations are entrained by relevant stimuli and serve to track complex sensory 487 
signals140, and coupled theta-gamma oscillations might serve to rhythmically sample stim-488 
uli35,112. This suggests the intriguing possibility that cross-frequency coupling may establish 489 
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hierarchical relationships between different timescales by linking information of higher and 490 
lower temporal resolution.  491 
Although a complete picture has not yet emerged, a number of conclusions can be drawn 492 
regarding the functional implications of the multi-timescale dynamics that underlie MI. Real-493 
life situations that often consist of competing unisensory and multisensory stimuli can serve to 494 
illustrate these implications (FIG. 4). In such situations, bottom-up processing of sensory input 495 
consistent with the principles of MI is typically enhanced, and these multisensory stimuli are 496 
well shielded from other distracting inputs (FIG. 4a). Top-down attention can facilitate multi-497 
timescale processing of attended stimuli and inhibit processing of competing unattended stim-498 
uli (FIG. 4b). Below, we discuss four generalizable scenarios to demonstrate how multi-time-499 
scale neural interactions are likely to play a key role in MI, and to illustrate functional implica-500 
tions of multi-timescale dynamics for integration, segregation, crossmodal facilitation, and se-501 
lection of information during multisensory processing (FIG. 4c-f). In all of these scenarios, the 502 
interplay between top-down and bottom-up processing is a key feature that is enabled by multi-503 
timescale dynamics. 504 
Segregation 505 
We propose that multi-timescale dynamics are relevant for the segregation of information 506 
across sensory modalities. In the scenario shown in FIG. 4c, two different sensory streams of 507 
modality 1 (M1) and modality 2 (M2), resulting in neural response patterns in sensory areas 508 
Cx1 and Cx2, respectively, encode information with different temporal resolutions. Top-down 509 
processing, mediated by cross-frequency coupling between association cortex (AC) and sen-510 
sory cortices, is likely to be involved in controlling the information flow70,137,142. In the scenario 511 
illustrated here, neural oscillations in the association cortex are tuned to facilitate the propa-512 
gation of information from M2 and to inhibit the flow of information from M1, which allows for 513 
effective stimulus segregation. In addition, neural interaction patterns in the prestimulus epoch 514 
are also likely to be relevant (FIG. 4c). In this scenario, slow coupling dynamics in prestimulus 515 
activity creates a bias for selection of the slower M2 pattern in the stimulus interval126. 516 
Integration 517 
Multi-timescale dynamics may also serve to integrate sensory signals that differ in their tem-518 
poral structure on one scale, but are related on another timescale (FIG. 4d). We propose that 519 
neural coupling at slower time scales with higher-order association areas may facilitate the 520 
integration of sensory information across modalities. In the scenario illustrated in FIG. 4d, this 521 
is realized by enhanced functional coupling between the association cortex and regions Cx1 522 
and Cx2, which encode information in different temporal integration windows, but share tem-523 
poral structures on a slower timescale. In such cases, top-down processing in low-frequency 524 
delta to alpha bands may be important for MI, especially when attentional selection processes 525 
are involved and when the stimuli are semantically related37,127 (FIG. 3b). Through cross-fre-526 
quency coupling (e.g., phase-amplitude coupling), these slower rhythms in higher-order cortex 527 
may interact with high frequency oscillations in sensory areas that reflect the bottom-up pro-528 
cessing of sensory information70,126. Importantly, these low frequency oscillations, which pro-529 
vide long temporal integration windows, seem particularly able to adapt to changes in the 530 
environment69,141. As illustrated in the schematic in FIG. 4d, the integration of sensory infor-531 
mation may be further augmented by coupling of the amplitude envelopes of faster rhythms in 532 
sensory regions (Cx1, Cx2).  533 
  534 



 13 

Crossmodal facilitation 535 
Another relevant multi-timescale scenario can involve crossmodal facilitation by phase reset-536 
