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Cognitive Neuroscience

“the scientific study of biological substrates
underlying cognition, with a specific focus on

the neural substrates of mental processes...addresses

the questions of how psychological functions are
produced by the brain”
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Timeline for development of methodsin
cognitive neuroscience

1800
Phrenologists put forward their localisationist manifesto

1820

1840 First nerve cell described (Purkinje, 1837)

1860 Broca (1861) publishes paper on language localisation

1880 Applying electrical currents to dog cortex causes movement
(Fritsch & Hitzig, 1870)

1900 EEG developed as a research tool (Berger, 1929)
Action potential discovered, enables single-cell recording

1920 (Hodgkin & Huxley, 1938)

1940 Cognitive psychology emerges (influential publications by
Broadbent, Chomsky, Miller and others)

1960 CT (Hounsfield, 1973) and MRI (Lauterbur, 1973) image developed

Y380 in vivo blood flow measured in humans, enabling PET (Reivich et al. 1979)
First study of TMS reported (Barker et al. 1985)

2000

BOLD response reported enabling fMRI development (Ogawa et al. 1990)



Methods in Cognitive Neuroscience

Method Method type Invasiveness
EEG/ERP Recording Non-invasive
Single-cell (and multi-unit) recordings Recording Invasive

TMS Stimulation Non-invasive
MEG Recording Non-invasive
PET Recording Invasive

fMRI Recording Non-invasive

Brain property used
Electrical

Electrical
Electromagnetic
Magnetic
Haemodynamic

Haemodynamic

EEG = electroencephalogram, ERP = event-related potential, TMS = transcranial magnetic
stimulation, MEG = magnetoencephalography, PET = positron emission tomography, fMRI =

functional magnetic resonance imaging




Imaging methods can vary in several ways

e The temporal resolution refers to the accuracy with which
one can measure when an event is occurring. The effects of
brain damage are permanent and so this has no temporal
resolution as such. Methods such as EEG, MEG, TMS and
single-cell recording have millisecond resolution. PET and fMRI
have temporal resolutions of minutes and seconds, respectively,
that reflect the slower haemodynamic response.

* The spatial resolution refers to the accuracy with which one
can measure where an event is occurring. Lesion and functional
imaging methods have comparable resolution at the millimetre
level, whereas single-cell recordings have spatial resolution at
the level of the neuron.

e The invasiveness of a method refers to whether or not the
equipment is located internally or externally. PET is invasive
because it requires an injection of a radio-labelled isotope.
Single-cell recordings are performed on the brain itself and are
normally only carried out in non-human animals.
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Electrical Recordings

* Direct measure of neural activity using
implanted electrodes

e Sometimescalled intracranial EEG




Advantagesand disadvantagesto
electrical recordings

e Strengths:very high spatial and temporal
resolution

 Weaknesses: invasive, can

rarely be carried out in humans,”
most useful for researchers
who use animal models




Electroencephalogram (EEG)

* Recording of electrical activity along the scalp
produced by firing of neurons in the brain

* EEG activity reflectsthe sum
of activity across millions of
neurons with similar
orientations L




-~ whcquire - 256 channels - [Single Window Display] i = |S||£|
& File Edit View Acquisition Options Window Help 18] x|

(P o[t 3| HEE | e|o]z | AlE S]]

1% FPI*-MWMWNWWMWWWW -0.50
-1% F3-WWWWMWWMWWW -1.01
-1% 03-WMWWW\MWWMWMWD -0.08
-1% PS-WWMWWWMMM\WW 411
1% OI-WMMMWMMMWNWNNMPWWWWWWMW -3.04
1% F7*'WWWWWWMWWWWWW 0.34
-1% T3*.MWMWWWMW\M\MWW~MWMM 2.10
-1% TS*-WWMMWMWMNWWWMWWW%WW -5.20
-1% FZ-WWWWWWMWWM -1.17
-1% FCZ—WWMWWWAWMWW 2218
-1% CP3-WWWWWMWWWM/ -0.50
-1% FC3'WWMWWMWWV”MWM -0.25
A% TPTerare Vs M e e Y LA YN AP A i VT A e e U TSNS AP Ao e PO PN s A poy 0T

1% FPZ*-nnr ™ 277
-1% FT7*rm 1.51
1%  FP2¥- e 277
1% Fdann T 2.18
1%  Cdnral A -4.53
1% P4\ AN -3.78
1% 024\l -8.14
1% F8*mrmim 3.19
1% Té4*onnmenn -6.88
1% TE* ok -13.68
1%  CZam A 2.18
1% PZ-M e 3.78
1% CPZana/m N -0.92
1%  CP4-raim A -8.31
1%  FC4umn~ -1.68
1%  TP8~Arrmnd [Status ] -8.39

