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Abstract
Infra-slow oscillation (ISO) is a brain rhythm ranging between 0.01 and 0.1 Hz.
ISO is widely distributed across multiple brain regions, exhibiting distinct ac-
tivity patterns from high-frequency neural rhythms while interacting through
cross-frequency coupling, thereby constituting an important brain functional ac-
tivity. ISO may be generated by the thalamus, glial cells, and ionic dynamic
activities, regulating overall brain excitability and consequently influencing the
efficiency of cognitive activities. The frequency, amplitude, and phase of ISO can
all modulate the overall efficiency of cognitive activities. Future research should
investigate the relationship between the diverse physiological generation mech-
anisms of ISO and various cognitive activities, explore the principles governing
the interaction between mental activity and ISO, and advance the construction
of brain rhythm theory.
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Abstract
Infra-slow oscillation (ISO) is a type of brain rhythm occurring between 0.01
and 0.1 Hz. ISO is widely distributed across multiple brain regions and repre-
sents an important brain functional activity that exhibits distinct activity pat-
terns from high-frequency neural rhythms while interacting with them through
cross-frequency coupling. ISO may be generated by dynamic activities in the
thalamus, glial cells, and ion dynamics, regulating overall brain excitability and
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thereby affecting the efficiency of cognitive activities. The frequency, amplitude,
and phase of ISO can all modulate the general efficiency of cognitive activity.
Future research should investigate the relationship between the diverse physio-
logical generation mechanisms of ISO and various cognitive activities, explore
the principles governing the interaction between mental activities and ISO, and
advance the construction of brain rhythm theory.

Keywords: infra-slow oscillation; thalamus; glia; cognitive efficiency; ions; con-
sciousness

Classification Number: B845.1

Introduction
In 1957, Aladjalova first recorded brain electrical rhythms of 0.01-0.1 Hz in rab-
bit brains using intracranial electrodes and named them infra-slow oscillations
(ISO) [?]. However, this phenomenon did not receive sufficient attention at
the time. It was not until the rise of resting-state brain network research in the
early 21st century that ISO began to attract increasing attention. Resting-state
brain networks are primarily measured through blood oxygen level-dependent
(BOLD) signals, whose frequency range matches that of ISO with a peak around
0.02-0.03 Hz [?]. Recent studies have established a direct link between resting-
state brain networks and EEG signals of ISO [?]. Further research has found
that during resting states, anesthesia, sleep, and cognitive task performance,
functionally connected brain regions form several independent and stable brain
networks [?, ?], suggesting that ISO has specific functional distributions and
performs particular psychological functions. In recent years, research on the
physiological and psychological mechanisms of ISO has gradually unfolded, and
the importance of ISO as a significant brain rhythm for psychological research
is becoming increasingly prominent.

First, ISO is a ubiquitous physiological activity. ISO not only exists in EEG
activity during resting states, task states, sleep, and anesthesia but also occurs
in the cerebral cortex and extensive non-cortical regions such as the thalamus,
hippocampus, basal ganglia, locus coeruleus, dorsal raphe nucleus, and olivary
nucleus [?, ?]. During slow-wave sleep, ISO power in skin conductance activity
is also significantly enhanced in addition to EEG activity [?]. ISO also exists
in the retina and can be transmitted to the lateral geniculate nucleus; simul-
taneously, the same oscillatory patterns have been found in subcortical visual
systems, such as the olivary pretectal nucleus responsible for pupil constric-
tion and the suprachiasmatic nucleus involved in regulating biological clocks
[?]. These evidences indicate that ISO exists in brain activities ranging from
perception to movement, arousal, and higher-order cognition.

Second, ISO has close connections with higher-frequency neural activities. Al-
most all high-frequency neural oscillations are modulated by ISO, with the delta
band (0.5-4 Hz) and sigma band (10-20 Hz) being most strongly regulated by
ISO around 0.02 Hz; these two bands happen to be the two main components
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of non-rapid eye movement sleep, suggesting that non-REM sleep is regulated
by ISO [?, ?, ?]. ISO’s modulation of high-frequency neural oscillations is pri-
marily achieved through cross-frequency phase-amplitude coupling, where high-
frequency oscillations are enhanced at specific phases of ISO and weakened at
other phases [?]. Cross-frequency coupling reflects the nested characteristic of
neural rhythms, indicating that ISO is an important link between high-frequency
neural oscillations and circadian rhythms.