ting (FIG. 4e). A salient stimulus in one sensory modality (M1) can phase reset not only ongo-537 
ing oscillations in that modality, but also also in another modality (M2)40,44,65. For example, in 538 
the case of audiovisual language processing, phase resetting from the visual to the auditory 539 
system may be augmented by neural oscillations in the association cortex and, thus, optimized 540 
so that the auditory input (FIG. 4e, blue boxes in M2) reaches the auditory cortex at an optimal 541 
phase. In contrast, auditory input that does not fall in the optimal phase is not amplified (FIG. 542 
4e, magenta boxes). Such a scenario is compatible with available evidence on audiovisual 543 
speech integration, which shows that phase resetting does indeed facilitate auditory stimulus 544 
processing118 and that global network modulations in slow oscillations can influence nested 545 
high-frequency local networks across different timescales122 (FIG. 3a). We propose that 546 
phase-resetting may constitute an essential component of multi-timescale crossmodal pro-547 
cessing. 548 
Selection 549 
A fourth scenario (FIG. 4f) illustrates the relevance of multi-timescale dynamics for multisen-550 
sory competition and attentional selection. In this scenario, we propose that low frequency 551 
oscillations in association cortex are specifically aligned with the temporal integration window 552 
of the attentionally selected input in the respective sensory cortices. Through phase-amplitude 553 
coupling, this alignment may allow for the efficient integration of multisensory information ar-554 
riving from different modalities142,143. In contrast, the processing of competing irrelevant inputs 555 
(FIG. 4f, magenta boxes) would be reduced or at least not amplified, because the respective 556 
signals in sensory cortex (Cx2, dashed grey curve) are not optimally aligned with the phase of 557 
the slow oscillation in association cortex. In this manner, multi-timescale dynamics may sup-558 
port parallel enhancement and integration of relevant sensory inputs while efficiently suppress-559 
ing competing irrelevant sensory signals.  560 
Overall, we propose that multi-timescale neural processes have a pivotal role for MI. Multi-561 
timescale processing may be critical for the multiplexed encoding of multisensory information, 562 
as well as the integration, segregation, selection and routing of signals. Our view emphasizes 563 
the role of intrinsically generated dynamics and that of top-down processing implemented 564 
through coupling between slow and faster rhythms. One implication of the concept discussed 565 
here is that a more general view on oscillations may emerge which suggests that different 566 
frequency ranges do not necessarily mediate strictly distinct functions but, rather, enable flex-567 
ible processing on different interacting timescales. Depending on the brain subsystem and the 568 
context or task in which they are deployed, the mechanisms discussed in this section are likely 569 
to serve multiple purposes. For example, the scenario of multi-timescale dynamics underlying 570 
selection (FIG. 4f) could mediate multisensory attention in parietal networks, but also context-571 
dependent rule switching in prefrontal circuits.  572 
 573 
Outlook 574 
In this Perspective, we have introduced a concept of multisensory processing that emphasizes 575 
the critical role of multi-timescale neural dynamics. The findings discussed here are compati-576 
ble with prominent concepts on multiscale network dynamics and brain func-577 
tions11,20,22,23,26,27,112,144. The multi-timescale view of multisensory communication and integra-578 
tion that we advocate here builds on and goes beyond these frameworks. While our multi-579 
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timescale concept of MI is supported by much of the experimental evidence discussed in this 580 
article, many of its implications remain to be tested in future studies.  581 
One issue that requires further investigation is the relationship between different timescales. 582 
The concept proposed here strongly predicts causal interactions between the mechanisms 583 
operating on different timescales. This might enable the emergence of functional hierarchies, 584 
e.g., for encoding of part-whole relationships in language processing or in working memory. 585 
However, this has not been tested experimentally. Another important unresolved question 586 