Buffer [%] (1]
-1% OZ-WWWWWWWWWWWW Worst DC Value [%] = -7.13
1% FT8* i o T o S S e A Nt N i et N e P g Pt NI o [ it TN NI AN PN e 4 FTRE SpacE [ME] -3.52
Recording Time 00:00:00
1% WOG.WVWWWWWMMWmWWwWWW Event Count (] -15.02

00:00:24 00:00:17 00:00:18 00:00:19 00:00:20 00:00:21 00:00:22 00:00:23

For Help, press F1 |Page=0 [x5371.094 [FP1 [3.415 0.0 |default. aws [NuAmp. ast
i start I |J G - Y= ‘ J & JHotmail Folder: Inbox - Mi...I 8MSN Messenger Service | 7 Juntitled - Paint I ‘A'Scan 4.2 " » Acquire - 256 channel... |@Q9 @5(\‘]- 20DLE 1230




L BN AN it W’WW“MW w |

* Measure continuous

EEG while subject
Event-related J

. d performs a
potentials = | psychological task
(ERPs) * Average the EEG

waveform

surrounding an event
of interest (a
stimulus or

rocnnnco)

Stimulus —})

ip




Face Identity Recognitio
Discrimination N250 200-300ms
P1 80-120ms

N170 140-200ms

—_—t

E 100ms 200ms 300ms 400ms 500ms

Empathy
300ms — 1000ms

=100 0 100 200 300 400 500 600 700 800




Advantagesand Disadvantages of ERPs

e Strengths: Very fine temporal resolution
(milliseconds), can tolerate subject
movement, machine s silent, equipment is
relatively cheap comparedto fMRI

e Weakness: Hard to localize source of electrical
activity (low spatial resolution), messy




Magnetoencephalography (MEG)

Mapping brain activity by recording magnetic
fields produced by electrical currents in the
brain

electric —\magnetic
current /7)) /1eld intracellular

{ current
- _(dendrite)




Advantagesand disadvantages of MEG

* Strengths: non-invasive, very high temporal
resolution (can detect events with precision of
10 milliseconds). High spatial resolution.

 Weaknesses: the magnetic field created by
neural activity is very weak and difficult to
detect, it is difficult to localize the source of
the signal (but better than EEG). Cost.




Positron Emission Tomography (PET)

* |nject radioactively-labeled compoundinto
the blood stream

* Detectors detectradioactive emissions and
build an image of where in the brain the
radioactive substanceis concentrated



PET Images

VISUAL AUDITORY COGNITIVE

MEMORY




Advantagesand Disadvantagesto PET

e Strengths: usefulin diagnosis of brain disease
and assessing biochemical function in brain

 Weaknesses: invasive, radioactive tracers
must be injected into the patients’

bloodstream, high cost of producing
radiotracers




Magnetic Resonance Imaging (MRI)




Magnetic Resonance Imaging

* Relatively new method, first used in humans
inthe 1970 s




Advantagesand Disadvantagesto MRI

* Strengths: Excellent spatial resolution. Greater
contrast betweentissue types than CAT (high
spatial resolution), does not expose subjects
to radiation.

 Weaknesses: Poor temporal resolution.
Expensive (comparedto ERP), subjects have to
remain very still for several minutes, the
machine is very loud




Acquiring the MRI signal
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e Structural Measures

Structural vs. Functional MRI

*  Functional Measures

— BOLD signal (activation) «  Diffusion Measures

Gray and white matter — Water Movement

Cortical thickness

Gyrification




Functional MRI (fMRI)

* Uses MRI techniqueto map functional
changes in brain activity

 fMRI measures changesin cerebral blood flow

* Blood flow (BOLD signal) is related to neural
activity
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Figure 1. During periods of neuronal activity, local blood flow and volume increase with fittle or no change in
oxygen consumption. As a consequence, the oxygen content of the venous blood is elevated, resulting in an

increase in the MR signal.



Functional MRI

* Each image consistsof ~100,000 voxels (3d
pixels/cubic volumes) that span the entired
space of the brain
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Functional MRI

* Each voxel correspondsto a spatial location
and has a number associated with it that
representsits intensity
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Functional MRI

* During the course of an experiment, several
hundred images may be acquired (if TR = 2,
one acquisition every 2s)
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Functional MRI

* Tracking the intensity over time at each voxel
gives us a ' time series’
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Functional MRI

* Most commonly used approachin fMRI is
Blood Oxygenation Level Depended (BOLD)

contrast

 BOLD fMRI measures the ratio of oxygenated
to deoxygenated hemoglobinin the blood

* So, fMRI measuresoxygen consumption of
active neurons (NOT neural activity directly)

From Martin Lindquist: Coursera



fMRI Data

 fMRI data analysis is a massive data problem

— Each brain volume consists of ~100,000 voxel
measurements

— Each experiment consists of hundreds of brain
volumes

— Each experiment may be repeated for multiple
subjects to facilitate population inference

 This makes for a lot of data!