Third, ISO has unique activity patterns distinct from high-frequency neural ac-
tivities. Early views suggested that BOLD signals represent a low-pass filter of
high-frequency neural activity, thus considering ISO as the summation of rapid
local neural activities [?]. However, this view is inconsistent with evidence show-
ing that BOLD signals directly correlate with gamma-band local field potentials
and is not supported by simulation studies [?]. Recent research tends to con-
sider ISO as a unique neurophysiological activity [?]. Li et al. [?] found that
the frequency characteristics of functional connectivity between brain regions
cannot be explained by the transmission of local neural activity between brain
regions but rather reflect the propagation of rhythmic or oscillatory activity be-
tween brain regions, meaning that functional connectivity itself has oscillatory
characteristics. Keinänen et al. [?] found that the correlation strength between
scalp potential ISO and BOLD signals changes over time, with this dynamic
change depending on the connection strength of resting-state brain networks
rather than average signal level or activity intensity, further supporting the no-
tion that ISO governs the essential nature of inter-regional information exchange.
Mitra et al. [?] further discovered evidence of opposite propagation directions
between ISO and delta waves in the neocortex. Thus, ISO possesses unique gen-
eration mechanisms and activity patterns distinct from high-frequency neural
oscillations.

These studies demonstrate that ISO, as an important brain rhythm, has both
independent generation mechanisms and effectively connects extremely low-
frequency circadian rhythms with high-frequency neural oscillations. Charac-
teristics such as universality, nestedness, and independence make ISO an impor-
tant medium linking behavior, psychology, and brain activity. ISO is bound to
become a new window for studying the brain mechanisms of mental activities.

2 Physiological Origins of ISO
Current research has extensively investigated the physiological origins of ISO.
Converging evidence suggests that ISO may not originate from neural activity
per se but rather from dynamic changes in intra- and extracellular ion concen-
trations, primarily acting on glial cells.

2.1 Thalamic Origin

Early views held that ISO originates in the thalamus and acts on the entire
cerebral cortex through thalamocortical circuits. Regarding the thalamic driv-
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ing mechanism, first, intracellular potentials, action potentials, and local field
potentials recorded in the thalamus and thalamic slices of anesthetized animals
all exhibit ISO [?]. Second, sigma waves and sleep spindles during natural sleep
in animals are both modulated by thalamic ISO; local heating of the thalamus
only changes spindles in the heated region, indicating that ISO’s modulation of
spindles depends on thalamic networks [?, ?]. Third, the ability of optogenetic
methods to evoke spindles in the thalamus of anesthetized animals fluctuates in
an ISO pattern [?]. Finally, ISO recorded in the thalamus of freely moving cats
directly modulates the amplitude of 9-13 Hz oscillations [?]. These evidences
suggest that the thalamus is key to ISO generation across wakefulness, sleep,
and anesthesia states. However, hyperpolarization between neurons has delays
of seconds rather than milliseconds, differing from the timescale of neural infor-
mation exchange; moreover, hyperpolarization correlates with downward rather
than upward local field potentials, suggesting that ISO is not driven by thalamic
neurons [?].

2.2 Glial Cell Origin

Another perspective holds that ISO originates from glial cell activity. Early
studies using brain slices observed that calcium ion activity in thalamic glial
cells fluctuates around 0.01 Hz and further modulates neuronal activity through
ATP release [?]. Subsequent in vivo detection found that glial cells in the hip-
pocampus also fluctuate on the timescale of minutes and affect subsequent lo-
cal field potential amplitudes [?]. During natural sleep, disruptions in local
field potential power spectra coincide with enhanced cortical glial cell activity;
conversely, activating astrocytes also changes delta oscillation amplitudes [?].
Taken together, both spontaneous and evoked astrocyte activity alter local field
potentials. Although glial cell ISO exists in the hippocampus and cortex, thala-
mic glial cell ISO is independent and can drive cortical activity through different
nuclei [?]. These evidences suggest that thalamic astrocytes may be the main
drivers of ISO. ISO may reflect bottom-up oscillatory regulation from thalamus
to cortex, switching cortical excitability between offline and online states [?].

