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Rhythms

Instructor: Mark Kramer 



Brain rhythms
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Introduction 

What are they? 

Where do they come from? 

What do they do? 

One method of analysis



Brain rhythms

Fact: The brain can generate rhythmic activity.
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Ex:  Scalp electroencephalogram (EEG)

cortex are not accessible from the surface of the head,
however, and more important, disturbances confined to
subcortical areas would not be recorded. Those few
seizures which were not accompanied by abnormal
cortical rhythms were bizarre in their patterns, falling
in the group of ‘‘epileptic variants.’’ For example, in
one child the seizure consisted of gagging, profuse
salivation, and slight muscular rigidity with only partial
loss of consciousness, symptoms suggesting subcortical
origin. In certain cases of hyperactive carotid sinus
reflex, no obvious abnormalities appeared in the elec-
tro-encephalograph when the patient lost consciousness
after pressure had been applied to the carotid sinus. We
may conclude that in all but 2 or 3% of epileptic pa-
tients, electrodes applied to the scalp transmit charac-

teristic and unmistakable evidence of an epileptic
seizure.

If a patient has a tonic-clonic convulsion during
which he shows no abnormalities of cortical activity, he
can be put down as either hysterical or a malingerer, for
the disturbance in grand mal involves the entire cortex
and is therefore readily detected with electrodes on any
part of the head. The absence of electrical abnormalities
does not permit a differential diagnosis between hysteria
and certain bizarre forms of epilepsy. The presence of
abnormalities of the electro-encephalogram may, how-
ever, demonstrate that certain cases of unexplained
muscle jerkings, temper tantrums, or moments of ab-
straction are really minute petit mal or psychomotor
seizures.

Fig. 1. The wave formations which are characteristic of three types of epileptic seizures: petit mal, grand mal, and psychic variant. In each case the
tracing under ‘‘control periods’’ was made in the normal period, before the seizure began. At the right is the signal made by 50mV, and the space
occupied by one second. Petit mal. The strip is the beginning of a petit mal record which lasted ten to fifteen seconds and then abruptly resumed the
normal formation shown in the control period. The disturbance tends to have a slightly faster rhythm and smaller amplitude at the beginning.
Between the start and the height of the seizure the rhythm may slow from 4–5 a second to 2 a second, and the voltage may increase from 50 to
500mV. The petit mal formation is made up of two components, a wave with a duration of approximately one-third of a second, and a spike with a
duration of one-tenth to one-twentieth of a second. Grand mal. The strip labeled A was made at the very onset of a grand mal seizure before clinical
manifestations were present. There is an increase in the voltage of fast waves, those with frequencies around 20 per second. The strip marked B was
made during the clonic phase of the fit. The fast waves are still present and still have an abnormally increased voltage, but they are now super-
imposed on slower waves which tend to be synchronous with the clonic jerks. The strip marked C was made during the post seizure stupor; all fast
waves have disappeared and activity is confined to the frequencies of 2–3 a second. Voltage may be higher than in this record. As the patient regains
consciousness, the normal rhythm gradually returns. Psychic variant. The strip labeled A was made at the beginning of the seizure. The patient
stared, did not respond to questions, and when approached pushed the observer from him. The record is made up of square topped 4 per second
waves on which are superimposed smaller waves of a faster rhythm and a higher voltage than seen in the control period. Strip B was made later
when the patient was talking volubly but incoherently. It shows almost nothing but high voltage, square or round topped 6–7 per second waves.
During the taking of strip C the patient was quiet but still mentally confused. This portion of the record resembled that seen in alcoholic
intoxication.
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Note: Rhythms also appear in 
LFP, MEG, fMRI, ...

Observe: Different shapes. Different frequencies.



Brain rhythms
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Hans Berger (1873-1941) 

Inventor of the EEG 

1893: 

[Shure, Brain Waves, 2019]

Motivated by his telepathic experience 



Brain rhythms
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Hans Berger (1873-1941) 

Inventor of the EEG 
- first human brain voltage recording 

1928-1929: 

[Shure, Brain Waves, 2019]



Brain rhythms

Early days

6
[The Devil Commands, 1941]

https://www.youtube.com/watch?v=tBWQBPa2Y6M    see 2:00 

https://www.youtube.com/watch?v=tBWQBPa2Y6M


Brain rhythms
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Fact: The brain can generate rhythmic activity.



Brain rhythms: “facts”
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• Slower rhythms tend to be larger amplitude.

• The EEG  generated by coordinated synaptic 
transmembrane currents of many neurons.