concerns the relation of scale-specific, i.e., oscillatory, and scale-free features of multi-time-587 
scale dynamics. It has been proposed that the latter can have an important influence on the 588 
former112. There is evidence from modeling work that critical states of brain networks, as re-589 
flected by power-law scaling and long-range temporal correlations, are characterized by inter-590 
mediate levels of oscillatory coupling, which allow for rapid changes in the network state112. 591 
However, this remains to be tested experimentally by using appropriate interventions. Further-592 
more, the potential role of subcortical structures, such as the superior colliculus or the pulvinar, 593 
in the emergence of multi-timescale dynamics underlying MI needs to be elucidated. Finally, 594 
demonstrating the functional relevance of multi-timescale interactions for MI also implies iden-595 
tifying possible readout mechanisms that use these dynamics to generate behavior. Resolving 596 
these questions likely will require the combination of neurophysiological recordings with com-597 
putational modeling and targeted neurostimulation. 598 
At the behavioral level, the use of modeling approaches, such as the Bayesian framework145,146 599 
and multisensory correlation detectors147,148, has significantly advanced our understanding of 600 
MI. Only in recent years, attempts have attempts been made to link behavioral models to 601 
functional neuroimaging54,55 and neurophysiological52,53 data in multisensory paradigms. Such 602 
neurally-informed modeling approaches hold great promises for testing some of the open re-603 
search questions mentioned above, especially when considering relevant details of the micro-604 
circuit structure such as the role of neural populations in different cortical layers in generating 605 
multi-timescale dynamics149,150. Another approach with great potential is whole-brain modeling 606 
of virtual brains, which can combine multi-timescale neural dynamics with complex network 607 
architectures151,152. To date, the whole-brain approach is still limited in accounting for the neu-608 
rophysiological complexity of neural circuits. Hence, it needs further elaboration before it may 609 
be used to study the multiscale dynamics underlying MI. Importantly, computational modeling 610 
approaches are also needed that link neural signals across different spatial scales enabling, 611 
for example, to infer cellular-level parameters from noninvasive recordings of mass signals153. 612 
Important advances have been made in brain stimulation and recording techniques that will 613 
enhance the study of multiscale neural dynamics in MI. One promising avenue is the use of 614 
closed-loop applications using noninvasive brain stimulation techniques such as transcranial 615 
alternating current stimulation154. It is now possible to target and manipulate brain oscillations 616 
in a personalized, phase-dependent manner, e.g., to stimulate precisely at the individual peak 617 
or the trough of the oscillatory cycle155. To investigate the causal role of multi-timescale dy-618 
namics in MI, it may be promising to apply stimulation protocols that combine stimulation in 619 
multiple frequency bands, or to use amplitude modulation for alternating current stimulation 620 
that mimics the natural dynamics. Animal studies also hold great potential in this regard, as 621 
optogenetic stimulation156,157 can be precisely targeted to brain regions and subpopulations of 622 
neurons, thus more specifically addressing the mechanisms underlying multi-timescale neural 623 
dynamics. 624 
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Investigating the multiscale dynamics underlying MI may also be important for improving our 625 
understanding of altered multisensory processing in patients with schizophrenia158,159 or au-626 
tism spectrum disorder160 (ASD). A consistent finding in research on ASD and schizophrenia 627 
is an enlarged temporal audiovisual integration window158,161, and there is evidence for altera-628 
tions in crossmodal predictive coding in both disorders49,162. It is possible that these deficits 629 
are related to abnormal multi-timescale neural processing, expressed in aberrant cross-fre-630 
quency coupling163 and alterations in scale-free network dynamics164,165. However, studies on 631 