2.3 Ionic Origin

Recent research has revealed at the molecular level how various macromolecular
and small-molecule activities regulate ISO. Zylbertal et al. [?] found that ISO
synchronous activity in mitral cells of the mouse accessory olfactory bulb orig-
inates from intracellular Na+ dynamics and network connectivity interactions.
Slow intracellular Na+ dynamics endow mitral cells with weak firing tendencies
that are further strengthened by chemical and electrical synapses between cells.
Krishnan et al. [?] observed in a brain network model simulating awake resting
states that extracellular K+ concentration, Na+/K+ pump activity, neuronal
firing rates, and local field potentials all exhibit ISO; maintaining constant K+
concentration abolishes ISO. ISO amplitude and peak frequency are regulated
by Na+/K+ pumps, GABA, synaptic currents, and glial cell properties. Dy-
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namic changes in ion concentrations regulate glial and neuronal activity, further
forming ISO of large-scale brain activity [?]. Additionally, molecular activities
such as dopamine, adenosine A1 receptors, and intracellular calcium ions can
all modulate glial and neuronal ISO [?, ?, ?]. More studies have found that fac-
tors including hormones, metabolism, activity of neuromodulatory hubs like the
locus coeruleus and raphe nuclei, and neurovascular coupling may all influence
ISO [?, ?].

To date, no study has proven that ISO has a single physiological origin. This
unique oscillatory phenomenon may result from the combined action of multiple
systems, and thus its impact on cognitive activity may be complex and diverse.

3 Psychological Significance of ISO
A widely accepted current view is that neural oscillations constitute the funda-
mental working mode of the brain and the basis of cognitive activity [?, ?]. The
psychological functions of neural oscillations in theta, alpha, and gamma bands
are relatively well established, such as attentional oscillations in the theta band
and cognitive control in the alpha band [?, ?], but the psychological functions
of ISO remain far from clear. Below, we introduce research on the psychological
functions of ISO from the perspectives of frequency, amplitude, and phase.

3.1 Relationship Between ISO Frequency and Mental Activity

Like high-frequency neural oscillations, infra-slow waves can be subdivided into
multiple sub-bands. Electrophysiological studies have found that ISO can be
divided into at least three frequency bands: zeta (period 2-12 seconds), tau (pe-
riod 12-60 seconds), and epsilon (period greater than 60 seconds) [?], as well as
non-periodic omega potentials [?]. Although BOLD signal-based research lacks
unified frequency division standards, multiple metrics including functional con-
nectivity [?], regional homogeneity [?], and low-frequency amplitude [?] have
shown different characteristics across subdivided frequency bands. Different
frequency bands exhibit distinct patterns of local activity and inter-regional in-
formation exchange, which must influence psychological functions, but current
research linking specific ISO frequency bands to psychological functions remains
scarce. Some studies have found that the brain’s small-world properties (high
clustering coefficient and low characteristic path length) are strongest at 0.03-
0.06 Hz, and abnormalities in small-world properties in major depressive patients
also occur primarily in this band [?, ?]. BOLD signals in the pregenual anterior
cingulate cortex 13-20 seconds before stimulus presentation, oscillating at 0.01-
0.027 Hz, can predict whether faces near perceptual threshold can be consciously
perceived [?]. Zhang et al. found that ultra-low frequency (0-0.01 Hz) oscillation
amplitude in the basal ganglia can distinguish true from false feedback and cor-
relates with participants’behavioral responses [?]. These studies indicate that
different ISO sub-bands are associated with different brain functional activities,
but systematic research on the relationship between different frequency bands
and different cognitive functions is still lacking.
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3.2 Relationship Between ISO Amplitude and Mental Activity

ISO amplitude is typically measured using amplitude of low-frequency fluctu-
ation (ALFF) or brain signal variability (BSV). Our research has found that
ALFF and BSV reflect the same brain activity patterns [?]. Based on the fre-
quency tagging experimental paradigm, we found that ISO amplitude at task
frequency increases, while amplitude below task frequency decreases, and am-
plitude above task frequency remains unaffected; suppression of low-frequency
amplitude is influenced by hemodynamic responses, thus it may reflect inhibi-
tion of hemodynamic rather than neural activity [?, ?]. Garrett’s research
group has shown that higher cognitive efficiency corresponds to stronger BSV;
compared to BOLD signal mean, BSV better predicts cognitive efficiency and
brain aging [?, ?]. Generally, higher BSV represents more stable information
processing capacity, stronger encoding ability, and stronger adaptability [?].
Additionally, EEG studies have shown that ISO power (amplitude squared) de-
creases by about 20% during reaction time tasks compared to resting state [?].
Source localization analysis revealed that ISO power reduction primarily occurs
in the default mode network [?]. Although deactivation of the default mode
network during task states is well established, ISO suppression by tasks has not
been widely reported, and the above research establishes a direct relationship
between default mode network ISO amplitude and cognitive activity. In sum-
mary, ISO amplitude is modulated by various cognitive activities but has not
established a one-to-one correspondence with specific cognitive activities, thus
ISO amplitude reflects general cognitive activity efficiency.

