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"if/‘ Biomedical Imaging: Introduction and X-ray

K

e www.itk.ppke.hu

Biological Imaging vs. The Eye
e

Spatial resolution  ~0.1 mm ~1 nm
Temporal resolution ~100 ms ~20 ms
Sensitivity ~100 photons ~1 photon
Wavelength range 400 — 700 nm 108 -1m

Biological imaging can:
 watch processes too rapid to be perceived
 see objects to small for the eyes to see

« see radiations to faint for the eye or that the eye is not sensitive to
 see inside living objects
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Biomedical Imaging: Introduction and X-ray
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|deal Biological Imaging Technique

1 nm spatial resolution

1 ms temporal resolution

no ionizing radiation

endogenous source of contrast

INn VIVO — Nno restraint or anesthesia
shows structure and function

see everywhere inside the body
low cost

ease of use

www.itk.ppke.hu
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Biomedical Imaging: Introduction and X-ray

www.itk.ppke.hu

Spatial Scales in the Central Nervous System
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Biomedical Imaging: Introduction and X-ray

History of Imaging -|—|

first microscope limiting resolution of light patent for confocal laser scanning confocal
Jensen brothers (1590) microscope, Abbe and Zeiss (1886) imaging, Minsky (1957) microscope. Aslund (1987)

1600 1700 1800
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Biomedical Imaging: Introduction and X-ray
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" Resolotion of different Imaging modalities
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SPECT-CT

SPECT- low resolution
functional image

CT — high resolution
anatomical image

SPECT
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Biomedical Imaging: Introduction and X-ray
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Classification of Different Imaging Methods

External signal:

 Ultrasound

« Conventional X-ray:
« Radiography
» Fluoroscopy

« Digital X-ray:
« Computed Radiography
 Direct Digital systems
« CT: Computed Tomography

« MR(I): Magnetic Resonance Imaging

Internal signal:
« Thermography (-), etc.

* Nuclear Medicine
« SPECT: Single Photon Emission Computed Tomography
« PET: Positron Emission Tomography
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%, Biomedical Imaging: Introduction and X-ray

German physicist

Wilhelm Conrad Rontgen

March 27, 1845 - February 10, 1923

Accidentally discovered X rays while experimenting with cathode
rays emitted from a Crookes tube,

winning the 1901 Nobel Prize in physics for this accomplishment
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T Biomedical Imaging: Introduction and X-ray
Rotating anode Tungsten target gﬁtoﬂ:
Ball races

6.3
Vac

Hot

cathode

0V filarnernt
¢ + 100000V

Electron beam

Xays

Structure of and x-ray tube
with rotating anode
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Biomedical Imaging: Introduction and X-ray

Special structure of high performance x-ray tube
for CTs

Rotation  Cathode
Oil for cooling

i
| =

7
. Motor
Ball Bearing \
LB e Anode

coils
Electron X- rays
beam
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Biomedical Imaging: Introduction and X-ray

R a d I O r a h Heated filament Electrons are accelerated
emits electrons by by a high voltage.

thermicnic emission

Copper rod for
heal dissipation

®-rays produced when

% high speed electrons
; % hit the metal target.

Screen support

X-ray film

Screen support

*
|
\ Less Exposed / Foam padding

More Exposed
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@;T’ﬁ Biomedical Imaging: Introduction and X-ray
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X-ray image contrast

High Low

! — /Object penetration

Image
Material Effective Atomic Number Density (g/cm3)
Water 7.42 1.0
Muscle 7.46 1.0
Fat 5.92 0.91
Air 7.64 0.00129
Calcium 20.0 1.55
lodine 53.0 494
Barium 56.0 3.5
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Biomedical Imaging: Introduction and X-ray
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) 4o X-ray source
X-ray beam penetration o TiltEr
«---- collimator

Body penetration
Reduces DOSE

Obiject penetration
Reduces CONTRAST

X-ray
generator PR -

/

Control, Ul
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; Magnification and edge-contrast
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a{fﬁ Biomedical Imaging: Introduction and X-ray

Filtering of x-ray
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Biomedical Imaging: Introduction and X-ray
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Typical, multipurpose radiography equipment
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"‘%f/“ Biomedical Imaging: Introduction and X-ray
Fluoroscopy X-ray source

filter
collimator

scintillator

Image intensifier

optics
Video signal CCD ,,camera”
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Biomedical Imaging: Introduction and X-ray
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T;pical, fluoroscopy equipment

Tube In TOP position
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"‘%f/“ Biomedical Imaging: Introduction and X-ray
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CCD ,camera”

Video signal
optics

Tube DOWN Image intensifier

scintillator

T - filter

collimator

X-ray source
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Biomedical Imaging: Introduction and X-ray
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Biomedical Imaging: Introduction and X-ray
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A ,,dose reduction” technique

| 1 sec I

Fluoroscopy

240 msec. 3 mA ‘0 Intermittent Fluoroscopy (1/sec)
T T T T T T T T
<
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Surgery

Special, mobile
fluoroscopy equipment
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aﬁ{fw Biomedical Imaging: Introduction and X-ray

D‘i'gital Subtractive
Angiography )

Rotational
Angiography

3 D imaging

Simple
measurement
2 , lnsting n your dcdure m}
2017. 05. 27.. TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006 g

—_t e
New Hun;my Developwient Plan



Biomedical Imaging: Introduction and X-ray

High performance fluoroscopy equipment
for angiography (Monoplane)
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Biomedical Imaging: Introduction and X-ray

High performance fluoroscopy equipment

for anglography (BI- noplane)
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Biomedical Imaging: Introduction and X-ray

Computed Radiography

Stimulable Phosphor Receptor

Expose

" Invisible
Latent Image
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Biomedical Imaging: Introduction and X-ray

Typical phosphor-plate reader and cassettes
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Biomedical Imaging: Introduction and X-ray

X-Ray Tube Digital

Direct Digital Radiography S S
€=S =D

il

Direct Digital Radiographic Receptor
mxc-lﬁa:{ Fo}lg;?;';nt
Information  Unsharpness
Dawn to 82%

Digital Image

Analog/Digital

X-Ray || Canarter

- BRa
TaEERL T
1 0

ANNENNENNRENN

Computer Memory

Pixel
Analog

Data

Radiation Detector
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aﬁg Biomedical Imaging: Introduction and X-ray

375
Direct Digital DSA with Flat-detector
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Biomedical Imaging: Introduction and X-ray

Flat detector

Direct digital x-ray detector for
high performance and high
speed fluoroscopy, angiography

Detection Layer Photodiode Array

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006




Conventional pulsed Grid Switch
fluoroscopy

mA mA

» Time
Ramping 'Imaging pulse Trailing Imaging pulse
B Switching Tube Current
B Radiation by High Tension Cables
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a&;fﬁ Biomedical Imaging: Introduction and X-ray
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SpectraBeam filtration

Filters out low-energy non-contributing X-rays, reducing patient dose:

Patient Dose
Reduction (%) 100

\ 0.5 mm Cu-eq MRC

~—_
60 \\ \\

. \%M-MRC—_

20 N

80

N

50 70 90 110
X-ray Photon Energy(kV)
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Biomedical Imaging: Introduction and X-ray

Image quality and dose management

Conventional X-ray tube ‘ () ()
MRC X-ray tube — 0.2mm Cu
MRC X-ray tube — 0.5mm Cu [ ] [ ] [ ]
Detector Dose » | |Q2 | | Q1
'Tl _¢""+
Patient Dose > 1000 500
X-ray tube power » 2000 @ 2000
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aﬁfﬁ Biomedical Imaging: Introduction and X-ray
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Image quality and dose management

Patient Dose
[cGY/min]

10 No Cu-eq

/Conventional

= i ——lll- 0.2 mm
: > : Cu-eq MRC
] 0.5mm
* )A* —

----------------------------------- Cu _eq M RC

30cm water

0.2 0: 075 1
»( Same Image quality Detector Dose
[nGY/s]
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Biomedical Imaging: Computed Tomography (CT)

Tomography

Tomography is imaging by sections or sectioning. A device
used In tomography is called a tomograph, while the image
produced Is a tomogram. The method iIs used In medicine,
archaeology, biology, geology, materials science and other
sciences. In most cases it Is based on the mathematical
procedure called tomographic reconstruction. There are many
different types of tomography, as listed: (Note that the Greek
word tomos conveys the meaning of "a section” or "a cutting").
A tomography of several sections of the body Is known as a
polytomography.

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 B L 3

—_t e
New Hum;my Developwient Plan


http://en.wikipedia.org/wiki/Medicine
http://en.wikipedia.org/wiki/Archaeology
http://en.wikipedia.org/wiki/Biology
http://en.wikipedia.org/wiki/Geology
http://en.wikipedia.org/wiki/Materials_science
http://en.wikipedia.org/wiki/Tomographic_reconstruction
http://en.wikipedia.org/wiki/Greek_language

Biomedical Imaging: Computed Tomography (CT)
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Conventional medical X-ray tomography:

M

L

- a sectional image through a body by moving an 4 g
X-ray source and the film in opposite directions

lb‘
during the exposure e —
- structures in the focal plane appear sharper,
while structures in other planes appear blurred
- by modifying the direction and extent of the
., =

movement, operators can select different focal

planes which contain the structures of interest ,]_ i
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Biomedical Imaging: Computed Tomography (CT)
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Computed tomography (CT)

Conventional X-Rays Computerized Tomoqgraphy

Single projection image Axial image obtained from hundreds of projections
= superimposed tissues
Std. Resolution: 500 - 1200 projections
High Resolution: 900 - 2400 projections
Tissue superposition only within one slice thickness

Measured physical entity: tissue density
Information provided: organ structure

CT density unit: 1 Hounsfield Unit (HU) = 0.1% density of water
Air (zero density) = -1000 HU; Water = 0 HU

Precision & validity of CT densities:
Relative only; CT uses a polychromatic X-ray beam
CT densities are voltage, object size & real density dependent
Precise density measurements in CT require dedicated calibrations

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y ;o 5
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Biomedical Imaging: Computed Tomography (CT)

CT Spectrum of densities  ww,,, =1000. Zper ~ o

! pattent
-lul'll'-:hli'l"
compact
value, 4 bone
HU
1000 + 80
8001 - liver .
600 + blood
- % 60 X & 60
400 1 spongious
1 bone <>50 I pancreas "
200 +
T water., -50 kidney40
0T E—] fat _go — 40T
T -100
-200 + 30+
—-400 +
4 lungs 20T %
-600 + )
-800 + 107
1000 :: air -995 —950 o+
-1005
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Biomedical Imaging: Computed Tomography (CT)

et

I::!nexpt—j;ix}-dr]
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. Reconstruction: backprojection => see article
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a{\ﬁﬁ Biomedical Imaging: Computed Tomography (CT)

CT generations

1. tanslation N

rodating dateclor arc

1967 => 1972 1975 1976

4th generation:
continuous detector ring

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 i : 8
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Biomedical Imaging: Computed Tomography (CT)
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3rd generation CT scanners:

. Axial scan only: ,,back&force”
continuous

. Helical scan: single slice

dual slice (1992)

multi-slice: up to 16 slices # of detector rows

>16 slices # of independent
data
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Biomedical Imaging: Computed Tomography (CT)

Spiral scanner

Spiral Image Reconstruction
linear interpolation between
nearest neighbors data points

— 15t Rotation

—2nd Rotation
m— 3td Rotation

w] W,

lnvesting in your fidure
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Biomedical Imaging: Computed Tomography (CT)

Factors Determining Low Contrast Resolution

Detection System: type, design & efficiency

» (Xenon or Solid-state)

X-ray beam filtration: optimal design for beam hardness

Scan \oltage: lower voltage provides improved low contrast
resolution

Signal-to-Noise Ratio:
— Proportional to Dose (mAS)

— Improved when post-collimation is available,
protecting the detectors from scattered radiation

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y
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Biomedical Imaging: Computed Tomography (CT)
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" Factors Determining Spatial Resolution

 Design Parameters:
— Detector aperture width (Ag) at isocenter
— Focal spot size (s)
—  Sampling density (< Aq/2)

 Reconstruction Algorithm:
— Filter Modulation Transfer Function

 Display Parameters:
— Pixel size: p = FOV/(Matrix * Zoom)
— Good Imaging Practice: p < image spatial resolution
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Biomedical Imaging: Computed Tomography (CT)

‘Adaptive Array Detector

- — e ————

! E 2x25mm

4x1mm Slice definition
= by near-locus colkmators
2x 5 mm and electioiic Syvitoiig
6 x 1.25 40 x 0.625 6 x 1.25 64 x 0.625
25 mm + 2*¥7.5 mm 40 mm
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@;T’ﬁ Biomedical Imaging: Computed Tomography (CT)

%

Pencil beam => Fan beam => Cone beam

X-ray source X-ray source

‘Cone’ of X-rays

'Fan' of X-rays

o
|
o

l/
or
2D Fan Beam Image Reconstruction (1970 —2001) Cone Beam Reconstruction Algorithm (>2001)

Filtered back-projection into a 2D matrix (Pixels) Filtered back-projection into a 3D matrix (\Voxels)

assuming parallel X-ray beams & ignoring the Cone Each Voxel reconstructed individually.

Angle Only views passing through each individual voxel
during the acquisition process are back-projected into
it

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 s, | 14
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Biomedical Imaging: Computed Tomography (CT)

BRA

TECHNOLOGY

© - Lesion

Detectors/image

Lesion misrepresented

Image created using central rays
[without COBRA]

Lesion correctly displayed [with COBRA]
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N Biomedical Imaging: Computed Tomography (CT)
" Fan Beam Recon Cone Beam Recon
4 mm from
mid -plane
8 mm from
mid -plane
2017. 05. 27.. it

M
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Biomedical Imaging: Computed Tomography (CT)

Speed vs. information => Pitch

P Pt
Tt HHit
tiit ¢ it
it 1111
Pitch=1 Pitch=2
11 1
Lt L
Lt [
Pt
Pitch=1.5 Pitch=4
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Biomedical Imaging: Computed Tomography (CT)

%

's et ¥
375

Multi-Slice RSVP Advantages

Single-Slice Dual-Slice
Scanner Scanner
[ ﬁ/ mm POVBLE RESOLUTION >
SAME SPEED
- | . !
< : : : ] | = SAME VOLUME o ~
KU /1)) vy SAME POWER
10 mm collimation
SAME RESOLUTION
30  pousLe Speep 15
o sec sec| 5
SAME VOLUME
SAME POWER
30 sec acquisition 15 sec acquisition

J'mrmfu‘q i your fiure
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Biomedical Imaging: Computed Tomography (CT)
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Multi-Slice RSVP Advantages

Dual-Slice

Single-Slice
Scanner

Scanner

SAME RESOLUTION

SAME SPEED

60 ’

‘-) /’/.———I I_ :
( I 30 DouBLE VOoLUME om

30 cm coverage

W N\ SAME RESOLUTION ﬂ\

SAME SPEED

sAME POWER

100%
Dose Overiap

P ~ I' I' P
- ( T SAME VOLUME = ( -
250 500
k mAs DOUBLE POWER .a¢
250 mAs 500 mAs
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Biomedical Imaging: Computed Tomography (CT)

Multi-Slice Resolution Advantage
Quad Sllce i DuaI Slice Slngle Sllce

4x2.5mm: 2 5cm/sec 2x5.0mm: 2.5cm/sec 10mm: 2.5cm/sec

72 cm coverage; 28 sec; 120kV / 130 mAs

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 20
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Biomedical Imaging: Computed Tomography (CT)
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Multi-Slice Volume Advantage

Quad -Slice Dual Slice | Slngle Sllce

| ? l .;':2‘33”'
“ .%g % 5:” |

72 cm coverage | 36 cm coverage 18 cm coverage
3.2 mm Eff. ST: 28 sec; 120kV / 130mAs

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y 21

__4::.__4
New Hum;my Developwient Plan



Biomedical Imaging: Computed Tomography (CT)

es et v

375

Patient Dose Path

GENERATOR & SCAN TIME

kV *mA *sec

@ mA
Filtration sec
N B (x)
i Bow-Tie Filter
LB | FS-IC
kV
X
FS-D
FS-IC
1/(x2)
— fa— Filtration
EEER X eXP |Bow-Tie
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Quarter detector shift

-
.f/
#
#
/_.
#
5
¢
i

FS at 180°%
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o Biomedical Imaging: Computed Tomography (CT)

ynamic
ocal

pot

Anode

Cathode

Doubles  Ray Density

and thus R
Doubles  Spatial Resolution ( :
with the same number of detectors  Dynamic Deflection Focal Spots
of Electron Beam
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Towards ,,dual energy” solution

Rotation
direction @

Fig. 2 Technical realization of the dualsource computed tomog-
raphy (DSCT) swstem. One detector (4) covers the entire scan field
of view with a diameter of 30 cm while the other detector (B) is
restricted woa smaller, centml feld of view due 1o space limitations
on the gantry
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,2Anatomy”’

ofaCT
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N Biomedical Imaging: Computed Tomography (CT)
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" Reconstructed 3D Images: virtual colonoscopy

1
\

A\

b
93
a“cn'.&h;‘,
Y S

o
x4
Q.
‘N
<
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S

_.Q

- In J{Jl”pnvl / ) :, /_ -
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Biomedical Imaging: Computed Tomography (CT)
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Reconstructed cardiac
and vessel images
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Biomedical Imaging: Computed Tomography (CT)
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Future of CTs:

- more detector row (128/256/340) / higher coverage
=> volume CT

=> specialized CT-s
- detector efficiency / lower dose

- multi-energy detectors

fn!"'!‘.fu‘q i your fiure
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Biomedical Imaging: Computed Tomography (CT)
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Target Tissue Regulatory Limit

Whole Body 12.5 mSv/quarter
Extremities18,750 mrem/quarter 18.75 mSv/quarter

Skin/Other Organs 75 mSv/quarter

Fetus 5 mSv/gestational period

Common Radiation Exposures

One Coast to Coast Flight 0.03 mSv
Chest Radiograph, Anterior/Posterior view 0.15 - 0.25 mSv/view
Chest Radiograph, Lateral view 0.5 - 0.65 mSv/view

Screening Mammography (Film/Screen Combination) 0.6 — 1.35 mSv/view

Significant Radiation Exposures (Acute Doses)

Temporary Blood Count Change (Whole Body or Torso) 250 mSv

Permanent Sterilization in Men (Gonads) 1000 mSv

Permanent Sterilization in Women (Gonads) 2500 mSv

Skin Erythema (Burn) 3000 mSv

Cataract Formation 6000 mSv
2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y
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Common units and Conversions:

 1rad =0.01 Gy *or* 100 rads =1 Gy
e 1rem=0.01Sv *or* 1Sv =100 rem
1 rem =1000 mrem *or* 1 mrem =
0.001 rem

» For x-rays: 1rad=1rem (QF =1)

Sereening Mammography

Head (+eye, +jaw, eic)

Dental; Orthopantomogram

Typical Values of Effective Dose for Various Medical X-rays

Body CT 10.6
Cardiac Angiography
Lower Gasfrointestinal
Urography

Uppar Gastrointestinal
Head CT

Lumkbar Spine
Cerebral Angiography
Cholecystography
Abdomen

Chest Flugroscopy
Thoracic Spine
PelvisHip

CT Pelvimetry
Cervical Sping

Limbs & joints

Chest Radiography

Dental: Intracral

0 2 4 6 8 10 12
Effective Dose / mSv

2017. 05. 27..
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* Prospective Gating

Prospective Gating automatically triggers axial multislice scan acquisitions using
patient information from the ECG monitor.

* Retrospective Tagging

QRS QRS QRS

Spiral Retrospective Tagging

allows the CT system to _~ l\ 7N - /\ 7 ~ /\ 7
acquire a volume of data

while the patient's ECG is |‘ \i — — ll —t—
recorded. ’\/\%\H \
The acquired data is "tagged" \ o

and reconStrUCted First Second Third Fourth
retrospectively at any desired e e image image
phase of the cardiac cycle.

FIGURE 21-22. Acquisition of a gated cardiac image sequence. Only four images are
shown here. Sixteen to 24 images are typically acquired.

lnvesting in your fidure
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PETER PAZMANY L& SEMMELWEIS

PIA"LP_G CANPUS ”I(fIAkDO
CATHOLIC UNIVERSITY - UNIVERSITY

Development of Complex Curricula for Molecular Bionics and Infobionics Programs within a consortial* framework**

Consortium leader

PETER PAZMANY CATHOLIC UNIVERSITY

Consortium members

SEMMELWEIS UNIVERSITY, DIALOG CAMPUS PUBLISHER

The Project has been realised with the support of the European Union and has been co-financed by the European Social Fund ***

**Molekularis bionika és Infobionika Szakok tananyaganak komplex fejlesztése konzorciumi keretben

*#% A projekt az Eurdpai Unid tdmogatasaval, az Eurdpai Szociélis Alap tarsfinanszirozasaval valosul meg.

Nemzeti Fejlesztési Ugynokség
UMFT infovonal: 06 40 638 638

/VFU nfu@nfu.gov.hu ® www.nfuhu . TAMOP — 4.1.2-08/2/A/KMR-2009-0006
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BIOMEDICAL IMAGING

(Orvosbiolégiai képalkotas)
POSITRON EMISSION
TOMOGRAPHY (PET)
(Pozitron emisszios tomografia (PET) )
GYORGY EROSS
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Technical Background

X-ray source
collimator

filter

Otgah with tadicach ve emissiohs

filter

scintillator LR PR P LT | d=— cotiimater
Image intensifier | Detector Crystal

optics
CCD ,camera”

A

——  Pholomuollipliet Tube Attay

+——  Posilion Lagistic Citcoils

Detecior Covet
CONTRPUTER
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Anatomy

375
Increasing Disease Progression

Physiology

Metabolism Molecular

X-Ray/CT

[ R

i ————aa
MRI

Nuclear/PET

Optical

Organ level

Detection,
Tumor burden

Genetic level

Tissue level Cellular level

N v UL

LYY
A\ BAS
\}/

4

Genetic mutations

Tumor markers
Gene therapy

Angiogenesis
Drug targeting

Growth kinetics
Drug delivery

PET provides metabolic or functional information and may lead to detection of early

onset of disease

2017. 05. 27..
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Biomedical Imaging: Positron Emission Tomography (PET)
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Nuclear Medicine

v-ray & X-ray Production — what we image

X-ray — high energy photon emitted by Gamma ray — high energy photon
electron transition emitted from nucleus

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y
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Biomedical Imaging: Positron Emission Tomography (PET)
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Nuclear Medicine Radionuclides

* Tc99m 140.5 keV 6.03 hours
« [-131 364,637 keV 8.06 days
« [-123 159 keV 13.0 hours
« [-125 35 keV 60.2 days
e [n-111 172, 247 keV 2.81 days
« Th-201 ~70, 167 keV 3.044 days
e Ga-67 93, 185, 300 keV 3.25 days

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 U L 6
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Biomedical Imaging: Positron Emission Tomography (PET)

375

Planar gamma camera

NUCLEAR IMAGING CHAIN

NUCLEAR IMAGING COMPUTER

GAMMA CAMERA & PATIENT

www.itk.ppke.hu

-

IMAGE COMMUNICATIONS

Wide area Local area
network network

— o,

(Image Display System\
and User Interface

PERIPHERALS

Storage Hard copy

peripherals

SOFTWARE

HARDWARE

1 Data pathway

~

Processing electronics (H)

\~

Photo multiplier
tubes (G)

——]

Crystal (F)
Patient (A)

Patient
table (B)

storer (C)
} Detector

Collimator (E)
Gamma ray (D)

Collimator

2

\

2017. 05. 27..

TAMOP — 4.1.2-08/2/ AIKM

R-2009-0006
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Gamma Camera - Image Formation

 Lead collimator focuses photons (lens)
Nal crystal scintillates

« PMT’s detect scintillation

« Position calculation

PMT’s

—
(@)
o
O
q) —_—
] I
8 | Energy,
— Linearity &
— Uniformity
] Comections
5 =
53 =
S < ]
= 2 -
(@] I
£ E — Ethernet
c
o
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Biomedical Imaging: Positron Emission Tomography (PET)
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Collimators

Collimator
line spread function
(projected radiation profile)

-

B seacocoonos I

B SOANASNNNN

il coooooaadads

\

Line source

FIGURE 21-12. Line spread function (LSF) of a parallel-hole collimator as a function of source-
to-collimator distance. The full-width-at-half-maximum (FWHM) of the LSF increases linearly
with distance from the source to the collimator; however, the total area under the LSF (photon
fluence through the collimator) decreases very little with source to collimator distance. (In both
figures, the line source is seen “end-on.”)

fm"'!j‘l‘fn;ﬂ in your fidure
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' Biomedical Imaging: Positron Emission Tomography (PET)

Type of collimators

Image in crystal

L -
Il

Py
-

Object

Parallel
hole

Converging

Image in crystal

L_: -
NN\ 77777

%, Object /

Image in crystal

Pinhole Ry,

Diverging

Image in crystal

I .. : |
NN

Object

FIGURE 21-6. Collimators.

www.itk.ppke.hu
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Biomedical Imaging: Positron Emission Tomography (PET)
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Collimator: Resolution and Sensitivity

20 250

Diverging

200 |- Converging

Parallel-hole
12

150

100

S

Pinhole

4l Converging 50 /

Pinhole

System resolution (mm)
Relative geometric efficiency

o

. . . I L 0 : I . I : 1 :
0 5 10 15 20 0 5 10 15 20

A B
Source-to-collimator distance (cm)

Figure 14-21. Performance characteristics (A, system resolution; B, point-source geometric efficiency in air) versus
source-to-collimator distance for four different types of gamma camera collimators. (Reprinted by permission of the
Society of Nuclear Medicine from Moyer RA: A low-energy multihole converging collimator compared with a pinhole
collimator. J Nucl Med 15:59-64, 1974.)

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 e ok "

M
New Hmfa;y Developwient Plan




Ao
“eg of roN

375

Scintillator material

Biomedical Imaging: Positron Emission Tomography (PET)

www.itk.ppke.hu

NaJ GSO LSO LYSO BGO LaBr3
NaJ:Ti Gd2SiO5:Ce Lu2SiO5:Ce Bi4Ge30
Density 3.67 6.7 7.4 7 7.1 5.3
Effective Z 51 57/59 65/66 64 73/75 47
Attenuation length 14 1.15 1.2 1.04 2.1  sensitivity /dose
Light Yield <05 1 12 <0.2 o Imagequality /
detection accuracy
Decay Time 230 ns 60 ns 40 ns 40 ns 300 ns 35ns coincedence window
(sc&rnd)
Energy Resolution 8.50% 11% 10% = >13% @ 3y Scauer&random
reduction
Timing Resolution N/A N/A N/A <450 ps N/A <400 ps
photon/MeV 41000 8000 26000 9000
lnesting in your fidure =
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Detector system

Biomedical Imaging: Positron Emission Tomography (PET)
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g

PHOTO MULTIPLIER TUBES

P

————

?

(

/ ‘Flash of

| e ] light

E‘ 1 e
—=

Gamma ray

Note: this section of the detector is not shown to scale

INSIDE A PHOTO MULTIPLIER TUBE

f

m Vacuum
o tube
3 2
o
g
°
>
o)
8
= ®
a

2 — Dynode

Photocathode (—)|— “ ®
= — = Z
Flash of light
Crystal
4 Gamma ray
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Biomedical Imaging: Positron Emission Tomography (PET)
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T

* Photon Multiplier Tube (PMT)

www.itk.ppke.hu

Entrance
Windowr
Anode
Light
photons
_ Output
T signal
High Voltage
supply
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Biomedical Imaging: Positron Emission Tomography (PET)
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% 3
eg oy yoV

7%
Corrected

Position position
and and

energy

signals :i;?gli
Pulses Digital  I—N —

from " Y . Y
. position Digital
individual o iital
PMTs circuit L gt energy [——pmt Digita
X and X computer
spatial
linearity
Digital [ ®™fcorrection——— ¥
Summmg Z circuits z
circuit | (€nergy)
Analog Digital
_—
FIGURE 21-5. Electronic circuits of a modern digital scintillation camera. Fest —Pp PDM —> Pest
Image reconstruction: +or x | previous
. . . . . Fest
backprojection with iteration
P- Pest
or
x r l errest l P + Pest
lnvzsting in your fiture =
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Biomedical Imaging: Positron Emission Tomography (PET)
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System resolution, FWHM (cm)

N e A oo A 3 -
2 4 6 8 10 12 14 16
Source-to-collimator distance (cm)
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Single Photon Emission Computed Tomography

SPECT Acquisition
SPEC Imaging is performed Camera Computer Time
. . Angle | Step to First View - i
by using a gamma camera to acquire 00 ¢ g
multiple 2-D images (also called Resdy to Aogire 'Tm‘
projections), from multiple angles. A l fiari i 1y
. Step to Next View
computer is then used to apply a i @4 "
tomographic reconstruction algorithm Ready to Acquire ©  N\EE)
; ; . ; ; |
to the multiple projections, yielding a l g et
-+ 2t
3-D dataset. . . :
+ | Step to Next View l\ — TR
354° @ ) —
Ready to Acquire 4 N
l Acqulrel View #M
Acquisition Complete v T - mt
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Typical SPECT cameras
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Positron Emission Tomograph
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Y Two anti-parallel 511 keV
photons produced

nucleus

2N e
g \
Unstable parent e I / W\ij HHY
L : -7: 2 J

Positron combines with "+

=

¢lectron and annihilates 'Y

Proton decays to

neutron in nucleus -
positron and
neutrino emitted

Positron emission and annihilation
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PET Isotopes

Isotope half-life (min) Maximum positron energy Positron range in water Production method
(MeV) (FWHM in mm)
1uc 20.3 0.96 1.1 cyclotron
13N 9.97 1.19 14 cyclotron
150 2.03 1.70 15 cyclotron
18F 109.8 0.64 1.0 cyclotron
68Ga 67.8 1.89 1.7 generator
82RDb 1.26 3.15 1.7 generator

http://depts.washington.edu/nucmed/IRL/pet_intro/intro_src/section2.html

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 21




Biomedical Imaging: Positron Emission Tomography (PET)

375 www.itk.ppke.hu

Radionuclide Imaging Radiochemistry

» Radioactivity is the means by which we measure the concentration of something
* metabolic in vivo.
* What would we want to measure?

