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" Obecny uvod do MRI
= Funkcni MR zobrazovani

= Mozkove site a konektivita



Zakladni fenomeén

Jaderny spin <==> magneticky moment

Jaderny spin - magneticky projev jednoho jadra

Podminka pro NMR: hodnota spinu = (celé cislo) x
(vodikova jadra maji spin = %)
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Vektorovy soucet vSech spinu v malém objemu:
vektor magnetizace M

V magnetickém poli

je magnetizace
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Orientace spinu
v magnetickém poli:
vznik magnetizace

V magnetickém poli

| | | B#0

je magnetizace

=>M=0

(to vse pfi teploté
vySSi nez absolutni nula)




Spinovy soubor v magnetickém poli

Orientace populace spinti * * * *
v magnetickém poli | | | |
V magnetickém poli I I | |

B0=>M=0
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Magnetizace v magnetickéem poli

Precese s Larmorovou frekvenci W, = 'Y . B

Frekvence je primo umeérna magnetickému poli ...

a konstanta umérnosti Y (gyro-magneticky pomeér)
je vlastnosti daného jadra (prvku)

Spiny vodikovych jader vykonaji ~ 42 milionu otacek za vterinu
v magnetickém poli 1 T




Dodanim energie = sklap

eni magnetizace

Radio-frekvencnim
pulsem

s frekvenci O




Vyvoj magnetizace po excitaci

Relaxace magnetizace
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Rychlost relaxace zavisi na
fyzikalnich vlastnostech tkané

Kazda z obou komponent
magnetizace (pricna a podélna)
relaxuje jinak rychle:

oba déje jsou na sobé nezavislé

Pricna slozka (mérena) relaxuje
s casovou konstantou T2

Podélna slozka relaxuje
s casovou konstantou T1




Relaxacni déje ... chovaji se exponencialné

PFigna slozka M. = 0 A LIz
T2 a T2* relaxacni déj \ K*‘H-_‘{
T2 bio-tkané:
80-200 ms
Podélna slozka M, > M, P
T1 relaxacni déj v \Tl
Il

T1 bio-tkané:

700-2000 ms




Co vsSe ovliviiuje MR signal a kontrast obrazt

e Protonova hustota (hustota jadernych spini)

e T1 relaxace (biochemické vazby tkané)

* T2 relaxace (biochemické vazby tkané + vliv nativ. param. latek)
e Proudéni spinu (krev v cévach)

e Difuze spinﬁ (Browntiv pohyb hlavné v extra-celularnim prostoru)

e Perfuze spinu (mikrocirkulace v kapilarach)




MR obrazy: vynikajici kontrast, komplexni informace




rozliseni: 0,45 x 0,45 x 4 mm




Proudéni spinového systému

e | mikroskopické

makroskopic

" MR angiografie

zobrazeni difuze




Perfuzni mapy ASL:
normalni perfuze
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Morfometrie: tloustka Sedé hmoty

™




" Obecny uvod do MRI
= Funkcni MR zobrazovani

= Mozkove site a konektivita



O cem je funkcni zobrazovani fMRI:
Které funkce jsou kde ulozeny?

1) Zobrazeni funkcni topologie
2) Zobrazeni funkcni konektivity
3) Sledovani vlivu ,,neuro-intervence”

(farmaka, vnorené elektrody apod.)

fMR
Functional Magnetic Resonance
Imaging (fMRI) is a recent
noninvasive imaging
technology that can be used to
identify regions in the brain
that are activated during the
performance of particular
tasks. In contrast to

conventional MRI scans
showing brain structure, fMRI

provides information about
brain function.