multiscale neural dynamics underlying alterations in multisensory processing in schizophrenia 632 
and ASD remain sparse. 633 
Research on multiscale dynamics and MI likely will also have strong implications for improving 634 
multisensory neurotechnologies in sensory impaired individuals and clinical populations. Ex-635 
amples include multisensory stimulation for the treatment of phantom limb pain166 and neuro-636 
pathic pain167, or for the optimization of visuotactile feedback devices for the blind168, which 637 
have already been successfully applied. More recently, there have been advances in the de-638 
velopment of brain-computer interfaces, including multisensory stimulation, for the treatment 639 
of neuropathic pain167. This approach involved the real-time measurement of pain at multiple 640 
timescales, as reflected in neural oscillations, using machine learning techniques to control 641 
multisensory stimulation. Finally, there is evidence that multiscale neural dynamics should be 642 
thoroughly considered in the development and optimization of visuo-tactile feedback devices 643 
for congenitally blind individuals168.  644 
In conclusion, research on multi-timescale neural dynamics for MI has only recently emerged 645 
and, as outlined here, many open questions remain to be addressed. The advances in mod-646 
eling and brain stimulation techniques will help to test predictions that can be derived from the 647 
multi-timescale concept for MI we have proposed. Our concept on multi-timescale neural dy-648 
namics for MI could have important implications and guide future basic and clinical research 649 
in the field of multisensory processing and beyond.  650 
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Glossary 1170 
 1171 
Oscillation 1172 
Rhythmic pattern of electrical activity generated by a cooperating group of neurons. 1173 
 1174 
Time windows 1175 
Temporal epochs in which significant information about sensory stimuli can be encoded or 1176 
processed; such windows can vary in duration, giving rise to different processing timescales. 1177 
 1178 
Autocorrelation 1179 
Correlation between values of a signal at different time points, as a function of the lag between 1180 
these time points. 1181 
 1182 
Intrinsic neural timescales 1183 
Processing time windows inferred from the autocorrelation of neural signals in a given brain 1184 
region. 1185 
 1186 
Intrinsic coupling modes 1187 
Neural coupling patterns that are not imposed by external factors but are generated in the 1188 
brain. 1189 
 1190 
Cross-frequency coupling 1191 
Coupling of the power and/or phase of neural oscillations across different frequency bands. 1192 
 1193 
Amplitude modulation 1194 
Change of the amplitude of a neural oscillation in response to an external input. 1195 
 1196 
Phase resetting 1197 
Shift of the phase of a neural oscillation in response to external input. 1198 
 1199 
Entrainment 1200 
Synchronization of neural activity to external rhythmic input. 1201 
 1202 
Phase coupling 1203 
Dynamic coupling based on the correlation of the phase of neural signals. 1204 
 1205 
Envelope coupling 1206 
Dynamic coupling based on the correlation of the amplitude envelope of neural signals. 1207 
 1208 
Phase-amplitude coupling 1209 
Modulation of the amplitude of an oscillatory signal by the phase of another oscillatory signal. 1210 
 1211 
Power  1212 
Square of the amplitude of a sinusoidal wave. 1213 
 1214 
  1215 
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Crossmodal 1216 
An interaction between neural systems in which input from one sensory modality influences 1217 
the processing in another sensory modality. 1218 
 1219 
Functional connectivity 1220 
Statistical relationship between signals recorded from different neurons or brain regions. 1221 
 1222 
Double flash illusion 1223 
Illusory perception of two flashes when a single flash is presented together with two auditory 1224 
clicks or two tactile stimuli. 1225 
 1226 
McGurk effect 1227 
Fusion of an auditory syllable or word paired with a conflicting visual syllable or word into a 1228 
combined multisensory percept. 1229 
 1230 
Causal prior 1231 
An person’s belief about the causal structure of a multisensory stimulus. 1232 
 1233 
Scale-free dynamics 1234 
Lack of a characteristic timescale in the dynamics of a neural process. 1235 
 1236 
Long-range temporal correlations 1237 
Persistence of correlations in time series data across multiple timescales. 1238 