Location of drugs, receptors, proteins, genes...

Oxygen O, metabolism Fluorodeoxyglucose Glucose metabolism
Water Perfusion FESP D2 receptor
Ammonia Perfusion FMISO Hypoxia

Carbon monoxide Blood volume FCz Beta-AR

Common PET tracers

Different Radio-pharmaceuticals provide information on different metabolic processes

fmrmfu‘q i your fiure
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Biomedical Imaging: Positron Emission Tomography (PET)
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How Is a PET image formed?

1. Patient is injected with radio-pharmaceutical
.. | (usually FDG)
g | 2. Wait for uptake (usually ~60 minutes)
FDG taken up by cells that metabolize glucose

2-fluoro-
2.deoxy-D-glucose
“FDG"

Hudrogen

2017.05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T
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How Is a PET image formed?

3. Radioactive isotope emits positrons
Collide with and “Annihilate” an

electron
«  Two 511 keV photons emitted 180

degress apart
Millions of Coincidence pairs recorded

to form image

511 keV
Positron Emission
Tomography

511 keV
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@ Biomedical Imaging: Positron Emission Tomography (PET)

Coincidence events in PET

+ = Annihilation event
—m = Gamma ra)y

= Assigned LOR

Scattered Random True
coincidence coincidence coeincidence

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 i Y 25
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PET 2D and 3D Acquisition Modes
2D 3D
(= with septa) (= no septa)

(ﬂ o s = . 4 . . R ,-".
Sensitivity

<—\ F o r*,-‘--l- P B o
widllel
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Biomedical Imaging: Positron Emission Tomography (PET)
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" Pixelated-continuous PIXELAR technology:

S
37

« individual scintillating crystals
« optically continuous lightguide

* closely packed PMTs —\

lnvpsting in your fudure .
Piih
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Typical PET image
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True

Scattered within

Scattered outside

Attenuation
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www.itk.ppke.hu
Small Patient Large Patient

o- '

. . Camera Cylinder with
. without attenuation “‘x I .L.mimrrn activity
: : O with attenuation — 1
Projection SO
Slice with attenuation
. Profile | ~—_
I=T1,exp (- pul)
M/
- p#=0.15 cm’(H:0, 140 keV) | gjlice | without attenuation
- Profile
. 0 Attenuation Coefficient
c' .
- .
Attenuation correction => density from external source
=> CT scan
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CT by itself provides
excellent anatomical
detail, But limited
functional / metabolic
information

PET by itself provides useful
information on functional /
metabolic activity But limited
detail on anatomic structures
and location

PET/CT combines metabolic

and anatomic information in CI i n i Cal N eed

one dataset, in one episode of
care

» Assessment of metabolic
activity

» Structural detail
 Localization

Resulting in increased
diagnostic confidence
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SPECT-CT
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Latest Generation PET — Time of Flight (TOF)

A coincidence event is assigned

to a line of response Time-of-Flight information is used in the
data reconstruction to more accurately
localize the origin of the annihilation
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4 TrueFlight )

,> Detector>> P|\/|TS> Electron> Recon>

Stopping Power Resolution, light Timing & Speed, accuracy  Algorithm design &
Tlmlng Resolution collection, & encoding Uniformity & calibration processing speed
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Concept of Time of Flight PET

55

Annihilation

£
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Chlinical Benefits |

How can your customers benefit from reduced noise and higher sensitivity?
Exceptional Image Quality

A

o
.

:"-'-')( &

R
-
-

e
LR 2]

Image courtesy of J Image courtesy of
Karp, University of University Hospitals,
Pennsylvania Cleveland
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Biomedical Imaging: Positron Emission Tomography (PET)
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Cllnlcal Benefits |1

How can your customers benefit from reduced noise and higher sensitivity?
Faster Scan Times

« 11.3mCi/ 418 MBq FDG
* 9 minute PET acquisition
« 76 kg /168 Ib Patient
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Chlinical Benefits Il

How can your customers benefit from reduced noise and higher sensitivity?

Lower Doses

=
&
1Wem ? ) Wem : - Wem
; .
A

é « 48mCi/176 MBg FDG
,t‘, « 14 minute PET acquisition
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Biomedical Imaging: Positron Emission Tomography (PET)
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BIOMEDICAL IMAGING

(Orvosbiolégiai képalkotas )

MAGNETIC RESONANCE IMAGING
(MRI) - BASICS

(Magneses Rezonancia Képalkotas (MRI) - Bevezetés)

ADAM KETTINGER
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MR képek
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*MRI (magnetic resonance imaging - magneses rezonancia képalkotas),
didhe¢jban
— Erds homogén magneses tér, €s idoben meghatarozott sorrendben alkalmazott

térben valtozd magneses terek ¢s elektromagneses impulzusok
(pulzusszekvenciik)

— Bizonyos feltételek mellett a hidrogén atomok magjai (protonok) energiat
vesznek fel az elektromagneses térbol, melyet késObb visszasugaroznak, ezt
mérjuk.

* Az MRI elonyei mas képalkotd modalitasokhoz képest

— Nincs ionizal6 sugarzas

— Sokkal jobb lagyszdveti kontraszt (mint pl. a CT-nek)

— Strukturalis vizsgalat mellett funkcionalis informacio gytjtésére is alkalmas

* Hatranyok

— Beteg nem ,tartalmazhat™ fémet, kiilonosen ferromagneses fémet (implantatumok,
szivritmus szabalyzo, stb.)

— Hangos ¢s a CT-hez képest hosszu vizsgalat.

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y ;o 4
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Az MRI torténete:

NMR = nuclear magnetic resonance (magneses magrezonancia)
— Felix Block ¢és Edward Purcell

* 1946: bizonyos atommagok magneses térbe helyezve elnyelik a megfelel
frekvenciaju elektromagneses sugarzast

« 1952: fizikai Nobel-dij
— nuclear: az atommagokra jellemzo
— magnetic: kiilsé magneses térbe rakott magoknal jelentkezik
— resonance: csak adott frekvencidaja EM térbdl nyelnek el energiat

Felix Bloch Edward Purcell

2017.05. 27. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T,
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Az MRI torténete:

-1971: MRI Tumor detektalas (Damadian)

-1973: Lauterbur javasolja az NMR felhasznalasat képalkotasra

-1977: klinikai MR szkennert szabadalmaztatjak

-1977: Mansfield publikalja az EPI szekvenciat a képalkotas gyorsitasara

-2003: Paul Lauterbur és Sir Peter Mansfield Nobel-dijat kapnak (Damadian nem)
fMRI

-1990: Ogawa és kutatdcsoportja BOLD jelet mér: csokkeno deoxihemoglobin-szint a
vérben az MR jel novekedését eredményezi

-1991: Belliveau késziti az els6 funkcionalis MRI felvételeket kontrasztanyag
segitsegevel

-1992: Ogawa, Kwong ¢és kutatdcsoportjaik publikaljak az els6 BOLD alapt
funkcionalis MRI kepet.
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Az elso MR kep

Fig.1 Relationship between a three-d imensio;:;‘l objocl:;-i‘tjs. two-

dimensional projection along the Y-axis, and four one-dimen- z on N 3 ! C 1

sional projecEans at 45° intervals in the J’{Z-plane_ The arrows object described in the text, using four relative ;pen;auom of
indicate the gradient directions. object and gradients as diagrammed in Fig. 1.

Fig.2 Proton nuclear magnetic resonance zeugmatogram of the

Lauterbur, P.C. (1973). Image formation by induced local interaction: Examples employing
nuclear magnetic resonance. Nature, 242, 190-191.

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 AT : 7

M
New Hmymy Developwient Plan




O
eg of v

375

P

A
& Fonar Corporation

Biomedical Imaging: Magnetic Resonance Imaging - Basics
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Kezdeti human MR
képek (Damadian)
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Az els6 Philips MR szkenner, 1978 (0,15T)
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Az elsé Siemens MR, 1980 (0,2T)
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Biomedical Imaging: Magnetic Resonance Imaging - Basics

Mai 1.5/3.0T MR szkenner

Nyitott MR szkenner
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Alapfogalmak — magneses tér

— 1 T=10,000 Gauss.

— Fold magneses tere ~ 0.5 Gauss = 0.05 mT.

— MRI rendszerek tipikus térerossége 1.5 T,111. 3 T
~ Foldi tér 30000-60000-szerese

fn!"'!‘.fu‘q i your fiure
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Hidrogen atommagok (protonok) altal
letrehozott ered6 magnesezettseg

* Kiils6 magneses tér nelkiil:
- Az egyes magok pici magneses momentumai véletlenszerti iranyba mutatnak
- Eredd magnesezettség (= az egyes kis magnesezettségek vektori 0sszege)
zErus
* Kiils6 magneses térben:
- A kis momentumok nagyobb valoszinliseggel mutatnak a kiilso tér iranyaba
(QM: tobb a terrel parhuzamosan bedllt spin, mint az ellenkez0 iranyt. Az

elterés kicsi, ppm nagysagrendit)
- Eredd magnesezettség alakul ki, mely aranyos a kiilso térrel. Ezt mérjlk.

A tovabbiakban a magneses momentumokat klasszikus mennyiségként kezeljiik.
Kvantummechanikai leirasbol az egyes mennyiségek varhato értékeire a klasszikus
targyalassal kapott eredmények adodnak.
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Magneses momentum €s kulso tér
kolcsonhatasa: precesszio
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Kiilsd magneses térbe helyezett magneses momentumra
forgatonyomatck hat, mely merbleges a momentumra ¢s a

térre 1s = a momentum korben mozog a tér iranya Kkoriil,
precesszal.

A precesszio frekvencigja (Larmor-

frekvencia) a kiilso térrel aranyos:
w,=Y*B

v: giromagneses egyltthato, érteke

protonra: 2n * 42.58 MHz/T
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A magnesezettseg merese: indukcio

A kiilso ter kortil precesszald magnesezettseg hatdsara a betegben ¢€s
korulotte egy nagyon gyenge, Larmor-frekvenciaval valtakozo
magneses ter jon Iétre, ami egy, a beteg kore helyezett tekercsben
fesziltséget indukal. Ez az MR jel.

Min¢l nagyobb €s min¢l gyorsabban valtozik ez a magneses tér,

annal nagyobb lesz a jel. Tehat a jel a kiils6 B, tér négyzetével

aranyos:

* Nagyobb alaptér — nagyobb magnesezettség — erdsebb
valtakozo tér — nagyobb indukalt fesziiltseg

« Nagyobb alaptér — nagyobb Larmor-frekvencia — gyorsabban
valtakozo tér — nagyobb indukalt fesziiltseg

2017.05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T O 16
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A kulsoO B, ter nagysaganak hatasa

Alap fizikai jelenségek:

* MR jel ~ By?

* Mc¢érést terhel6 zaj ~ B,

* Nyers jel/zaj ardny (SNR) ~ B

Egyéb szempontok:

* Nagyobb SNR jobb elerheto felbontast jelent, adott ido alatt

* Miszakilag a képalkotas 7T €s nagyobb téren egyre problémasabb

* Fiziologiai artefaktok a tér novelésével egyre jelentdsebbek

* Anagyobb alaptér dragabb ¢s hangosabb miiszert jelent

* Mc¢érés kozben a beteg melegedése (Id. késobb, SAR) egyre nagyobb.

2017.05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T O 17
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Magneses momentum €s kulso tér
kolcsonhatasa: relaxacio

Kiilsé magneses térbe helyezett, a kiils6 magneses térrel nem
parhuzamos magneses momentum egy 1dd utdn beall a kiilsd
tér irdnyaba, relaxdl.

A kiils0 térre merdleges komponens az t
un. T2 relaxacios iddvel eltlinik: M L(t) =M L(O)e T2

A kiilso teérrel parhuzamos komponens
T1 relaxacios iddvel kozelit a
t

7 /4 /4 . t
nyugalmi értékéhez: M,(t) = M,(0)e T1 + Mo(l — e‘ﬁ)
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Relaxacio 2

A T1 és T2 relaxacios 1dok az adott szovetre jellemzok, Kis
mértékben fiiggenek a kiils6 tér nagysagatol (annak
novelésével T1 no, T2 csokken)

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 19
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Kiilonb6z06 szovetek relaxacios idejel

T1 (msec T2 (msec)
100

White Matter 600 80

Fat 250 60
Blood 1200 100-200
Cerebrospinal Fluid 4500 2200
Muscle 900 50

T1 values for B, ~ 1Tesla.
T2 ~ 1/10" T1 for soft tissues
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Radiofrekvencias pulzusok

A jel indukcios detektalasa miatt csak a magnesezettség kiilso térre

merdleges komponense mérheté = el kell érniink, hogy legyen
Ilyen komponense.

Ha a magnesezettsegre Larmor-
frekvencias radiofrekvencias (RF)
teret adunk, azzal elforgathatjuk a
nyugalmi (B,-lal parhuzamos)
helyzetbol; gerjeszthetjiik Oket. Adott
b, amplitad6ja RF pulzust 7 ideig
hattatva a momentumok
szogelfordulasa: A9 =ybit

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 g 21
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FID és T2* lecsengeés

Az egyik legegyszeriibb MR kisérlet az tn. Free Induction Decay
(FID): A nyugalmi magnesezettséget egy 90°-0s RF pulzussal az xy
sikba forgatjuk, majd magara hagyjuk és mérjiik a jelet.

sl Free Induction Decay (FID)

Ekkor exponencialis lecsengést tapasztalunk,
mely az un. T2* relaxacioval tlinik el (T2-nél
gyorsabban).

Ehhez a lecsengeshez egyrészt hozzajarul a
T2 relaxacid, masrészt a kiilsO magneses tér
térbeli inhomogenitasa.

Decay

2017.05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 ok . N
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T2* lecsenges

A kiilsO magneses ter sosem
teljesen homogén (mar csak az
emberi test jelenléte miatt sem).
Nagysaga, tehat a momentumok

precesszi0janak frekvencigja
ezért kiss¢ helyfiiggo.

- A kiilonb6z6 frekvenciaji
momentumok egy 1d6 utan
nem mutatnak egy iranyba

- Ajeliink eltiinik

2017.05. 27. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T,
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T1 és T2 relaxacio irreverzibilis, T2* viszont visszafordithato!
Kisérlet: 90°-0s pulzus, majd egy 180°-0s pulzus

A gerjesztett momentumok
iranya szétkenddik a BO
inhomogetinas miatt, majd
a 180°-0s pulzussal
megforditjuk oket (gyorsak
kertiilnek hatra), igy egy 1do
utan (ra egy iranyba
allnak, ismét mérheto jelet
kapunk.

9 6 6

180° echo 180° echo

,_HI‘I/\ _nl‘I/\
A orna A

O (R N O P S P S e Y
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Spin Echo
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Spin Echo

A T2* lecsengés T T
visszafordithato, a T2

viszont nem: az echo a 90°
T2 miatt kisebb, mint a ”
FID t

Ha az echoidd (TE) a
szOvetek T2-jével egy
nagysagrendd, akkor a
echo jeler6ssége erbsen
flgg az adott szovet T2-
jétdl: T2 sulyozas
(kés6bb lesz példa T2
sulyozott képre)

2017. 05. 27.. TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006 26
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Inversion Recovery

A mért jelbe informaciot vihetiink a szovet T1 értékérdl is.
Modszer pl.: 180°-0s, varakozas, majd 90°-0s pulzus.

A 180°-0s pulzus a térrel ellenkezo iranyba forgatja a
momentumokat. Azok elkezdenek visszarelaxalni, majd a
90°-0s pulzus a kiilso térre merdleges sikba forgatja oket.

A kiilonbozé T1 értékii szovetek a varakozas alatt
kiilonb6z6 mértekben relaxalnak, ezért a jeliik kiilonb6zo
lesz = T1 sulyozas egyik modja

lnvzsting in your fidure
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Inversion A
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R e Cove ry agnt'ew:)za - 180° Pulse Recovery 90° Pulse
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Water
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Ismételt pulzusok és kontraszt

Az MR-ben a magneses momentumok generaljak a jelet, tehat a képiink
ezek térfogati strtiségével lesz aranyos. Azonban (pl. az el6z6
modszerekkel) a relaxacios idoket Is belekddolhatjuk a képekbe.

Pl. Ha egy TE echo id6t alkalmazoé spin echo mérést sokszor egymas
utdn megismétliink (ami tipikusan igy torténik), és az ismétlések TR
idokozonként kovetik egymast, akkor az adott szovet jele az echo

maximumaban:
TR TE

jel~My\1 —e TiJe T2

Itt M, az adott szovetben a protonok térfogati siirliségével ardnyos
nyugalmi magnesezettség.
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Ismételt pulzusok és kontraszt

_ITRy _TE
jel~MO(1—e Ti)e T2

A fentiekbdl kovetkezik, hogy a TR repeticids id6 és a TE echo 1d6 megfelelo

beallitasaval kiilonb6zo kontrasztokat kaphatunk:

« Ha TR >> T1, és TE << T2, akkor a relaxacié nem sz6l bele a képbe, az
exponencialis tagok 0-val, illetve 1-gyel kozelithetoek. Ez a protonstirtiség-
sulyozas (PD)

« Ha TR >>T1, és TE = T2, akkor az elsé exponencialis kb. 0, a masodik
viszont jelentosen eltér 1-t6l, a kép adott pontbeli értéke fliggeni fog az
ottani T2 értéktol (nagyobb T2 = nagyobb jel). Ez a T2 sulyozas.

« HaTR~=T1és TE << T2, akkor az els6 exponencialis nem nulla kortili, és a
képintenzitas a lokalis T1-t0l fiigg (nagyobb T1 —> kisebb jel). Ez a T1
sulyozas.
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Ismételt pulzusok és kontraszt

Rovidebb TE: gyengébb T2

sulyozas
Long H’ossngb TR: gyengébb T1
sulyozas
Short
Short  TE Long -
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Ismételt pulzusok és kontraszt

T; weighted image T, weighted image
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MR spektroszkopia alapok

Homogén kiils6é magneses térben sem egzaktul igaz, hogy minden proton
precesszi0s frekvenciaja azonos: a kiillonbozo kémiai kornyezetben, kiilonbozo
molekulakban 1évé protonok frekvenciaja kissé eltér, ppm nagysagrendben
(chemical shift, kémiai eltolodas)

Ok: a kornyezo elektronok kiilonb6zo mértékben modositjak a kiilso teret
A mért jeliink tehat altalaban a kissé eltéro frekvencias jelek dsszege.

Otlet: Ha a mért jelet frekvencia szerint Osszetevdire bontjuk (Fourier-
transzformaljuk), akkor megallapithatd, milyen kémiai kornyezetben voltak a
jelet kibocsato protonok, illetve mérheté az egyes kornyezetbeli protonok
relativ aranya a jelben. = Magneses rezonancia spektroszkopia (MRS, NMR)

(Lehet protonon kiviil mas atommagra is aminek magneses momantuma van,
pl. foszfor vagy szén)
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MR spektroszkopia alapok

Ethanol
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MR spektroszkopia alapok

Elterjedtebb mérési eljarasok:

* FID: 90°-0s gerjesztés, majd mérés (jel a teljes térfogatbol, humanban egyre
kevesbe)

 Single-voxel spectroscopy: tipikusan 3 RF pulzus egymas utan, jel csak egy
kivalasztott térrészbol (voxel) jon. (pointed-resolved spectroscopy /PRESS/
vagy stimulated echo acquisition mode /STEAMY/)

« MR Spectroscopy Imaging (MRSI): képalkotassal egyiitt, minden
képvoxelben kiilon spektrum
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MR spektroszkopia alapok — vizelnyomas

Human vizsgalat esetén altalaban a protonok dontd tobbsége vizben
vagy azzal MRS szempontjabdl ekvivalens kézegben van. ,,Naiv”
mérés esetén a viz jele tobb nagysagrenddel nagyobb, mint barmi
mas =2 legtobbszor valahogy el kell nyomni a vizet

« Olyan RF pulzus, ami a vizet nem gerjeszti (térben nem
szelektiv)

* El6szor gerjessziik csak a vizet 90°-ban (szaturaljuk), igy ha
utana ismét gerjesztiink, akkor a viznek nincs longitudinalis
komponense amit tudnank gerjeszteni.

 Inversion recovery nullazas: 180°-0s pulzust adunk, majd addig
varunk a gerjesztéssel amig a viz €pp nullava relaxalodik.
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MR spektroszkopia alapok

Normal
NAA

Creatine
Choline
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MR spektroszkopia alapok — alkalmazasok

Human MR spektroszkopia alkalmazasai.

Szoveti zsirtartalom mérése (pl. majban)

Tumor detektalas ¢és karakterizalas (foként agyban)
Idegszoveti karosodasok

Ischémia, hipoxia és mitokondrialis rendellenességek

Metabolizmus, agyi aktivitas
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A képalkotas alapelvel

A momentumok precesszids frekvencidja, igy az altaluk indukélt, mérhetd
fesziiltség frekvencidja a kiils6 térrel aranyos. Homogén kiilsé térben minden
momentum ugyanakkora frekvenciaval precesszal (kémiai eltolodast
elhanyagoljuk most).

Alapgondolat: Ha a kiils6 magneses tér helyfiiggd, akkor az egyes
momentumok frekvencidja is az, igy a mért jel frekvenciaspektrumabdl térbeli
informaci6 nyerhetd. (Adott frekvencias jelkomponens onnan szarmazik, ahol
az annak megfeleld nagysagu volt a kiilso tér)

Méréstechnikailag elonyos, ha a tér linearisan valtozik a hellyel. Ezt un.
gradiens terek bekapcsolasaval érjiik el, melyek adott iranyban (X, Y vagy Z)
linearisan valtoztatjak a magneses tér nagysagat.
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A képalkotas alapelvei.

F re kvenC|akOdO|aS Readout gradient field strength

Frekvenciakodolas: a mérés _—

alatt  bekapcsolt gradiens Samples -
hatasara a kulonboz6 helyen
lévé  protonok  kulonb6z6
frekvenciaju jelet bocsatanak
ki, igy a jel Fourier-
transzformaltja a térbeli
informaciét adja vissza.

A gradiens irany neve
frekvenciakddold vagy
kiolvaso (readout) gradiens.

Emitted RF Signals
+
Il

Detected RF Signal

-

Magnitude

Fourier
Freq uency Transform

lnvzsting in your fiture

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 A

M
New Hmymy Developwient Plan



Biomedical Imaging: Magnetic Resonance Imaging - Basics

S

A képalkotas alapelvei.
Faziskodolas
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Faziskodolas: A momentumok gerjesztése utan, de még a mérés elbtt egy
ideig bekapcsolunk egy, a kiolvaséra merbleges gradiens teret. Ezzel a
kiolvasas elbtt beallitjuk a spinek faziseloszlasat a kiolvaséra merdéleges
iranyban.

2017. 05. 27.. TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006 41




Biomedical Imaging: Magnetic Resonance Imaging - Basics

e www.itk.ppke.hu

A kepalkotas alapelvel.
Szeletkivalasztas

~
-

Stronger gradient

Larmor
frequency

Szeletkivalasztas. A gerjesztés alatt
bekapcsolunk egy gradienst, mely

mind a frekvencia-, mind a Weaker gradient

faziskddolo iranyra merdleges.

A momentumokat csak akkor | /

gerjesztjlk, ha az 6 Larmor- Signal /
bandwidth -

frekvenciajuk megegyezik az RF
pulzus frekvenciajaval. A gradiens
miatt ez csak a momentumok egy
szUk tartomanyara, szeletére lesz
igaz, igy csak ezeket gerjesztjuk,
csak ezekbdl meérunk jelet.

Slice Slice Spatial
position
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A kepalkotas alapelvel.

Szeletkivalasztas

Azonos RF pulzus esetén erdsebb
gradiens vékonyabb szeletet,
gyengébb  gradiens  vastagabb

Larmor
frequency

~

www.itk.ppke.hu

Stronger gradient

Weaker gradient

/

: Signal [ [ /A 7
szeletet jelent. ot
A szelet pozicidja az RF pulzus
frekvenciajanak megvaltoztatasaval
allithato.
Slice Slice Spatial
position
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MRI terminologia

 Orientation: typically coronal, sagittal
or axial, can be in-between these
(obligue)
« Matrix Size:
— Number of voxels in each dimension
* Field of view:
— Spatial extent of each dimension
* Resolution: -
— FOV/Matrix size (voxel size in mm) Philips Achieva 3T Scanner
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Typlcal structure of an MR superconductive magnet
bore

Vacuum
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NN coils , A
liquid X
nitrogen gh=
(R77°K) g o =2
liquid
helium
(=0°K)

examination
field
support
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Gradient colils
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Gradient coil system

,,;naked” receiver coils
without cover
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MR  Kiils és bels6 16vedékhatas

biztonsagi « Akusztikus zaj

tényezOk: ¢ Test 4ltal elnyelt
radiofrekvencias energia
(melegités)

e (Gradiens tér valtozasa altal
okozott idegi aktivaciod

* Klausztrofobia
MR szobaba Iépés

* Pacemaker kizaré ok
* Barmilyen betiltetett féem esetén egyedi ellendrzés sziikseges
* Fogtomés altalaban nem probléma
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Lovedékhatas

* Ferromagneses implantatum mozgasa

* Egye¢b, a testben levo femtormelék mozgasa (pl. fémforgacs a szemben)

» Testen kiviili, a vizsgaloba bevitt fémtargyak mozgasa (fém korhazi agy,
tlizoltopalack)

* A szkenner kozelében barmely ferromangeses targyat a sulyanak 50-szeresének
megfeleld erd huz a magnesbe

Akusztikus zaj:

* Minden MR vizsgalatnal jelentkezik
« Fiildiigoval vagy fejhallgatoval 14-29 dB-lel csillapithato
* Jogszabalyi hatarok:
« Pillanatnyi maximum 140 dB
* Idodatlagban (rms) 99 dB (fiildugo6 vagy fejhallgatd hasznalata esetén)

lnvesting in your fidure
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Elnyelt RF energiahoz: Elektromagneses spektrum

A mért MR jel a radidfrekvencia tartomanyaba esik
(30-300MH2z)

* Ezen a frekvencian a sugarzas nem 1onizal, de a
szovetet melegiti

 Specific absorption rate (SAR): egységnyi tomegi
szovet altal elnyelt RF energia mérteke

— alaptér (RF frekvencia) négyzeteével aranyos

— Egészsegiigyi korlat vonatkozik a SAR-ra, ez némely
vizsgalati protokoll esetén korlatozo tényezd

1 MHz 1 GHz 1 THz 10%5Hz 10%°Hz

] ] | ] ]
Power, FM radio, TV microwaves infrared uv X-rays gamma
telephone MR

e
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Elnyelt radiofrekvencias energia (SAR)

SzOovet melegitése:
— Specific Absorption Rate (SAR; W/kg)

* A mérés nem okozhat 1 °C-nal nagyobb testhomérséklet-
emelkedést

* Egységnyi szovet altal elnyelt energia (SAR) hatarértéke normal

alanyokra 4 W/kg, vesz¢lyeztetett alanyokra (pl. csecsemd, magzat)
1.5 W/kg

Egési sériilések
— Zart fém vezetd hurkok RF antennaként szolgalhatnak, sok energiat
tudnak felvenni az RF teérbdl, er6sen melegedhetnek

* EKG elektrodak ¢s vezetékeik, nyaklanc, fiilbevald, stb.

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T Do 52

__4::.__4
New Hum;my Developwient Plan



Biomedical Imaging: Magnetic Resonance Imaging - Basics

375 www.itk.ppke.hu

Gradiens tér valtozasa altal okozott idegi aktivacio
— Foleg a magnes kozepétol tavolabbi teriileteken
— Zart vezetd hurkok erdsen novelik a valoszintiségét, pl.
« Osszekulcsolt kéz
» Keresztbe tett 1ab

Elméleti lehetdsége a szivizom aktivacidjanak is van, a jelenleg hasznalt gradiensek esetében ilyet
meg sosem tapasztaltak.