≈

Very complicated.
Not completely understood.
[Buzsáki et al. Nat Rev Neurosci (2012)]



Rhythms indicate cortical arousal 
–Modulate the firing patterns of neurons.

9

Low frequency, high amplitude: low cortical arousal

High frequency, low amplitude: high cortical arousal

Neural activities are . . .  synchronized.

Groups of cells act in concert = 
                  large EEG signal.

Neural activities are . . .  desynchronized.

Groups of cells involved in separate activities = small EEG signal.

Note:  A healthy brain is a desynchronized brain.

Brain rhythms: “facts”



Brain rhythms:  characterization

To start, we can visualize and describe the rhythms.

10

Amplitude: Large or small ?

Frequency: Fast or slow ?

Shape: Sinusoidal, square, triangle, . . . ? 

Our focus (usually) is frequency:  How fast or slow is a rhythm?

Q:  Why? Because different frequency rhythms are associated 
with different functions ...

Typical features:

Q:  How do we characterize these rhythms?

Duration: Long or short lasting ?



Brain rhythms and functions

Many frequency bands, each associated with different functions.
Ex:

Let’s look more carefully at some of these frequency bands . . . 



Brain rhythms:  theta
Theta:  4-8 Hz

12

Function:  Not completely understood.
In rats: learning and memory  

location 
motor behavior 
sleep 
emotional arousal 
fear conditioning

Note:  Theta frequency range different;  the borders of 
ranges are not exact.

1s



Brain rhythms:  alpha

Alpha:  8-12 Hz
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Function:

• In EEG, strongest above occipital lobes when eyes closed at rest. 

“idling rhythm” - alert but still brain state 
cortical operations in the absence of sensory inputs 
disengagement of task-irrelevant brain areas

However, alpha also associated with attention, 
sensory awareness, memory consolidation.

• The first EEG wave studies [Berger 1931]

Note: This band not in Slide #7 !



Brain rhythms:  beta
Beta:  12-30 Hz

Function: Not fully understood.

“Maintenance of the status quo”

“Couple” distant brain regions.

motor functions (e.g., steady-
state contractions).

block, or slow down, changes of the status quo. Along the
same line, it is an open question how abnormal beta-band
coherence in PD patients actually arises from the dopa-
mine depletion, and why excessive BBA in the basal
ganglia causes bradykinesia. Resolving these issues would
also require a better understanding on how oscillatory
processes with different carrier frequencies (e.g. beta and
gamma) involved in top-down and bottom-up processing
might actually interact. At present, it is unclear how such
processes involving different frequencies might compete
or match and how the results of their interaction might be
read by downstream neural assemblies. It would therefore
also be interesting to directly test the effects of top-down
prediction of change or no change in the cognitive set,
respectively, in a single experiment.

A number of implications of our hypothesis might be of
potential interest for further experimental testing. As
discussed above, the effects of enhancement of BBA
through artificial stimulation have already been tested
in the motor system. Likewise, the effects of changes of
BBA on cognitive processes should be investigated in a
manipulative approach. For instance, artificial entrain-
ment of neural circuits with beta-band frequencies should
increase the threshold for and slow down the responses to
novel unexpected stimuli. Along the same line, it would
be interesting to test the relationship between mental, or
cognitive, disorders and altered BBA. Our hypothesis
predicts that, for instance, psychopathologic conditions

involving strong predominance of endogenous top-down
processing such as, for example episodes of compulsive
thought (in patients with obsessive–compulsive disorder)
should be associated with high BBA. Finally, our hypoth-
esis would predict that resting-state networks [80] should
be distinguished by prominent BBA and beta-band
coupling, since the default mode of brain function con-
stitutes a state which seems distinguished by low expec-
tation of ensuing change in the sensorimotor set.
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Figure 3

Schematic summary of the hypothesis proposed. We suggest that BBA may have a similar functional role in both sensory and motor circuits. (Left)
Maintenance of the status quo seems associated with beta-band interactions in networks involving both early and higher order cortical areas. BBA
may signal that the sensorimotor system is primed to keep the current state like, for example in situations where there is still a ‘NoGo’ sign at the traffic
light or where the sensory stimulus is not expected to change (bottom). (Right) In contrast, gamma-band interactions seem to predominate if the
sensorimotor system is ready to process novel information, for example when a ‘Go’ signal is expected, a change in a sensory stimulus, or if an
unknown novel stimulus is expected to occur (bottom). In these cases, gamma-band activity may signal the readiness to change the status quo.