From Martin Lindquist: Coursera



Statistical analysis of fMRI data

 Massive data problem
* Signal of interestis relatively weak

* The data exhibits a complicated temporal and
spatial noise structure



Data processing pipeline

Experimental Design
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Preprocessing Pipeline Example

Preprocessing

Despiking

Slice-timing correction

I

Motion correction

Alignment with anatomy|

Spatial normalization

Spatial s'moothing
(with 6 mm FWHM isotropic
Gaussian kernel)

Extracting tissue-based
regressors

Motion censoring

Bandpass filtering

(0.009 < f < 0.08 Hz)

Correlation map

Order and specific steps can
change depending on your
analysis



fMRI Experiments

e Participant performs a psychological taskin
the scanner

* Must be a baseline or control condition for
comparison



Brain Localization
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Block Desigh fMRI Experiment




Voxel-wise time series analysis
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Data processing pipeline

Experimental Design
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Task based fMRI

e Correlation between BOLD signal and event of

interest....

Functional MRI

200 250

Fox and Raichla 2007



Network Neuroscience
(Connectivity)
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Rest vs. Task

 What is your brain doing?

Vs.

e Early assumptionin fMRI

— The brain needed to be doing a task to identify
coherent patterns of activity






“Resting” State Networks

e Organized intrinsic structure
— Newborns

— Sleep
— Monkeys
— Rats

* Backbone of thought and cognition?

* “Resting state”
— Misnomer
— Brain is always active with coherent structure



Independent Component Analysis
(ICA)

* “Cocktail Party” problem

— Mix of voices
e Different frequencies, different patterns of soundwaves

* Brain
— Different patterns of blood flow

— |dentify voxels of the brain where blood flow is
similar to each other, but different from other
voxels



TR Nomi & Uddin, 2015: Neurolmage C




Internal and External Cognition

DMN Salience network

j Dynamic switching

Externally directed |
action

Internally directed
action

Menon & Uddin, 2010



Subcortical Default Mode Network

SHHP HuH S

Temporal/Parietal Brain Stem

LBBYL RS

e Network Central Executive Network
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Cerebellum

s,

Nomietal., 2017:




Brain Dynamics

Static Connectivity
(Biswal et al., 1995)




Functional Connectivity

% Change

Time (seconds)

Fox et al., 200¢
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Static Network Connectivity in Autism across Development

* Children Child Group ICA: ASD > TD
— Within Network
 ASD>TD
— Between Network
 TD> ASD

 Adolescents

— Between Network
e TD>ASD

e Adults

— No differences

Nomi & Uddin, 2015: Neurolmage



Brain Dynamics

Static Connectivity Dynamic Connectivity
(Biswal et al., 1995) (Chang and Glover, 2010; Allen et al., 2012)




Static Connectivit

Dynamic Connectivity

7

Nomi et al., 2016 Human Brain Mapping; Nomi et al., 2017 Neurolmage; Cheng, Nomi et al., 2017 Human
Brain Mapping; Ciric, Nomi et al., 2017 Scientific Reports; Steimke, Nomi et al., in press SCAN



Flexible Cognition in Autism
Spectrum Disorder (ASD)

* Flexible Cognition e ASD
—  Quickly adapt and respond to your environment —  Affects nearly 1:68 children (CDC, 2016)
—  Facilitate learning and personal growth —  Family life, School life, Work life
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Restricted and Repetitive Behaviors in ASD

Behavioral Inflexibility «<— Cognitive/Neural Inflexibility Geuntset
al., 2009)



Restricted and Repetitive
Network Switching

* 40 (Typical) gz

* 34(ASD)  A%°¢

aaaaaaaaaaa

—18-39 years old
Typical Individuals

Preliminary Dat:
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Diffusion Tensor Imaging (DTI)

* DTlis an MRI technique thatprovides
guantitative information about the integrity
and orientation of white mattertracts in the

brain
(anatomical
connectivity)
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Water diffusion in structuredtissue

Isotropic diffusion

Anisotropic diffusion

AN



DTI

Unrestricted Restricted Anisotropic
[sotropic Diffusion Diffusion
Diffusion
Ellipsoid
Fibre tracking
Diffusion tensor - e
image data
Myelin

Sheath




Inferior fronto-occipital E Anterior thalamic radiation

. Forceps major Inferior longitudinal fasciculus

Corticospinal tract . Superior longitudinal fasciculus



Insula: Structural Connections

Association Pathways

Insula subdivisions

. = Arcuate Fasciculus . = Inferior Fronto-occipital Fasciculus . = Uncinate Fasciculus

Unique Connections: Dorsal Anterior and Ventral Anterior Subdivisions

. = Dorsal Anterior Insula . =Ventral Anterior Insula

Nomi et al., In Press: Cerebral Cortex
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