Klausztrofobia
Gyakori probléma, az alanyok 10%-anal jelentkezik
Csokkentheto, pl:
— Beszélgetés a pacienssel (vagy beszéd hozza)
— Leégaramlas biztositasa a szkennerben
— Panikgomb

— Lassu befektetés a szkennerbe

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Yk ;o 53

__4::.___4.
New Hum;my Developwient Plan




' Biomedical Imaging: Magnetic Resonance Imaging - Basics

375 www.itk.ppke.hu
FDA MRI Guidelines
5 Adults, Children, and Infants age > 1 month 8T

° neonates (infants age < 1 month) 4T

dB/dt No discomfort, pain, or nerve stimulation
SAR whole body, average, over >15 min 4 W/Kg
Specific head, average, over >10 min 3 W/Kg
Absorption | head or torso, per g of tissue, in >5 min 8 W/Kg
Rate extremities, per g of tissue, in >5 min 12 W/Kg
Acoustic Peak unweighted 140 dB
Level A-weighted rms with hearing protection 99 dBA
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BIOMEDICAL IMAGING

(Orvosbiolégiai képalkotas )

MAGNETIC RESONANCE IMAGING
(MRI) — Physics of Imaging

(Magneses Rezonancia Képalkotas (MRI) — A képalkotas fizikaja)

ADAM KETTINGER
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Emlekeztetdo: magneses rezonancia

» Kiils0 magneses térbe helyezett magneses momentum precesszal a tér koriil
(Larmor-frekvencia)

* A precesszald magnesezettség valtakozo magneses tere fesziiltseéget indukal
egy mellé helyezett tekercsben - kiilso térre merdleges komponens mérése

« Magnesezettség egy 1d6 utan beall a kiilso tér iranyaba, relaxal (T1, T2, T2*)

« Elektromagneses impulzussal (RF pulzus) a momentum tetszoleges szoggel
elforgathato, gerjeszthetod

* QGerjesztés utan a jel T2* karakterisztikus idével eltiinik, ez visszafordithato
egy 180°-0s pulzussal: spin echo
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Emlekezteto: A képalkotas alapelvel

A momentumok precesszids frekvencidja, igy az altaluk indukalt, mérheto
fesziiltség frekvencidja a kiils6 térrel aranyos. Homogén kiilsé térben minden
momentum ugyanakkora frekvenciaval precesszal.

Alapgondolat: Ha a kiils6 magneses tér helyfiiggd, akkor az egyes
momentumok frekvenciaja Is az, igy a mért jel frekvenciaspektrumabol térbeli
informaci6 nyerhetd. (Adott frekvencias jelkomponens onnan szarmazik, ahol
az annak megfeleld nagysagu volt a kiilso tér)

Méréstechnikailag elonyos, ha a tér linearisan valtozik a hellyel. Ezt un.
gradiens terek bekapcsolasaval érjiik el, melyek adott iranyban (X, Y vagy Z)
linearisan valtoztatjak a magneses tér nagysagat.
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Emlékeztetd:

Frekvenciakodolas

Frekvenciakodolas: a mérés
alatt bekapcsolt gradiens

Samples
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Readout gradient field strength

//_
¥

hatasara a kilonb6zé helyen g g
levé  protonok  kulonbozé 2 %)
frekvenciaju jelet bocsatanak L s
ki igy a jel Fourier- o - 8
e AT S
transzformaltja a térbeli E o
informaciét adja vissza. Ll 0O
A gradiens irany neve R
frekvenciakddold vagy g
kiolvaso (readout) gradiens. =
(@)
3]
= Fourier
Frequency Transform
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Emlekezteto:
Faziskodolas
Faziskodolas: A momentumok gerjesztése utan, de még a mérés elbtt egy
ideig bekapcsolunk egy, a kiolvaséra meréleges gradiens teret. Ezzel a

kiolvasas elbtt beallitjuk a spinek faziseloszlasat a kiolvaséra merdéleges
iranyban.
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Emlékezteto:
Szeletkivalasztas

Szeletkivalasztas. A gerjesztés alatt
bekapcsolunk egy gradienst, mely
mind a frekvencia-, mind a
faziskddolo iranyra merdleges.

A momentumokat csak akkor
gerjesztjiuk, ha az 6 Larmor-
frekvenciajuk megegyezik az RF
pulzus frekvenciajaval. A gradiens
miatt ez csak a momentumok egy
szUk tartomanyara, szeletére lesz
igaz, igy csak ezeket gerjesztjuk,
csak ezekbdl meérunk jelet.

Larmor
frequency

Signal
bandwidth

~
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Stronger gradient

Weaker gradient

/

~

Slice Slice Spatial

position

2017. 05. 27.. TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006

lnvesting

q b your fidure ~
o

M
New Hum;my Developwient Plan



Biomedical Imaging: MRI — Physics of Imaging

K

9 www.itk.ppke.hu

Képalkotasi szemléletmod: K-tér

Meért jel: magneses momentumok
transzverzalis komponensének térfogati
Osszege, vektori 0sszeg.
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Képalkotasi szemléletmod: K-tér

Forgd koordinata-rendszer: minden kis magnesezettség-vektor gyorsan
precesszal, némelyik kicsit gyorsabban, némelyik lassabban. Nezziik egy
olyan vonatkoztatasi rendszerbol, amely egyiitt forog egy kiszemelt
magnesezettséggel!

A forgo rendszerben a kiszemelt momentummal azonos frekvencian forgok
allni latszanak, a ndla gyorsabbak adott iranyba latszanak forogni, a nala
lassabbak pedig a masik iranyba.

Mostantol mindent a forgo6 rendszerben irunk le.
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Képalkotasi szemléletmod: K-tér

Csak transzverzalis komponenst tudjuk mérni
- 2D vektorok Osszege

2D vektor reprezentalhaté komplex szammal.
Vektor ,,x” komponense: valos rész
Vektor ,,y” komponense: képzetes rész

v

Komplex szam abszolut értéke p: vektor
hossza

Komplex szam fazisa ¢: vektornak az ,,x”
tengellyel bezart szoge.

M vektor < p- el
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Képalkotasi szemléletmod: K-tér

Mert jel: magneses momentumok transzverzalis komponensének

térfogati 0sszege, vektori 0sszeg:
S = j d31‘ MJ_ (I',t)

Komplexként reprezentdlva, harom ill. az egyszeriiség kedveéert egy
dimenzioban:

S = deI'p(r)ei‘P(r»t) S = de p(Z)@igD(ZI)

e |tt p a momentumok terbeli slirlisége, azaz az r helyen 1€vo
magnesezettseg-vektor hossza, a komplex szam abszolut érteke.

e @ azr helyen 1évo magnesezettség-vektornak az ,,x” tengellyel bezart
szoge, azaz a komplex szam fazisa, a ,,t” idopillanatban

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 g 11
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Képalkotasi szemléletmod: K-tér

Ha a magneses tér homogén, a momentumok ugyanolyan gyorsan
precesszalnak, relativ fazisuk (a kiszemelt momentumhoz képesti
iranyuk) allando.
Ha bekapcsolunk egy gradienst, akkor a magneses tér térben linearisan
valtozik:

B(z) = By+ G,z
Itt G, az un. gradiens amplitido, a magneses tér nagysaganak hely
szerinti derivaltja (mT/m).
Ekkor a precesszios frekvencia szintén helyfliggd, linearisan:

w(z)= wy+y-G, -z

Ha megenged;iik, hogy a gradiens amplitidé az 1d6tol is fliggjon
(kapcsolgathatjuk a gradienst), akkor a precesszios frekvencia is

1dofiiggo lesz:
w(z,t) = wog+y- -G, (t) z

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 o 12
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Képalkotasi szemléletmod: K-tér

w(z,t) = wg+y-G,(t) 2z

A forgo6 koordinata rendszerben torténo leiras (megfelelo, éppen w,
korfrekvenciaji referencia momentumot valasztva) azt jelenti, hogy
ebben a rendszerben a momentumok precesszios frekvencija:

w(z,t) = Yy -G,(t) -z

Adott ,,z” helyen 1€év0 momentum ,,t”” idOpillanatbeli fazisa nem mas,
mint a korfrekvencia idointegralja, ha feltessziik, hogy t=0-ban minden
momentum fazisa 0 volt, azaz t=0-ban minden momentum az X tengely

iranyaba mutatott.
t t

p(z,t) = fw(z, tYdt' =z-y - J G,(t)dt'
0 0
2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T, T 13
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Képalkotasi szemléletmod: K-tér

t t

p(z,t) = fa)(z, tdt' = Z-y-JGZ(t’)dt’

0 0

Vezessiik be a k, térfrekvencia valtozot, mint a gradiens amplitudojanak
1d0 szerint integraljaval ardnyos mennyiséget:

t
k. =L [ (t)dt
-

Ezt a fent1 egyenletbe helyettesitve a ,,z”” helyen lévo momentum fazisa a
,,t” 1ddpillanatban:

o(z,t) = 2mk,z
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Képalkotasi szemléletmod: K-tér

t t
t

p(z,t) = jw(z, tYdt' =z-y - J G,(t)dt' , :ZLI t' @(z,t) = 2mk,z
0

0 0

A megkapott egyenleteket helyettesitsiik be a jeliinket leird 0sszefiiggésbe,
mely szerint a jel a momentumok fazishelyes 0sszegével aranyos:

§= J p(2)e?*Hdz = J p(z)e?™ % dz = F[p]

Azt kaptuk, hogy a mért jeliink, ha arra ugy tekintiink, mint a Kk,
térfrekvencia fiiggvénye, a momentumok térbeli stiriségének Fourier-

transzformaltja.

lnvzsting in your fidure ~
* *
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Képalkotasi szemléletmod: K-tér

Tobb (2 ill. 3) dimenzids képalkotas esetén hasonlo 0sszefiiggés igaz. Ekkor
definialjuk a gradiens vektort, melynek komponensei az egyes gradiens terek
amplitadoi:

B(r,t) =By + Gy (t) *x +G,(t) -y + G,(t) - z=By+ G(t) - r

G, (t) ky(t) ‘
G(t) = <Gy(t)> k(t) = (ky(t)> = j G(t")dt'

Gz (t) kz(t) 0

S = jp(r)eiZR(kxx+kyy+kzz)d3r — fp(r)eianrdBT — T[p]
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Térfrekvencia szemlé¢letes jelentese

Ha bekapcsolunk egy gradienst, -0 )
az eredetileg egyiitt forgo
spinek precesszios frekvenciaja A A

a térben linearisan valtozik, igy I
”/9
7
NG
é\

az 1do mulasaval relativ iranyuk
egyre jobban elcsavarodik, egy
hélixet formazva.

kK abszolutértéke: a hélix
menetszama egységnyi térbeli
Intervallumban (avagy a spinek
fazisanak térbeli derivaltja)

k iranya: a hélix tengelyénck
iranya (agy, hogy a hélix jobbra
csavarodik) = a gradiens iranya

Al

VVVVVVVVVVVVVVVVVVVYVVY

lnvzsting in your fidure
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Teértrekvencia

A gyakorlatban sokat hasznalt
tény, hogy ha a hélixbe
csavarodott momentumokat
180°-kal  elforgatjuk, azaz
alkalmazunk egy 180°-os RF
pulzust, azzal a  hélix
csavarodasi iranyat
megforditjuk, azaz a Kk
térfrekvencia-vektor elojelet
valt, a Kk-térbeli pozicionkat
megtiikrozziik a k = 0 pontra.

www.itk.ppke.hu
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Képalkotasi szemléletmod: K-tér

A mért jeliinkre tekinthetiink ugy, mint a spinstiriségnek (a képnek) térbeli
Fourier-transzformaltjara.

Ebbol adédoan az MRI mérésre gondolhatunk ugy, mint a Fourier-térnek, a
leend6 kép Fourier-transzformaltjanak az adatokkal valo feltoltésére.

A kiilonb6z6 MRI mérési eljarasok (Un. pulzusszekvenciak vagy roviden
szekvenciak) 1ényegében abban térnek el, hogy milyen utvonalon és milyen
gerjesztések segitségével jarjuk be és toltjiik fel adatokkal a Fourier-teret.
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Fontosabb pulzusszekvenciak

» Gradiens Echo (GRE): w2)

« Gerjesztés, majd bipolaris w |
gradiensek t
* Nincs 180°-0s (refokuszalo) ,
pulzus, T2* lecsengés alatt t
mintaveételezziik a jelet
* TE a gerjesztés és a k = 0 pont — — —
felvétele kozott eltelt ids, nagyon A N s

rovid lehet (néhany ms) ACQ | A U N

* Fast Low Angle Shot (FLASH):

 Gyorsan egymas utan ismételt gradiens echo szekvenciak, alacsony gerjesztési szoggel
(<15%)
* Rendkiviil rovid TR lehetséges (néhdany ms), igy erds T1 kontraszt képezheto.

fmrmfu‘q i your fiure
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* Spin Echo (SE):

* Klinikumban gyakori szekvencia
* 90°-0s RF pulzus a gerjesztéshez, és egy 180°-0s pulzus a refokuszalashoz (a spin echo

keltéséhez)
» Tipikus paraméterek: TR és TE. Altalaban a spin echo maximuma és a k, = 0 pont felvétele
egybeesik, igy a spin echohoz tartozo TE és a kiolvasasi TE egybeesik, egy TE-rél beszéliink

(n)y’

(w2), .
w_]

A\ 4

ACQ
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« Fast Spin Echo (FSE):

 Sok 180°-o0s pulzus (és igy sok spin echo, echo train) egy gerjesztés utan, minden echoban
masik K-sort olvasunk ki. Joval gyorsabb, mint a hagyomanyos spin echo

* Leginkabb T2 sulyozott képekre, zsir és viz fényes a képeken

* TE minden echora kiilonb6zo, effektiv TE-hez: a k=0 felvételének ideje. (a kontrasztot
elsdsorban az alacsony térfrekvencias komponensek hatarozzak meg, azaz a k=0 kornyéke)

Fast Spin Echo Fast Spin Echo
(eTE/TR=33/3500ms) (¢TE/TR=88/3500ms)

J‘ 5
- - -“' 3 e
J (- A Y
' l_. f}-&
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 Echo Planar Imaging (EPI):

Signal

* Leginkdbb funkcionalis vizsgalatoknal, ill. diffizi6 vagy perfizié meérésénel hasznalt
 Egyetlen gerjesztés utan a teljes 2D k-teret mintavételezziik, egyetlen TR alatt mérjiik
meg a teljes szeletet, 20-100 ms alatt.

* TE a gerjesztés és a K =0 pont felvétele kozott eltelt 1do.
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EPI
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Rekonstrukcio: inverz FT

A k-tér pontjainak felvétele utan
rekonstrukcid: inverz Fourier transzformacio

Szkenneren automatikusan megtorténik, de
manualisan is elvégezhetd.

Digitalis FT lassu: N adatpont, ~ N2 mtivelet
Fast Fourier Transform: gyors, ~Nlog(N)
miivelet, akkor hatékony, ha N kettd
hatvanya, ezért a legtobb kép szélessége €s
magassaga pixelben 2 hatvanya (64, 128,
256, 512)
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Atlapolas faziskodolé iranyban
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A mérés soran a Kk-teret valojaban diszkrét pontokban mérjiikk, ez a
rekonstrukciora hatassal van. Elso korben kozelithetjiik ugy, hogy az egyes k-
sorokat kiolvaso iranyban folytonosan vessziik fel, a k-sorok kozott azonban

,,1€s” van, faziskodolo iranyban diszkréten mintavételezziik a k-teret.

/ky

A szkenneren beallitott
faziskodolo iranyu latomezo
(FOV) és a k-sorok kozti tavolsag
kozotti Osszefligges:

lnvzsting in your fidure
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Atlapolas faziskodolé iranyban

A faziskodoldo  iranya  diszkrét
mintavételezés miatt, ha a paciens PE
iranyban ,kilég” a latomezobdl,
akkor ez a kilogdé rész nem
egyszerien levagodik a  képrol
(ahogy ez kiolvasd6  iranyban
torténik), hanem az egyik iranyban
tullogd rész a masik oldalon
megjelenik a képen!

Ezt a jelenséget atlapoldsnak
(aliasing, wrap-around) nevezziik.

2017. 05. 27.. TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006
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Atlapolas faziskodolé iranyban

Probléma: ha a kilogd teriilet olyan
helyre lapol at, ahol amugy Is szoveg
van, akkor ezekben a voxelekben az
,eredeti” €s az ,atlapolodd” szovet
jelének Osszegét latjuk.

Tal nagy faziskodolo FOV viszont
hosszabbitja a mérést (kisebb Ak, tobb
k-sor, hosszabb mérés).

Altaldban javasolt: a minimalisan
sziikseges faziskddold FOV hasznalata.
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Kepalkotasi hibak

lnvzsting in your fiture
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Az MRI képalkotas sosem tokeletes. Hibakra példa:

www.itk.ppke.hu

* B, tér inhomogén (magatol is, és a test miatt is)
« Gradiens tér nem linearis (magneses tér nem linearisan valtozik hellyel.
Maxwell-egyenletek tiltjak a tokéletes gradienst)
« Gradiens bekapcsolasakor 6rvényaramok lépnek fel, ezek plusz magneses
teret hoznak létre
* RF tér térben nem homogén (tokéletlen gerjesztd RF tekercs)
» K¢épalkotas kozben a beteg elmozdul
« Valamely részét akarva/akaratlanul mozditja
* Fiziologiai mozgas: Szivveres, 1¢gzés, nyelés

Ezek a hibak a képeken torzitast vagy mutermékeket (artefaktokat)
okozhatnak.
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M Rl artefaktok — Gradiens nemlinearitas

Fizikal jelenség:
A gradiens tekercs magneses tere nem linearisan fligg a helytl (az adott
pontban, tipikusan az izocentert6l tavol)

Ok:
Tokéletlen gradiens tekercsek, magnesség fizikai torvényei
Keéphiba:

A térbeli lokalizacidé a térben linearisan valtozé magneses téren alapul, ha ez
nem teljesiil, az geometriai torzitashoz vezet

Jellemzok:

Pacienstol €s vizsgalt testrésztol fiiggetlen, i1zocentertdl valo tavolsagtol ¢€s
szeletiranytol fligg (csak a képalkotas geometriai poziciojatol)
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Gradiens tér valodi helyfuggése Valodi geometria és torzitott kép
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M Rl artefaktok — Gradiens nemlinearitas

Gradiens tekercsek magneses terének valodi helyfiiggése ismert (a
gyartd szamara), altalaban van beépitett korrekcio
Ha fontos a pontos geometriai hiiség (pl. sugarterapia, sebészet), akkor célszerti

a rendszeres QA protokollba beépiteni a gradiens nemlinearitas ellendrzését
(idében allando-e)

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 g : 33

M
New Hum;my Developwient Plan



Biomedical Imaging: MRI — Physics of Imaging

7
Tdte,

www.itk.ppke.hu

MRI artefaktok — B, inhomogenitas

Fizikal jelenség:
Az alap BO magneses tér nem homogén, nagysaga kismértékben fligg a helytol.
Ok:

A tér onmagaban IS inhomogén, + a test szoveteinek szuszceptibilitasa eltéro, a
test tovabbi inhomogenitast eredményez

Keéphiba:
Jelkiesés (dropout) és geometriai torzitas az inhomogén régiokban

Jellemzok:
Erdsen fligg a pacienstol, a vizsgalt testrésztdl és a mérési paraméterektol is.
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MRI artefaktok — B, inhomogenitas

Jelkiesés és torzitas a tér inhomogenitasa miatt. Féleg a levegd-szovet
hatarok kozelében jelentbs, pl. anterior agyteruleteken a homlokureg mellett,
illetve oldalt a dobureg kozelében.
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MRI artefaktok — B, inhomogenitas
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* Erdsen paciensfiiggd, igy a szkenneren beépitett hatékony korrekcio

nincs
* Leginkdbb szovet-levegd hatarokon, ¢és fém 1mplantatumok
kozelében jelentds

» Felfoghato ugy, mint lokalis T2* csokkenés

* Elsosorban gradiens echo szekvenciaknal, kiilonosen EPI-nél
jelentkezik, minél hosszabb a gerjesztés utani kiolvasads annal
jelentésebb. Fiigg a k-tér bejaras utvonalatdél 1s. Spin echo
szekvenciaknal alig jelenik meg.
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Fizikal jelenség:
A gradiens tekercsek be- ¢és kikapcsolasakor a gyorsan valtoz6 magneses tér

fesziiltséget, ¢és igy aramot indukdl a kornyez6 fémekben. Ezen orvényaramok
altal keltett magneses tér hozzaadodik a meglévokhoz

Ok:

Elektromagneses indukcio 1étezése, gradiens tekercsek nemnulla induktivitasa
Képhiba:
Geometrial torzitas, zaj, szellemképek

Jellemzok:

Erdsen fiigg a mérési eljarastol, EPI ¢s diffuzios méréseknél jelentos
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MRI artefaktok — Orvényaramok

Szellemkép (un. Nyquist ghost) és geometriai torzitas
orvényaramok hatasara, EPI képeken. Az el6bbit okozhatja a
gradiensek idozitesi hibaja is
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MRI artefaktok — Orvényaramok
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* Leginkabb a gyors, egy gerjesztés utan tobb K-sort kiolvasd6 méréseknél
jelent6s, pl. EPI

« Nagy ¢és gyorsan kapcsolt gradiensek esetében erds, pl. diffuziés mérések
(amik tipikusan EPI-vel torténnek, plusz probléma)

* A magaban a gradiens tekercsben indukalt fesziiltséget a gyartd probalja
korrigalni: olyan jelformat kap a tekercs, hogy az érvényaramokkal egyiitt
valosuljon meg a kivant aramerdsség-ido fiiggvény. Ez tipikusan tallovést

jelent.
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MR artefaktok — RF (B1) inhomogenitas

Fizikal jelenség:

A gerjeszto tekercs altal létrehozott RF tér amplitidoja helyfiiggd, igy a
gerjesztési szog IS az

Ok:

Tokéletlen RF tekercs, nagyobb térerdsségen (pl. 7 T) az elektromagnesség

torvényei

Képhiba:

www.itk.ppke.hu

Térbeli intenzitasvaltozas a képen, valtozo kontraszt

Jellemzok:

Sokldvéses szekvenciaknal és foleg spin echonal jelentds, pl. Turbo Spin Echo
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MR artefaktok — RF (B1) inhomogenitas
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MR artefaktok — RF (B1) inhomogenitas

* Leginkabb a gyorsan egymas utan sok ¢és nagy szogli RF pulzust hasznalo
szekvenciaknal jelentkezik, mint a Turbo Spin Echo

« Novekvd B, térrel egyre nagyobb probléma, 7 T és afolott az egyik
legnagyobb gond a képalkotasban

www.itk.ppke.hu

« Nincs gyari, beépitett korrekcio
« Halado korrekciok l1éteznek, klinikaban még nem elterjedt
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MRI artefaktok — paciens mozgasa

Fizikal jelenség:
A paciens a k-tér felvétele kozben megmozdul, igy a k-tér nem koherens, egyes
részei kiilonb6zo elmozdulasokhoz tartoznak

Ok:

Akaratlan mozgas, paciens faradtsaga, informacidhiany (nem tudja, hogy nem
szabad mozogni), fizioldgiai mozgasok (szivverés, 1égzés)

Képhiba:
Szellemkepek (faziskddold iranyban), elmosodas
Jellemzd:

Szekvenciafliggd, minél tovabb tart felvenni a k-teret, annal jelentosebb
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MRI artefaktok — paciens mozgasa
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MRI artefaktok — paciens mozgasa

e (élszerti jol informalni a pacienst, hogy egyaltalan ne mozogjon
(egyik testrészét se mozditsa, két vizsgalat kozott sem)

« Dinamikus vizsgalat esetén akkor is probléma, ha az egyes képek jok,
de kozottiik elmozdul a beteg (pl. fMRI-ben), ez valamelyest utélag
korrigalhato, bizonyos hatarokig

» Fizioldgiai jelek monitorozasa és feldolgozaskori figyelembe vétele
segithet (pl. 1égzés, pulzus, EKG)

» (Célszerli ugy valasztani a PE iranyt, hogy a fiziologiai mozgasok
artefaktjai kisebbek legyenek (pl. axialis agyi szeletek esetén AP
legyen a faziskodolas, ne LR).
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BIOMEDICAL IMAGING

(Orvosbiolégiai képalkotas )

MAGNETIC RESONANCE IMAGING
(MRI) — Advanced Imaging

(Magneses Rezonancia Képalkotas (MRI) — Halado képalkotas)

ADAM KETTINGER

lnvzsting in your fiture
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Gyorsitasi eljarasok

Miért akarunk min¢l gyorsabb képalkotast?

« Gyorsabb diagnosztika, idéegység alatt tobb beteg

Tul hosszu vizsgalatok elérhetové tétele (max. ~1 6ra mozdulatlansag)
» Kepalkotasi hibak csokkentése

 ROvidebb kiolvasas — kevesebb artefakt

« Rovidebb kiolvasas — betegmozgas esélye kisebb
« fMRI

« (Gyorsabb felvétel, nagyobb idébeli felbontas
 Jobb statisztika

» Fiziologiai artefaktok jobban kisziirhetoek (szivverés)
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1. Partial Fourier Imaging
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Emlékezteto: K-tér

A mért jeliinkre tekinthetiink ugy, mint a spinstiriségnek (a képnek) térbeli
Fourier-transzformaltjara.

Ebbol adédoan az MRI mérésre gondolhatunk ugy, mint a Fourier-térnek, a
leend6 kép Fourier-transzformaltjanak az adatokkal valo feltoltésére.

A kiilonb6z6 MRI mérési eljarasok (Un. pulzusszekvenciak vagy roviden
szekvenciak) 1ényegében abban térnek el, hogy milyen utvonalon és milyen
gerjesztések segitségével jarjuk be és toltjiik fel adatokkal a Fourier-teret.
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Emlé¢keztetO: pulzusszekvenciak
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Példa: Gradiens Echo (GRE).

* Gerjesztés, majd bipolaris gradiensek

* Nincs 180°-0s (refokuszalo) pulzus, T2* lecsengés alatt mintavételezziik a jelet
* TE a gerjesztés €s a k = 0 pont felvétele kozott eltelt 1d6, nagyon révid lehet
(néhany ms)

* soronként vessziik fel a k-teret
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Partial Fourier Imaging

Hagyomanyos képalkotas: felvesziink minden k-sort, majd a képet inverz
Fourier-transzformaljuk

Eredmény: komplex kép (magnesezettség fazisa helyfliggd), altalaban az
abszolutérték érdekel minket

Partial Fourier feltevése:

« A képiink kozel valos, azaz a magnesezettség fazisa 0 (a momentumok
k=0-nal tényleg egy iranyba allnak)

« Ez lényegében azt feltételezi, hogy az alaptér teljesen homogén, és a test
szuszceptibilitasa térben nem valtozik nagyon

« Spin echo szekvanciaknal, alacsony TE és rovid kiolvasas esetén jol

teljestil
2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T, T 7
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Partial Fourier Imaging

www.itk.ppke.hu

Fourier-transzformacié szimmetridja: valos fiiggvény Fourier-transzformaltja

konjugalt szimmetrikus.

S(k) = F{p(r)}
p(r) ER - S(—k) = S*(k)

Valos kép esetén tehat elvben elég

\ k

/

a k-tér egyik felét felvenni, a K,
masik a konjugaltja lesz. g
-~ " - // ¢ }
6l el e >
//
A >
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Partial Fourier Imaging

A gyakorlatban valamivel tobb, mint a k-tér felét veszik fel, pl. a k-sorok 6/8
részét, a tobbit szamoljak konjugalt szimmetria alapjan

Elonyok:
« rovidebb képalkotas, a kihagyott sorokkal aranyosan rovidiil.
« Tobblovéses szekvencianal a mérés 6sszes ideje csokken
« Egylovéses szekvencianal (pl. EPI) az TE csokkenthet6 és a kiolvasas
rovidithetd (kevesebb BO inhomogenitasi artefakt)

Hatranyok:

« Haakép valdssaga nem teljesiil, hibas lesz az eredmény

 SNR csokken: ha a k-tér p-szeresét vessziik fel (p<l), akkor a jel-zaj
arany /p -szeresére csokken.
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Partial Fourier Imaging kiolvas6 iranyban

Ugyanezt az elvet alkalmazhatjuk kiolvasé iranyban is, minden k-sornak csak
az egyik felét vessziik fel:

Ezaltal egy k-sor kiolvasasa rovidebb
ideig tart, illetve a  tobblovéses

szekvenciak echo ideje csokkenthetd.

v

\ 4
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1. Hagyomanyos Parallel Imaging
(In-plane gyorsitas)
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Emlékeztetd: atlapolas faziskodold iranyban

A mérés soran a Kk-teret valojaban diszkrét pontokban mérjiikk, ez a
rekonstrukciora hatassal van. Elso korben kozelithetjiik ugy, hogy az egyes k-
sorokat kiolvaso iranyban folytonosan vessziik fel, a k-sorok kozott azonban

,,1€s” van, faziskodolo iranyban diszkréten mintavételezziik a k-teret.
Ak

A szkenneren beallitott
faziskodolo iranyu latomezo
(FOV) és a k-sorok kozti tavolsag
kozotti Osszefligges:

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 g 12
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Emlékeztetd: atlapolas faziskodold iranyban

A faziskodoldo  iranya  diszkrét
mintavételezés miatt, ha a paciens PE
iranyban ,kilég” a latomezobdl,
akkor ez a kilogdé rész nem
egyszerien levagodik a  képrol
(ahogy ez kiolvasd6  iranyban
torténik), hanem az egyik iranyban
tullogd rész a masik oldalon
megjelenik a képen!

Ezt a jelenséget atlapoldsnak
(aliasing, wrap-around) nevezziik.
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Hagyomanyos Parallel Imaging: SENSE

Alapvetd feltétel: A magnesezettséget nem csak egy, hanem tébb tekerccsel
mérjiik. A tekercsek érzékenysége legyen helyfiiggd, azaz ugyanakkora
magnesezettséget helytdl fliggden, eltérd mértékben ,,latnak™.

Otlet: Vegyiik fel ritkdbban a k-sorokat, és az igy létrejové atlapold voxelek
jelét szamoljuk ki a tobb mérdtekerccsel! Példaul ha minden masodik k-sort
vesszik fel, akkor a 1atémezo felezodik, és két voxel mindig atlapol.