Current Opinion in Neurobiology 2010, 20:156–165 www.sciencedirect.com

[Engel, Fries 2010]

100 ms [Roopun et al., Frontiers Cell Neuroscience, 2008]



Brain rhythms:  gamma

Gamma:  30-50 Hz

Function: Associated with a broad range of processes:  
“binding” 
attention 
movement preparation 
memory formation 
conscious awareness

Note:  Typically hard to see in EEG. Q:  Why?



Brain rhythms:  Other bands

Slower 

–Delta:  1-4 Hz 

–Slow cortical potential:  < 1 Hz

Faster 

– High gamma:  50-120 Hz 

– Ripples, HFO, UFO: > 120 Hz

Emergence of consciousness?

Sleep, learning, motivation

Coordination of neural activity

Replay of memories, 
onset of seizures . . . 

There are many other frequency bands . . . 



Brain rhythms in disease
Rhythms are sometimes associated with pathologies.
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Ex: Seizure

HFO Beta Alpha Theta Delta

Note:  Used the band labels, but “function” very different. 

Q:  What rhythms do we see?

Q:  How does the amplitude change?

10s
[Martinet et al., Nat Comm, 2017]



Brain rhythms in disease
Rhythms are sometimes associated with pathologies.

Note:  Used the band label, but “function” very different. 



Brain rhythms are meaningless . . . 

H:  Brain rhythms are epiphenomena. 

Large buildings:  sway in the wind. 
These oscillations are not performing a 

function, in fact they’re unwanted.

Q: Is the same true in the brain?  
Oscillations are an echo of some 
underlying function? 

Q:  Why so many oscillations?

http://www.google.com/search?hl=en&client=safari&tbo=d&rls=en&spell=1&q=epiphenomena&sa=X&ei=3Gn1UJW4MYXV0gHN74BY&ved=0CC8QvwUoAA


Big questions
Q:  Why do we observe rhythms in the brain? 
–Functional role 
–Epiphenomena 

Q:  What mechanisms support rhythms? 
–Biological 
–Dynamical 

Q:  Why do we observe different frequency bands, not a continuum? 

Q:  Why do rhythms interact? 
–Mechanisms 
–Functions 
–Measures We need answers to these questions.  

Data analysis and models ...



Characterize brain rhythms

Many sophisticated tools to do so. 
Today, consider two: 
–Visual inspection 
–Intuition for the spectrum

21

Idea:

Visual inspection:  Plot the data.  What do you see?

Spectrum:  Break down the data into sinusoids . . . 
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Remember:  sinusoids . . . 

Ex.  Consider:  f = 1 Hz

Voltage as a  
function of time Frequency [Hz]

Time [s]

Z 1

0
cos(2pnt)sin(2pkt)dt = 0 (1)

V [ f ] =
Z 1

0
v[t]e�2pi f tdt (2)

P[ f ]⇥ |V [ f ]|2 (3)

e�2pi f t = cos(2p f t)� isin(2p f t) (4)

Z •

�•
v(t)cos(2p f t)dt + i

Z •

�•
v(t)sin(2p f t)dt (5)

V [t] = Acos(2p f t) (6)

V [t] = sin(2p f t) (7)

V [t] = A1 cos(2p f1t)+A2 cos(2p f2t) (8)

T

Â
t=1

sin(2p f jt)sin(2p fkt) =
⇢

0 if j ⇤= k
T/2 if j = k (9)

T

Â
t=1

sin(2p f jt)cos(2p fkt) (10)

T

Â
t

V [t]cos(2p fkt) = 0+0+0+ ...+
T
2

Ak + ...+0 (11)

Bk =
2
T

T

Â
t=1

V [t]sin(2p fkt) (12)

1

Amplitude

Q:  What does it look like?
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Remember:  sinusoids . . . 

Q:  What is the frequency of this sinusoid?

Note:  Visual inspection is often useful.

A:  10 cycles in 1 second, so 10 Hz.
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Remember:  sinusoids . . . 

In addition to cosine, there’s also sine:

Ex. Consider:  f = 1 Hz

cosine
sine

Q:  What’s the difference?