3.3 Relationship Between ISO Phase and Mental Activity

Phase synchronization of neural oscillations is an important mechanism for inter-
regional information exchange [?]. Omidvarnia et al. used dynamic phase syn-
chronization methods to detect that the dynamic changes in connection strength
between brain regions during resting state peak at 0.002-0.02 Hz, indicating that
dynamic changes in phase synchronization oscillate regularly at extremely low
frequencies [?]. These changes reflect the continuous formation and dissolution
of different functional modules [?], thereby creating dynamically changing brain
states [?]. The infra-slow frequency band constitutes a network framework for
cognitive activity through phase-locked brain regions, with regions of opposite
phase potentially producing antagonistic effects [?]. For example, the antago-
nism between task-positive and task-negative networks in the infra-slow band
correlates with behavioral responses in the Eriksen flanker task [?]. Widely
distributed brain networks provide a basic skeleton for inter-regional informa-
tion exchange, while ISO provides a temporal framework for dynamic coupling
of inter-regional information flow, together determining cognitive activity effi-
ciency.

On the other hand, different phases of ISO carry different information and con-
tain different brain network computational strategies [?]. Some studies have
shown that BOLD signals during cognitive activity and resting state are not lin-
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early superimposed but exhibit negative interactions [?], with this interaction
influenced by BOLD phase at cognitive activity onset [?]. ISO phase contains
different levels of instantaneous excitability. When cortical excitability is low,
responses to stimuli are also reduced, and vice versa. In other words, the phase
of spontaneous cortical activity modulates the efficiency of stimulus or task pro-
cessing, thereby producing different levels of activation and behavioral responses
[?]. fMRI studies have found that functional connectivity in core face-processing
brain regions is enhanced during both the rising and falling phases of ISO [?, ?].
An EEG study found that the rising and falling phases of EEG ISO modulate hit
rates and miss rates for weak signals [?]. Additionally, ISO plays an important
role in sleep learning and memory consolidation by modulating delta waves and
spindles through phase regulation [?]. Recent research further demonstrates
that different phases of global signals correspond to different brain network con-
nectivity patterns, forming different brain states [?]. Therefore, different ISO
phases may correspond to different inter-regional information exchange patterns
and further influence cognitive activity efficiency.

In summary, different ISO phases correspond to different patterns of synchro-
nized activity between brain regions, with the rising and falling phases in partic-
ular containing brain connectivity patterns closely related to cognitive activity
efficiency. ISO’s temporal extension allows the brain to dynamically change be-
tween different states, becoming the background for adaptive evolution of brain
networks.

4 Summary and Outlook
Current ISO research has yielded fruitful results, but systematic investigation of
ISO’s psychological significance remains lacking. ISO ubiquitously exists across
multiple levels from neural firing to behavioral operations and in various states
from wakefulness to sleep to disease, suggesting that ISO is a constant temporal
framework that must have special physiological and psychological significance
[?].

First, ISO has multiple origins. On one hand, different brain activities such as
local activity and inter-regional functional connectivity have different frequency
characteristics, indicating independent ISO patterns for different activities. On
the other hand, whether thalamic glial cells dominate or cortical spontaneous
ISO exists, and whether ionic dynamic changes or brain network coupling occurs,
there is no exclusive evidence that ISO has a single origin. To date, whether
ISO has a single origin remains undetermined, and its physiological generation
mechanisms require further investigation. The multiple origins of ISO compli-
cate psychological research by necessitating consideration of complex interac-
tions among multiple systems, which is also an important reason why current
research on ISO’s psychological mechanisms is difficult to deepen.

Second, research on ISO frequency, amplitude, and phase all indicates that ISO
modulates general cognitive activity efficiency rather than being related to spe-
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cific cognitive activities. Different spatiotemporal scales must carry different
mental activities. ISO’s extremely low periodicity makes it impossible to di-
rectly relate to brief (tens to hundreds of milliseconds) cognitive activities. The
psychological mechanisms of ISO revealed by DC-EEG and fMRI research must
differ from those involved in traditional electrophysiological studies. ISO reflects
slow periodic modulation of overall cortical excitability [?] and modulates brain
responses to stimuli by changing neuronal excitability [?], which provides both
a temporal scale for sensitivity changes to internal and external environments
and a background for fluctuations in cognitive activity efficiency. In other words,
ISO’s influence on cognitive activity is global.