Atlapolo voxelek X, és x, helyeken, értékiik p,
Xy X €s p,, ezeket keressiik.

1. Tekercs érzékenysége az x, helyen: C,;

1. Tekercs érzékenysége az X, helyen: C,,
< Q > 2. Tekercs érzékenysége az x, helyen: C,,

2. Tekercs érzékenysége az X, helyen: C,,
1. tekercs 2. tekercs
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Hagyomanyos Parallel Imaging: SENSE

X1 Xy

Atlapold voxelek x, és x, helyeken.

1. Tekercs érzékenysége az x, helyen: C,;
1. Tekercs érzékenysége az X, helyen: C,,
2. Tekercs érzékenysége az x, helyen: C,,

1. tekercs 2 tekercs 2. Tekercs érzékenysége az X, helyen: C,,

Mindkét tekercs az atlapold voxelek osszegét latja, az ottani érzékenységprofiljaval
sulyozva:

1. Tekercs jele: S; = Cy1p1 + C12p,, 2. tekercs jele: S, = Cy1p1 + Cyup5

lnvesting in your fidure
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Hagyomanyos Parallel Imaging: SENSE

A tekercsek jeleit és a Kkeresett voxelértékeket vektorba rendezve az
egyenletrendszer matrixos alakba irhato, ezt kell megoldani minden atlapold
voxelparra (a matrix is eltér6 minden voxelre, hiszen a tekercsek érzékenysége

helyfiiggd): c ; - )
1) _ (*11 12) [ F1
(52> <C21 sz) <p2>

Az atlapolo voxelek értékei a matrix invertalasaval megkaphatok, ebben a példaban

P _ 1 (sz —C12). 51
P2 C11Co5 — €120 —C21 Cin S,

lnvesting in your fidure
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Hagyomanyos Parallel Imaging: SENSE

A szétvalogathatosag feltétele, hogy a matrix minden atlapolé voxelcsoportra
invertalhato legyen. Ez 1ényegében azt jelenti, hogy a tekercsek érzékenységprofilja
az atlapolo voxeleknél eltéro kell legyen.

Az ¢l6z0 példa altalanosithatd tobb atlapold voxelre is, ennek jellemzésére szolgal
az R gyorsitasi faktor (k-sorok kozti tavolsagot hanyszorosra noveljik, azaz
hanyadrészere csokkentjiik a faziskodolo iranyu latomezot).

Elméleti hatar: R < Tekercsek szama.

A gyakorlatban ennél szinte mindig kisebb a maximalis alkalmazott gyorsitas, azaz
a matrix altalaban nem négyzetes. Ebben az esetben az egyenletrend talhatarozott,
egzakt megoldasa nincs, tipikusan a legkisebb négyzetek értelmében legjobb
megoldast szamoljak (Moore-Penrose pszeudoinverz)

Az eljaras neve Sensitivity Encoding (SENSE), utalva arra, hogy a térbeli
informacid kodolasahoz a tekercsek érzékenységét is felhasznaljuk.
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M
New Hum;my Developwient Plan



Biomedical Imaging: MRI — Advanced of Imaging

7
Tdte,

Hagyomanyos Parallel Imaging: SENSE

El6ny: rovidebb képalkotas

« Egylovéses szekvenciak (pl. EPI) esetén rovidebb a kiolvasas, igy rovidebb a
minimalis TE és kevesebb az inhomogenitas artefakt

« Tobblovéses szekvenciak esetén a mérés teljes ideje lesz rovidebb.

Gondok: csokkend jel/zaj arany

« R-szeres gyorsitas esetén az SNR eleve VR -szeresére csokken

 Mivel az invertadlandd matrix nem diagonalis, ezért az inverzido tovabbi
zajerOsitést visz be a rendszerbe. Az SNR igy tovabbi helyfiiggd csokkenést
szenved, g-edrészére csokken (geometria-faktor, g-faktor). Ennek nagysaga a
tekercsek szaman, érzékenységprofiljan, a gyorsitas mértékén is iranyan mulik.

Tovabbi probléma: pontosan ismerniink kell a tekercsek érzékenységét, kiilonben
plusz zajt visziink a rendszerbe. Az érzékenységprofil kissé fiigg a pacienstol is,
foleg nagy tereken, ezért azokat kiilon meg kell mérni (altalaban térben lassan
valtoznak, ezért elég egy alacsony felbontasti mérés)

e www.itk.ppke.hu
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Hagyomanyos Parallel Imaging: SENSE

SNR,

A teljes, helyfiiggé SNR valtozas tehat: SNRgpnsg = VR

Ma fejre tipikus tekercsszam: 12-128

A tekercsek érzékenységprofilja ugyanakkor viszonylag lassan valtozik, ezért 8-nal

nagyobb gyorsitasokra a g-faktor nagyon megno, értékelhetetlen lesz a kép. Tipikus
gyorsitasi értekek R = 2, 4.

lnvesting in your fidure
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Hagyomanyos Parallel Imaging: GRAPPA

Az in-plane gyorsitas alternativ megkozelitése: a hianyzé k-sorok adatait mar a k-
térben szamoljuk ki @ megmért adatokbol!

Alapotlet: a tekercsek hianyzo jeleit, amiket a gyorsitas miatt nem mértiink meg,
szamoljuk Ki gy, mint az Osszes tekercs k-térben kozeli, ténylegesen megmért
jeleinek linearis kombinaciojat.

(GRAPPA: Generalized Autocalibrating Partially Parallel Acquisition)

Allitas: 1éteznek olyan, k-térbeli
O O poziciotdl fiiggetlen kombinacios
O egyutthatok, amikkel ezt elvégezve
megkapjuk a helyes képet.
O Ezeket a kombinaciokat elotte

coil 1

O @O0
O

coil 2

coil 3

m=1  m=m=2  m=3 m=4 megkeressiik, a k=0 kornyékét teljesen
mintavételezziik €s ott illesztjiik Oket.
2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T
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Hagyomanyos Parallel Imaging: GRAPPA

Elényok a SENSE-hez képest:

* Nem sziikséges eldtte megmerni az érzékenységprofilokat
* A gyorsitas lehet k-térben egyenetlen, tipikusan a k=0 kornyékét siiribben, a
szelét ritkdbban mintavételezziik.

Hatranyok a SENSE-hez képest:

* Nagy gyorsitasoknal (R > 4) kevésbé stabil

 Ha a kombinacios egyiitthatokat rosszul illesztjiik, az nem csak zajt visz be,
hanem szellemképeket is

Megjegyzés: a GRAPPA is csak akkor miikodik jol, ha a SENSE-nél latott matrix
invertalhato! A két modszer matematikai elve hasonld, csak a GRAPPA a k-térben
dolgozik, mig a SENSE a valos térben.

lnvzsting in your fidure
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2. Simultaneous Multislice Imaging /
Multiband Imaging
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Multiband Imaging

Alapotlet: nem szeleten beliili gyorsitas, hanem egyszerre tobb szelet felvétele,
majd szétvalogatas.

Az elv ugyanaz mint a SENSE-nél: Minden tekercs az osszes szelet jelének az
erzé¢kenysegekkel sulyozott Osszeget latja, az érzekenységi matrix invertalasaval
szét tudjuk valogatni a szeleteket.

Elméleti hatar: legfeljebb annyi szelet, ahany tekercs.
Gyakorlatban altaldban joval kevesebb, altalaban nem tobb mint 8 szelet egyszerre.

lnvesting in your fidure
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Multiband Imaging

In-plane gyorsitastol eltérden, itt nem a minimalis TE, vagy a kiolvasas rovidiil,
hanem a mérés teljes ideje, egylovéses (EPI) szekvencidknal is.

Elonyok:

« Mcérés ideje egylovéses szekvenciaknal IS aranyosan csokken (fMRI és diffuzios
méréseknél a leghasznosabb)

« Mivel nagyobb gyorsitas tobb szelet egyszerre gerjesztét, igy tobb mért jelet
jelent, igy az SNR-ben nincs VR -es osztas, csak a g-faktor csokkenti a jel-
zaj aranyt.

Gondok:

« A fejtekercsek érzékenysége kevesebbet valtozik axialis iranyban, igy axialis
agyi felvételek esetén (Multiband leggyakoribb alkalmazasa) a g-faktorok elég
nagyok lehetnek

« Egyszerre tobb szelet gerjesztése hardverigényes, Sok szelet egyszerre
gerjesztése maig nem tokéletesen megoldott, kiillondsen nagy szogii gerjesztésre
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Multiband Imaging alkalmazasok

2012 ota rendkiviil gyorsan terjed, bar mar 1991 6ta ismert technika

Legfontosabb alkalmazasok:

« Agyi funkcionalis vizsgalatok (fMRI)

« Sok irany1, hosszu diffuzios mérések

lnvesting in your fidure ~
Ui * X o
f\
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Biomedical Imaging: MRI — Advanced of Imaging
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Multiband fMRI

Legfontosabb elényei a funkcionalis méréseknél:

* R-szeres gyorsitas esetén a teljes agy felvételi ideje R-edrészére csokken. Ez a
szokasos gyorsitasi tényezok mellett a hagyomanyos 2-3 masodperces repeticios
idot helyett 4-500 ms-ra csokkentheti. Ha a g-faktor alacsonyan tarthato, akkor
az idofelbontas javulasa jelentds SNR veszteség nélkiil elérhetd, hiszen nincs
VR csokkenés.

* Funkcionalis vizsgalatoknal a jobb idéfelbontas jobb statisztikat jelent,
kiilénosen event-related paradigmaknal.

* Ezzel mar mintavételezheté a szivverés, igy lehetéség van a szivverés
problémajat jelentdsen csokkenteni.

* Nyugalmi allapota mérésekbol szamolt funkcionalis halézatok konnyebben
detektalhatoak.

J'mrmfu‘q i your fiure
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MB fMRI — resting state funkcionalis haldézatok

Resting-state mérésekbol szamolt funkcionalis halozatok kiilonb6z6
repeticios idejli mérésekkel
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Multiband diffuzié

Legfontosabb elény a diffuzios méréseknél:

« A modern diffuziéos méréseket (DTI, HARDI, g-space imaging) erdsen
befolyasolja, hogy az alany meddig képes mozdulatlanul fekiidni. Ez tipikusan
ellehetetleniti az 1 oranal jelentdsen hosszabb vizsgalatokat. R-szeres
gyorsitassal az eddig R oraig tartd mérések is lehetségessé valnak, illetve azonos
1d6 alatt tobbféle mérést lehet elvégezni, a mindség jelentds romlasa nélkiil.

lnvesting in your fidure
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Multiband diffazi6 - traktografia

25.3 min 11.5 min

o,

” .
Ok & ” { fre
y
.
:

Traktografia kiillonbozd MB gyorsitasokkal. (Minden mas paraméterben
azonosak, csak TR tér el, ugyanannyi diffazios irany)
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BIOMEDICAL IMAGING

(Orvosbiolégiai képalkotas)

Functional Magnetic Resonance Imaging (fMRI) -
the BOLD method

(Funkcionalis Magneses Rezonancia- a BOLD modszer)

ISTVAN KOBOR, VIKTOR GAL

lnvzsting in your fiture
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Tipikus fMRI kisérlet
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,Esemenyhez kotott” FMRI kisérlet
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Biomedical Imaging: fMRI - the BOLD method
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Functional Magnetic Resonance Imaging

Functional Magnetic Resonance Imaging (FMRI) refers to different
types of specialized MRI scans with a common goal:
»to measure the dynamics of local neural activity in the brain or
spinal cord of humans or other animals.
»methods: endogenous or exogenous contrast agents can be used to
directly or indirectly detect neural action.
*Blood-oxygen-level dependent imaging (BOLD) is the most
frequently used technique, where the contrast agent is the blood
deoxyhemoglobin.
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Biomedical Imaging: fMRI - the BOLD method
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Sources of the BOLD signal

 Auto(vaso)regulation in CNS controls the local oxygen supply
according to the local activity.

www.itk.ppke.hu

Changes in the hemoglobin (oxygen carrier molecule) concentration
can be detected by MRI.

Neuronal |_ocal L_ocal concentration

. Autoregulation of deoxy-
activity In CNS hemoglobin
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Metabolic requirements of neural activity

» Neural mechanisms require external sources of energy (glucose) and oxygen to
support metabolic processes (e.g. restoration of the concentration gradients
following changes in membrane potential).

» Direct source of energy at the cell level are the ATP molecules (adenosin-
triphosphate). ATP is produced via oxidation of glucose (glycolysis) in the cell

* When oxygen supply is appropriate: aerobic glycolysis (90%)
« When oxygen supply is inadequate: anaerobic glycolysis (very fast, 10% )

» Iron-containing Hemoglobin (Hb) in the blood is what transports oxygen from the
lungs to the rest of the body (i.e. the tissues), where it releases the oxygen for cell
use. 2 forms depending on O, binding:

« oxyhemoglobin (oxyHDb) is saturated with O,
» deoxyhemoglobin (deoxyHb) binds no O,

» For imaging purposes, the main vasculature concerned are the capillaries networks
— where glucose and oxygen exchanges happen

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 T ; 9
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Metabolic rates of the different components of
neuronal activity

Rodent cortex Primates neocortex (rough

m Restoration estimation)

after AP ® Everything
B Restoration else

after

EPSP/IPSP
™ resting

potential B Restoration
® Recveling of after

e e [PSP/EPSP

glutamate

Attwell and Laughlin J of Cerebral Blood Flow & Metabolism (2001)
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"How does the brain cope with the increased metabolic
demands?

» Activity dependent changes in CBF & CMRO2: autoregulation

» Cerebral Blood Flow (CBF) and Cerebral Metabolic Rate of Oxygen
(CMRO,) are coupled under baseline conditions

— PET measures CBF well, CMRO, poorly
— fMRI measures CMRO, well, CBF poorly

» CBF about .5 ml/g/min under baseline conditions
— Increases to max of about .7-.8 ml/g/min under activation conditions

» CMRO, only increases slightly with activation
— Note: A large CBF change may be needed to support a small change in

CMRO,
2017.05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 e, | 11
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Biomedical Imaging: fMRI - the BOLD method
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Energy Consumption and blood supply

» O, consumption: 20% of the total body (Brain tissue is 2-3% of body weight)

» Most of the energy Is spent maintaining action potentials and in post-synaptic
signaling: post-synaptic activity probably dominates in human

> Inhibitory synapses use less energy than excitatory ones

» Neural activity use locally available glucose and Hb bound O,
* Glucose, oxyHb ¥
- deoxyHb, pH, cO,*

2017.05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T O 12
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Autoregulation: Energy Consumption Theory

> Increased CBF provides higher concentration of glucose and Hb bound O,:
« Glucose, oxyHb
« deoxyHb, pH, CO, ¥

» CBF Increases to max of about .7-.8 ml/g/min under activation conditions

> Initial thoughts were that increase of blood flow is directly linked to the
elevated metabolic rate (and thus increase in energy and O, requirements) of
the active tissue. Candidate signal substrates:

* Lactate, pH, CO, O,
But this is not true!
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Autoregulation of the blood flow

Then how does the brain cope with the increase in glucose and O, demands?

» Glutamate-generated Calcium influx at post-synaptic level releases potent
vasodilators:

* Nitric Oxide
« Adenosine
« Arachidonic Acid metabolites

» Blood flow is increased over an area larger than the one with elevated neural
activity

» Global blood flow changes also associated with dopamine, noradrenaline
and serotonin

— Not related to regional energy utilisation!

Energy utilisation and increase in blood flow are processes that occur in parallel
and are not causally related

Attwell, D. , ladecola, C. 2002. “The neural basis of functional brain imaging signals”. Trends in
Neuroscience. 25 (12) 621-625
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Factors defining local deoxyhemoglobin-concentration

EEEEE—— \/ctabolic changes .

Blood flow

Vasodilators

Local concentration of
Local | deoxy-

neuronal _ :
activity Vasoconstrictors hemoglobin

Diffuse Blood volume
projections
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Relative concentration

Biomedical Imaging: fMRI - the BOLD method
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Activity dependent changes in deoxy- and oxyhemoglobin
levels

Hb * Quite distinct changes in
/ oxygenated(Hb) and
deoxygenated hemoglobin(dHb)
following neuronal activation.
« Unlike weak deoxygenated
0 hemoglobin signal spatial
’ pattern of oxygenated
hemoglobin does not reflect the
pattern of neuronal activity

dHb

Time

lnvzsting in your fidure =
* *
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Oxygen and Field homogenelity

Depending on blood oxygen level:

deoxyHb is paramagnetic, increases  °© -
local inhomogeneity of magnetic o "
field

oxyHb diamagnetic
— local homogeneity of o

magnetic field increased o -‘ @
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Impact of local inhomogeneity: attenuation of MR signal

Reversible+irreversible, origin: spin-spin (molecular) interaction and within-
voxel inhomogeneities of the magnetic field

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 18
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Irreversible: dynamically changing difference in frequency/dephasing of the spin
precessions —dephasing is not constant. Source: molecular motion and spin-spin
interaction.

Reversible: constant difference in frequency (within one slice acquisition), dephasing
speed is not changing, refocusing RF pulse can recover phase coherence. Origin:
local magnetic field non-uniformities.

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 19
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Impact of local inhomogeneity on T,*

T2 relaxation time: irreversible dephasing, molecular interaction

T2* relaxation time: MR signal attenuation due to irreversible+reversible
dephasing. Local magnetic field non-uniformity is a major component of the
effect: it correlates with local deoxyHb concentration.

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 20
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How to detect BOLD contrast

signal

» Signal decay is sensitive to magnetic field
Inhomogeneities =>
« Sensitive to signal difference based on
deoxyHB concentration

activation

Optimal read-out time: TE optimal e
» When signal difference is highest between
different deoxyHB levels
« TE=25-35ms at 3Tesla (depends on
anatomical region as well)
2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 Neww:ypi;w N -
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Link between BOLD and neural activity: Neurovascular
coupling

Local
neuronal
activity

Diffuse
projections

d Metabolic changes
N

Blood flow

Vasodilators

Local concentration of
deoxy-
hemoglobin

\Vasoconstrictors

Blood volume Field _
inhomogeneity BOLD signal
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Neuronal Origins of BOLD: proof of concept
*BOLD response correlates 9

primarily with Local Field Potential
that reflects activity in the
neuropil(dendritic activity)

D

w

Increased neuronal activity results
in increased MR (T2%*) signal

(=]

BOLD Signal Change (SD Units)

&
&
(syun @s) abueyn jeubis TYIN3IN

LFP: Local Field Potential

MUA: Multi-Unit Activity

SDF: Spike-Density Function 0 10 20 30 40
| Time in Seconds

Logothetis Journal of Neuroscience, 2003,
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Gradient EPI: benefits

» Most frequently used sequence in fMRI:
« Gradient Echo Planar Imaging (gradient EPI)
Why Gradient?
» Requires relatively long read-out time =>
« Very sensitive to magnetic field inhomogeneities =>
« Sensitive to signal difference based on deoxyHB concentration
» Signal decay is characterized by T2* relaxation
Why EPI?
» Relatively high temporal resolution: required time for a whole brain
acquisition typically 2-3sec
» At higher magnetic fields (4.5T, 7T, 9.4T) can be combined with spin-echo
sequence
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Gradient EPI: disadvantages

» Low contrast and spatial resolution

» Serious distortions near to air/tissue borders (e.qg.
amygdala/inner ear)

» High water-fat shift
» Signal instability over time

2017.05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 B
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Spatlal Resolution and specificity of BOLD response

« In general: high spatial resolution because changes in BOLD response rely
on changes in perfusion of capillaries (g 5-10um)

 Influencing factors:
» \Voxel size (depending on region to scan 1-5mm)

- attention! reduced voxel size = reduced signal compared with noise
and increased acquisition time, but less diversity in tissue content
« Concordance of neural activity and vascular response
— Aurteries are fully oxygenated
— Venous blood has increased proportion of dHb
— Difference between Hb and dHb states is greater for veins
— Therefore BOLD is the result of venous blood changes

Signal can arise from larger and more distant blood vessels!!!
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Temporal resolution of fMRI

» Typical sampling time of a volume: 2-3sec
» Temporal resolution is inversely related to
— Spatial resolution
— Imaging volume size
— TE (sensitivity to BOLD)
» Stimuli can be detected:
— Minimum duration : < 16 ms
— Minimum onset diff: 100 ms to 2 sec
— Above 2 sec, linear summation of responses
— Below 2 sec: nonlinear interactions
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Stability of the BOLD signal

« Low frequency drifts and temporal autocorrelation is an inherent
characteristic

o860 -
840
0 o0 100 150 200 250 300 350

Mean = 33206 Std=335

5ap L . — = ==
] A0 100 150 200

Mean = 62391 Std=22.03
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Initial dip
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‘initial Dip (Hypo-oxic Phase)

 Initial Dip (1-2sec) may result from initial oxygen extraction before later
OVer compensatory response

« Transient increase in oxygen consumption, before change in blood flow
— Menon et al., 1995; Hu, et al., 1997

« Shown by optical imaging studies
— Malonek & Grinvald, 1996

» Smaller amplitude than main BOLD signal
— 10% of peak amplitude (e.g., 0.1% signal change)

» Potentially more spatially specific

— Oxygen utilization may be more closely associated with neuronal
activity than perfusion response
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Rise (Hyperoxic Phase)

« Results from vasodilation of arterioles, resulting in a large increase in
cerebral blood flow

 Inflection point can be used to index onset of processing

Peak — Overshoot

« Qver-compensatory response

— More pronounced in BOLD signal measures than flow measures
« Overshoot found in blocked designs with extended intervals

— Signal saturates after ~10s of stimulation
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Sustained Response

Blocked design analyses rest upon presence of sustained response
— Comparison of sustained activity vs. baseline
— Statistically simple, powerful
Problems
— Difficulty in identifying magnitude of activation
— Little ability to describe form of hemodynamic response
— May require detrending of raw time course

Undershoot
Cerebral blood flow more locked to stimuli than cerebral blood volume

— Increased blood volume with baseline flow leads to decrease in MR
signal

More frequently observed for longer-duration stimuli (>105s)
— Short duration stimuli may not evidence
— May remain for 10s of seconds
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Normalization of responses: Percent Signal Change

505

Initial dip
500\

a

1%

Undershoot

\ 4
Baseline ofl 5

205

Initial dip

200

» Peak / mean(baseline)

« Basic assumption: signal is
proportional to mean
baseline.

N— " 15(msecr Question: mean baseline

N / Nndershoot

depends on what?

» Amplitude variable across
subjects, age groups, etc.

» Peak signal change
dependent on:

— Brain region
— activation parameters
— \oxel size

Baseline ©

5

15(msec)  _ Fijeld Strength
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Issues: what are we actually measuring?

* Inputs or Outputs?

— BOLD responses correspond to intra-cortical processing and inputs, not
outputs

— Aligned with previous findings related to high activity and energy
expenditure in processing and modulation

o Excitation or inhibition circuits?

— Excitation increases blood flow, but inhibition might too — ambiguous
data

— Neuronal deactivation is associated with vasoconstriction and reduction
in blood flow (hence reduction in BOLD signal)

« And what about the awake, but resting brain?
— Challenges in interpreting BOLD signal
— Presence of the signal without neuronal spiking
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Issues: what are we actually measuring?

90.000 to 100.000 neurons per 1mm3 of brain tissue
10° synapses, depending on cortical thickness

What is in a Voxel?

Volume of 55mm3

— Using a 9-16 mm? plane resolution and slice thickness of 5-7 mm
Only 3% of vessels and the rest are....(be prepared!!)

— 5.5 million neurons

— 2.2-5.5 x 1019 synapses

— 22km of dendrites

— 220km of axons
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Relative vs. Absolute Measures

 BOLD fMRI provides relative change over time
— Signal measured in “arbitrary MR units”
— Percent signal change over baseline
— Direct longitudinal or intersubject comparisons are impossible
— within subject interregional (different cortical areas)
comparisons : only qualitative or indirect

 Arterial spin labeling (another type of fMRI method discussed later) or
PET provides absolute signal

— Measures biological quantity in real units

CBF: cerebral blood flow

CMRGilc: Cerebral Metabolic Rate of Glucose
CMRO,: Cerebral Metabolic Rate of Oxygen
CBV: Cerebral Blood Volume
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Why the Growth of fMRI?

« Powerful
— Improved ability to understand cognition
— Better spatial resolution than PET
— Allows new forms of analysis

 High benefit/risk ratio

— Non-invasive (no contrast agents)

— Repeated studies (multisession, longitudinal)
« Accessible

— Uses clinically prevalent equipment

— No isotopes required
— Little special training for personnel

www.itk.ppke.hu
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What fMRI Can Do

Help in understanding healthy brain organization
— map networks involved with specific behavior, stimulus, or performance

—  characterize changes over time (seconds to years)
— determine correlates of behavior (response accuracy, etc...)

www.itk.ppke.hu

Current Clinical Applications
—  presurgical mapping
—  better understanding mechanism of pathology for focused therapy
—  drug effect assessment
— assessment of therapy progress, biofeedback
—  epileptic foci mapping
—  neurovascular physiology assessment

Current Clinical Research

— assessment of recovery and plasticity
— _clinical population characterization with probe task or resting state

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 i ;o 39
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Biomedical Imaging: fMRI - the BOLD method

What fMRI Can’t Do

www.itk.ppke.hu

*Low SNR for routine clinical use (takes too long)

*Requires patient cooperation (too sensitive to motion)

Low spatial resolution (each voxel has several million neurons)
Low temporal resolution (hemodynamics are variable and sluggish)
Indirectly related to neuronal activity

*Many physiologic variables influence signal

*Requires a task (BOLD cannot look at baseline maps)

«Confined space and high acoustic noise.

2017. 05. 27..
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Peter Pazmany Catholic University

Faculty of Information Technology www.itk.ppke.hu

BIOMEDICAL IMAGING

(Orvosbiolégiai képalkotas )

fMRI — Data Processing and Basic Analysis

(FMRI — Adatfeldolgozas és elemzés)

Gal Viktor, Banko Eva

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 1



Inger-valasz modell

Transzfer fliggvény
(9)
B b D m
>
T | bonolics - ERes ()

(F*g)+e=y




Tartalomjegyzék

m Kiserlet-tervezés: adatgyujtesi és adatelemzesi
szempontok

m Elemzés, statisztika
m Elofeldolgozas






Tipikus fMRI kisgrlet

5 HE R

C\ a ( \ ]
v
e nn N
~Eseményhez kotott” FMRI kisérlet
‘0 EEB
HE B

voxels

2017. 05. 27..



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Acquired Data

- 3D T1 anatomy

— 1x1x1 mm resolutio

- 4D T2* EPI images

— 3D timeseries collected at each TR (1-2
— ~4x3,5x3.5 mm resolution

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 6
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Kisérlet tervezese

m ,Block design™:
— Hosszabb periodusu ingerlesek

A B A B

es ,rest’ intervallumok

— Egyszeri W
— Robosztus, nagy S/N arany —L—~

— Nem természetes, merev kisérleti keret, jel

lecsengeséevel szamolni kell

m ,Event related design” (srd il
— Mint az EEG kisérleteknél
— Bonyolultabb szamitas
— Kisebb S/N
— Tobb ismétlés
— Flexibilis kisérleti keret

. ritka):




Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Statistical Analysis of Functional Images I.

- Aims:
— find and describe the effect of stimulation if there is any

- Based on the spatial complexity of the signal, there are:

— one-dimensional methods

= doing the statistics separately on a voxel-by-voxel basis (classic
GLM regression method)

= averaging the time course of predefined voxels in a certain area
(region-of-interest: ROI) and doing the statistics on that (increases
signal-to-noise ratio (SNR)
— multi-dimensional (multi-variate) methods

= finding patterns in time and space (decoding and encoding models,
functional connectivity analysis, dynamic casual modelling)

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 )



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Statistical Analysis of Functional Images
I1.

- Fitting models to the data:

— find models that describe the signal and the noise and evaluate
the fit

- Parametric models & statistics:
— linear correlation and R-stat
— event-related averaging + standard deviation — t -test
— Multiple linear regression, general linear models (GLM)
- Non-parametric statistics
— bootstrap
— Monte-Carlo simulations

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 10



Adatok modellezese: idobeli lefutas

m A teljes kiserlet idobel
lefutasanak modellezése: ’ m M
— HRF és FIR modell JM ‘“‘ AL

— El6ny: feltehetbéen nem
szeparalodo (szuperponalodo)
bold valaszok esetéen A 5 A B

— Zaj modellbe illesztese <

m Esemeényhez kotott modon A .
— atlagolas —_——



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Statistical Analysis of Functional Images
I11.