Z 1

0
cos(2pnt)sin(2pkt)dt = 0 (1)

V [ f ] =
Z 1

0
v[t]e�2pi f tdt (2)

P[ f ]⇥ |V [ f ]|2 (3)

e�2pi f t = cos(2p f t)� isin(2p f t) (4)

Z •

�•
v(t)cos(2p f t)dt + i

Z •

�•
v(t)sin(2p f t)dt (5)

V [t] = Acos(2p f t) (6)

V [t] = Bsin(2p f t) (7)

V [t] = A1 cos(2p f1t)+A2 cos(2p f2t) (8)

T

Â
t=1

sin(2p f jt)sin(2p fkt) =
⇢

0 if j ⇤= k
T/2 if j = k (9)

T

Â
t=1

sin(2p f jt)cos(2p fkt) (10)

T

Â
t

V [t]cos(2p fkt) = 0+0+0+ ...+
T
2

Ak + ...+0 (11)

Bk =
2
T

T

Â
t=1

V [t]sin(2p fkt) (12)

1

Voltage as a  
function of time Frequency [Hz]

Time [s]Amplitude
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Example:  rhythmic signal

Consider the signal below:

Q:  What are the rhythms?

A:  Apply visual inspection . . . Slow and fast
5 Hz 40 Hz

Q:  What has larger amplitude?
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So, we can represent this signal . . . 

Example:  rhythmic signal

We get a simpler representation of the signal.

A slow, large amplitude sinusoid

. . . as the sum of two sinusoids:

+ a fast, small amplitude sinusoid

That’s the idea of the 
spectrum.

Z 1

0
cos(2pnt)sin(2pkt)dt = 0 (1)

V [ f ] =
Z 1

0
v[t]e�2pi f tdt (2)

P[ f ]⇥ |V [ f ]|2 (3)

e�2pi f t = cos(2p f t)� isin(2p f t) (4)

Z •

�•
v(t)cos(2p f t)dt + i

Z •

�•
v(t)sin(2p f t)dt (5)

V [t] = cos(2p f t) (6)

V [t] = sin(2p f t) (7)

V [t] = A1 cos(2p f1t)+A2 cos(2p f2t) (8)

1

1.0 5 Hz 0.1 40 Hz



Idea: Spectrum

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−4

−2

0

2

4

Time [s]

Vo
lta

ge
 [m

V]
V = 
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Represent V as a sum of sinusoids (e.g.,  part 7 Hz, part 10 Hz,  . . . ) 

A1 f1

+ A2 f2
+ A3 f3
+ A4 f4
+  . . . 

• Decompose signal into oscillations at different frequencies.

Consider:
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0
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V [ f ] =
Z 1

0
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Z •
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sin(2p f jt)sin(2p fkt) =
⇢

0 if j ⇤= k
T/2 if j = k (9)
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Â
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Â
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Â
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T
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Bk =
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1

So, in equations:

Or, more generally:

Note:  Aj and Bj can be zero. 
(some rhythms make no contribution to V[t])

sum over many 
frequencies

amplitude oscillation at 
frequency fj

Idea: Spectrum

amplitude amplitudefrequency frequency

Note: Aj and Bj  are large when fj is a good match to the data.

V[t] = ∑
j

Aj cos(2πfjt) + Bj sin(2πfjt)



Note: Think of sine & cosine as accounting for phase.

Aside:  Spectrum

Cj cos(2πfjt + ϕj)

Aside:     cos(a + b) = cos(a)cos(b) − sin(a)sin(b)

= Cj cos(2πfjt) cos(ϕj) − Cj sin(2πfjt) sin(ϕj)

Aj Bj

= Aj cos(2πfjt) + Bj sin(2πfjt)

Decompose V[t] into sine/cosine or amplitude/phase.

phaseamplitude freq



Plot: Spectrum

We can represent these amplitudes and frequencies graphically:

Plot: Aj Bj+2 2

2
versus fj for each j

Aj Bj+2 2

2

fj

The peaks represent the dominant rhythms in the signal.

Note: This is called the 
spectrum; a plot of 
power versus 
frequency

Note:  The summed amplitudes squared. 
  Called the “power”

1 Hz 2 Hz  . . . 10 Hz



Example:  rhythmic signal
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Ex:

1 2  . . . 40
Hz

Plot the spectrum:

Note:  The peaks 
correspond to the 
dominant rhythms
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Example:  rhythmic signal
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Note:  It’s complicated Plot the spectrum:

1 2  . . . 237 10  . . . 35

Q:  What’s happening here?

Ex.

fj

Aj Bj+2 2

2

[Hz]



Example:  rhythmic signal

So, by computing the power spectrum, we find the complicated signal:
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V = 

We find it’s the sum of 4 sinusoids at frequencies: 

7 Hz, 10 Hz, 23 Hz, and 35 Hz

A much simpler representation of brain activity.