Third, ISO may be related to complex thought processes and even consciousness
generation. Different brain network patterns correspond to different thinking
styles [?], and ISO’s close association with large-scale brain networks means it
can play an important role in complex thought processes. For example, mood
changes occur on the timescale of minutes [?]. Research has shown that spon-
taneous brain activity ISO is related to behavioral and cognitive flexibility, can
coordinate brain activities across different spatiotemporal scales, and may even
be a necessary condition for consciousness generation [?, ?, ?]. Therefore, con-
sciousness generation, complex thought activities, and mood disorders may all
be regulated by ISO.

Finally, the connection between ISO’s physiological and psychological mecha-
nisms remains unclear. On one hand, ISO’s physiological generation mechanisms
involve different levels from molecules to cells to tissues to systems, making it
a complex and arduous task to examine the relationship between these physio-
logical activities and mental activities. On the other hand, brain activity ISO
revealed by different metrics (such as local activity, network connectivity, net-
work topological properties, etc.) has different frequency characteristics, and
these different frequency patterns have not yet been linked to specific mental
activities. Additionally, current research has only examined the relationship be-
tween ISO and a few types of mental activities, particularly lacking studies on
higher-order thought processes. Research on ISO’s physiological and psycholog-
ical mechanisms requires multidisciplinary collaboration among psychologists,
physiologists, neuroscientists, and others. It is foreseeable that research on ISO’
s physiological and psychological mechanisms will become a new frontier in brain
science.

References
Achard, S., Salvador, R., Whitcher, B., Suckling, J., & Bullmore, E. (2006).
A resilient, low-frequency, small-world human brain functional network with
highly connected association cortical hubs. The Journal of Neuroscience, 26(1),
63-72.

Aladjalova, N. (1957). Infra-slow rhythmic oscillations of the steady potential
of the cerebral cortex. Nature, 179, 957-959.

chinarxiv.org/items/chinaxiv-201911.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201911.00098


Armbruster-Genç, D. J. N., Ueltzhöffer, K., & Fiebach, C. J. (2016). Brain
Signal Variability Differentially Affects Cognitive Flexibility and Cognitive Sta-
bility. The Journal of Neuroscience, 36(14), 3978-3987.

Barthó, P., Slézia, A., Mátyás, F., Faradzszade, L., Ulbert, I., Harris, K. D., &
Acsády, L. (2014). Ongoing network state controls the length of sleep spindles
via inhibitory activity. Neuron, 82(6), 1367-1379.

Başar, E., Başar-Eroglu, C., Karakaş, S., & Schürmann, M. (2001). Gamma,
alpha, delta, and theta oscillations govern cognitive processes. International
Journal of Psychophysiology, 39(2–3), 241–248.

Biswal, B., Zerrin Yetkin, F., Haughton, V. M., & Hyde, J. S. (1995). Functional
connectivity in the motor cortex of resting human brain using echo-planar mri.
Magnetic Resonance in Medicine, 34(4), 537-541.

Breakspear, M. (2017). Dynamic models of large-scale brain activity. Nature
Neuroscience, 20(3), 340-352.

Broyd, S. J., Helps, S. K., & Sonugabarke, E. J. S. (2011). Attention-Induced
Deactivations in Very Low Frequency EEG Oscillations: Differential Localisa-
tion According to ADHD Symptom Status. Plos One, 6(3), e17325.

Buzsáki, G. (2006). Rhythms of the brain. Oxford University Press.

Buzsáki, G., & Wang, X.-J. (2012). Mechanisms of gamma oscillations. Annual
Review of Neuroscience, 35, 203-225.

Chan, A. W., Mohajerani, M. H., LeDue, J. M., Wang, Y. T., & Murphy, T.
H. (2015). Mesoscale infraslow spontaneous membrane potential fluctuations
recapitulate high-frequency activity cortical motifs. Nature Communications, 6,
7738.

Chrobok, L., Palus-Chramiec, K., Jeczmien-Lazur, J. S., Blasiak, T., &
Lewandowski, M. H. (2018). Gamma and infra-slow oscillations shape neuronal
firing in the rat subcortical visual system. Journal of Physiology, 596(11),
2229-2250.

Csernai, M., Borbély, S., Kocsis, K., Burka, D., Fekete, Z., Balogh, V., ⋯Barthó,
P. (2019). Dynamics of sleep oscillations is coupled to brain temperature on
multiple scales. The Journal of Physiology, 597(15), 4069-4083.