- Noise integration into models
— models should take noise into account either as a separate term

— there are models devoted to noise estimation (nuisance
variability models) such as time autocorrelation or drift

- Univariate models treating each voxel separately need to
be statistically corrected for
— correction for the multiple comparison problem

- Group-level statistics model the population not particular
individuals
— Random effects models

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 12



Modellllleszkedes VIZSC aIata

loadanat

lpadfunctional

Inadstimprotocol

Inadstatmap

signal window

baseline window
MaskDef

Fiter OFF

i 48 slice:30 value:0.00
al'l'll:‘[‘th OFF

EEIU

BN U

anatomy filename

D:'wision_projects\qalsubdata‘kois\KOBOR_ISTWVAN_stmem_SENSE_4_
1.nii

D:wigion_projects\qa\subdata‘kois\stimprotocol_20110512T154308.mat

statmap filename

HRF-GLM hd

duration override

predictor time shift

raw timecourse

AU

Végeredmény: statisztikai térképek - modell illesztése minden voxelre



Melyik fat razzak?




anatomy filename
loadanat anatomy filenam

Inadfunctional

lpadstimprotocol

Inadstatmap statmap filename

HRF-GLMW

signal window

baseline window or time shift
MaskDef

Filter OFF

Sl 1 3
Play Smooth OFF

e
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HRF (hemodynamic response

ldegrendszer

function)

-

q

15
1.0
0.5
0.0 N
-0.5 Y .
1 21 41 61

Ingerek id6beni

lefutasa

\_

Hemodinamika

~ =

MR scanner

v

HRF-el konvolvalt
prediktor



BOLD fMRI valaszok modellezése

m Diszkrét ingerek es a BOLD jel kapcsolata a
HRF-en keresztul:

Predikalt BOLD jel

- U

HRF




Ingerek surlsége es a BOLD jel

Stimulus BOLD Jel

UL~
N
UL —-




HRF és a GLM design matrix

A B A B
y : g y =X,0, + X0 +€
t
X, 4

HRF: id0-"design matrix”
fliggvény




Regresszios koefficiensek




Gyakori ingerek — atfedo valaszok

A) Méres: BOLD |el

B) Modell: szeparalt BOLD valaszok

B @ WA

C) Modell: BOLD

N\ oy VAN \/\ NFW \/\ \




GLM: a BOLD jel modellezese

design matrix



GLM: tobbszoros regressszio,
prediktor valtozok




Tobbszoros regresszios modell

1 13 25 37 43 61 73 85 97 109 121
Time




GLM kivitelezés: modell illesztés

y=g"(bX)+e
Egyszerl linearis regresszio:

y=bX+e
Regresszios koefficiensek becslése (legkisebb b= (XTX)'l XTy
négyzetes eltérések mddszere):

u=hbX
A modell és a hiba kapcsolata:

y=p+e
Hib dikcio é arés kozott (a modell

iba a predikcio és a mérés kozott ( e=pu—y

illeszkedésének mérofoka):



A GLM Kkivitelezése

m A prediktorok (design matrix) definialasa = modellezheti
— stimulusok prezentacios idérendjét, tulajdonsagait
— a KSZ viselkedését (teljesitményét)
— egyeb modellezheto zajt, zavard korulmenyt
m Modell illesztese
— linearis koefficiensek meghatarozasa, az egyes prediktorok
skalazasa
m Vizualizacio
— Teljes modell illeszkedése: t vagy F illetve rezidualis variancia
terkep
— Kontraszt térképek — t proba
— Kontribucios térképek — F proba
— Részletes ROl GLM grafikonok



FIR modell




FIR modell: linearis dekonvolucio

J AN A\ 23
” § 70/ f\\‘_‘
N

NN 56
NN
AN

rrrrrrrrr

2 3 5 6 Beta sulyok



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m The ultimate goal is to model the data the best possible
Ba¥RYFunctions
Single HRF a

—Actual
-—-Fitted

HRF + derivatives

Finite Impulse
Response (FIR)

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 31
Time (s)



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Modeling Noise - “Nuisance Variability”

- if not modeled:

— specificity decreases (due to underestimatirH;1
variance and increasing the number of falser_j}
positives) o

. types: o
-4

:

o

— drift (slow change):
= can be linear or quadratic _
= denoising: discrete cosine transform (DCT) "k
— autocorrelation:
= fast, periodic autoregressive signals
= elimination: AR(1): old + new noise
ARMA(1,1): AR + a series of independent white noise

DCT base functions

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 32



Statisztikak a vizualizaciohoz

m | statisztika a tobbszoros b 000001
determinaltsagi koefficiensen: : 'I

b,ib, by b, b ....

m Kontraszt
— A parameterek linearis kombinacioja

—C B becsiult
parametérek )
kontrasztja ch

T = r N T = N
\I Becsles \I SZC ’(X’X)+C

szorasa



Modellllleszkedes VIZSC aIata

loadanat

lpadfunctional

Inadstimprotocol

Inadstatmap

signal window

baseline window
MaskDef

Fiter OFF

i 48 slice:30 value:0.00
al'l'll:‘[‘th OFF

EEIU

BN U

anatomy filename

D:'wision_projects\qalsubdata‘kois\KOBOR_ISTWVAN_stmem_SENSE_4_
1.nii

D:wigion_projects\qa\subdata‘kois\stimprotocol_20110512T154308.mat

statmap filename

HRF-GLM hd

duration override

predictor time shift

raw timecourse

AU

Végeredmény: statisztikai térképek - modell illesztése minden voxelre



Melyik fat razzak?




anatomy filename
loadanat anatomy filenam

Inadfunctional

lpadstimprotocol

Inadstatmap statmap filename

HRF-GLMW

signal window

baseline window or time shift
MaskDef

Filter OFF

Sl 1 3
Play Smooth OFF
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Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m [-test example

[ | C=1*b1+ '1*b2

 4(FDR) < 0.050

-8.00 =

2017. 05. 27.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 39



Nehézsegek

HRF-GLM

Fiter OFF 128

€27 vi

| Play Smooth OFF ‘

ey e | ‘ g 2215 xy,2 in voxels raw timecourse -
" ul | ' .Allw' -1."1.'4““" l\'\l l lll J'MI"\Il A
“ Y Y h i A
) |
Szignifikancia: a szignifikancia szint (pl.: a=0.05) fals pozitivak aranya. (100,000
voxel tesztelése 5000 fals pozitiv voxelt eredményez)




Tobbszoros statisztikak korrekcioja

m Statisztikal terkepek i
— GLM fit minden voxelre ¥
— T-statisztika minden GLM fitre (kontrasztok)

m A 100,000 voxelbol melyik tényleg
szignifikans?
— 0=0.05 = 5,000 fals pozitiv! Nincs FP: (1- o))"

t05 t15 t25 t>3.5 t>4.5 t>5.5 t>6.5




Tobbszoros statisztikak korrekcioja

m Bonferroni: ag,—= a /V
m FDR

m Klaszterezeési kiiszob

m Random field theory

t15 t>3.5

L0000

0000



FDR modszer (Benjamini &

Hochberg)
m FDR = E(F/V)
m E(FDR) limit meghatarozasa: g
m P ertekek sorrendben: p, 2 pp 2 .. 2 pyy,
m I a legnagyobb | amire igaz:
iV x g2 p(i)

[] p(l)’ ey p(r)
hipotézisek elvetése




Korrekciok osszehasonlitasa

Bonferroni: ag,= a /V

Test Raw Bonferroni FDR
1 0.0001 0.0010 0.0010
p. 0.0058 0.0580 0.0290
3 0.0132 0.1320 0.0440
4 0.0289 0.2890 0.0723
5 0.0498 0.4980 0.0996
6 0.0911 0.9110 0.1518
7 0.2012 1.0000 0.2874
8 0.5718 1.0000 0.7148
9 0.8912 1.0000 0.9011
10 0.9011 1.0000 0.9011



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Preprocessing and Processing Steps

- Anatomical images
— Intensity normalization
— Skull-stripping
— 3D reconstruction
— Normalization (MNI or Talairach)

- Functional images
— Coregistration
— 3D motion correction
— Slice-time correction
— Smoothing
— Defining ROIs
— Regression analysis

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 45



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Anatomical Preprocessing I.

- Intensity normalization
— make white matter (WM) homogenous to aid segmentation

- Skull-stripping
— remove all non-brain tissues
— caveat: shouldnt accidentally remove
grey matter (GM)
- Segmentation

— separate hemispheres, then separ: 02
GM from WM, so analysis can be 5%
restricted to GM

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 46



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Anatomical Preprocessing II.

- Surface creation ,
— make surfaces out of the segmentg® »
GM and WM
- Inflation
— inflate WM surface to better visualize
activations in sulci >
- Flattening

— cut a patch and flatten or cut at
predefined sulci to flatten the
whole brain

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 47



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Anatomical Preprocessing III.

- Normalization

— transform each individual brain into a standard space by

predefined algorithms so 2nd-level (group-level) analysis can be
performed

— standard spaces:

= Talairach space based on one post-mortem brain
3 Montreal Neurological Institute (MNI) space based on a large series

\aI controls / \ / \

"‘,'a\n“,; ._ '-. i.. ;' | "‘ k 5 |
individual space \_/ MNI space \

2017. 05. 27..

TAMOP - 4.1.2-08/2/A/KMR-2009-0006



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Functional Preprocessing I.

- Coregistration

— 3D anatomy and the functional images are acquired in a different
space; moreover the EPI sequence distorts the brain in the
neighborhood of cavities

— a linear (or non-linear) warping algorithm is required to register
both in the same space so statistical activations can be projected
to the anatomical surfare

EPI
distortion

2017. 05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 49



Biomedical Imaging: fMRI — Data Processing and Basic
Analysis

m Functional Preprocessing II.

- 3D Motion correction

— align all functional images to a reference image (usually the first image
or the image in the middle of the scan) since their location could have
slightly changed due to subject motion and all statistical analyses
assume that the location of a given voxel within the brain does not
change over time

- Slice-timing correction

— with a continuous descending EPI sequence, the bottom slice is
acquired a TR later than the slice on the top, so there is a shift in the
onset of the haemodynamic function. One solution to this problem is to
interpolate the data during preprocessing as if the slices were acquired
simultaneously

- Smoothing
— spatially smoothing each of the images improves the signal-to-noise
2017. 05. 27atio (SNR), but will-reguice thes reseiution i.each image 50
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IMRIC | fMRI szerepe a terapids tervezésben
@ <%| A /ényeg...
e A funkcionals MR klinikai o Elokvens teriiletek azonositasa
Semmelweis m r - stz . z 7
R Karatiuazont alkalmazasai o Lateralizaciés mintazat leirasa
ﬁ& 4% o Stimulalandé kéreg megtalalasa
o Halozattérképezés
dr. Kozak Lajos Rudolf, PhD
e avetom MY o Minimalisan invaziv mitéti technika lehet6vé tétele
ozak@mrkk sote hu o Tovabbi kivizsgalas tervezése
o Funkcionalis atrendezédések kimutatasa
IMRIC | fMRI szerepe a terapids tervezésben IMRIC | fMRI szerepe a terapids tervezésben
@ | A feladat... @ | A feladat...
Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI
r r - 7
LINH{ IﬁM* Struktura es funkcio
L ® % Broca - motoros beszédkdzpont
#

AZ AGYRA JELLEMZO A
FUNKCIONALIS LOKALIZACIO

Kozak LR - Klinikai fMRI

Kozak LR - Klinikai fMRI
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Struktura és funkcio

Penfield - szomatotopikus reprezentacio

Kozak LR - Kiinikai IMRI

Struktura és funkcio

Brodmann areak

Igm
@ <%

Kozak LR - Klinikai fMRI

B

#2

SEMMI SEM TOKELETES ES AZ
EMBEREK NEM GEPEK

(NEM VAGYUNK EGYFORMAK)

Kozak LR - Klinikai fMRI

Igﬂﬁ | Elméleti szempontok II.
@

A térkép meglehetdsen valtozatos

o A nyelvvel, beszéddel kapcsolatos aredk nagyon
valtozatosak

Binder et al., J Neurosci 1997; Stippich et al., Neurosci Lett, 2003

o A BOLD valaszt a kérnyez6 szoveti mindség is
befolyasolja

pl. nagyméretl gliomak kérnyezetében a BOLD amplit(idd az esetek
53%-ban csékken

Grummich et al., Neurolmage, 2006

o A kognitiv funkcidk korfiiggéek

Rotte et al., Age and Ageing, 2005

Kozak LR - Klinikai fMRI

V¢ | MRI és fMRI VR
® = Az alapveté kiilonbség... o %
#3
A KERINGES FUGG AZ
AGYFUNKCIOTOL
(TERMESZETESEN NEM A KERINGES K&ZPONTI
Az MRI az anatémiat Afunkciondlis MRI SZABALYOZASAROL FOGOK BESZELNI)
Vizsgélja. az agym (ikodést
Vizsgélja.
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IMRIC | Az egyik els6 funkcionalis kisérlet

Az egyik elsé funkcionalis kisérlet
@ | és taldn a legolcsobb is...

4%| és taldn a legolcsébb is...

RS S AT

S17 Wittags wn 1 e [dide 14
te Yool an, Yeobadungen ber

Koponya

Delet iit az 6ra

Angelo Mosso
Olasz élettanasz
(1846-1910)

Lt Balanco psycliique du professeur Mosso.

Koporya
“[Mosso kisérletében] a vizsgalat alanya egy tgyesen kiegyensulyozott
asztalon fekiidt, mely akar a fej akar a 1ab iranyaba el tudott billenni, ha
barmelyiknek a stlya megnévekedett. Abban a pillanatban, amikor valamilyen
érzelmi, vagy intellektudlis aktivitds megindult az asztal a fej fel6li oldalra

Kar

Koponya
e — «
" H e Bluteere i Gt 1 i
billent a vér redisztribiciéja miatt. bie c«'ufl.,;.':a,nym:. :.l. e Qopfe ertina's, um Ve iy

-- William James, Principles of Psychology (1890)
Kozak LR - Klinikai fMRI

Zago et al., Neurolmage 2009

Kozak LR - Klinikai fMRI

MR | The first functional brain experiments
@ | the Bruit-o-meter (electrophonograph)

John Farquhar Fulton
American physiologist
(1899-1960)

#4

AZ ,AGYFUNKCIO” MERHETO
FMRI-VEL

(ES EGYEB MODSZEREKKEL, MELYEKET MA CSAK ERINTEK)

Walter K

Zagoet al., i A Historical , 2012
Kozak LR - Klinikai fMRI

Kozak LR - Klinikai fMRI

MR | Neurélis valasz mérése fMR-rel MR | Neuralis valasz mérése fMR-rel
@ | mit is mérunk fMR-rel? @ | Hogyan lenet ezt kimutatni?

(1) Neuronal {8) Haemodymariic FIRIGL o Az erek a vér oglgenamqatol fuggdé modon néznek ki T2
activity response response sulyozott MR képeken (Ogawa, 1992)
(2) Neurovascular (4) Detection by
Stimulus ! coupling MRI scanner

O 0 o8 O
« —_—

ormodulation AV

> - \\
in background / \
activity / . . ,
J . ‘ Oxigenalt vér?
| . . 2
Nincs jelveszteség...
- Excitatory activity - Metabolic signal - Blood flow - Magnetic field e
and inhibitory activity unknown - Blood strength
# influence i i - TR, repetition

influence level time

-Blood volume - TE, echo time £
~Haematocrit - Spin or gradient
cho L f ‘ ‘ Deoxigenalt vér?
TRENDS In Naurosoences | Jelveszteség!!! \ /
A(\ ' & / y /

Huettel, Song, McCarthy 2004

Kozak LR - Klinikai fMRI
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#5

FMRI-VEL OXIGENALTSAGOT ES
MERUNK

(ES EZZEL INDIREKT MODON A NEURALIS AKTIVITAST)

Kozak LR - Kiinikai IMRI

Neuralis valasz mérése fMRI-vel
Mivel rokonithaté az fMRI-vel mért aktivitas?

MRK
@

o ABOLD-vélasz az
EEG lokalis
mezdpotencidljaihoz
rokonithat6 (LFP), amik
leginkabb a
posztszineptikus
aktivitast jellemzik.

o Es nem a mult-iunit
aktivitdshoz, ami az
akcids potenmalokat
jellemzi

Kozak LR - Klinikai fMRI

MRK
&=

Neuralis valasz mérése fMRI-vel
Nem sejteket mériink, nem is kolumnakat

27 mm3-es téri
képelem (voxel)

o 2,7 millié neuron

1,1-2,7 x 100 szinapszis
11 kilométernyi dendrit
110 km axon talalhaté

o 0 o

Logothetis, Nature 2008

Kozak LR - Klinikai fMRI

MR
@

Neurdlis valasz mérése fMRI-vel
Mit reprezental az aktivacié?

MRI response

Increase

.......... Detrase

- . - Besding o cronse

Net excitation

— Decrease?
(circuit dependent)

Net inhibition

Thalamus Logothetis, Nature 2008

Kozak LR - Klinikai fMRI

IMRK

Measuring neuronal response using fMRI

@ %] How is it related to other measures?

=
= | |t
£
E wl| |EEC
=
5, SPECT
5| =
@ st| |mes
o PET
[1'4
a 4
2 MRI
S
7

0
103 102 0.1 1 10 100 103 104

Temporal Resolution (s)
Laureys et al, 2002

Kozak LR - Klinikai fMRI

fMRI és egyéb moddszerek

| A wzsgalatvalasztas szempontjai

o SPECT/PET-hez képest
Elony:
« Non-invaziv, nincs radioaktivitas
« Rugalmasabb paradigmak lehetségesek (mint PET)
Hatrany:
« Iktélis SPECT jobb a roham alatti perflziévaltozasok kévetésére
« fMRI csak az oxigenaci6 valtozésairdl ad informaciot

Kozak LR - Klinikai fMRI
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A KLASSZIKUS MAPPING CELJA
AZ ELOKVENS TERULETEK
TERKEPEZESE

(MASOK LEHET, HOGY GONDOLATOKAT AKARNAK OLVASNI, DE MI CSAK ORVOSOK
VAGYUNK)

Kozak LR - Kiinikai IMRI

MRI és fMRI

Képalkotasi kiilénbség...

Igm
@ <%

egy kép, nagy felbontas sok kép, kis felbonf
(1 mm) (~3 mm de lehet jobbis)

Hagyomanyosan MRI-vel egy képet készitlink egy szeletban, igy
az adott idépontnak megfeleld statikus informacioét nyertink, fMRI-
vel képsorozatot készitlink az adott szeletrdl, igy egy tetszéleges
hosszlisagu idétartamon belili valtozasokat tudunk kdvetni.

Kozak LR - Kiinikai IMRI

Mg:‘%| fMRI paradigma

o A vizsgalandé tertlettél fligg
Képmegnevezés: Broca
Beszédértés: Wernicke
Ujjmozgatés: motoros teriletek
Retinotdpias térképezés: vizudlis aredk
o Aktiv és passziv id6szakok valtakoznak, hogy a
LCélterlleten” legyen megfeleld funkcionalis
kontraszt

eldobott
passziv
aktiv

Kozak LR - Klinikai fMRI

"";i%| Funkcionalis kontraszt

o Adott agyi terlleten a
paradigma aktiv és passziv
(alapvonal) idészakai kozott
mérhetd
aktivitaskilonbség

Jorge Jovicich

T,* feladat
T,* kontroll

o Azok a teruleteket fognak a
képen vilagitani, ahol ez a
kilonbség statisztikailag
szignifikans

Kozak LR - Klinikai fMRI

Ng‘%| fMRI paradigma

BOLD signal change

Haller & Bartsch, Eur Radiol 2009

Kozak LR - Klinikai fMRI

Mozgaslatasi paradigma
V5/hMT+ térképezése

Igm
PN

o Szirke: statikus
o Kék: folyamatos mozgas
o Z0ld: szaggatott mozgas

< Single Study General Linear Model - [BE_WTCyl_pCalc_18s_SCSAl_3DMCT_SD3DSS4.00mm_LTR THP3c TA... [2|[X]

61 8 0 21 W1 e 181

Kozak LR - Klinikai fMRI
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ERK |Mozgés|étési paradigma
@ % cm lépései

Kozak LR - Kiinikai IMRI

Mozgaslatasi paradigma

V5/hMT+ térképezése, az aktivitas helyei

Igm
@ <%

Kozak LR - Klinikai fMRI

m M s Iltl - .
l@@=@| ozgaslatasi paradigma

/ < GLM - Data, Model and Residuals ]

GLM - Data, Model and Residuals

7% s M 1 2 W
Time

Adat

Atérkép figg a
valasztott statisztikai K
kiiszdbt 61!

2 3 s\ 7 % U5 1M 1 2 9
Time

Kozak LR - Klinikai fMRI

Igm
PN

#71

A PARADIGMA MEGHATAROZZA
A TERKEPET

(NEM SZABAD FIGYELMEN KivUL HAGYNI A BEUTALOT)

Kozak LR - Klinikai fMRI

Hasznalt paradigmak I.

képmegnevezés

B

KONTROLL:
Merre mutatnak a nyilak?

1 blokk = 24s

Kozak LR - Klinikai fMRI

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University - Pictu re na mi ng
Patient 1 Right temporal lobe
epilepsy

The picture naming task activates the
higher order visual areas (V), the Broca
area (B) and the left premotor region (P,
because of the required motor response)

Patient examination @ MRKK in 2010, LR Kozik, MD, PhD

Kozak LR - Klinikai fMRI
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MR | Hasznalt paradigmak II.
@ £ paradig

szinonima dontés

AKTIV: KONTROLL:
Szinonima? Egyforma?
° °

1 blokk = 24s

Fernandez et al, Neurolmage, 2001

Kozak LR - Kiinikai IMRI

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University - Synonym task
Patient 1 Right temporal lobe
epilepsy

The synonym task activates the Broca
area (B) and the left dorsolateral
prefrontal cortex (D) and the left
premotor region (P)

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

Kozak LR - Klinikai fMRI

Ngf Hasznalt paradigmak III.

B hallés utani megértés

AKTIV: KONTROLL:
Szbveg a fejhallgatéban Megforditott sz6veg

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University - Speech comprehension
Patient 1 Right temporal lobe
epilepsy

The speech comprehension task activates
Wernicke's area (W) and the higher order
auditory cortices (A).

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

1 blokk = 24s
Kozak LR - Klinikai IMRI
Kozak LR - Klinikai fMRI
I 4 - V4 . . . . - . .
Biomedical Imaging: BOLD signal IV. - Clinical Applications
MR [ Hasznalt paradigmak IV. ging g PP
@ | hallas utani dontési feladat www.semmelwels-egyetem.hu
Paradigms used in the MR Research Center (MRKK), Semmelweis University - Word-pseudoword task
AKTIV: KONTROLL: :a"téelslt 1 Right temporal lobe
Szavak - alszavak Kulonb6z6 magassagu hangok pilepsy
| |
N K The word-pseudoword task activates
) ) Wernicke's area (W), the higher order
o o auditory cortices (A), and Broca’s area
0 " (B).

) o ) 1 blokk = 24s
Szavak/alszavak: Dr. Szab6 Léna és Dr. Honbolygé Ferenc MTA-PKI

Kozak LR - Klinikai fMRI

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

Kozak LR - Klinikai fMRI
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Biomedical Imaging: BOLD signal IV. - Clinical Applications

WWW.SemiT is-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University - Memory encodlng

During the active part of the task the patient is instructed to look at the images
and try to memorize them. The whole set is presented twice.

During the passive
part the patient is
instructed to relax.

ACTIVE: CONTROL:
Try to remember Relax

The image pool contains 60
images. Stimuli are presented in
every 3s within 30s blocks.

After the scanning session 32
images is shown to the patient
who has to indicate which of them
were presented previously.

Avila et al. Am J Neurorad, 2006

ClinicalMapping v6.6 © LR Kozak 2007-2010, MRKK.

Kozak LR - Klinikai fMRI

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University — Memory encoding
Patient 1 Right temporal lobe
epilepsy

The task activates various areas including
the visual cortex, areas involved in visual
attention, even the Broca area. The cross
shows a left lateralized activation focus in
the temporal white matter.

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

Kozak LR - Klinikai fMRI

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University — Hometown walking

During the active part of the task the patient is instructed to imagine
walking along a familiar route, and to visualize the surroundings .
During the passive
part the patient is
instructed to count
according to the
given instruction.

ACTIVE: CONTROL:
Imagine the route Count

From HOME

Up from 21 by 2

Stimulation is done in 30s blocks.
To POST OFFICE
Avila et al. Am J Neurorad, 2006

cl 6 © LR Kozak 2007-2010, MRKK

Kozék LR - Klinikai fMRI

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University — Hometown walking
Patient 1 Right temporal lobe
epilepsy

The task activates various areas. The
cross shows an activation focus in the left
mesial temporal lobe that is more
extensive than that of the right mesial
temporal lobe, suggestive of left
lateralization of memory retrieval.

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

Kozak LR - Klinikai fMRI

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University - Sensory-motor mapping

During the active part of the task the patient is instructed to move the
indicated limb. Hand areas are mapped by thumb opposition tasks;
feet areas are
mapped by a toe
movement tasks;
face areas are
mapped by tongue
movement task.
During the passive
part the patient is
instructed to rest

‘| passively.

ACTIVE: CONTROL:
Move the indicated limb Rest

<<< LEFT

cl 6 © LR Kozak 2007-2010, MRKK

Kozék LR - Klinikai fMRI

Motor mapping

Multiple tasks

o Finger opposition
o Toe movement

o Tongue movement

. e
. Kaiser Permanen Ehcjcopedia .o T@St

Kozak LR - Klinikai fMRI
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Iggﬂq Szenzomotoros térképezés

Kozak LR - Kiinikai IMRI

W iomedical Imaging: BOLD signal IV. - Clinical
pplications
@ % www.semmelweis-egyetem.hu

o Paradigms used in the MR Research Center (MRKK), Semmelweis University — Retinotopic

mapping

oDuring retinotopic mapping a polar coordinate system representation of the
visuatfietd-is-fitted-to-theretinotopic-visuat-areas—Fhe-mapping consists of two
Polar angle mapping:

Eccentricity mapping: osteps: polar angle

mapping by a rotating

-~ wedge stimulus, and
~ ,
"ﬁ{f‘:-g\f/\’ eccentricity
> mapping by an
;’ extending ring
: stimulus.
\ < —
N\ // oBoth stimuli have a
‘\\\b#;/ - superimposed

counterphasing (8Hz)
ClinicalMapping v6.6 © LR Kozak 2007-2010 , MRKK checkerboard pattern.

Kozak LR - Klinikai

K LR - Klinikai fMRI

Biomedical Imaging: BOLD signal IV. - Clinical Applications

www.semmelweis-egyetem.hu

Paradigms used in the MR Research Center (MRKK), Semmelweis University - Retinotopic mapping
Patient 3 Retinotopic
mapping in a case of
occipital cortical dysgenesis

The dysgenesis (marked in green on
the top right image) does not
interfere with visual processing in the
retinotopic visual areas (bottom
images).

Patient examination @ MRKK in 2008,
LR Kozak, MD, PhD

Kozak LR - Klinikai fMRI

lgm
P

#8

EGY DOLOG AZ ELMELET, ES MAS
DOLOG A GYAKORLAT

(AZ ERTELMEZEST SOK TENYEZO BEFOLYASOLJA)

Kozak LR - Klinikai fMRI

Igﬂf | Gyakorlati szempontok 1.
LU 2

Mindenki masképp mikodik

o Noha a BOLD-valasz lefutasa a korai szenzoros areakban nagyjabdl
azonos,

Boynton et al, J Neurosci, 1996; Josephs et al,, HBM, 1997,
Zarahn et al,, Neurolmage, 1997

o a vélaszdinamika az agyon bellil
Schacteret al,, Neurolmage, 1997

o ésegyénenként is jelentbsen valtozo.
Aguirreet al,, Neurolmage, 1998

o Raadasul az aktivitasok jelentSsen fiiggenek az egyén pillanatnyi
allapotatol (éberség, figyelem)
McGonigleet al.,, Neurolmage, 2002

Kozak LR - Klinikai fMRI
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lgﬂk | Gyakorlati szempontok II.
@ ®| A térkép meglehetdsen valtozatos
o A nyelvvel, beszéddel kapcsolatos areak nagyon valtozatosak

Binder et al., J Neurosci 1997; Stippich et al., Neurosci Lett, 2003

o A lateralizacié nagyban fiigg az alkalmazott
feladattol

Carpentier et al., Epilepsia, 2001; Baciu et al., Neuroradiol 2005

o A kognitiv funkcidk korfliggéek

Rotte et al,, Age and Ageing, 2005

o A BOLD valaszt a kdrnyez6 szoveti minGség is befolyasolja

pl. nagyméretii gliomak kérnyezetében a BOLD amplitiidé az esetek 53%-ban
csokken

Grummich et al., Neurolmage, 2006

o A térkép fligg a térerctol

SchwarczA, Auer T, Komoly S, Dczi T, Janszky J. Ideggyogy Sz. 30;60(7-8):337-41.
Tieleman A, et al. Invest Radiol. 2007;42(2):130-8.

Kozak LR - Kiinikai IMRI

Igm
@ <%

IFG
p.orbit: szemantika
p. tiang.: szintakiika
p. opercul.: fonoldgia

| Gyakorlati szempontok III.

A térkép meglehet6sen valtozatos

Képmegnevezés Képmegnev. & Gr. dontés
Szinonima dontés Hallas utani dontési feladat
Metszet

Csoport-GLM, N=10, p<0.0001 Bonf

Kozak LR - Klinikai fMRI

MR< [ EIméleti szempontok II.

R A térkép meglehetdsen valtozatos

Auditory
decision

Picture
naming

Kozak LR - Klinikai fMRI

B
o=

Humans are not machines

The activation maps are very variable

picture naming synonym task speech comp. auditory decision

level results

5]
c
E]
=}
S
=3
=}
<
=}
v
-8

o

o There are marked differences between the maps
obtained with the different paradigms:
Picture naming: strong bilateral activations
Synonym task: strongly lateralized
Auditory tasks: bilateral temporal activations

Kozak LR - Klinikai fMRI

lggf%| Humans are not machines

The activation maps are very variable

picture naming

synonym task speech comp. auditory decision

synonym task speech comp.