Funkcni mapoyani mozku:
tradicni metody

EEG & MEG
rozliseni

- prostoroveé: nizke
- Casové: vysoké

- neuronalni aktivita

rozlisSeni
- prostoroveé: nizsi
- ¢asové: nizké

- metabolicka aktivita

fMRI

rozlisSeni
- prostoroveé: vysoké
- Casové: adekvatni

- hemodynamicka odezva




J fMRI a Neuro-yaskularni vazba L
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Zvyseni metabolismu urychluje

produkci a uvolnéni vaso-aktivnich
substanci
Transport od neuroni a

NK? astrocytu
= Sce, k endothelialnim bunkam

~

Uvolnéni svalovych vilaken arteriol

Dendrites
Zvyseni lokalniho pritoku krve

1890: Coupling of Blood Flow and Metabolism was first described
(Roy and Sherrington)



blood flow

Model regulace prutoku krve v mozku
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hemoglobin

blood flow

zvyseni lokalni perfuze
zvyseni koncentrace oxy-Hb

79 stimulace

hemoglobin



Nejcasteji pouzivany efekt pro fMRI:
B O L D

tepénky kapilary Zilky

diamagneticky oxy-Hb

paramagneticky d-éo‘xy-Hb- y ]
zmeéna signalu BOLD efektu:

Efekt rozdilu susceptibility Ay mezi
paramagnetickym deoxy-Hb
a diamagnetickym oxy-Hb
Ogawa, et al.,Proc Natl Acad Sci USA, 87, 9867-9872, (1990) Ay = 0.08 ppm



Neuro-vaskularni vazba

zmeéna signalu fMRI

Relaxacni
konstanty MR

Fyaikéind Casova konstanta
e efekt toku
efekty (inflow) ~ 4_7 S

Fyziologickée
fenomény

Metabolické
procesy

metabolizace glukozy

Funkce Neuronalni aktivita
mozku




Vztah mezi aktivaci neuront (spiking) a BOLD?
 BOLD je vazan i na metabolické zmény astrocytu

Arteriole
smooth
muscle

Astrocyte AA
AA 20- 1ET E

CONSTRICT

EET — epoxyeicosatrienic
acid

9
<

EET ———>
PG — prostaglandin

,l

Endothelium

NO - nitrid oxide

‘009006000

velmi komplexni proces
a nelze presne frici, ktera substance se vice ¢i méneée uplatinuje

Mature. 2010 Mowv 11,483(7321):232-43.

Glial and neuronal control of brain blood flow.

Attwell D, Buchan AM, Charpak S, Lauritzen M, Macvicar BA Mewman EA,



Casové prubéhy:
Hemodynamic response function (HRF)

* Total Neural Activity




BOLD: hemodynamic response function (HRF)

Narust k maximu

5-8 sekund Nabér jednoho skenu (TR = 3 s)

Hemodynamicka odpoved

gativni zakmit signalu (undershoot

Klidovy interval Cas (s)

Uvodni pokles BOLD signalu (initial dip)

Stimulaéni podnét (senzoricky, motoricky,...)



Fyziologicka omezeni (ruseni)

Frekvencni zavislost Sumu Prostorova distribuce Sumu Klidova oxygenace a BOLD efekt
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H. Lu et al., MRM 2008

Pokles ASg, p s Vy$8S8i urovni oxygenace:
~ na 10% narustu Y je pokles ASgq, p 0 0,37%

Field maps (B.Wowk etal.) | Variabilita BOLD signalu

, ) : A - klidova oxygenace
Hlavni zdroje fyziologického Sumu: - vazodilata&ni schopnost

- pulzace mozku se srde’cnlr'n fytmem (kofein, )
- pulzace modulovana dychanim
- spontanni mozkova aktivita —

Fourier coefficient / arb

e =

.

frequency / Hz

Pievzato od P.Jezzard




Zavislost BOLD signalu na magnetickém poli

Avanto 1,5 T: TE =50 ms Trio3 T: TE=30ms

test verbalni fluence

Blokové schéma — 5 pismen (100 obrazt, TR =3 s)
voxel =2 x2x2 mm, smoothna6x6x6 mm



Blokové schéma stimulace a akvizice
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Blokové schéma je optimalni z hlediska fyziologie a velikosti efektu




Event-related design

—— neural
—— BOLD
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Event-related design umoznuje analyzovat mozkovou aktivaci
pri odpovédi na jednotlivy stimulus




Nahled na '|ednoduché blokové schéma
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Stimulace Klid Stimulace Klid

= | Zmena MR signalu

—

rozdilu dvou stavu

- L:I‘ V principu tedy staci

=  subtrakce obrazu, ale...