Das, T., Li, M., Palaniyappan, L., & Li, T. (2018). Dorsolateral prefrontal
cortex in Drug-naive first-episode schizophrenia: dynamic phase coherence of
infraslow oscillations. Schizophrenia Bulletin, 44, S82.

Dash, M. B., Ajayi, S., Folsom, L., Gold, P. E., & Korol, D. L. (2018). Spon-
taneous Infraslow Fluctuations Modulate Hippocampal EPSP-PS Coupling.
eNeuro, 5(1), e0403-0417.2017.

Fiebelkorn, I. C., & Kastner, S. (2019). A rhythmic theory of attention. Trends
in Cognitive Sciences, 23(2), 87-101.

chinarxiv.org/items/chinaxiv-201911.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201911.00098


Filippov, I. V., Gladyshev, A. V., & Williams, W. C. (2002). Role of infraslow
(0–0.5 Hz) potential oscillations in the regulation of brain stress response by the
locus coeruleus system. Neurocomputing, 44, 795-798.

Finn, E. S., Shen, X., Scheinost, D., Rosenberg, M. D., Huang, J., Chun, M.
M., ⋯Constable, R. T. (2015). Functional connectome fingerprinting: Identify-
ing individuals based on patterns of brain connectivity. Nature Neuroscience,
18(11), 1664-1671.

Grady, C. L., & Garrett, D. D. (2018). Brain signal variability is modulated
as a function of internal and external demand in younger and older adults.
NeuroImage, 169, 510-523.

Grooms, J. K., Thompson, G. J., Pan, W.-J., Billings, J., Schumacher, E. H.,
Epstein, C. M., & Keilholz, S. D. (2017). Infraslow electroencephalographic and
dynamic resting state network activity. Brain Connectivity, 7(5), 265-280.

Guitart-Masip, M., Salami, A., Garrett, D., Rieckmann, A., Lindenberger, U.,
& Bäckman, L. (2016). BOLD variability is related to dopaminergic neurotrans-
mission and cognitive aging. Cerebral Cortex, 26(5), 2074-2083.

Gutierrez-Barragan, D., Basson, M. A., Panzeri, S., & Gozzi, A. (2019). In-
fraslow State Fluctuations Govern Spontaneous fMRI Network Dynamics. Cur-
rent Biology, 29(14), 2565-2571.

Halassa, M. M., Chen, Z., Wimmer, R. D., Brunetti, P. M., Zhao, S., Zikopoulos,
B., ⋯Wilson, M. A. (2014). State-dependent architecture of thalamic reticular
subnetworks. Cell, 158(4), 808-821.

Hari, R., & Parkkonen, L. (2015). The brain timewise: how timing shapes
and supports brain function. Philosophical Transactions of the Royal Society B,
370(1668), 20140170.

He, B. J. (2013). Spontaneous and task-evoked brain activity negatively interact.
The Journal of Neuroscience, 33(11), 4672-4682.

He, B. J., & Raichle, M. E. (2009). The fMRI signal, slow cortical potential
and consciousness. Trends in Cognitive Sciences, 13(7), 302-309.

He, Y., Wang, M., Chen, X., Pohmann, R., Polimeni, J. R., Scheffler, K., ⋯Yu,
X. (2018). Ultra-Slow Single-Vessel BOLD and CBV-Based fMRI Spatiotempo-
ral Dynamics and Their Correlation with Neuronal Intracellular Calcium Signals.
Neuron, 97(4), 925-939.

Helps, S. K., Broyd, S. J., James, C. J., Karl, A., Chen, W., & Sonugabarke,
E. J. (2010). Altered spontaneous low frequency brain activity in attention
deficit/hyperactivity disorder. Brain Research, 1322(4), 134-143.

Huang, Z., Zhang, J., Longtin, A., Dumont, G., Duncan, N. W., Pokorny, J., ⋯
Weng, X. (2017). Is there a nonadditive interaction between spontaneous and
evoked activity? Phase-dependence and its relation to the temporal structure
of scale-free brain activity. Cerebral Cortex, 27(2), 1037-1059.

chinarxiv.org/items/chinaxiv-201911.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201911.00098


Hughes, S. W., Lőrincz, M. L., Parri, H. R., & Crunelli, V. (2011). Infra-slow (<
0.1 Hz) oscillations in thalamic relay nuclei: basic mechanisms and significance
to health and disease states. Progress in Brain Research, 193, 101-119.