P

auditory decision

Kozak LR - Klinikai fMRI

B
o=

Humans are not machines

The activation maps are very variable

o The probabilistic maps show that

The synonym task has the most consistent activation
pattern in the Broca area, and is also consistent in the
Wernicke area

Speech comprehension seems to overperform the auditory
decision task in the Wernicke area

picture naming

synonym task speech comp.

auditory decision

Kozak LR - Klinikai fMRI

10
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VRKK Gyakorlati szempontok IV. IgR | Gyakorlati szempontok V.
‘ A térkép fiigg a statisztikatol @ %%

™ a

A térkép fiigg a beteg(ség)tol

aFoR) < 0001

o Léziok hatasai vegyesek:
kompresszié
értjdonképzédés
metabolikus véaltozasok
terapia (gyogyszeres, sebészi)
cavernosus angioma (susc.)

sty <1000 p<ooattes

FDR g<0.05 o Péciens allapota:

- Jelet csokkenti (minden ami vazodilatator):
hiperventillacié
cukorbetegben inzulin beadasa
anémia
Jelet néveli (minden ami vazokonstriktor)
hiperkapnia
theophyllin
s <o magas Htk

Bonf p<0.05 Bonf p<0.01 Bonf p<0.005 Bonf p<0.001 Ciklus-specifikus eltérések

Single subject, picture naming, 6 dropped block&4¥rii -dribstiiRg Kozak LR - Kiinikai IMRI

Gyakorlati szempontok V.

Koperacié fontossaga

3
@ =

«708)
P < 9.2843e-07.

212 < < . Kozék et al.
Sz6képzés Képmegnevezés Ideggyogy SZ 2009

Kozak LR - Klinikai fMRI

KK KK

¥

Jobb kéz mozgatasa Funkcionalis kontraszt

1. vizsgélat 2. vizsgélat

Adott agyi terlileten a paradigma aktiv és
passziv (alapvonal) id6szakai k6zott
mérhetd

Azok a terlleteket fognak a képen
vilagitani, ahol ez a kiilénbség
statisztikailag szignifikans

Kozak et al,
Ideggy6gy SZ 2009

11
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Gyakorlati szempontok VII.

Mekkora a biztonsagos tavolsag?

lggfq Gyakorlati szempontok VI. Ing

Lézio tipusa

8
=
E
®
B
=

Kozak LR - Kiinikai IMRI Kozak LR - Klinikai fMRI

Gyakorlati szempontok VII.

Mekkora a biztonsagos tavolsag?

lgm
P

Gyakorlati szempontok VII. IgRK

Mekkora a biztonsagos tavolsag? :

1

o Preoperativ tervezés vs. intraoperativ
tervezés

Ha nincs az aktivaciok és a 1ézié kozott sulcus/gyrus akkor
érdemes éber mitétet végezni és elektromos mikrostimulacié
segitségével azonositani a funkciondlisan aktiv teriileteket.

2B t- B8 to SEHen

o Viszont intraoperativ tervezésre nem csak

emiatt lehet sziikség
Koponyamegnyitasnal brain shift
Nem egyértelml fMRI eredmény (pl. kompresszié miatt)

lﬁ'““‘: Ig;ﬁ< Lateralizacio
&= @ | «szenfekvs mértéknek tlinik, ugye?

#9

LATERALIZACIOSZAMITAS A
GYAKORLATBAN

(MEGBIZHATUNK EZEKBEN AZ ERTEKEKBEN?)

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI

12
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MR | Lateralizacid
@ %

is fligg a statisztikai kiisz6btol
Plot of Means and Conf. Intervals (95,00%)
100
90
B
80 D u} b
70 B
60 L 8os
g a]
2 50 boaooog, T b=
> = z z
40 o . s
Lo}
30 5,
20
10
0
o 0 o =4 0
g 8§58 8¢5 § S
o oS v v 7 <G Y Y
g ¢ & & ¥ ¢ T S
2 2 £ ¥ ¢ o B x T al Ll
S 5 8 & £ g = “ T Broca_Brm_LI
. 2 &
—T_ Wermnicke_Brm_LI
Bonf p<0.05 Bonf p<0.0 Bonf p<0.005 Bonf p<0.001
Single subject, picture naming, 6 dropped block&#irR SfssthiRg ANOVA p<0.0001, data collapsed across kexperimeatiriDropped blocks”, "Smoothing”

MY | Lateralizacid MU | Lateralizacid

is fligg a statisztikai kliszobtol s flgg a statisztikai kiiszébtdl

. p<0.05
=L Bonf. p<0.01
< Bonf. p<0.005
< Bonf. p<0.001

g

8

&

3

10| FRD q<0.05
FRD q<0.01 —
FRD q<0.005+—>

FRD q<0.00 ’\q/\,\
4 s B

10 12 ) 2 4

Number of voxels w/ a given T-score
Number of voxels w/ a given T-score
8

6 6
T-score T-score

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI

MY | Lateralizacid MU | Lateralizacid

is fligg a statisztikai kiiszobtol s flgg a statisztikai kiiszébtol

. p<0.05 “ . p<0.05

. p<0.01 i }—— Bonf. p<0.01

[+ Bonf. p<0.005 | _ Bonf. p<0.005
< Bonf. p<0.001 < Bonf. p<0.001

g

8

FRD q<0.05 >
FRD <0.01 ——>;
FRD g<0.
FRD q<0.00

(] 2 4

Number of voxels w/ a given T-score
Number of voxels w/ a given T-score

6
T-score

6
T-score

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI
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i

Lateralizacio

Pontosithatd, ha a gorbéket transzformaljuk

Number of voxels w/ a given T-score

M | Lateralizacio

@ <%| Pontosithatd, ha a gorbéket transzformaljuk
megfelel a Wada teszt eredményeinek

800

g

g

g

H

g

H

g

Number of voxels w/ a given T-score * T-score?

o
IS

T-scsore ¢ ° ? T-S(:Eore ° #
Kozék LR - Kiinikai fMRI Suarez et al., Epilepsy & Behavior 2009 Kozék LR - Kiinikai fMRI
lgﬂﬁ Lateralizacio Igl*
&= Fligg a feladattol o %
Hemisphere Broca Wernicke
A T
=i
EEEE R - - #10
AKTIV FELADAT NELKUL IS LEHET
FMRI-T VEGEZNI
(ES GYAKRAN ERDEMES 1S)
ANOVA p<0.0001, data collapsed across ‘Beeppachkiaeks”, “Smoothing”, “Threshold” Kozak LR - Klinikai fMRI

Nyugalmi fMRI

Mit értiink nyugalmi fMRI alatt?

o Agyunk sosem csendes
o Folyamatos tiizelési mintak
o Folyamatos fluktuacié a BOLD valaszban

o Nyugalmi allapotban regisztralt BOLD jel mutatja a
fluktuaciot

o Nyugalmi fMRI alatt a lassi komponenseket értjik

« 0.01-0.08Hz (Cordes et al., 2000, 2001),
0.01-0.15 Hz (Niazy et al., 2008; Smith et al., 2008)

o Légzés (0.1-0.5 Hz) szlirésre keril
o Pulzus (0.6-1.2 Hz) Szilrésre kerl

o Téri korrelaciok keresése zajlik

Kozak LR - Klinikai fMRI

Iﬁ‘q Nyugalmi fMRI

Mire j6? Konnektivitas mérésére

o Konnektivitas:
o Egyes agyi régiok kozotti kapcsolat
o Strukturalis (anatémiai kapcsolat)

DTI

o Funkciondlis (kapcsolat aktivitasokon keresztil)
Nyugalmi fMRI — SCA, ICA

Kozak LR - Klinikai fMRI

14
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Funkcionalis konnektivitas

Modell alapu: Seed-based Correlation Analysis

resting-state fMRI

i

Q

seed voxel

[

‘\\"’"_ri:.
time = scang

seed voxel voxel j 0 functional
connectivity map

Ay iy

rest e, ; 2/ H.“ e o 'mz:’(! seed voxel
S N /
—‘ﬂﬁ correlation between /}

= 1 seed voxel and all other voxels PSSP,

bl ::\*i?ﬂ N/ e

rest

van den Heuvel MP, Hulshoff Pol HE.
Eur Neuropsychopharmacol. 2010; 20(8):519-34

Kozak LR - Kiinikai IMRI

i

Funkcionalis konnektivitas

SCA validacié: Broca <-> Wernicke (f. arcuatus)

JRilling & M Gasser, Science

Kozak LR - Klinikai fMRI

Funkcionalis konnektivitas

SCA validacié: Broca <-> Wernicke (f. arcuatus)

i

A. Cortico-cortical evoked potentials (CCEP)

Z-score of CCEP.
at each electrode

Correlate

RSFC (Fisher 2-
transformed r-value)
at each electrode

CJKeller et al., PNAS in press

Kozak LR - Klinikai fMRI

i

Funkcionalis konnektivitas

SCA validacié: Broca <-> Wernicke (f. arcuatus)

A_Probing Broca's Area B. Probing Wernicke's Area

Stimulation

RSFC

CJ Keller et al., PNAS in press

Kozak LR - Klinikai fMRI

Funkcionalis konnektivitas

Adatvezérelt: fiiggetlen komponens analizis (1cA)

i

o Az adatsorokat matematikai médszerrel
egymastadl figgetlen komponensekre
bontja

*88 80

(abcdef) (bedelf) (bedel) (bc.df)

) & B

(betdf) (bc*df) (bdf)

frontal

“l‘»..
[C3]

van den Heuvel MP, Hulshoif Pol HE.
Eur Neuropsychopharmacol. 2010; 20(8):519-34

Kozak LR - Klinikai fMRI

i

Funkcionalis konnektivitas

Adatvezérelt: fiiggetlen komponens analizis (1cA)

o Az adatsorokat matematikai médszerrel
egymastol filggetlen komponensekre
bontja

Kozak LR - Klinikai fMRI
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Funkcionalis konnektivitas

Adatvezérelt: fliggetlen komponens analizis (1cA)

gnk
O

primary
motor

*88 6o

(abc,de,f) (bedef) (bc.def) (bc,df)

tra-st insular-temporal/ACC

left frontal

06 B &

(b,ctdf) (bctdf) (bdf) (df)

van den Heuvel MP, Hulshoif Pol HE.
Eur Neuropsychopharmacol. 2010; 20(8):519-34

Kozak LR - Kiinikai IMRI

MR< | Funkcionalis konnektivitas
&= SCA és ICA Gsszevetése

I%@Q Amirél beszélni fogok

o Mi az fMRI?

o Mi a nyugalmi fMRI?

o Mit mondhat a nyugalmi fMRI az
agyfejl6désrdl?

Kozak LR - Klinikai fMRI

Az agy fejlodése

Idegsejtek, szinapszisok, agyméret

Is;m
PN

a Grey-matter volume changes during normal development

505 m
™= o 04
N A Ty £ 03
¥ 01
5 years 20 years 00
100

[Prolifecation,

Prefrontal
§ g0 Migratch excitatory synapses
E
x
«
E 80
k)
(ol Arborizatio
8404
£
®
o Myelination
o <1
a 20 Prefrontal
inhibitory synapses
o
T T T T T T
Fertilization 0 // 5 10 15 20 25
A Age (years
F e ly ) Insel, Nature (2010) 468, 178-193

Kozak LR - Klinikai fMRI

M [Az agy fejlodése

® = Idegsejtek, szinapszisok, agyméret

A
4 Adult Term 38 wks
500
>
b 0000 /-"/
o Vel / bt
s 15110 / |
: JooA
1000 —
] /syapsteim
1 /
E 50 J
s
i
H ———
| b
EE R 07108 Al

Gestgton PostnaflDays ——»

34 wks 30 wks 27 wks
Smyser et al, Neuroimage 56 (2011) 1437-1452

Kozak LR - Klinikai fMRI

Az agy fejlodése

Kimutathaté-e a kapcsolatok kiépiilése?

Seed 27 wks 30 wks 34 wks 38 wks Term Control
A. Motor - Leg \ N
wr® ® @ @ @ @

"

@ O G G B &
~ 8868888
'~ 96666 6
98888 e

Z(r)\imyser et al, Neuroimage 56 (2011) 1437-1452

Kozak LR - Klinikai fMRI
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Az agy fejlodése

b
@ % 4 kapcsolati rendszerek érése

“Term equivalent

“Term controls
Mediélis vizualis - -

Lateralis vizudlis

Hallokérgi

Szomatoszenzoros

Motoros

Cerebellum

Agytorzs és thal.

Def. mode

Hatso6 vizualis stream

ICA médszer
Hatso6 vizualis stream

Executive Doria et al, PNAS 2010

Kozak LR - Kiinikai IMRI

i

A motoros rendszer érése

Kozak LR - Klinikai fMRI

Az agy fejlodése

©

ICA médszer

Doria et al, PNAS 2010

Az agy fejlodése

Kapcsolati csomdépontok

Felnétt, Ujsziilbtt
heteromodalis asszociacios primer szenzoros és motoros
perception/action

Fransson
CerCor 2011
21:145-154

Kozak LR - Klinikai fMRI

#1

DOLGOKRA)

Kozak LR - Klinikai fMRI

AZ FMRI NEM CSAK KLASSZIKUS

MAPPINGRE ALKALMAS
(HANEM EEG-VEL KOMBINALVA EGYEB IZGALMAS

O~

Ng‘.%| Spike lokalizaci

positive
MRI

negative
fMRI

Benar et al., Neurolmage, 2006

Kozak LR - Klinikai fMRI

’

Ngiq Spike lokalizacio

(a) EEG average spike (b) MEM Source Localization

Current distribution at 10

01l 7] Current distribution at t1

(e) Quantification of EEG-fMRI

concordance
Cluster # 0 2
MRISiga| >0 <0

max(AUc)| 0.6

minD) | 116

a 365

(c) fMRI results

(d) fMRI results interpolated
on the cortical surface

Cluster |

Grova et al., Neurolmage
2008 Cluster |

() Concordance witl intracranial
EEG recordings

Kozak LR - Klinikai fMRI
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Ng‘%| Rohamkovetés

Donaire et al., Epilepsia 2009

pileptic Network

Kozak LR - Kiinikai IMRI

Igm
@ <%

#12

SEMMIT NEM LEHET PELDAK NELKUL

KORREKT MODON TANITANI
(NIHIL RECTE SINE EXEMPLO DOCETUR AUT DISCITUR
COLUMELLA XI. 1,4)

Kozak LR - Klinikai fMRI

Szentégothai TK -
Semmelweis Egyetem
MR Kutatékézpont

GO =

1. példa

Polymicrogyria / epilepszia

Kozak et al,
Ideggy6gy SZ 2009

Kozék et al.
Ideggyogy SZ 2009

Kozéak et al.
Ideggyogy SZ 2009

Ll L LLLLLLLLL
-8.00 -4.79 8.00 479

p(Bonf) < 0.05

Kozak LR - Kiinikai fMRI
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Postop B, L “ = Postop

Kozak LR - Kiinikai IMRI Kozak LR - Kiinikai IMRI

2.-Példa

DNET a supramarginalis terileten
fMRI& DTT(problémak)

R

Bl

“RIK Szinonima feladat RK Szinonima feladat

Lo .

IFG p. triangularis (Broca) hallokéreg

19
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Szinonima feladat VRIKK Hallas utani megértés

Wernicke hallékéreg

Hallas utani megértés K( DTI Traktografia

jo. az FA és a CST jol elkdnil egymastdl, bo. nem

Wernicke

Kozak LR - Klinikai fMRI Kozak LR - Kiinikai fMRI

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI
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MRK DTI Traktografia VRIK' DTI Traktogréfia

a jobb f. arcuatust a DNT felfelé nyomja a jobb f. arcuatust a DNT felfelé nyomja

SeNepE - 00esdoI eCo0e

Kozak LR - Kiinikai IMRI Kozak LR - Kiinikai IMRI

MK DTI Traktografia RKK DTI Traktografia

a tumor a jobb CST-t kis mértékben a kézépvonal felé tolja a tumor a jobb CST-t kis mértékben a kézépvonal felé tolja

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI

DTI Traktografia RKK DTI Traktografia

a kompresszids hatds miatt a FA és CST egyes voxelekben nem kiilénithet§ el a f. arcuatus a tumor oldala mentén fut
egymastdl, ezért a CST mintha az FA-ban folytatédna (piros nyil) *

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI
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MK DTI Traktografia RKK DTI Traktografia

a f. arcuatus a tumor oldala mentén fut a CST és a f. arcuatus a tumor oldala mentén fut

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI

RKK DTI Traktogréfia

% a CST és a f. arcuatus a tumor oldala mentén fut

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI
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MK DTI Traktografia RKK DTI Traktografia

a CST és a f. arcuatus a tumor oldala mentén fut

Finger opposition

yellow/orange: left, green/blue: right

K .

Motoros kéreg térképezés
minimalisan invaziv eletrodabeliltetés
tervezéséhez fajdalomszindromaban

Kozak LR - Klinikai fMRI

RK Toe movement

range: left, green/blue: right

Kozak LR - Klinikai fMRI Kozak LR - Kiinikai fMRI
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Toe movement

yellow/orange: left, green/blue: right

Kozak LR - Kiinikai IMRI

Tongue movement

yellow/orange: activation

Kozak LR - Klinikai fMRI

Tongue movement

yellow/orange: activation

Kozak LR - Kiinikai IMRI

KK Szenzomotoros térképezés

Kozak LR - Kiinikai fMRI

5/14/2012
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#13

AZ FMRI EGY REMEK
KLINIKAI MODSZER

(MOST JON AZ OSSZEGZES)

Kozak LR - Klinikai fMRI

MRICC 24' a/Z f/':’!R/}(?t, U ke otk IMRIC | fMRI szerepe a terdpids tervezésben
gy olyan képalkoto eljdras, mely az agymdkodés metabolikus 4
&= Korrelatumait méri @A SR
o Standard MR scannert hasznal o Elokvens teriletek azonositadsa
o Lateralizacios mintazat leirdsa
o A neurdlis aktivitasra a lokalis ,oxigéntartalombol” o Stimulalandé kéreg megtalalasa
kovetkeztet - "y .
o Halbzattérképezés
o Nem-invaziv, ismételhetd, kulonféle L . ) L
betegeken/alanyokban hasznalhaté o Minimalisan invaziv mitéti technika lehetévé tétele

o

Tovabbi kivizsgalas tervezése

o JO téri és elfogadhatd id6beli felbontassal Funkciondlis atrendezédések kimutatasa

rendelkezik

o

Kozak LR - Klinikai fMRI Kozak LR - Klinikai fMRI
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Diffusion

The water molecules are in constant
motion

*Random rotations by thermal motions
. Leading to local magnetic field variations and
thus
*  T2effects

«Random displacements or diffusion
+  Random walk or Brownian motion
. In a sufficiently big compartment the
probability of moving in a given direction is
equal across directions (isotropy)

2012.05.14.. TAMOP - 4.1.2-08/2/A/IKMR-2009-0006
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Diffusion

Due to the complete randomness of

motion, a group of molecules starting

from roughly the same location

spread out over time

« The variance of the spread over time
along a given spatial axisis ¢ = 2DT
where Dis the diffusion coefficient

+ As they are equally likely to move in any
direction, the mean displacement of the
molecules is 0

« Diffusion is a local effect, the
displacement is present over short
distances

www.semmelweis-egyetem.h|
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Diffusion anisotropy

If molecular motion is limited by non-
permeable walls, the pattern of
diffusion becomes anisotropic, i.e.
there is a higher probability of
diffusion along directions parallel with
the boundaries than along directions
perpendicular to them.

Diffusion in the cerebral gray matter is isotropic.
Diffusion in the cerebral white matter is anisotropic.

>

Isotropic Anisotropic
diffusion diffusion

2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Diffusion anisotropy
in the human brain

The axons of neurons are surrounded

by a myelin sheath

« extended and modified plasma
membrane of Schwann cells wrapped
around the axon in a spiral fashion

« protects the axons

« facilitates signal transduction

« impermeable to water

myelin sheath Ranvier's node

www.semmelweis-egyetem.h|
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Diffusion anisotropy
in the human brain

Bundled axons limit the diffusion of

water along the axonal axis.

There are 3 main types of axonal

bundles found in the white matter of

the human brain

« Commissural bundles provide connection

between the hemispheres

Association bundles provide longitudinal

connections within hemispheres

« Projection bundles provide connections to
the peripheral nervous system

diffusion along axons
in a neural fiber tract

2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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A fehérallomany szerkezete

Mielinhuvellyel boritott axonrostokbdl all
A axonok lehetnek diffizan elosztottak ill. kétegekbe retdieetnek
— Projekcios kotegek:kéreg és subcorticalis struktirak kozott
— Asszociacios kotegekhemispheriumon beliili cortico-corticalis
kapcsolatok
— Commissuralis kotegek:homoldg tertletek kozotti kapcsolat

[————

r———

projection bunaies

TMRI Kilnkal alkaimazasal
-2010.10.18
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Diffusion anisotropy in the human brain

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

Commissural bundles

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Diffusion anisotropy in the human brain

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD.

Projection bundles

2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Diffusion anisotropy in the human brain

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

Association bundles

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Diffusion anisotropy in the human brain

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD.

Commissural bundles
Projection bundles
Association bundles

2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006

FREE NUCLEAR INDUCTION

By E. L Hahn

Another influence which destroys the phase memo:
cules w conf resonant nuclei. Since there 1s an
established gradient of the magnetic field over the vol-
ume of the sample, a molecule whose nuclear moment
has been flipped initially in a field Ho, may, in the
course of lime 2r, drift by Brownian metion into a
randomly differing field Hy Therefore, as r is in-
creased, a lesser number of moments participate in the
generation of in-phase nuclear radio-frequency signals.
The theory of the diffusion effect can be incorporated
into the nuclear equations, and a useful expression is
obtained by which the seli-diffusion coefficient of male-
cules can be measured from the plotted envelope curve
and known parameters.

Physics Today, p. 4-9, 1953

Kozak Lajos Rudolf - 12
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“Gold Standard”
for Diffusion Measurement

“All methods for measurement of ditfusion depend
on somehow “labelling’ molecules. To the extent
that the ‘label’ has a negligible effect on the
diffusion process itself, a method may be said to
truly the ‘self-diffusion” constant. In the method
here described a molecule is in effect labelled by
rection of the nuclear magnetic moment it
a more innocuous label would be difficult
Lo imagine™,

HY Carr, EM Purcell (1954). Effects of diffusion on free precession in
nuclear magnetic resonance experiments. Phys. Rev. 94(3): 630-638.

13

Stejskal & Tanner
Pulsed-Gradient Spin Echo (PGSE)

90° 180°
[él echo
\ H—/\
N MDA, 1) N

EO Stejskal, JE Tanner, Spin Diffusion Measurements: Spin Echoes in the
Presence of a Time-dependent Field Gradient, J. Chem. Phys., 42: 288-292,
1965

Kozak Lajos Rudolf - 14
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Kozék Lajos Rudolf -

Conception of Diffusion MRI

“The basic zeugmatographic [MRI] principle

permits the generation of 2- and 3-
dimensional images displaying chemical
compositions, diffusion coefficients, and other
properties of objects measurable by [NMR]
spectroscopic techniques”.

Lauterbur PC. Image formation by induced local interactions:
examples employing nuclear magnetic resonance. Nature
1973; 242:191-192.

B

Kozak Lajos Rudolf -

AUR Memorial Award

Translational Molecular Self-Diffusion in Magnetic
Resonance Imaging ’ AON) .
L. Effects on Observed Spin-Spin Relaxation " o

VG D A5

GEORGE £ WESHEY, MO MICHARY £, MOSELEY, PAD, AND RICHARD L FHMAN D Invest Radiol, 1984;19(6):484-490.

MOLECULAR

Translational Molecular Self-Diffusion
in Magnetic Resonance Imaging

11 Measurement of the Self-Diffusion Coefficient
WESHEY, MD. MICHAEL . MOSELEY. P, AND RICHARD L EFAAN, MO

Invest Radiol, 1984:19(6):491-498.
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Diffusion weighted
MRI (DWI)

Uses a spin-echo pulse sequence with
two additional gradients applied
during the sequence

Pulsed-Gradient Spin Echo (PGSE)

€0 Steiska, JE Tanner: Spin Difusion Measurements: Spin Echoes in the
of a Time-dependent Field Gradient, ) Chem Phys, 42:288-292,
1965
« First gradient disrupts the magnetic
phases of all protons
« Second gradient restores the
phases of stationary protons

Www.semr gyetem.h

90° 180" echo

Ri—ofe————

TE time

2012.05.14, TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Diffusion weighted
MRI (DWI) cont’'d

But the second gradient does not
completely re-phase the spins

The restoration of signal is incomplete
for protons that have moved (diffused)
during the elapsed time
This sequence is very sensitive to
bulk head movement, as well

Diffusion in each voxel can be calculated
from the signal decay knowing the
acquisition parameter b

90" 1807 echo

TE lime:

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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807 1807 echo

RF gl

Rl
90° 180°

echo

time

2012.05.14.. TAMOP - 4.1.2-08/2/A/IKMR-2009-0006
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Diffusion weighted
MRI (DWI) cont’'d

« On the example DWIs (diffusion
sensitive gradients applied in three
directions all with the same b-value)
dark areas represent areas with
high degree of diffusion

« Using a single b=0 reference image,
i.e. an image without diffusion
weighting (S,)

« D can be calculated voxelwise, and
presented as an apparent diffusion
coefficient (ADC) image

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Diffusion weighted
MRI (DWI) cont’'d

As gradients encode directions in the
magnet, diffusion can be measured in
arbitrary directions.

Z (feet-head)

This flexibility provides a means for
describing neural tract orientations by
measuring diffusion anisotropy.

The 32 diffusion direction vectors of the 1
standard high resolution DTI sequence used at X Qet-right)

the Semmelweis University MR Research Center

(MRKK) is visible on the right.

Y (anterior-posterior)

2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Referenciakép
T2W

Diffazié sulyozott képek
DWI

Kozék Lajos Rudolf - 23
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Types of diffusion anisotropy

isotropic planar linear

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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The diffusion tensor

« Diffusive properties can be
described with a 3 X 3 symmetric
tensor matrix

O

Il
QU §U §U
QU 50 50
NU ﬁo fﬁo

2012.05.14.. TAMOP - 4.1.2-08/2/A/IKMR-2009-0006

VQJ A diffazids tenzor
|

D = RAR
A0 0 Ve
=|V1V2Vaf[ 0 Ay 0 f[ V2
0 o0 Asf| vy

As

A

1

A diffiziés tenzor sajatértékei az un. diffiziés
koefficiensek (A;, A, and A;) a diffazivitas 3 féiranyaban

Kozak Lajos Rudolf - 26
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Fractional anisotropy
(FA)
FA= I(Ax _/]v)z +(/]x _/]z)2 +(1Av _/]z)2
Z(AXZ +A,2 +/lzz)
« Direction independent measure of FA=0 FA=0.52
anisotropy
« FA maps can be color coded
according to the direction of highest
diffusion:
+  LEFT-RIGHT
ANTERIOR-POSTERIOR
«  FEET-HEAD FA=0.7
2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 27
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)10, LR Kozék, MD, PhD

FA map color coded according to the
direction of highest diffusion
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Diffusion tensor
imaging (DTI)

« Diffusion tensors can be calculated
and visualized voxelwise

« The primary direction calculated
from the tensor can be used as
input for tractography

Patient examination @ MRKK in 2010, LR Kozék, MD, PhD

2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006

Nem lehet az egyes idegrostokat kdvetni

A voxelméret milliméteres
A axonok mikrométeresek

w Kozak Lajos Rudolf - Infobionikai Videokonferencia 30
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Tractography 2

Tracts are built from a collection of
connected voxels during tractography.
During streamline tractography
neighboring voxels are connected if the
tensor in one points towards the other.
DTI voxels are on the scale of 2x2x2 mm,
while neuronal fibers are on the scale of
microns, therefore tensors provide P
aggregated information. ’ i
Thus connectivity must be modelled
« With a discrete model of tensors (top row)
connections or directions can be missed or
misinterpreted 1%
« With a continuous model of tensors (bottom ﬁ Iil @
row) the results are more realistic.
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Tractography

Probabilistic tractography uses a
Bayesian approach to estimate the
most probable connections

« Time demanding
« Hardware demanding

« Cannot fully solve crossing fiber
and kissing fiber uncertainties

=l =] E=
%

SINIES

«  Although a priori information helps in @ @ @
some cases
2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006 32

De mi a helyzet a keresztez6désekkel?
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kissing
fibers

Tractography pitfalls \ / \ /
‘)

Due to the low resolution of DTI, °
especially compared to the size of
neural axons, uncertainties arise

Soers cros withn avorel AWA
\/ \/

« fibers come to close vicinity within a
voxel (kissing fibers)

« fiber direction changes in an acute kissing
angle crossing | | fibers,
fibers o K acute

/N /\™

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Ways to improve DTI

DTI uncertainties can be decreased using special sequences and special post
processing methods:
« increasing the number of diffusion directions (HARDI)

«  very time consuming, not appropriate in a clinical setting Tuch et al., 2002

« increased probability of head movement artifacts Descoteauxet al., 2006
« modeling higher order tensors

*  needs HARDI data

« time consuming

«  computationally intensive
« modeling two (or more) tensors simultaneously

*  Needs HARDI data

«  computationally intensive

2012.05.14.. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Ways to improve DWI/DTI

Pulse-triggering improves DWI/DTI
image quality

The DWI sequence is very sensitive to
tissue motion, but tissue motion is not
limited to bulk head movements.

CSF pulsation can also cause movement
artifacts, which can be more prominent in
the pediatric population.

20 images recorded in the feet-head
diffusion direction is shown on the right;
the variability in the images is clearly
visible.