 1239 
Power-law scaling 1240 
Relation between two variables in which one variable varies as a power of the other; this yields 1241 
a linear relation if both variables are displayed in a logarithmic manner. 1242 
 1243 
Criticality 1244 
State of a system close to a phase transition, in which spatiotemporal correlations are highly 1245 
susceptible to perturbations. 1246 
 1247 
Predictive processing 1248 
Brain processes involved in generating and updating predictions about sensory inputs or 1249 
events. 1250 
 1251 
  1252 
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 1253 
 1254 
Fig. 1 ½ Multiple timescales and neural mechanisms relevant for multisensory 1255 
processing. a ½ Estimates for sensory and neural timescales. Note that timescales differ 1256 
considerably between the sensory systems. Ranges indicated for sensory timescales are 1257 
based on behavioral evidence169,170, neurophysiological data171,172, and data on information 1258 
encoding in sensory signals7,173. Neural timescales result from the duration of basic events in 1259 
nerve cells, such as action potentials and synaptic currents, as well as from network dynamics. 1260 
Relevant aspects of network dynamics include autocorrelation-based estimates of intrinsic 1261 
neural timescales23,174, long-range temporal correlations111,113, neural oscillations8,9, and intrin-1262 
sic coupling modes11,17,26. Note that network-based timescale measures can vary over several 1263 
orders of magnitudes. b ½ Evidence for perceptual and neural timescales. (Top) Behavioral 1264 
quantification of sensory timescales. The example illustrates data for judgement on simulta-1265 
neity or temporal order of audiovisual stimuli. (Middle) Quantification of timescales by analysis 1266 
of spectral properties of neural signals. Data show distinct frequency bands in which phase 1267 
coupling occurs in monkey visual cortex. (Bottom) Neural timescales can also be captured by 1268 
autocorrelation analysis. The panel shows results on modeling of autocorrelation functions for 1269 
different areas in monkey cortex. c ½ Features of neural oscillations relevant for multisensory 1270 
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integration. Modulation of both phase and amplitude of oscillations can be involved in MI. Rel-1271 
evant mechanisms include: (left, top panel) amplitude modulation of a neural oscillation after 1272 
the onset of a sensory stimulus; (left, bottom panel) resetting of the phase of ongoing oscilla-1273 
tions by a sensory stimulus transient; (middle, top panel) entrainment of neural oscillations by 1274 
rhythmic external events; (middle, bottom panel) coupling between the amplitude of a high-1275 
frequency oscillation and the phase of an oscillation in a lower frequency band; (right, top 1276 
panel) coupling, or coherence, between the phase of oscillations of two neuronal populations; 1277 
(right, bottom panel) correlated amplitude envelope fluctuations between different neuronal 1278 
populations. Part b top panel adapted from175, middle panel adapted from28 and bottom panel 1279 
adapted from174. 1280 
 1281 
  1282 
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 1283 
Fig. 2 ½ Multisensory processing and multiscale dynamics in ongoing activity. 1284 
Ongoing cortical dynamics, as reflected in phase and envelope coupling as well as power and 1285 
phase of prestimulus oscillations at different frequencies, predicts upcoming multisensory in-1286 
tegration. a ½ Prestimulus beta band power predicts perception in the sound-induced flash 1287 
illusion. Power in the high beta and low gamma range was higher before stimulus onset (at 0 1288 
ms) in trials where the auditory-visual (A-V) illusion was perceived (top panel). This effect was 1289 
significant over occipital and parietal channels (asterisks in bottom panel, left). The strength 1290 
of the effect varied across participants, as indicated by the distribution of single-trial regression 1291 
coefficients (bottom panel, right). b ½ Prestimulus alpha band power and phase coupling pre-1292 
dict integration (INT) or segregation (SEG) of auditory-tactile (A-T) stimuli. Alpha power was 1293 
higher in trials where participants perceived an auditory and a tactile stimulus as belonging to 1294 
the same event (top panel). Multisensory integration was also predicted by prestimulus cou-1295 