Keinänen, T., Rytky, S., Korhonen, V., Huotari, N., Nikkinen, J., Tervonen,
O., ⋯Kiviniemi, V. (2018). Fluctuations of the EEG-fMRI correlation reflect
intrinsic strength of functional connectivity in default mode network. Journal
of Neuroscience Research, 96(4), 729-743.

Kelly, A. C., Uddin, L. Q., Biswal, B. B., Castellanos, F. X., & Milham, M.
P. (2008). Competition between functional brain networks mediates behavioral
variability. NeuroImage, 39(1), 527-537.

Kobayashi, T., Shimada, Y., Fujiwara, K., & Ikeguchi, T. (2017). Reproducing
Infra-Slow Oscillations with Dopaminergic Modulation. Scientific Reports, 7,
2411.

Krishnan, G. P., González, O. C., & Bazhenov, M. (2018). Origin of slow
spontaneous resting-state neuronal fluctuations in brain networks. Proceedings
of the National Academy of Sciences, 115(26), 6858-6863.

Kuga, N., Sasaki, T., Takahara, Y., Matsuki, N., & Ikegaya, Y. (2011). Large-
Scale Calcium Waves Traveling through Astrocytic Networks In Vivo. Journal
of Neuroscience, 31(7), 2607-2614.

Lecci, S., Fernandez, L. M., Weber, F. D., Cardis, R., Chatton, J.-Y., Born,
J., & Lüthi, A. (2017). Coordinated infraslow neural and cardiac oscillations
mark fragility and offline periods in mammalian sleep. Science Advances, 3(2),
e1602026.

Li, J. M., Bentley, W. J., Snyder, A. Z., Raichle, M. E., & Snyder, L. H. (2015).
Functional connectivity arises from a slow rhythmic mechanism. Proceedings of
the National Academy of Sciences, 112(19), 2527-2535.

Lőrincz, M. L., Geall, F., Bao, Y., Crunelli, V., & Hughes, S. W. (2009). ATP-
dependent infra-slow (< 0.1 Hz) oscillations in thalamic networks. PLoS ONE,
4(2), e4447.

Luo, Q., Deng, Z., Qin, J., Wei, D., Cun, L., Qiu, J., ⋯Xie, P. (2015). Frequency
dependant topological alterations of intrinsic functional connectome in major
depressive disorder. Scientific Reports, 5, 9710.

Maris, E., Fries, P., & van Ede, F. (2016). Diverse Phase Relations among
Neuronal Rhythms and Their Potential Function. Trends in Neurosciences,
39(2), 86-99.

Mitra, A., Kraft, A., Wright, P., Acland, B., Snyder, A. Z., Rosenthal, Z.,
⋯Raichle, M. E. (2018). Spontaneous Infra-slow Brain Activity Has Unique
Spatiotemporal Dynamics and Laminar Structure. Neuron, 98(2), 297-305.

Monto, S., Palva, S., Voipio, J., & Palva, J. M. (2008). Very slow EEG fluctu-
ations predict the dynamics of stimulus detection and oscillation amplitudes in

chinarxiv.org/items/chinaxiv-201911.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201911.00098


humans. The Journal of Neuroscience, 28(33), 8268-8272.

Northoff, G. (2017). “Paradox of slow frequencies”- Are slow frequencies in
upper cortical layers a neural predisposition of the level/state of consciousness
(NPC)? Consciousness & Cognition, 54, 20-35.

Omidvarnia, A., Pedersen, M., Walz, J. M., Vaughan, D. N., Abbott, D. F.,
& Jackson, G. D. (2016). Dynamic regional phase synchrony (DRePS): An in-
stantaneous measure of local fMRI connectivity within spatially clustered brain
areas. Human Brain Mapping, 37(5), 1970–1985.

Onton, J. A., Kang, D. Y., & Coleman, T. P. (2016). Visualization of Whole-
Night Sleep EEG From 2-Channel Mobile Recording Device Reveals Distinct
Deep Sleep Stages with Differential Electrodermal Activity. Frontiers in Human
Neuroscience, 10.

Ponce-Alvarez, A., Deco, G., Hagmann, P., Romani, G. L., Mantini, D., &
Corbetta, M. (2015). Resting-state temporal synchronization networks emerge
from connectivity topology and heterogeneity. PLoS Computational Biology,
11(2), e1004100.

Poskanzer, K. E., & Yuste, R. (2016). Astrocytes regulate cortical state switch-
ing in vivo. Proceedings of the National Academy of Sciences, 113(19), E2675-
E2684.

Rodin, E., Constantino, T., & Bigelow, J. (2014). Interictal infraslow activity
in patients with epilepsy. Clinical Neurophysiology, 125(5), 919-929.