Kozak et al,, ESNR 2010
Kozak et al, submitted

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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DWIs without triggering

2012.05.14.. TAMOP - 4.1.2-08/2/A/IKMR-2009-0006
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triggered non-triggered difference

Ways to improve DWI/DTI

Pulse-triggering improves DWI/DTI Vo3
image quality

Pulsatile artifacts are often visually
identifiable when pulse triggering is not
used.

Contrary to what has been shown in
adults, the pulsation artifacts can be
observed throughout the brain in the
pediatric population.

Tiggered - norvriggered [%]

Kozak et al,, ESNR 2010
Kozak et al, submitted

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Triggered Non-triggered

]

€5

Slice 1
Volume 1

Kozak et al, submitted

2012.05.14, TAMOP - 4.1.2-08/2/A/KMR-2009-0006

Biomedical Imaging: New Frontiers in Biomedical Imaging - DTI

www.semmelweis-egyetem.h|

Kozak et al, submitted
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Kozak et al, submitted
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Ways to improve DWI/DTI

Pulse-triggering improves DWI/DTI
image quality

without

vith
pulse trigger pulse trigger

These artifacts can strongly influence
calculated tensor parameters, such as
fractional anisotropy and/or eigenvectors.
Using pulse triggered acquisitions can
eliminate pulsatile artifacts.

Pulse triggering is feasible for DWI in
infants because it does not increase the
acquisition time substantially given the
infants’ relatively higher heart rate and
smaller brain size.

Kozak et al,, ESNR 2010
Kozak et al, submitted

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Kozak et al,, submitted
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Clinical applications
of DWI/DTI

Stroke

Primary cause is interruption of blood
flow to brain region =» ischemic
injury, infarction.

It is difficult to differenciate between
acute and chronic ischemia using
standard MR sequences.

As “time means life” in case of stroke,
DWI is a very important clinical tool.

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Patient examinat 2010, Patient examina
Co

Acute and chronic stroke can be differentiated using diffusion MRI.

Acute stroke is seen as reduction in ADC (decreased signal intesity on the ADC image, and increased signal intensity
on the DWI), while chronic ischemia has increased ADC (increased signal intensity on ADC, and decreased intensity on
DWI).

The reduction in diffusivity is due to cell swelling and i

tortuosity of fluid spaces.

2012.05.14, TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Clinical applications
of DWI/DTI

Brain tumors

DWI can help in tumor grading
« high cellular density (lymphomas,
dysembryoplastic neuroepithelial tumors)
= low ADC
« cellular density increases with degree of
malignancy in gliomas

DTI is useful for pre-surgical
evaluation and treatment planning in
brain tumor patients.

Fiber tractography can estimate the relationship between
the tumor and nerve fiber bundles especially important
for the quality of life (corticospinal tract, arcuate
fasciculus, callosal fibers, etc.).

www.semmelweis-egyetem.h|

Epilepsies

DTI can be useful for describing epileptogenic neural
circuits in epilepsy patients.
Lymphomas &
extracranial tumors

DWIBS (Diffusion Weighted whole body Imaging with
Background Suppression) are useful for tumor viability
assessment, its predictive value matches that of PET-
CTs. e.g Kwee et al,, Eur Radiol, 2008

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006

Rudas et al., submitted

Biomedical Imaging: New Frontiers in Biomedical Imaging - DTI
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- o
Diffusion restriction in case of a brain metastasis of pulmonary origin.
Patient examination @ MRKK, images courtesy of G Rudas, MD, PhD.

2012.05.14, TAMOP - 4.1.2-08/2/A/KMR-2009-0006
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Future clinical applications

DTI-based temperature
measurements

The cerebrospinal fluid can freely
move within the lateral ventricles.
In case of non-limited diffusivity the
diffusion constant of water depends only

www.semmelweis-egyetem.h|

225674K

on the temperature. - T= — 27315°K
« CSFis almost pure water, containing - mm?

only some ions in normal conditions 43921x10° ——
« Using artificial CSF containing phantoms, In >

the relationship between temperature D mm

and CSF diffusivity can be calculated s

Kozak et al.,, Acta Paed, 2010

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006




Biomedical Imaging: New Frontiers in Biomedical Imaging - DTI

www.semn is-egyetem.h|

voxel data

Future clinical applications

DTI-based temperature
measurements

Temperature ]

BAR R
Upon calibration and CSF-pulsation P
correction, ventricular temperatures can e
be estimated in vivo. a. b.  pifusion directions
This can be especially useful in cases of Corrected map
hypothermic treatment following:

« perinatal brain ischemia

« traumatic brain injury

Kozak et al., Acta Paed, 2010

Yamada et al., showed increased temperature in
Moyamoya patients using this method (NeuroReport,
2010).

o
0 %0 40 50 60
. Temperature bins VC\

2012.05.14.. TAMOP - 4.1.2-08/2/AIKMR-2009-0006

Perinatalis asphyxia

Incidencia MR

* Ty, Ta: koros jelintenzitas, amely

2-3 sulyos- kozépstlyos hypoxias s " i
patholdgias elvaltozasra utal

ischaemids encephalopathia (HIE) /
1000 élvesziilétt

20 % halalozas
20 % maradanddan sulyosan

« Diffuizi6 sulyozott képalkotas (DWI):
effektiv diffuzios egyutthatd
(apparent diffusion coefficient , ADC) érték,
karosodott amely cytotoxikus oedémardl add informaciét
60 % egészséges / enyhén
karosodott tulélé
*Diffuziés Tenzor Képalkotas (DTI):
frakciondlis anizotrdpia (FA) érték, amely a
fehérallomany integritasardl nyuijt informaciot
Nincs olyan korai biomarker ami
kielégitéen elérejelezné a
neurolégiai kimenetelt!

[ Csak normothermiasok vizsgalva

B Nincs tanulmany amely a neurolégiai
kimenetelt vizsgalta volna

K 1: A neonatalis intenziv centrumok tevékenysége (2005-2009), Péll G., Valek A. ISBN:

Problémafelvetés és kutatasi hipotézis

Problémafelvetés: Nincs jelenleg olyan korai
biomarker, amely kielégitéen elérejelezné a késSbbi
neuroldgiai kimenetelt. Amennyiben lenne, akkor Uj
neuroprotektiv terapiak klinikai tesztelése sordn nem
kellene  megvdrni a két éves neuroldgiai
utdnkovetést, a terdpia hatdsossdgdnak eldontésére.

Hipotézis: Hypothermidval kezelt HIE-s Ujsziilottek
két éves kori neuroldgiai statusza elGrejelezhetd TBSS
segitségével.

KK

Ujsziilottkoriencephalopathia
és MR képalkotas:

4
Lathato-e a ket éves fejlodesnearologlal klmutel

7 7

az elsé elethét diffuzuafarameterelben?

Temavezeték: dr. Kozak Lajos Rudolfas
dr. Szabé,Mikl6s®

a: SE~ MR Kutatokézpont

b: SE —I.s7. Gyermekagyogyaszati Kiinika “

Kolossvary Marton AOK-II

DTI - diffuizids tenzor képalkotés

Teacts i TBSS)?3 : Operator
fliggaiiesom 3dsaayBIRRRIAND M il pAlpM-
sainbgdisHeranlRsaficrve mmm—p A

[ [G—2+ Q=2+ Gy~

2:Smith etal. (Neuroimage, 2006) 3: Ball et al. (Neuroimage, 2010)

Betegek és Mddszerek
MR mérési adatok

*26 gyerek adatait vizsgaltuk

*MRKK: 3 Teslas Philips MR késziilék
32 iranyu DTI felvételek

24 életodrat kovetben készilt felvételek

*FA-térképek és TBSS kivitelezése: Oxfordi Egyetem
FMRIB kutato csoportjanak FSL v. 4.1 programjaval




Betegek és Modszerek
Neuroldgiai utankovetés és csoportbeosztas

Neuroldgiai utankévetés: Bayley Scale of Infant Development-II*
e Mentalis fejlédésiindex
e Psychomotoros fejlédésiindex

2 éves kori utanvizsgalat Acut MR vizsgélat (els6 élethét)

Ertekek Neurologiai fejl_&dés « Enyhe: Radioldgiailag nem igazolhatd

>115 Atlagosnal gyorsabb HIE (n=6)
100 - 114 Atlagos

85-99 Enyhén megkésett

70-84 Kozepesen megkésett

* Kézepes: Radioldgiailag igazolhatd
HIE (n=10)

- «Sulyos: <70 pont, vagy neuroldgiai okl
=10)

exitalds

4:Bayley, N. (1993). Bayley Scales of Infant Development Second Edition. San Antonio: The Psychological Corporation. ISBN: 0761646043

Atlagolt FA “vaz”

Eredmények

I:I Szignifikans eltérés (p < 0.05)

s Sulyos < Enyhe
Szignifikans, diffGz
FA csokkenés

Sulyos < Kdzepes

Bal corticospinalis
palya szignifikdns
FA csokkenés

Nincs szignifikans
FA eltérés

. Kézepes < Enyhe

A e

TBSS (1)

w’m
n &

Atlagolt FA p O “
g A Q
KK —

TBSS (2)

Vetités minden Gjszilott FA
térképre kilon

Egyedi FA térkép

- [ETET

Csoportok dsszehasonlités?

Atlagolt FA “vaz”

Silyos (1=10)

Bootstrap statisztika

Enyhe (N=6)

Konkluziok
Hipotézis: hypothermiaval kezelt HIE-s GjszilGttek két éves kori neurolégiai statusza
elérejelezhetd TBSS segitségével
Az els6 életnapokban (acut / subacut id&szakban)
mért FA értékek, TBSS-szel vizsgdlva, Szoros
Osszefliggést mutatnak a két éves kori motoros és
mentdlis teljesitménnyel.

HIPOTEZIS IGAZOLVA

A TBSS igéretes eljdras a neuroldgiai karosodasok
korai el6rejelzésében asphyxias Ujszilottek esetén.

RKK

10



Trendek - atlaszok

Wakana et al., 2004

W Kozk Lajos Rudolf - Infobionikai Videokonferencia
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Both the left corticospinal tract and the arcuate fasciculus are dispced by the
large temporal tumor visible as a decreased signal intensity region on the T1W
coronal image.

2012.05.14, TAMOP - 4.1.2-08/2/A/KMR-2009-0006

Biomedical Imaging: New Frontiers in Biomedical Imaging - DTI
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i o 2010, 8 K D, 10

The tumor not only displaces the arcuate fasciculus, but also separates it into
an upper and lower bundle.

2012.05.14. TAMOP - 4.1.2-08/2/A/KMR-2009-0006

KK
wz- CASE #1

DNET in the'supramarginal'region
fMRI& DTT (and their pitfalls)

Anatémiai viszonyok

i 9w

Gens BE Te BE K1
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Szinonima feladat
IFG p. triangularis (Broca)

Szinonima feladat
hallékéreg

Szinonima feladat

IFG p. opercularis (Broca)

Szinonima feladat

hallokéreg

Szinonima feladat

Wernicke
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Hallas utani megértés
hallékéreg

Hallas utani megértés

Wernicke

Hallas utani megértés

hallékéreg

Hallas utani megértés

Wernicke

13



RKK DTI Traktografia

jo. az FA és a CST jol elkénll egymastol, bo. nem

e

#K DTI Traktografia

jo. az FA és a CST jol elkénll egymastol, bo. nem

K{ DTI Traktografia

a jobb f. arcuatust a DNT felfelé nyomja

DTI Traktografia

a tumor a jobb CST-t kis mértékben a kézépvonal felé tolja

=
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KK DTI Traktografia

a tumor a jobb CST-t kis mértékben a kzépvonal felé tolja

KK DTI Traktografia

a f. arcuatus a tumor oldala mentén fut

KK DTI Traktografia

a CST és a f. arcuatus a tumor oldala mentén fut

K DTI Traktografia

a kompresszi6s hatds miatt a FA és CST egyes voxelekben nem kiilonithetd el
egymastdl, ezért a CST mintha az FA-ban folytatédna (piros nyil)

SeNepE - 00esdoI eCo0e

KK DTI Traktografia

LY N TR XYY Jelale]
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MAK DTI Traktografia

a CST és a f. arcuatus a tumor oldala mentén fut

MRK DTI Traktogréfia

a CST és a f. arcuatus a tumor oldala mentén fut

MRK DTI Traktogréfia

a CST és a f. arcuatus a tumor oldala mentén fut

VRIK' DTI Traktogréfia

a CST és a f. arcuatus a tumor oldala mentén fut

IOE ST XYY Yoy 44 11 1

Temporal tumor
fMRI-& DTI

16



RKK' Anatémiai viszonyok

*

Szinonima feladat

Szinonima feladat

Wernicke

Szinonima feladat

Szinonima feladat

hallokéreg

Hallas utani megértés

hallokéreg

17



R

Bl

R

Bl

Hallas utani megértés

Wernicke

RKK DTI Traktografia (apc képen)

f. arcuatusok

HK DTI Traktografia (apc képen)

f. arcuatusok

-

DTI Tra ktog réf|a (T2W referenciaképen)

f. arcuatusok

MRK DTI Traktografia (apc kepen)

e

f. arcuatusok

Tumor in)the basal ggla.
DTI
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Case #4

Tumor injthe centralregion
fMRI-& DTI

Kézujj mozgatas (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

Kézujj mozgatas (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

I\ H« A T1 sulyozott képeken alacsony intenzitasu terilet a T2*

L

L

sulyozott fMRI képeken magas intenzitassal abrazolddik

25



Kézujj mozgatas (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

Kézujj mozgatas (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

Kézujj mozgatas (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

26



MK Kézujj mozgatds (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

Labujj mozgatas 1 (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

Labujj mozgatas 2 (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

LabUJ_] mozgatas 1 (b>j modell)

rancs: bal kéz, zéld/kék: jobb kéz

Labujj mozgatas 1 (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz

Labu_]J mozgatas 2 (b>j modell)

narancs: bal kéz, zold/kék: jobb kéz

27



Labujj mozgatas 2 (b>j modell) YK Labujj mozgatas 2 (b>j modell)

sarga/narancs: bal kéz, z6ld/kék: jobb kéz rancs: bal kéz, zéld/kék: jobb kéz

Nyelvmozgatas K Nyelvmozgatas

aktivitas tipusos lokalizacidoban aktivitas tipusos lokalizaciéban

»
I
=
=
B

H« A jobb CST, vordssel jeldlve a T2 stlyozott képen magas jelintenzitasu terilet.
5 A CST rostjai legalabb részben &thaladnak a 1ézi6n

S

H«  eeezzieals S YT le=lel XY 1|
n §

DTItraktografia
2012:02:17.
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H« A jobb CST, vérossel jelélve a T2 sllyozott képen magas jelintenzitdsu teriilet.
A CST rostjai legaldbb részben athaladnak a 1ézién

4t W o MedRlA - DT ik
Modes DTrck T

@ [N]m 2 B e@esdnz ecend

Poweted by MedINRIA

A jobb CST.
A CST rostjainak frakciondlis anizotrépia értéke (egyeniranyitottsaga) az érintett
teriileten lecsékkent (kékes szin, szemben az elvart zélddel, nyillal jelélve)

S

YL IS =l odesloz ecead

Powered by McINRIA

M( A jobb CST viszonya a T2 sUlyozott képen magas jelintenzitasu teriilethez.

Powered by McINRIA

A jobb CST.
A CST rostjainak frakciondlis anizotropia értéke (egyeniranyitottsaga) az érintett
teriileten lecsokkent (kékes szin, szemben az elvart zélddel, nyillal jeldlve)

ek VedNRIA DT ik
DiTrck Took tisp
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red by MedINRIA

H« A jobb CST viszonya a T2 sulyozott képen magas jelintenzitasu tertilethez.
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Powered by MedINRIA

H« A jobb CST viszonya a T2 sulyozott képen magas jelintenzitasu tertilethez.

2 [x]mQ Bew ‘oQeecluz eenl

Powered by MedINRIA
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H« A jobb CST viszonya a T2 sUlyozott képen magas jelintenzitasu teriilethez. H« A jobb CST viszonya a T2 sulyozott képen magas jelintenzitasu
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M( A jobb CST viszonya a T2 sUlyozott képen magas jelintenzitasu teriilethez. H« A jobb CST viszonya a T2 sulyozott képen magas jelintenzitasu tertilethez.

S
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Powered by McINRIA Powered by MedINRIA

A jobb CST, vérossel jeldlve a T2 stlyozott képen magas jelintenzitdsu teriilet. H« A bal CST, vérossel jelélve a jobb oldali 1éziéval analdg teriilet.
A CST rostjai legaldbb részben athaladnak a lézién.

2 x]mQ Baw ‘oQeecluz eenl

Powered by McINRIA




RIA  niobbcs.

A CST rostjainak frakcionélis anizotrépia értéke (egyeniranyitottsaga) az érintett
terileten lecsokkent (kékes szin, szemben az elvart z6lddel, nyillal jeldlve)
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M( A két CST 6sszehasonlitd képe.
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Powered by McINRIA

A bal CST.
A CST rostjainak frakcionalis anizotropia értéke az érintettel analdg teriileten
megtartott (zéldes arnyalatok, nyillal jeldlve)
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H« A két CST dsszehasonlitd képe.
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DWI/DTI summary

Diffusion weighted imaging is capable to measure water diffusivity in vivo.
These measurements can give information both on structure and function.

Structural aspects

As the main diffusion direction of water is strictly restricted along the axons in
the cerebral white matter, DTI can depict neural connections in healthy
subjects and patients.

Functional aspects

As water diffusivity depends on the balance of extracellular and intracellular
factors, any pathology affecting these compartments (e.g. stroke, lymphoma,
etc.) can cause changes in diffusivity, thus DWI can be used for diagnostic and
prognostic purposes.

2012.05.14, TAMOP - 4.1.2-08/2/A/KMR-2009-0006

Ngfﬁ DTI Osszefoglalas: MRI

o Diffusion: egy anyag brown
mozgasa egy masikon at

o Anizotropia: a diffazié mértéke
iranyfuggé

o A méagneses gradiensek a
protonok fazisaiban térben
eloszl6 hullamokat keltenek

N

\
o

=
.
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-
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o A destruktiv interferenc
kimutatja a gradiensiranyban
fellép6 diffuzio relativ
nagysagat.

Kozak Lajos Rudolf - Infobionikai Videokonferencia
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I:':‘%| DTI 6sszefoglalas: Modell

Tenzor modell (Basser 1994)
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Kozék Lajos Rudolf - Infobionikai Videokonferencia

Iw*| DTI 6sszefoglalas: Alkalmazas

Kozak Lajos Rudolf - Infobionikai Videokonferencia 188
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Arterial Spin Labeling (ASL)

Kiss Maté



Precapillaris

: Anastomosis
sphinchter

Metateriola

Tracer szallitas Tracer kiaramlas

EE——

MRI: ["H]-H,0O
Gd-DTPA

Arteriola

Perfuzio: Kapilldris szinten 1évé szoveti vérdtdramlds

+AzZ a sebesség, amellyel egy adoft tdtmegl vagy térfogatu szévetben levd
v?rmennyiség Ujra feltdlti a kapilldris haldzatot”



AgLiperfﬁzié merese

Lokdlis agyi perfuzid/cerebral blood flow (CBF)
merése

Invaziv:

Kontrasztos perfuzid, kontrasztanyag alkalmazdasaval
(Dynamic-susceptibility Contrast perfusion, DSC)

Non-invaziv:
Arterial Spin Labelling (ASL)




Perfizios MR
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Sasan Karim et al.: Advaced MRI Techniques in Brain Tumor Imaging; Appl Radiol. 2006;35(5):9-18



Perfuzios MR

Diffusion

Radiology Assistant 2014



Arterial Spin Labeling - ASL

Non-invaziv technika a perfuzid meghatdrozasahoz
Tébbszor ismételhetd kvantitativ mérés

Az artéridban Iévd folyadékot (vizet) haszndlja fel o
képalkotdshoz

Az artérids vérben lévd spinek jeldlése (endogén
anyag)

Egy adott idd elteltével a jeldlt spinek megjelennek
a ldtdmezdben

A ,jelolt vér" kicserélédik -> PerfUzid



Longitudinalis
magnesezettség

Vizmolekuldk
az
agyszovetben
 al

Vizmolekuldk
az artérias
vérben

BN Vizmolekulak invertalt
e magnesezettséggel

Labeling slab

Jelolt régio | Sziikségtelen jel eliminalasa

Vizmolekuldk a
szovetekben

Perftzids
felvétel

1
i
Kontroll i
kép !

i
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Tomoyuki Noguchi et al.: A Technical Perspective for Understanding Quantitative ASL MRI using Q2TIPS. Doi: 10.2463/mrms.2013-0064



Arterial Spin Labelling (ASL)

® Yen-Chu Huang et al.:Comparison of ASL and DSC MRI in patient with acute Stroke; DOI: 1021371/journal.pone.0069085 @
Manus J. Donahue: New MRI Techniques for Imaging Cerebrovascular disease; 2013



ASL technikak

PASL CASL pCASL VSSL
Jelolés 95% 80-90% 85-95% 50%
hatékonysaga
SNR + +++ ++++ +
Fix (1-2 cm-el | 8-9cm-elaz | 8-9 cm-el az Globalis
Jelolt tertilet | a mért régio AC-PC sik AC-PC sik
alatt — 10-15 alatt alatt
cm-es tertilet)
SAR
(Specific + +++ + +
Absorption
Rate)
Erzékenység 4+ +++ +++ +
Jelold 1 Inverzios Folyamatos | 1-2 mp-es RF Aramlas
technika pulzus RF pulzus (1- pulzusok kodolt (15-30
2s) ms)




ASL technikak CBF terkepe
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Selective ASL ‘ﬁ
8 2

A g

P-CASL
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® Ssanna Gevers et al.: Intra- and multicenter reproducibility of pulsed, continuous and pseudo-continuous arterial spin labeling methods for measuring @
cerebral perfusion. Journal of CBF & Met. D0i:10.1038/jcbfm.2011.10;



Pulsed ASL (pASL)

A legegyszeribb ASL

technika

Nem szUkséges specidlis

MR hardware
Alacsony SNR

Gyors akvizicio

Label slab

!

Inverted spins

@.

=

Inversion pulse ON Inversion pulse OFF



Pulsed ASL (pASL)

Pulsed ASL (PASL) variants

» FAIR

Flow sensitive
alternating inversion
recovery

» EPISTAR
Signal targeting with

alternating Labelled slab
radiofrequency

Scanned slab




Label gap

Arterial Spin labeling yes > Ajelolt és mert terulet meghatarozasa
label delay (rns) 1200
label thickness (mrm) 130

label gap (mm) 30 » Label gap: 20mm-30mm







[Label thickness

Arterial Spin labeling
label delay (ms)
label thickness (rm)
label gap (rmm)

ves
S00
130
200

« Ajelolt tertulet nagysaganak
meghatarozasa

» Az atlagos nagysag:
120 -140mm

Csecsemo és gyermekvizsgalat esetén
mindenképpen valtoztatast igényel!



[Label thickness

Label thickness Label thickness 130 Label thickness 200

Label thickness Label thickness 130 Label thickness 200
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Label delay

Arterial Spin labeling Wes 7 7
label delay ims) 1200 > K,eS|eHeTeS [ms] .
label thickness (mm) 130 » Tenyleges kapillaris
label gap {rmm) 20 perf(Jzic’)

>

> A pre-szaturacios pulzus
(40 ms) nincs benne @
késleltetésben



Label delay meghatarozasa

« Cardio-vascularis dllapot
« A konkrét érték meghatdrozdasa alany fuggd

« Mikor jelenthet problémdat?
o Tul korai — nincs perfuziovaltozds
o Korai - csak parcidlis perfuzid
o Késdi— minimalis perfuzidovaltozds

Stroke - kollaterdlis keringés!



Az Inverzids id6(k) szerepe
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Inflow of label Decay of label

Anglogram Perfusion

The labeled spins decay with the longitudinal relaxation time T,
(T1 bloog=1690 ms @ 3Tesla)




Determination of label delay

Label delay 600 Label delay 1200 Label delay 1800 Label delay 2200

A 4 &
Label delay 600 Label delay 1200 Label delay 1800 Label delay 2200

A A
Label delay 600 Label delay 1200 Label delay 1800 Label delay 2200




ASIL. — acut Stroke és MRA

® Reinoud P.H. Bokkers et al.: Whole-brain arterial spin labeling perfusion MR imaging in patients with acut stroke. DOI:10.1161/STROKEHA.110.589234 ®



ASL tumorokban

(]
Jingjing Jiang et al.: Comparative Analysis of Arterial Spin Labeling and dynamic susceptibility contrast perfusion imaging for quantitative perfusion measurements of brain tumors.
Int. J. Clin. Pathol. 2014;7(6):2790-2799



Continuous ALS (CASL)

> Specidlis MR hardware szUkséges a folyamatos RF pulzusok miatt
» Nagyobb SNR, mint PASL esetén

> Lassu akvizicid

Label plane ¢

Inversion
RF ON Inversion RF ON  Inversion RF ON



c S

Pseudo-Continouos ALS (pCASL)

> Sok, rovid RF pulzus — az egyetlen folyamatos helyett (CASL)
» Nagyobb SNR, mint PASL esetén
» Nagyobb a jeldlés hatékonysaga, mint PASL estén

' @
D
@ @
@ @
@ Inverted spins
® &
. = ®
Label plane —~
B =) @
@ @ - -
> &
Inversion Inversion Inversion

RF ON RF ON RF ON

J

0 o 00
o % 00

Scan slab

Labelduh N



2D es 3D ASL O0sszehasonlitasa

2D EPI 3D EPI GRASE
TSE és EPl kombindcidja

° °
David C. Alsop et al.: Recommended Implementation of ASL Perfusion MRI. Magnetic Res. Im. 73:102-116(2015)




ASL - elOnyok és hatranyok

2D EPI 3D GRASE BS 3D 3D FSE BS 3D FSE
GRASE spiral spiral

Perfusion map

S AL WAL W




BOLD fMRI

Neurdlis aktivitds

i

CBF 11t

O, metabolizmus T

l

Oxy-Hgb 11
Deoxy-Hgb |

\L time [s]

BOLD jel 1
Blood Oxygen Level Dependent

\ hemoglobin [uM]

Ute Lindauer et al.: Pathophysiological Interference with neurovascular coupling — when imaging based on hemoglobin might to blind. DOI: 10.3389/fi



Event-related Perfiizios fIMRI
Aot

Control

] [ 11

p .
T —Shods

IR AYVEEER

“Random [l
T =1 second Ceél: HRF
meghatarozas




CLOSED OPEN




2 fMRI — BOLD vagy ASL?

MOTOR MOTOR-REST OVERLAY
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[ ]
John A. Detre, Jiongjiong Wang: Technical aspects and utility of fMRI using BOLD and ASL. Clinical Neurophysiology 113 (2002) 621-634




ASL és BOLD

ASL jobb, mint aBOLD

Kvantitativ, fliggetlen mérések, kisebb
driftek...

* Kisebb between-subject variabilitas
» Kisebb within-subject, inter-session

variabilitas
* Longitudinal studies
* Alacsony frekvencias neuralis
aktivitas (drug response)

* Jobb funkcionalis térbeli
lokalizacié




ASL - hétrém_yok

Alacsony SNR, osszevetve a BOLD
jellel

Nagy szeletvastagsag

(> 4mm)
Ritkan van lehetdseg
a teljes agy
vizsgalatara

Alacsony iddbeli felbontas
(>4sec/volume sample)

Komplex kiértékelesi
lehetdseg(ek)

Inverzids id6 meghatarozasa
Standardizalds nem lehetséges




ASL - adatfeldolgozés

» Mozgéskorrekciod
* Szeparalt (labelled-unlabelled)
* Kombinalt
» Térbeli simitas és normalizacid
* Kivonas eldtt vagy utan?
» Globalis spikeok eliminalasa
» Normalizacio — CBF (intenzitas alapt kiszamitas)
* Global signal, mint kovarians?
» Spike azonositas ¢€s jel tisztitasa
* Mozgas parameterek

* Globalis CBF



Hypo-perfusion (aMCls<Controls)
In control condition

Hypo-perfusion (aMCls<Controls)
In a memory-encoding task
extends to posterior cingulate

(Xu et al, Neurology. 2007 Oct 23;69(17):1645-6. )



A motor cortexben talalhaté aktivitas alapjan az ASL
tulbecsiili a BOLD fMRI-t, alacsony frekvenciaju
stimulusok esetén.

® ASL
A. ® BOLD

SNR
@
O

>
Block design interval length



Kvantifikacio

120

. > Jelolés hatékonysaga?

» Minden jeldlt spin megérkezett?

> T1 relaxdcio

Protonok kUldnbsége a viz és szbvetek kdzotH

—PLD/T1_,
ver

6000 *Ax (Slcontrol _Sllqbel) *e

CBF =

_p—T/T1
/ Z*Qx*\Tlvér*S ! W*(<P MMhar)
o Inverzids pulzus Jeldlés hatekonysaga roton kép



Kvantifikacio

Glioblastoma, gr. IV.