Prubéh zpracovani dat fMRI: Pre-processing

N\

Akvizice dat Korekce pohybu
(Realignment)

Normalizace Vyhlazeni
‘[ "~ (Smoothing)

1
é!% Standardni

"!‘-"‘m Talairachtv
mozek

MR morfologie

Pro skupinovou analyzu s
ZvySeni poméru S/S




Prubéh zpracovani dat fMRI: Statistika
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Alternativni vyvhodnoceni fMRI

e Obecny linearni model (GLM)
- predpoklada modelovou funkci HRF
- signal je linearni superpozici
jedné Ci vice HRF a ,nahodné” fluktuace

e Analyza nezavislych komponent (ICA)
- -~ predpoklada modelovou funkci
- predpoklada prostorové korelace voxelu
a moznou casovou koherenci
- rozlozi data do nékolika (~ 20) ortogonalnich (nekorelujicich)
casovych prubéhu a prostorovych typu chovani




Skupinova (2nd level) statistika

Auditory stim:
White noise

Auditory stim:
music

# subjects: 21
p =0.01, corrected




Jake jsou nejcastejsi klinické aplikace fMRI

Predoperacni planovani:
1) motorika (senso-motorika)
2) verbalni procesy a pamet
3) visualni kortex
4) sluchovy kortex

Psychiatrie:
kognitivni testy

Testovani vlivu farmak:
kognitivni testy

Neurovedy:
vsechno mozny



Motoricky kortex

* Pohyb prstu (ruka), jednoduchy pohyb (noha):

« Silny a reprodukovatelny efekt



Motoricky kort

Pohyb prsty (finger tapping): LHK, PHK
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meéreni: 2x2x2 mm vyhlazeni: 4x4x4 mm



Vizualni kortex







Frekvencni topologie
sluchového kortexu

OTikal < 0
lobes removed

Right hemisphere

Lateral ) Wernicke's

i A
area Primary

sulcus Secondary uuditur\ ¢ 'I’t{‘\ - .
auditory cortex Brodmann areas 41 & 42 of the human brain.
Wernicke's Left th]l‘*PhL re
Corresponds to Corresponds to
apex of cochlea base of cochlea

Primary
auditory
cortex

Secondary
auditory cortex -
(belt areas)




Topologie sluchu — frekvencni zavislost




fMRI u pacientu s tinititem

Rozdil mezi stimulaci Cistym a zaSumnénym slovem
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fMRI recového procesu

4 hlavni funkce: o GHASE e
fonetika: produkce a percepce zvuku SERRag - i S 4
fonologie: pravidla produkce a percepce s =it h

1I57

semantika: proces vyznamu slov AN
syntaktika: tvorba vét ze slov :




Mapovani mozkovych center verbalnich funkci

Pravaci: 95% populace
99% leva hemisféra dominc

1% prava hemisféra domin:

Levaci: 5% populace

63% leva hemisféra dominz
13% prava hemisféra domi

24% bilateralni reprezenta

11 zdravych pravaku




Klinicky priklad: kombinace vice stimulaci

Stimulace: motorika prstu PHK
motorika prstu LHK
test verbalni fluence




" Obecny uvod do MRI
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Segregace versus integrace

Functional segregation Functional integration
(activation) publications per year (connectivity)

BRAIN
CONNECTIVITY

1995 2000 2005 2010
year

BRAIN CONNECTIVITY
Volume 1, Number 1, 2011

© Mary Ann Liebert, Inc.

DOI: 10.1089/brain.2011.0008

Functional and Effective Connectivity: A Review

Karl J. Friston



Resting state: zadna stimulace

Vyuziti spontanni mozkové aktivity
a koherence nizko-frekvencni fluktuace signalu
v ramci propojenych oblasti — mozkovych siti.