Sadaghiani, S., & Kleinschmidt, A. (2016). Brain Networks and �-Oscillations:
Structural and Functional Foundations of Cognitive Control. Trends in Cogni-
tive Sciences, 20(11), 805-817.

Shine, J. M., Bissett, P. G., Bell, P. T., Koyejo, O., Balsters, J. H., Gorgolewski,
K. J., ⋯Poldrack, R. A. (2016). The Dynamics of Functional Brain Networks:
Integrated Network States during Cognitive Task Performance. Neuron, 92,
544-554.

Song, X., Zhang, Y., & Liu, Y. (2014). Frequency specificity of regional homo-
geneity in the resting-state human brain. PLoS ONE, 9(1), e86818.

Vanhatalo, S., Palva, J. M., Holmes, M., Miller, J., Voipio, J., & Kaila, K. (2004).
Infraslow oscillations modulate excitability and interictal epileptic activity in the
human cortex during sleep. Proceedings of the National Academy of Sciences,
101(14), 5053-5057.

Wang, Y.-F., Dai, G.-S., Liu, F., Long, Z.-L., Yan, J. H., & Chen, H.-F. (2015).
Steady-state BOLD response to higher-order cognition modulates low frequency
neural oscillations. Journal of Cognitive Neuroscience, 27(12), 2473-2484.

Wang, Y.-F., Liu, F., Long, Z.-L., Duan, X.-J., Cui, Q., Yan, J. H., & Chen,
H.-F. (2014). Steady-state BOLD response modulates low frequency neural
oscillations. Scientific Reports, 4, 7376.

chinarxiv.org/items/chinaxiv-201911.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201911.00098


Wang, Y., Chen, W., Ye, L., Biswal, B. B., Yang, X., Zou, Q., ⋯Chen, H. (2018).
Multiscale energy reallocation during low-frequency steady-state brain response.
Human Brain Mapping, 39, 2121-2132.

Wang, Y., Huang, X., Yang, X., Yang, Q., Wang, X., Northoff, G., ⋯Chen, H.
(2019). Low Frequency Phase-locking of Brain Signals Contribute Efficient Face
Recognition. Neuroscience. https://doi.org/10.1016/j.neuroscience.2019.10.024

Wang, Y., Liu, F., Jing, X., Long, Z., & Chen, H. (2016). Phase-Dependent
Alteration of Functional Connectivity Density During Face Recognition in the
Infra-slow Frequency Range. In R. Wang & X. Pan (Eds.), Advances in Cogni-
tive Neurodynamics (V) (Vol. 5, pp. 305-310). Singapore: Springer Singapore.

Wang, Y., Zhu, L., Zou, Q., Cui, Q., Liao, W., Duan, X., ⋯Chen, H. (2018).
Frequency dependent hub role of the dorsal and ventral right anterior insula.
Neuroimage, 165, 112-117.

Watson, B. O. (2018). Cognitive and Physiologic Impacts of the Infraslow Os-
cillation. Frontiers in Systems Neuroscience, 12.

Zhang, H., Zhang, L., & Zang, Y. (2015). Fluctuation amplitude and local
synchronization of brain activity in the ultra-low frequency band: an fMRI
investigation of continuous feedback of finger force. Brain Research, 1629, 104-
112.

Zuo, X.-N., Di Martino, A., Kelly, C., Shehzad, Z. E., Gee, D. G., Klein, D. F., ⋯
Milham, M. P. (2010). The oscillating brain: complex and reliable. NeuroImage,
49(2), 1432-1445.

Zylbertal, A., Yarom, Y., & Wagner, S. (2017). Synchronous infra-slow bursting
in the mouse accessory olfactory bulb emerge from interplay between intrinsic
neuronal dynamics and network connectivity. Journal of Neuroscience, 37(10),
2656-2672.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-201911.00098 Machine Translation

https://chinarxiv.org/items/chinaxiv-201911.00098

	Physiological and Psychological Mechanisms of Infra-slow Oscillations
	Abstract
	Full Text
	Preamble
	Abstract
	Introduction
	2 Physiological Origins of ISO
	2.1 Thalamic Origin
	2.2 Glial Cell Origin
	2.3 Ionic Origin

	3 Psychological Significance of ISO
	3.1 Relationship Between ISO Frequency and Mental Activity
	3.2 Relationship Between ISO Amplitude and Mental Activity
	3.3 Relationship Between ISO Phase and Mental Activity

	4 Summary and Outlook
	References