pling between intraparietal cortex (seed), somatosensory (S2), prefrontal (PFC), visual (V2) 1296 
and auditory (A2) cortex. c ½ Prestimulus network coupling predicts power changes during 1297 
processing of multisensory stimuli in ferret cortex. (Left) Data were recorded using micro-elec-1298 
trocorticographic arrays from visual (Vis), auditory (Aud) and parietal (Par) areas in anesthe-1299 
tized ferrets. Red dots indicate electrode contacts. (Middle) Patterns of phase (top) and enve-1300 
lope (bottom) coupling differ in their topographies. Example shown here depicts alpha band 1301 
coupling. (Right) Coupling in pre-stimulus epochs predicts multisensory processing. The ma-1302 
trices show the correlation between pre-stimulus phase and envelope coupling and multisen-1303 
sory responses. Multisensory responses were quantified as stimulus-induced power changes 1304 
in different frequency bands. Note that the two types of coupling differ in their relation to re-1305 
sponse processing. Part a adapted from89, part b adapted from92, and part c adapted from176 1306 
(left) and42 (middle, right), respectively.  1307 
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 1308 
Fig. 3 ½ Multiscale dynamics during cognitive processing. Multisensory processing 1309 
of speech and intersensory attention are reflected in nested hierarchical networks, power mod-1310 
ulation and functional coupling of neural oscillations at different frequencies. a ½ (Left) Hierar-1311 
chically nested functional networks with different time scales during audiovisual (AV) speech 1312 
processing. (Top panel) Darker squares indicate a higher strength of the respective node in 1313 
frequency-specific networks. (Bottom panel) High-frequency networks are spatially nested into 1314 
low-frequency networks during AV speech processing. (Middle) Illustration of delta phase in-1315 
formation transfer in a left hemisphere dominated cortical network, in which the left supra-1316 
marginal gyrus/angular gyrus (SMG/AG) formed a central hub. The size of the node symbols 1317 
reflects their strength in the network. (Right) Information flow from the superior temporal gyrus 1318 
(STG) to SMG/AG rapidly adapts to temporal asynchronies between visual and auditory 1319 
speech onsets. b ½ Influence of attention and stimulus rhythmicity on cortical network dynam-1320 
ics. (Left) Power of ongoing oscillations in the visual cortex during an intersensory visuo-tactile 1321 
attentional cueing task. Attention to upcoming visual (V) compared to tactile (T) stimuli is as-1322 
sociated with greater alpha and beta band desynchronization, regardless of whether the stim-1323 
uli are presented in a rhythmic or variable temporal fashion. (Right) These effects are paral-1324 
leled by enhanced functional coupling in the alpha band (top panel) between visual cortex and 1325 
temporal and somatosensory cortices when tactile compared to visual stimuli are attended. In 1326 
addition, variable stimulation is reflected in a stronger beta band functional coupling (middle 1327 
panel) between visual and frontal cortex. Finally, interactions between stimulus rhythmicity 1328 
and intersensory attention are reflected in theta band modulations of functional connectivity 1329 
(bottom panel) in a cortical network involving frontal, posterior parietal and somatosensory 1330 
regions. Part a adapted from122, part b adapted from37 (left) and127 (right).   1331 
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 1332 
Fig. 4 ½ Scenarios for multi-timescale MI. a ½ Stimulus scenario with entrainment of 1333 
multisensory processing driven bottom-up by temporal structures in the stimuli. b ½ Stimulus 1334 
scenario with predominance of internally generated temporal patterns, reflecting attentional 1335 
mechanisms that lead to selection or suppression of multisensory stimuli. c ½ Multi-timescale 1336 
dynamics can support multisensory segregation. In this example, top-down influences medi-1337 
ated through cross-frequency coupling between higher-order cortex and Cx2 lead to selection 1338 
of input stream M2 and its segregation from input M1. The scenario also illustrates that priors 1339 
contained in slow oscillations in ongoing activity could facilitate the selection of an input stream 1340 
(M2) that matches, through cross-frequency coupling, with the phase of the ongoing oscilla-1341 
tion. d ½ Multi-timescale processing would allow to couple sensory inputs that differ in fast 1342 