Vysoka korelace ¢asovych prubéhu signalu




Konektivita: definice

structural connectivity functional connectivity effective connectivity

 Strukturalni konektivita
* morfologické propojeni oblasti — méreni sméru difuze (DTI)

* Funkcni konektivita
* korelace €asovych prubéhu signalu v riznych oblastech

* Efektivni konektivita
* testovani kauzality propojeni vybranych oblasti




Funkcni konektivita




Funkcni Jak najit mozkové sité
konektivita

Startovaci oblast (Seed)

korela€ni analyza

Analyza nezavislych komponent (ICA)

predpoklada modelovou funkci

= predpoklada prostorové korelace voxell
a moznou casovou koherenci e
» rozlozi data do nékolika (20 - 70) komponent | i Vi
ortogonalnich (nekorelujicich) R

¢asovych priibéhl a prostorovych typd chovani WWWWWWW

QQQQQ



Funkcni konektivita

Insula p=0.01 unc.




Funkcni site identifikované pomoci
funkcnl konektlwty a restmg -state fMRI

Sensorimotor network (Cordes et aI 2000. AJNR) Auditory network (Cordes et al., 2000. AJNR)
- |

@@@Q@

‘ Visual network (Lowe et al., 1998. Neuroimage)
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Attentional network (Fox et al., 2006. PNAS) ‘

DMN (Greicius et al., 2003. PNAS)




Zakladni site mozku

RSN l20 BIM RSN 220 BME RSN 320 BM I RSN
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Correspondence of the brain’s functional architecture

during activation and rest

Stephen M. Smitha1, Peter T. FoxP, Karla L. Millers, David C. Glahnb-«, P. Mickle Foxt, Clare E. Mackay=, Nicola Filippinis,
Kate E. Watkins®, Roberto Toro?, Angela R. Laird®, and Christlan F. Beckmann™®




Zakladni neuro-kognitivni siteé

Fronto-parietalni CEN:

Caural pracovni pamét
re;g:rkve pozornost
SN:
detekce a mapovdni
Salience vyznamovych externich
b podnétii a internich
uddlosti
DMN:
R self-referencni mentadlni
mode aktivita
network

Large-scale brain networks and
psychopathology: a unifying triple

network model

Vinod Menon™#**"




Regional Homogeneity (ReHo)

Similarity or coherence of the time courses
within a functional cluster (Zang etal., 2004)

Rest > Motor

Motor > Rest

a) Higher ReHo in bilateral primary motor cortices during motor task

b) Higher ReHo in default mode network (PCC, MPFC, IPL) during rest

Chao-Gan YAN. Ph.D (Raichle et al., 2001; Greicius et al., 2003) Zang et al., 2004



Vypocetni metody

Graph theoretical analysis

Histological or
imaging data

V' » »
Wil

Bullmore and >
) R A g
S porns, 2009 O - S

Sensorimotor

P,
A remotor
iy -

Prefrontal

Temporal pole

Graph theoretical analysis

Anatomical template

Connectivity matrix
fMRI Data —— - Between group-level analyses of:
: - regional connectivity
—»= - graph metrics (degree, clustering,
efficiency, small-worldness)
- modules
Brain network

Regional fMRI timeseries

Chao-Gan YAN, Ph.D



Kvantifikace funkcni konektivity

ALFF — Amplitude of Low Frequence Fluctuation

Intrinsic connectivity (Martuzzi et al. 2011), Degree (network) centrality

the strength of the connectivity pattern between each voxel
and the rest of the brain

root mean square of the correlation coefficient values

Global correlation

average of the correlation coefficient values

ReHo (Regional Homogeneity), Local correlation

the average correlation between each voxel and its neighbors N : oo
Radial correlation (Goelman, 2004) *‘
the spatial asymmetry of the local connectivity pattern £1% ‘}e‘t’_

between each voxel and its neighbors

Radial similarity (kim et al. 2010)

the global similarity between the connectivity patterns HG L
of neighboring voxels

connectome representation
Software: CONN

MPVA (Multi-Voxel Pattern Analyses)

variability in connectivity patterns



Probléemy

e Experiment settings

e Head motion

e Linear trend

e Global signal regression
e Standardization

e Temporal undersampling

e And many many more...