ASL szerepe neurodegenerativ betegsegekben

Csdkkent perfuzid Alzheimer (narancssarga) és Parkinson betegségekben (kék)

{ {
Campbell J Le Heron et al.: Comparing cerebral perfusion in Alzheimer’s disease and Parkinson’s disease dementia: an ASL-MRI study. D0i:10.1038/jcbfm.2014.40




(c)
60 [mI/100 g/min]

Effect of Normal Aging —>

Chen et al., Neurolmage 2011




Konnektivitas — BOLD es ASL

DMN RECN LECN OVN

x=-2 y=-60 2=30 x=48 y=-58 2248 x=-46 y=-58 z=44 x=-4 y=-74 72=6

TS TSI 2 Y
BODNESCOESPAND
A RS IO TS O T 2. 13

> BOLD -> jobb térbeli felbontds
> ALS -> reprodukdlhato
> Pozitiv korreldcio a CBF és funkcionadlis konnektivitas kozott

BOLD

e d

o
pLs

C

o-a

5
S
Oa
L
(74

ICC
scanner

o o
Kay Jahn et al.: Functional Connectivity in BOLD and CBF data: Similarity and reliability of resting brain networks. Neuroimage 106 (2015) 111-122
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BIOMEDICAL IMAGING

(Orvosbiolégiai képalkotas )

fMRI — Advanced Statistical Analysis

(fMRI — Haladé statisztikai elemzési médszerek)

VIKTOR GAL, EVA BANKO
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Funkcionalis MRI - II.

Agyteriiletek kbzétti funkcionalis kapcsolatok erdsségének meérése nyugalmi
allapotban

Szinkronizalt intrinzik neuralis
aktivitas a kozvetlendl
anatomiailag és/vagy
funkcionalisan kapcsolatban

lévd agyi tertletek kozott
Zhang & Raichle, Nature Review
Neurology, 2010

attention

p—

Sensorimotor 3
Auditory
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\i Human agyi MRI médszerek

Funkcionlis MRI - II.
A DMN halozaton beliili funkcionalis kapcsolatok Alzheimer betegseégben

Green voxels represent the group default mode network (DMN). Blue voxels show clusters of

decreased functional connectivity (FC) in Alzheimer’s disease (AD) compared with controls
Binnewijzend et al 2012




A resting state fMRI neuralis hattere

Infra-lassu fluktacidja az elektrokortikografiaval mért lokalis kergi
aktivitasnak a default mode halézatban (DMN)
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F2 (H2)

Ko et al., 2011




A resting state fMRI neuralis hattere

Féesting state MEG funkcionalis halézatok

Brookes et al., 2011




i Measuring intrinsic functional connectivity

375

Seed based functional connectivity

* Preprocessing, analysis:

— Noise (artificial correlation, confounds) can
be attenuated by:

— Regressing out

Motion correction parameters

Phys. monitoring data (respiration,
pulsoxy) RETROICOR

White matter signal
Liquor signal
Global (and/or gray matter) signal

— Bandpass filter: [0.009Hz 0.08HZz]

— Defining ROIs based on task-dependent
localizers or anatomical landmarks: roi size!

» Correlation

1 1 1 1 1 1




Functional intrinsic connectivity predicts
behavior/skills/pathology




Intrinsic connectivity (fcMRI) — working
memory capacity
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Correlation of SMA/ACC and insula connection strength with
visual working memory capacity




7 Intrinsic connectivity (fcMRI) — visual
(’fﬁ
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working memory capacity

Supplemental motor area / Cingulate cortex

parietal left
cinguli_anterior
rho:-0.72 p(%):0.0007
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Parietal cortex

Correlation of SMA/ACC and parietal cortex connection
strength with visual working memory capacity




memory capacity

Intrinsic connectivity (fcMRI) —
behavior correlation
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Confounds in rs-fcMRI vs stimulus evoked
responses

— Head motion correction parameters
— White matter signal

— Liquor signal

— Global (and/or gray matter) signal

— Phys. monitoring data (respiration, pulsoxy)
RETROICOR

— Bandpass filter: [0.009Hz 0.08HZz]

Unlike classical (extrinsic) stimulus/task driven
designs, fcMRI model (reference seed) is
Inherently captures acquisition noise

= Rt

12




Functional intrinsic connectivity predicts
VM task related activity

Insula

parietal _left

Intra-parietal sulcus

13
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Functional intrinsic connectivity predicts
VM task related activity

modulation

parietal_left

task-related response
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connectivity strength
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— Functional Intrinsic connectivity (fcMRI)
predicts VM task related activity
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et

— runctional intrinsic connectivity (fcMRI)
Whole brain connectivity

s ef ¥
375

— Data-driven: no explicit
hypothesis

— Exploratory analysis:
which connections can
be important? (i.e.
discriminative between
groups)

— Usually ROI based (too
many voxels)

— Classification (machine
learning) methods

Morning Functional Connectivity

-

Correlation (r)

E N

54
-25 -66 48 left
25 -66 48

5
-43 -39 45 left

0 -52 27 osterior cingulate
-1 54 27 edial prefron

-47 -66 30 leftangular gyrus

49 -63 33 rightangular gyrus

-61 -24 -9 leftinferior tempora

59 -24 -9 rightinferior temporal
0 -12 9 medial thalamus

-25 -81 -33 left posterior cerebellu

25 -81 -33 right posterior cerebellum

-28 -9 54 leftfrontal eye

28 -9

25 -66 4 righ
9 45

41 -39 45 righ

50 -66 -6 left

52 -63 -6 righ
( 4 46

I Dcfault Mode
I Dorsal Attention

B.J. Shannon et al., 2013
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' Biomedical Imaging: fMRI — Advanced Statistical Analysis

www.itk.ppke.hu

Classifiers (supervised learning)

e Linear

« Generative models (modeling conditional density functions):
fast, non-iterative algorithms
» Naive Bayes
 Linear discriminant
« Mahalanobis distance
 Discriminative models (slow, iterative optimization)
» (Logistic) regression
 Lasso regression
« Linear SVM

* Non-linear (interpretation difficulties)
« SVM
« Multi-layer neural networks

lnvzsting in your fidure ~
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"*@f/‘ Biomedical Imaging: fMRI — Advanced Statistical Analysis
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Separability of the activity vectors
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Univariate separable LYY
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@ Y%v
'Q’x?'
® “' Linearly not separable
2 >

Linearly separable
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a{\fﬁﬁ Biomedical Imaging: fMRI — Advanced Statistical Analysis

e,
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Fisher linear discriminant analysis

maximize

Between class variance

‘]Fisher(W):

Within class variance

Invmsting i your hedure ;
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' Biomedical Imaging: fMRI — Advanced Statistical Analysis
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Mahalanobls distance

» Classify according to distance from class mean

= Takes non-sphericity into account

Test vector belongs to
*Class A according to euclidean distance
*Class B according to Mahalanobis distance

lnvzsting in your fiture /K_;\*
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M Biomedical Imaging: fMRI — Advanced Statistical Analysis
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Linear regression

= Classification based on regression

- 1, . 12
8=argm§1nﬁ||y—X9||2

N is the number of examples = y € RY contains the desired

_ _ output values
X € RN*4 matrix contains the cases

=0 € RYis the parameter vector

d is the number of features

(Logistic regression for binary data)

lnesting in your fidure /K.‘T:
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N Biomedical Imaging: fMRI — Advanced Statistical Analysis
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Lasso regression

= Classification based on regularized regression: sparse model

- 1. =02 ~ Wy
0 = argmﬁlnﬁlly_xenz +/1||9”1 Lnorm ~
= N is the number of examples RN w
- - AN
= X € RM*? matrix contains the cases
= disthe number of features W,
L-norm
= y € R contains the desired output values !
7 \ W
= 9 € R?isthe parameter vector /.
= A € Risahyper parameter controlling the regularization
lnvesting in your fidure ﬁ*
NewHum * 22




V{fﬁ Biomedical Imaging: fMRI — Advanced Statistical Analysis
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Linear SVM

= Linear separation can be achieved with multiple (hyper)planes: select the
optimal (largest margin)

23




' Biomedical Imaging: fMRI — Advanced Statistical Analysis

www.itk.ppke.hu

Interpretation of the results

e Linear

 Inscale invariant case, weights of the discriminator can inform about the
importance of the voxels (ROIs) separately

 Patterns can be interpreted and visualized

* Non-linear
« Difficulties with decoding
 Different combination of dimensions (voxel subgroups) can be evaluated

 Interpretation of performance
« Leave-one-out
« Leave-some out: training-test set
» Average- variance
« ROC curve
« Resampling statistics

lnvesting in your fiure N
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' Biomedical Imaging: fMRI — Advanced Statistical Analysis

Leave-one-out

Training
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Biomedical Imaging: fMRI — Advanced Statistical Analysis
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ROC curve

o
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Hyperplane w is defined,

Move threshold bias
from min to max

True positive rate

False positive rate
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' Biomedical Imaging: fMRI — Advanced Statistical Analysis
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Whole brain restin state connectivity classification

Discriminative network of ADHD

based on Lasso classification

Jowlosuag

27
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Univariant-multivariant analysis in fMRI

Goal

 Is there any effect? Hypothesis testing
* What kind of effect?

» Localization of effect

Complexity of the multi-dimensional signal-processing:

— Separately, one dimension at a time:
« Traditional: voxelwise, independent
 Selecting of areas, groups of voxels (ROI: POI, VOI) and averaging
— S/N may increase
— correction for multiple univariate comparisons is less important
— Parallel multidimensional:

 Spatial or spatial-temporal patterns:
— Multi-voxel pattern analysis (MVPA)
— Multivariate Decomposition: ICA, PICA etc.

2017.05. 27.. TAMOP — 4.1.2-08/2/A/KMR-2009-0006 RS0 2 28
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' Biomedical Imaging: fMRI — Advanced Statistical Analysis

www.itk.ppke.hu

Multi-voxel Pattern Analysis (MVPA)

. potentials and requirements

General Purpose:
— ROI based analysis: hypothesis testing
— Search-light: localization

Block design, sparse event-related design (or resting-state)

— Training & test based classifiers
 single event based prediction

Fast event related (& block + sparse ER) design

— Parametric or non-parametric significance estimation of multi-dimensional
distance (based on standard GLM results)

lnvesting in your fidiere =
Intmsting in your (K.__T:* 29

M
New Hum;my Developwient Plan



' Biomedical Imaging: fMRI — Advanced Statistical Analysis
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MYV PA details

« Multivariant analysis: decoding  eTest, performance estimation
(,;mind reading”) *\/alidation of efficiency

« Classification of activity patterns: *Parametric model

Feature selection *Bootstrap, resampling

Normalization *Interpretation of results
Choosing classification algorithm

Optimization-training

lnvesting in your fiure ~.
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Classification
algorithm

trial
| A \
I KX RY KX |

vo!<els
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Biomedical Imaging: fMRI — Advanced Statistical Analysis

375 www.itk.ppke.hu

Feature selection

« Dimension (number of voxels) should be reduced

» To exclude irrelevant and noisy voxels

* High dimension and small sample size undermines the classification algorithm’s

Performance

Generalization capacity

« Methods:

 VOI

« Exlusion of noisy voxels (e.g. (based on variance)

« \Voxelwise univariate statistics (ANOVA, t-test): ordering voxels
« Combinatorial test of MVPA on groups of voxel

» Full combinatorial, Genetic algorithm etc.

lnesting in your fidure /K.‘T:
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Biomedical Imaging: fMRI — Advanced Statistical Analysis

Validation: resampling

« Shuffling labels on training set

» Measuring performance
» Repetition ( ~1000) times

number of bootstrap trials

140

120

100

80

60

40

20

www.itk.ppke.hu

lassification on valid data

20 40 60 80
performance of the classifier (20)
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Search-light classification, linear discriminant analysis

At each voxel 3X3 neighbourhood
» Leave-some trials out 10X
» Average performance: 90% at maxima
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PHARMACOLOGICAL FMRI
(fMRI alkalmazasa a gyogyszerkutatasban)
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The clinical challenges in drug discovery

« Chronic diseases are increasing: Alzheimer's disease, psychiatric diseases, diabetes,
atherosclerosis, arthritis, ...
« Early onset
* Slow progression
» Poor prognosis
« Clinical trials extremely difficult and costly:
* Long duration (> 3 years)
* Many co-morbidities, huge group sizes (> 1'000 patients / arm)
* Low chance of success (8% entering phase 1 will reach market)

Solution

« Search for early indicators (biomarkers)
 stratify patient population
* monitor therapy efficacy

* Imaging
2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T, T 3
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Stages of CNS drug discovery, candidate role of phMRI

New potentials

(phMRYI)

Lead optimization

\ *Early proof of CNS target ~ °Proof of target
*Side effects

Target validation *Biomarker development _
Disease models *Side effects Effective and safe S iocess
*Transgenics -Effective and safe dosage

dosage

Animal models |
Preclinical

research

Failed drugs
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Role of Neuroimaging in drug discovery and
development

Four interrelated categories:
» Neuroreceptor mapping
« PET tracers
« SPECT tracers

» Structural imaging to examine morphological changes and their
consequences.

» Metabolic mapping
« 18FDG
* magnetic resonance spectroscopy

» Functional mapping (fMRI and FDG PET ) to examine disease-drug
Interactions

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T R 5
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Role of human and animal fMRI in drug discovery

fMRI is of most value at two distinct stages in the process of drug discovery:
» neuroscientific investigation of mechanisms of drug action

» providing quantitative markers of drug action, or endpoints, in candidate
compounds for the clinic

fMRI also provides a means of comparing the potential mechanisms of drug action, at
the systems level, between the animal models and humans, as the compound is
transferred from animals to humans. This approach offers two benefits:

> the potential for verification of the similarity between the animal model and
the human and hence the value of the animal model in future testing.

> the potential for reduction of animal use for investigating mechanisms of drug

action and their replacement with comparatively small cohorts of human
volunteers.

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y
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Applications of phMRI

» Measuring

« Pharmaco-dynamic response
» Pharmaco-kinetic characteristics

» Patient categorization
« Stratification, subgroup definition

» Target identification:

 proof of mechanism

» Early phase outcome study
» Alternative/surrogate marker of outcome

2010.10.23 TAMOP - 4.1.2-08/2/A/KMR-2009-0006 g 3 7
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Advantages of phMRI

» High information content
* novel information
« faster than conventional analyses

» Multi-modal

« from anatomy to function and molecular information
» Non-invasive

« minimal interference with physiology

* repeated assessments, intrinsic controls, chronic treatment studies
 increased statistical power
» reduced group sizes

» Bridging the gap: translational research
* mouse to man

« identical readouts in pre-clinical and clinical studies

2010.10.23 TAMOP - 4.1.2-08/2/A/KMR-2009-0006 T
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Biomarkers

Definition: A characteristic that is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes or pharmacologic response to a
therapeutic intervention

(Lesko & Atkinson, Annu Rev Pharmacol Toxicol 2001)

Biomarkers and the Pharmaceutical Industry

Imaging biomarkers enable:
» characterization of patient populations
» quantification of the extent to which new drugs reach intended targets,
» alter proposed pathophysiological mechanisms,
» achieve clinical outcomes as well as predict drug response.

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 i ;o 9
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> Is the drug affecting neuronal activity or just the haemodynamic response?
»FMRI for investigating regional neurovascular coupling mechanisms through pharmacological
challenges

Neural activity Communication Vascular
response

BOLD signal

Synapses -Oxygene level

-CBF (cerebral
blood flow)

-CBV (cerebral
blood volume

Metabolic

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 10
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| Modelling drug-induced responses

fMRI '[
»BOLD/CBF changes in baseline activity signal _F\

No repetitive specific sensory Drug cc Time

stimulus(Single evoked activity)

Cocaine: Breiter HC, et al, Neuron, 1997; 19:591-611 "
Nicotine: Bloom AS, et al, Human Brain Mapping, 1999; 8:235-244 Time
Methamphetamine V6llm et al. Neuropsychopharmacology 2004,

29, 1715-1722

MDMA: Brevard et al. / Magnetic Resonance Imaging 24
(2006) 707— 714

. i i .. fMRI
»Modulation of stimulus induced activity signal
More treatment/disease specific .
Remifentanil: Tracey | (2001). Prospects for human Drug cc Time

pharmacological functional magnetic resonance imaging (phMRI). J
Clin Pharmacol 41: 21S-28S.

Time

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y ;o 11
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Biomedical Imaging: Pharmacological fMRI

Drug-induced responses. example

Effects of MDMA (3,4-methylenedioxymethamphetamine) on
monkey brain Brevard et al. / Magnetic Resonance Imaging 24 (2006)

www.itk.ppke.hu

707—-714
15min 5min 5min 35min 15min
Repetitive baseline vehicle mdma Repetitive
Visual iod control effects -
water MDMA
administration
2010.10.23 TAMOP - 4.1.2-08/2/A/KMR-2009-0006 Y oL
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Drug-induced responses. example

BOLD changes in baseline activity fMRI '?
Raphe nucleus, hypothalamus, hippocampus, signal Time
amygdala, striatal and visual areas followed

the same tonic activation pattern

Modulation of stimulus induced activity
VSB: average amplitude of BOLD response A _
to visual stimulation, before MDMA administration
VSB_MDMA: average amplitude of BOLD MR
response to visual stimulation (after MDMA

. : signal
administration) I

VSB_MDMA

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 13
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Classification of patients: defining subgroups in range
disorders

» Intermediate phenotype of schizophrenia : (Mac Donald et al am J Psychiatry, 2005)
» Expectancy AX Context Processing Task

Schizophrenia Nonschizophrenia

patients Healthy subjects

nsychosis patients

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T, | 14
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Early phase outcome measure: proof of concept (target)

» Stroop task brain activation: basal ganglia, ACC, inferior frontal cortex (with

right hemisphere dominance)
»Abnormal brain activation (left dominance over right hemisphere in the

frontal cortex) in MS patients transiently normalizes after rivastigmine
administration

Rigth Inferior L eft medial
frontal cortex frontal region(middle frontal gyrus)

ACC

Basal ganglia

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 15
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CONTEXT

Factors influencing pain experience

COGNITIVE
STATE

Molecular and
anatomic
STRUCTURE

SPINAL

CORD ~

Aj, C
NOCICEPTIVE fibers

modulation harmful

input
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Perceived pain intensity depends on:

Pain is highly subjective experience as illustrated by the definition given from the International
Association for the Study of Pain (Merksey and Bogduk, 1994)

“an unpleasant sensory and emotional experience associated with actual or potential
tissue damage, or described in terms of such damage.”

Neuropathic Pain: caused by damage to or malfunction of the nervous system (no
impending tissue damage in the background)
Chronic Pain: pain that persists for more than three months

> one of largest medical health problems in the developed world, affecting ~ 20% of the
adult population, particularly women and the elderly (Breivik et al., 2006).

» to improve the ability to diagnose chronic pain and develop new treatments we need
robust and objective ““readouts” of the pain experience.

J'mrmfu‘q i your fiure
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fMRI biomarker for chronic pain

should provide an opportunity to:

» assess and correlate pain signals at varying times in either pre-
Intervention or post-intervention settings.

» generate a unique brain processing “fingerprint” in response to a specific task
or stimulus

» correlate behavioral pain scores with most important and relevant brain
regions
» generate more specific and relevant definition of pain in early clinical studies
(Phase I and I1); smaller studies could assess most promising endpoints

J'mrmfu‘q i your fiure
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Pain matrix
main components:

> Thalamus
»S1/S2

»Insula (several
divisions)

»ACC (several

SPMimages: divisions)
Gal et al. Unpublished investigation

> Prefrontal

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 i ; 19
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Modulation of the pain system via Remifentanil

> Modulation Of the pain SyStem Tracey | (2001). Prospects for human

pharmacological functional magnetic resonance
>imaging (phMRI). J Clin Pharmacol 41: 21S—
28S.

s et ¥
375

e Subjective pain experience controlled by ,,objective
FMRI vs.

e [dentifying regions associated with analgesia
e Novel therapeutic strategies

» FMRI dose-response relationship

e Finding effective dosage

» Phasic thermal pain

» Remifentanil (peripheral and CNS pain killer) 0, 0.5,
1.0, 2.0 ng/ml

e computer controlled infusion

fmrmfu‘q i your fiure
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Rem Ifentan | I Dose dependent suppression of pain related activity
within the pain matrix
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Insula O

] ] drug dosage
Anterior cingulate

3 fMRI respons

cortex _E'T © O
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a &)

=}

(D]

2

3 &)

g

SI| SPM images: —>
Gal et al. Unpublished investigation drug dosage
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Dynamic modulation of pain matrix activity

SPM images: Gal et al. Unpublished investigation:

Right insula
A
> =
o
4
Insula 4 =
— >
[qe} Y
c
=
wn ]
(@)
—
m =
o
£
S —>
o | Before During remifentanyl ~ After remifentanyl
S | administration administration administration (Wise et al., 2003
(elimination phase)  Neuropsychopharmacology 29,
626-635.)
2010.10.23 TAMOP — 4.1.2-08/2/A/IKMR-2009-0006 22
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Chronic pain model: Central sensitisation by topical
Capsaici N treatment (petersen and Rowbotham, 1999, Zambreanu et al. Pain 2005)

-Topical application of capsaicin, a vanilloid receptor agonist, which elicits ongoing
discharge in C-nociceptors and induces an area of hyperalgesia.

Computer controlled MR-compatible mechanical stimulus
presentation equipment Heating Application . Experiment .
5min 45min 45min
Conditions | Capsaicin Treated Stimulation Model of sensitization
treatment area
1 Yes/ A A Peripheral sensitization
Hyperalgesia
2 No/ Control - A Control
3 Yes/ A B Central sensitization
Hyperalgesia
4 No/ Control - B Control
2010.10.23 TAMOP - 4.1.2-08/2/ A/IKMR-2009-0006 23
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Central sensitisation by topical capsaicin treatment

Gal et al.
Unpublished
investigation

BOLD response

BOLD response

|nsuIaR

painful
not painful

thalamusl_

A\

painful

/\:mmu

|nsuIaR

painful
not painful

thalamusL

painful
not painful

www.itk.ppke.hu

Effects of central sensitiszation: talamus, insula anterior, — BOLD responses in the different brain areas in the
conditions of untreated (left column) and central sensitization (right column) when subjects categorized painful

and non-painful stimuli

2010.10.23

TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006
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Central sensitisation by topical capsaicin treatment

Gal et al.

Unpublished
investigation

Effects of central sensitiszation: S2 cortex (left, right) — BOLD responses in the different brain areas in the

BOLD response

BOLD response

Sy

painful
not painful

sl

painful
not painful

Sy

painful
not painful

sl

painful
not painful

/A

www.itk.ppke.hu

conditions of untreated (left column) and central sensitization (right column) when subjects categorized painful

and non-painful stimuli

2010.10.23

TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006
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Animal TMRI

Comparing to human fMRI:
»Larger number of samples
» Testing of potentially
noxius/lethal/less known
Intervention
stimulation (e.g. intracranial
microstimulation)
.chemical agents
egenetic manipulations
» Translation of small animal models
to human models)
*May validate other drug
development methods

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 26
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Bridging the gap: fMRI in translational studies

Biomarkers
Animal models - 201N0

: Clinical trials
Transgenic approach

Basic neuroscience

Better
match than
behaviour?
2010.10.23 TAMOP - 4.1.2-08/2/A/KMR-2009-0006 L 3 27
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Animal pharmacological MRI: issues

» Is it predictive:
Do we learn anything about drugs in the human situation?
« Major differences in receptors, circuits and function
« Experiments normally carried out on anesthetized
animals
» Is it cost and time efficient:

How does it compare to conventional methods?

> Is it relevant:

What can we learn about new compounds?
« Difficulties at detecting tonic activation via BOLD

methods
« Limited stimulus delivery and behavioral response

» Is it ethical:
May animals be "used" for research?

2010.10.23 TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006 28
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Ultra High field MRI

Typical strengths: 4.5T, 7T,9.4 T
Bruker, Varian

» Pros:
* high SNR
» Higher chemical shift (also disadvantage)
* 100um or lower spatial resolution
* T1 higher

« Shorter imaging sessions (due to high SNR)

High susceptibility effects (even 15% signal change in BOLD),
lower stimuli repetition required

Spin echo also gives BOLD contrast!

> Cons

« High susceptibility effects
» Poor field homogeneity

« Variable signal loss

« Higher TR for T1

2010.10.23 TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006 29
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Resolution

» Spatial
Typical
— 0.1x0.1x0.3mm , 4-6 slices, 5min

— 0.015x0.015x0.3mm , 20 slices, 1 day
— Cytoarchitecture can be visualized

> Time

— Normally acquisition of a volume is not faster
than at lower fields, but:

— even single events (stimulus) can be detected by
gradient or spin echo EPI

— percent signal change can be 10 times higher
than at 3T

— Spectroscopy is accelerated substantially

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 i 30
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Preparation

» Intubation
» Catheterization (through the tail vein)

» Placement of the monitors:
= ECG heart rate
= Respiration (piezo-electric transducer )
= Rectal temperature probe

» Mechanical stabilization

= acrylic stereotactic head holder
(incisor bar and blunt earplugs,)

» Insertion of heating tube

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 31
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Immobilization
Training
Mechanical restraining

Anesthesia:

» o-chloralose

* Propofol

* Medetomidine
» Isoflurane

Paralysis

e mivacurium (curarization)

* Enable awake, conscious
experiments

* Serious ethical issues

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 32
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Direct effect of anesthesia on BOLD signal

Elevating isofluran concentration

decreases baseline level . . .

2010.10.23 TAMOP — 4.1.2-08/2/ A/IKMR-2009-0006 33
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»One of the most frequently used
sensory stimulation in small animal
fMRI

»Needle electrodes are inserted
under the skin/fixed around fingers
»Basic research in somatosensory I
system

» Indirect effect of drugs,
anesthesia on the sensory system
(deprivation)

»Scanning parameter optimization

SPM images:
Gal et al. Unpublished investigation

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 i ;o 34
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Normalization of small animal brains

Why normalize?
» Multiple subject experiments
»To report anatomical localization of fMRI effects
» Coregister with other modalities (MR,
autoradiography)

How normalize/coregister?

> 3D digital atlases (Schweinhardt et al., 2003 Schwarz et

al., Neuroimage 2006) derived from
Rat: Paxinos and Watson, 2005
*Mouse Paxinos and Franklin, 2001;
» Automation of coregistration
Tissue probability maps, brain templates coregistered
with known atlases
*In-house brain templates
Via finding anatomical landmarks

www.itk.ppke.hu
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MRI Contrast agents

Animal MRI has the advantage to use potentially noxious
contrast agents more freely than in human studies. Types of
contrast materials used in clinical practice:

» Oral

> Intravascular

— Gadolinium (and complexes): Paramagnetic
— Manganese (and complexes): Paramagnetic
— Iron oxide: Superparamagnetic

» SPIO : Superparamagnetic Iron Oxide (SPIO) and UltraSPI1O
* Reduces T2 and T2*

* Intravascular time: depending on particles size and coating
— With long iv time they can be used as fMRI contrast agent (next slide)

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 T
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Potential Functional MRI Contrast agents

» Indicators of change in local blood flow

» MION-47, USPIO with long blood half-life
» Indicators for Ca2+ and other metal ions

» BAPTA-based Gd3+ complex

» Mn2+ as Ca2+ mimetic
» pH indicators

» Phosphonated Gd3+ complex, Endogenous amide protons
» Probes for metabolic activity

» Exogenous hemoglobin
» Genetically controlled contrast agents

» Ferritin

» Transferrin (Tf)- conjugated SP1Os

» Atrtificial lysine-rich protein

2010.10.23 TAMOP - 4.1.2-08/2/A/KMR-2009-0006 i 37
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Electrical microstimulation and fMRI

» Local and remote connections of a specific
(stimulated) site can be mapped

» Method can detect selective modulatory
effects of pharmacological agents on
specific connections

» Methodological challenge: MR compatible
electrode, MR signal is contaminated by
electrical stimulation

» Pioneering work of Logothetis Lab:
monkey V1 microstimulation (Tolias et al
2005, Neuron) V2/\V3 MT/V5

« Significant BOLD signal change in V1,
and extrastriate visual areas

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 Y ok ;o 38

’ * * F
New Hum;m}, Developwient Flan



F==b

o) Y

aifﬁ Biomedical Imaging: Pharmacological fMRI

e www.itk.ppke.hu

Optogenetic TIMRI Lecet ai 2010, Nature %
M1

» Electrical stimulation is not selective:
» Afferents and efferents, passing axons

» Inhibitory and excitatory neurons are also
activated

» Injection of viral vector (AAVS5-
CaMKIlla::ChR2(H134R)-EYFP)
 Into primary motor cortex
« expression of channelrhodopsin (ChR2)

« only in Ca?*/calmodulin-dependent protein
kinase Il (CaMKIlla)-expressing principal
cortical neurons, (not in GABAergic or glial
cells)
« Activation/measurement 10 days after viral
injection
»Optical (laser diode) stimulation of motor cortex resulted in BOLD response
shown in the site of stimulation and in relevant thalamic nuclei

lnvzsting in your fiture

2010.10.23 TAMOP — 4.1.2-08/2/A/KMR-2009-0006 3 39

M
New Hmymy Developwient Plan




aﬁ?ﬁ Biomedical Imaging: Pharmacological fMRI

e www.itk.ppke.hu

Summary

Examples demonstrate promising capabilities of pnMRI in:

» Measuring Pharmaco-dynamic response and pharmaco-kinetic
characteristics

> Patient categorization, target identification:
> Early phase outcome or surrogate biomarker of outcome
via BOLD/CBF changes in baseline activity or modulation of stimulus induced activity

Animal fMRI broaden the potential of phMRI enabling:

»Larger number of samples

» Testing of potentially noxius/lethal/less known chemical agents (drugs),

intervention, stimulation (e.g. intracranial microstimulation) and genetic

manipulations

» Translation of small animal models to human models (bridging the gap)
*May validate other drug development methods

2010.10.23 TAMOP - 4.1.2-08/2/A/KMR-2009-0006 g 40
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