temporal components by phase-amplitude coupling or envelope coupling to slower rhythms in 1343 
higher-order association cortex. Here, cross-frequency coupling facilitates the information flow 1344 
between early and higher order cortex. e ½ Multisensory integration through crossmodal phase 1345 
resetting. Here, the M1 stimulus predicts only one of the two input patterns in modality M2. 1346 
The crossmodal phase resetting in Cx2 leads to a temporal pattern (red curve) that is also 1347 
aligned with a slow oscillation in higher-order cortex; this does not hold for the temporal pattern 1348 
induced by the competing stimulus in Cx2 (dashed grey curve). f ½ Selection of two competing 1349 
stimuli (in Cx2) can occur by coupling to temporal patterns in another modality (Cx1), and by 1350 
top-down influences from temporal patterns in higher-order cortex. The oscillatory pattern in-1351 
duced by the second stimulus in M2 (dashed grey curve in Cx2) if effectively suppressed due 1352 
to the misalignment with the dominant multi-timescale pattern. Conventions for panels c-f: M1, 1353 
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M2 – input streams in different sensory modalities; Cx1, Cx2 – cortical areas involved in pro-1354 
cessing of the unisensory inputs; AC – supramodal association cortex; arrows indicate domi-1355 
nant directions of information transfer for the respective scenario.  1356 
  1357 
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Box 1 – Multisensory versus unisensory processing 1358 
Integration, segregation, hierarchical structuring and selection of information are not only rel-1359 
evant in multisensory processing but are also critical for unisensory processing. These aspects 1360 
have probably been best studied for the visual system, particularly in the context of visual 1361 
feature binding177,178 and visual attention179. However, they are also well investigated for other 1362 
sensory modalities180,181. The fundamental role of fast neuronal oscillations for information pro-1363 
cessing was first discovered in the olfactory system182 and in the visual system183, showing 1364 
specific relations of the power of neural oscillations as well as phase coupling of oscillatory 1365 
signals across neural populations to sensory processing and bottom-up integration of infor-1366 
mation184. Further studies revealed a relevance of power and phase modulations in top-down 1367 
control of unisensory processing, e.g., in attentional selection185 and prediction of stimuli11. 1368 
While the basic requirements for integration, segregation, structuring and selection may be 1369 
comparable for uni- and multisensory processing, and the same basic oscillatory mechanisms 1370 
seem to be in place, several differences are notable. First, the brain networks and the neural 1371 
populations involved in multisensory processing differ from those for unisensory processing. 1372 
The former involves neurons with multisensory response profiles, e.g., in the superior collicu-1373 
lus, that show enhanced (super-additive) firing rates in response to crossmodal stimuli com-1374 
pared to the linear combination of the corresponding unisensory stimuli3. Similarly, neural pop-1375 
ulations in superior temporal, intraparietal and prefrontal association areas show specific mul-1376 
tisensory response profiles143,186. Second, in case of multisensory processing the oscillatory 1377 
multi-timescale mechanisms have to operate across different subsystems of the brain in order 1378 
to serve for coupling, entrainment or phase-resetting of signals between different modalities. 1379 
For instance, the role of crossmodal phase resetting (FIG. 4e) in the alignment and augmen-1380 
tation of responses between different modalities very likely differs from the function of phase 1381 
resetting in the unimodal case30,69,187. Third, the computations performed by the networks in-1382 
volved seem to differ between the multisensory and the unisensory case, e.g., with respect to 1383 
stimulus prediction and error correction. One important aspect is that cross-modal processing 1384 
provides independent samples of features of the environment through different sensory chan-1385 
nels, whereas signals within the same modality can exhibit substantial covariance; therefore, 1386 
multisensory integration can yield better error reduction than unisensory integration123,188. 1387 
 1388 