Chao-Gan YAN, Ph.D



Podminky pri méreni

Different resting conditions?

M DEFAULT

ATTENTION
B REFERENCE

Functional
connectivity
strength

S
N
§e)
-
x
®
=
o}
o

FIX ECR h FIX ECR - FIX EOR ECR CLASS

DATASET 3e DATASET 4 DATASET §

Functional connectivity strength was
significantly diminished for eyes closed rest (ECR)
when compared with the fixation (fix)

Van Dijk et al., 2010. J Neurophysiol

Chao-Gan YAN, Ph.D



Head motion matters

Group 1> Group 10 Group 3 > Group 8 Group 5 > Group 6 scnbned

scrubbed

B C D
Age/Motion-Related Motion Regressed Age/Motion-Unrelated PCC-MPFC
> Age Effect

Correlation (r)

Table 3

Satterthwaite et al., 2012. Neuroimage | | tuyum——"—"

Summary recommendation

+ Individual-level correction with the Friston-24 model is recommended.
» Additionally, group-level correction for mean FD is recommended, and removes

Yan et al., 2013. Neuroimage the need for scrubbing. , o ‘
« If group-level correction for mean FD is contraindicated or not practical, then
individual-level correction with scrubbing is recommended for PCC-FC, VMHC

Chao-Gan YAN, Ph.D and ReHo (not ALFF?, fALFF, DCP).




Funkcni konektivita: variabilita




Efektivni konektivita




Efektivni konektivita

» Statické modely

» Structural equation modeling — SEM
 Dynamické modely
* Linearni modely:
» Granger causality mapping — GCM

* Nelinearni modely:
» Dynamic causal modeling — DCM Friston, 2011 Brain_

Seed voxel approach, PPI etc. Dynamic Causal Models

Bayesian model comparison:
Dynamic causal modeling

timeseries (neuronal activity)



Funkcni a efektivni
konektivita

Association
(undirected network)

Directionality
Causality
(directed network)

Directionality



Efektivni konektivita: DCM

Vyjadreni sily a smeru
vazby pri uvazovanem modelu

™ 4 o
0jes




Strukturalni konektivita




MR zobrazovani molekularni difuze: DWI

volna difuze

omezena difuze

\i)=1.o

— —b.ADC
objemova frakce _r_ S SO e
Q: 0.8 wh citlivost sekvence: b-faktor

- =y au)
prostor Kvantifikace ADC:

alespon 2 a lépe vice hodnot b
Ve volném prostoru: difuzni koeficient

V biologické tkani: aparentni difuzni koeficient (ADC)
nenulova pravdépodobnost priichodu buné¢nou membranou



DWI: ¢casna ischemie

Zmeny na DWI Akutni faze (< 11 dni): = Chronicka faze (> 11 dni):

jsou pozorovatelne jiz hyper-intenzita na DWI hypo-intenzita na DWI
béhem prvnich hodin
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Smeérovost difuze - Anizotropie A

o

smér hlavni difuze €2 smér drah neuronovych svazku

= Anizotropie difuze popsana tenzorem (DTI)
= Hlavni (radialni) smér dan A,
= Axidlnisméry A, a A,

b

Elipsoid tensoru difuze




Strukturalni
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Strukturalni

konektivita MR traktografie

* Deterministické metody rekonstrukce
* Probabilistické metody rekonstrukce

= Distribuce pravdépodobnosti existence drahy
= Moznost odhadu existence Ci validity drahy
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Strukturalni

H ¥ =u

Pouzitelneé veliciny

konektivita Barevné kédovana mapa FA

radialni difuzivita = A,

axialni difuzivita = (A, + A4)/2

stredni difuzivita (MD) = (A+ A+ A)/3 | o S

frakéni anizotropie (FA) = ((A—A,)%+(A3—A,)?2 +(A—A;)%) Y2 / (;\,124_;\,224_;“32)1/2

Pri ne-Gaussovské difuzi: Kurtosis K,,,,

lg ( ..I
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/ wxr\ / v \ m (» Diffusional Kurtosis Imaging (DKIl)
Q.

v A '
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Odchylka od Gaussovského rozlozeni
je dana komplexnosti difuze, prostupem

| bunécnou membranou
‘ ] /%
Can [ 2 |




FA — mira integrity svazku BH...

male > female

We have found lower FA and
higher MD in female subjects.