Example:  Real world
Q: What does the power spectrum of real-world brain signals look like?

The presence of a fast, frequency-variable population gamma
rhythm in the main target for ascending cortical input (layer 4)
adds the intensity of spike generation associated with rate-
coded phenomena to the highly precise temporal control of
spike times seen with lower frequency gamma rhythms. The
dominance of each type of temporal/rate code was seen to be
dependent on the degree of excitation in layer 4, with the super-
ficial layer population rhythm (temporal code) dictating activity in
the layer 4 principal cell population until spike rates exceeded
the layer 2/3 population rhythm frequency. Thereafter, further
increases in excitation generated a population frequency in
layer 4 that exceeded the layer 2/3 gamma frequency but
closely matched individual principal cell spike rates closely
(Figure 5C). The result is a means to iteratively (on a gamma
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Figure 5. Two Mechanistically and
Frequency-Distinct Gamma Rhythms
Coexist in Primary Auditory Cortex
(A) Pooled power spectrum (n = 5) of field potential
activity recorded from upper layer 4 primary
auditory cortex in the presence of 0.8 mM kainate
in vitro (Ainsworth et al., 2011). Below is a 0.5 s
example of raw data. The two modal peak
frequencies within the gamma band were distrib-
uted in a lamina-specific manner. Plotting mean
power at peak frequency (colormap, dB above
mean spectral power) against electrode laminar
location and mean peak frequency shows both
the layer 4 location of the high gamma rhythm
and the broader frequency range compared with
the layer 2/3 gamma rhythm.
(B) Example intracellular somatic recordings from
layer 2/3 and layer 4 fast spiking interneurons (FS)
and regular spiking principal cells (RS) during low
or high gamma generation. Upper traces show
0.5 s examples of spiking in each cell type in layers
2/3 and the profile of EPSPs (FS neurons recorded
from !70 mV) and IPSPs (RS neurons recorded
from !30 mV) accompanying the field oscillation.
Lower traces show corresponding recordings
during layer 4. Note the faster frequency of RS
neuron spike generation (almost one per period)
and IPSP input. Note also the weaker, more
irregular phasic excitatory synaptic input to layer 4
FS cells. Scale bar 20 mV (rmp), 5 mV (psp).
(C) Locally generated layer 4 gamma rhythms
and gamma projected from layer 2/3 cause local
field potential/spike dissociation depending on
network frequency. Data show pairwise plots of
data points for layer 4 cell interspike interval and
concurrent instantaneous frequency of the local
field potential (LFP). Note population frequency
remains at ca. 40 Hz in layer 4 while layer 4 spike
rates are relatively lower than this. Once spike
rates increase the LFP frequency increases to
match spike rate in the experimental conditions
used (global activation of the region studied).

period-by-period basis) generate assem-
blies involving over 50% of coactive
neurons (Figures 6C and 6E), without
the broad distribution of spike times, rela-
tive between active units, in the popula-
tion seen for increases in spike rate alone.
It also provides a substrate for competi-
tive interactions between coactivated

neurons where more strongly excited layer 4 neurons (with
higher spike rates) can suppress those receiving weaker input
via lateral inhibition (Moran and Desimone, 1985; Börgers
et al., 2005), a phenomenon not possible with sparse spiking at
closely matched frequencies as seen in layers 2/3.
Different subtypes of gamma rhythm are seen in both auditory

and visual cortex (Ainsworth et al., 2011; Oke et al., 2010).
However, the precise laminar origin of the two components of
the gamma band are different. This region-specific laminar
distribution of different frequency subbands has also been
reported for alpha rhythms (Bollimunta et al., 2008; Buffalo
et al., 2011), suggesting region-specific, fundamentally different
laminar organization of rhythmic activity. The presence of locally
expressed, different population frequencies may in part provide
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Ex.  From a slice of rat cortex:

Q:  What rhythms are dominant?



Example:  Real world
Q: What does the power spectrum of real-world brain signals look like?

Ex.  Macaque V1 during visual stimulation

Q:  What rhythms are dominant?

[Spyropoulos et al, Nat Comm, 2022]



Example:  Real world
Q: What does the power spectrum of real-world brain signals look like?

Ex.  Mouse striatum during locomotion.

Q:  What rhythms are dominant?

[Shroff et al, Nat Comm, 2023]



Summary

Brain activity is rhythmic. 

Visual inspection is powerful. 

Represent data as sinusoids (sine and cosine). 

The spectrum indicates the dominant sinusoids. 
                                 … the dominant rhythms.