FA analyses by ROI also showed
higher values for males subjects. The
differences were statistically
significant in the splenium of corpus
callosum, and bilateral superior
longitudinal fasciculi.

We have not identified any areas
with higher FA in females.




Strukturalni Tract Based Spatial Statistic (TBSS):
konektivita stfedni, radialni a axidlni difuzivita

\ Stredni difuzivita

zvyseni
EPI > kon

‘ Radialni difuzivita

shizeni
EPI < kon

Axialni difuzivita

Diffusional kurtosis imaging reveals a
distinctive pattern of microstructural

alternations in idiopathic generalized PaCienti S generalizova nou epilepSil’




Strukturalni Tract Based Spatial Statistic (TBSS):
konektivita Frakeni anizotropie, stiedni, axialni kurtuosita

1 AX
‘Frakcnlanlzotrople {‘(\7

zvyseni
EPI > kon

shizeni
EPI < kon

/k
‘ Stredni kurtuosita ‘ {J
A
A
4

\ Axialni kurtuosita

Diffusional kurtosis imaging reveals a
distinctive pattern of microstructural

alternations in idiopathic generalized Pacienti S generalizova nou epilepsii

epilepsy




Jak je mozek organizovan: Small world theory

Regular Small-world

SMLZ

4

p=0

Increasing randomness



Magn Reson Mater Phy (2016) 29:451-462
DOT 10.1007/510334-016-0546-3

RESEARCH ARTICLE

Funkcni

In vivo functional connectome of human brainstem nuclei
of the ascending arousal, autonomic, and motor systems

ko n e kt iv i t a by high spatial resolution 7-Tesla fMRI

Marta Bianciardi' - Nicola Toschi' - Cornelius Eichner” - Jonathan R. Polimeni' -
Kawin Setsompop’ - Emery N. Brown® - Matti S. Hamiiliiinen' - Bruce R. Rosen' -
Lawrence L. Wald'
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Stimulace: Resting state:
zasumene slovo Funkcni konektivita
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Korelace mezi strukturalni a funkcni konektivitou

Korelacni matice
pro 86 anatomickych oblasti

Figure 1: Pearson correlation between SC and FC
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Relating structural and functional connectivity for large N:
How far can one get with basic methods?
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Nové trendy fMRI

Hybridni technologie

/
PET"V'R' EEG + fMRI
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Ultra-high field 7T:

noveé moznosti

dMRI with 1 mm isotropic
resolution at 7T: Accurate
representation of major fiber

bundles

0.8 mm isotropic resolution at
7T: Ultra-fine anatomical details,
e.g., in the cerebellum

0.8 mm isotropic resolution
at 7T. Ultra-fine delineation
between gray and white
| matter

v
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Magnetic Resonance



Sub-milimetrové TMRI na 7T:

ZzvySeni sensitivity i prostorové specificity

Submillimeter
BOLD fMRI
due to
Increased
SNR

and CNR

* Higher MR signal
dueto 7T

* Increased BOLD
due to shorter T2*
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DTlna /T:

krizeni neuronalnich svazku

’J | y A "\ i

W Resolve crossing
Wy fibers in brain-
subregions

 Tracks calculated with
spherical deconvolution
based on
diffusion-weighted EPI
acquisitions

* 1 mm isotropic resolution
covering the whole brain
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Vysoké rozliSeni na 77T: SIEMENS
neuro-anatomie hypokampi

Maastricht University and Scannexus, Maastricht, The Netherlands

TSE with 3 averages (0.25 x 0.25 x 1 mm3)
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SWlna /T:

zobrazeni zil s vysokym rozliSenim

Provide details
with high spatial
resolution and
Improved tissue
contrast.
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